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PREFACE
THE 12TH INTERNATIONAL LOSS PREVENTION SYMPOSIUM
Translating Knowledge into Practice
This book contains the abstracts for 117 full papers and the abstracts for 32 posters presented at the International
Symposium on Loss Prevention and Safety Promotion in the Process Industries held in Edinburgh, Scotland during May 2007.
This was the 12th conference in a successful series; the third to be organised by the Institution of Chemical Engineers
on behalf of the Loss Prevention Working Party of the European Federation of Chemical Engineers, following earlier meetings
in Newcastle upon Tyne in 1974 and Harrogate in 1983. The programme featured the work of researchers, industrialists and
regulators from 17 European nations and a further 16 from further afield reflecting worldwide interest in the event.
The chapters in this book of abstracts are set out to reflect the programme structure and symposium topics:
Topic 1:
Topic 2:
Topic 3:
Topic 4:

Risk assessment and management
Human factors and safety management systems
Learning from accidents and experience from other industries
Chemical reactivity including hazard identification

On reading accident investigation reports from recent times, it is easy to conclude that the fundamental principles of the
safe design of plants and processes were readily available – but all too frequently forgotten or disregarded. Readers will therefore not be surprised to discover that the symposium focussed strongly on risk management, human factors and safety management systems.
We are increasingly confronted with more and more complex plants and processes. The business environment is becoming more dynamic and competitive. Against this backdrop, the integration of safety procedures and the capture of knowledge
places great demands on all those involved with process operations and a new approach is required.
Thus do we know – in principle at least – everything that we need to know about process safety? The folly of a positive
answer to this question should be apparent to all. This was amply illustrated by the work presented in sessions addressing
chemical reactivity and hazard identification. New materials, energy efficiency, sustainable chemistry, global supply chains
and the pursuit of inherent safety are just some of the factors driving innovative process design that requires the use of hitherto
unknown data. And yet despite this challenge, the continuing increase in computational capacity is permitting the development
of reliable models that were not available in previous times.
Some of the concepts, methodologies and data presented in this book of abstracts and accompanying proceedings on
CD-ROM are already proven in a range of settings, whilst others are at the forefront of basic research and reflect new thinking
in process safety. Knowledge in both categories is equally important and yet its true value is very much dependent upon the
extent to which it will be, ‘translated into practice’.
We are certain that readers of this impressive collection of abstracts and papers will come across items of knowledge that
inspire further examination and consideration; but more importantly, we trust that the knowledge proves useful and its dissemination leads to further improvements in process safety and loss prevention worldwide.
Mike Considine
Chairman
Institution of Chemical Engineers
Safety and Loss Prevention Subject Group

George Suter
Chairman
European Federation of Chemical Engineering
Loss Prevention Working Party
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C. Delvosalle (Faculté Polytechnique de Mons, Belgium), F. Benjelloun
(Ministère de la Région Wallonne, Belgium), S. Brohez, N. Cornil, C. Fiévez,
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Ignition Sensibility of Nylon Fibres
L. Marmo, D. Cavallero and V. Suppo (Politecnico di Torino, Italy)
What is a Worst Case Scenario for a Potential Accident and How Can it be
Used?
J. Fidler and R. Wennersten (Royal Institute of Technology (KTH), Sweden)
HAZOP’s Role in the Application of Safety Standards
G. Baradits (SIL4S Kft, Hungary)
Thermal Stability of Organic Peroxide with Metals
T. Uchida, M. Wakakura (Kanagawa Industrial Technology Center, Japan),
A. Miyake and T. Ogawa (Yokohama National University, Japan)
Thermal Hazards Evaluation of Sodium Dithionite by Micro-calorimeter
S. Guo, Q. Wang, J. Sun (University of Science and Technology of China, PR
China), H. Ding and T. Wang (Beijing Municipal Institute of Labor
Protection, PR China)
Implementation of the ATEX Directive 99/92/EC in New-build Projects
and on Existing Petrochemical Facilities
L. Fernie and J. Fearnley (Aker Kvaerner, UK)
Experimental Investigation of a Catastrophic Tank Failure with a High
Speed Video Recorder. Image Processing and Hydrodynamic
Characterization of the Liquid Jet
N. Lecysyn, F. Heymes, A. Dandrieux, P. Slangen, G. Dusserre (Ecole des
Mines d’Alès, France), L. Munier, E. Lapebie and C. Le Gallic (Centre
d’Etudes de Gramat, France)
Simulation, Design and Scale-up Strategy of Spray Curtains Mitigating
Toxic Gaseous Releases
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A SEMI-QUANTITATIVE METHOD FOR EVALUATING RISK REDUCTION
ALTERNATIVES
D. R. Kimbril1 and I. Clarke2
1
ExxonMobil Chemical Company, Engineering and Manufacturing Support, 4500 Bayway Drive, Baytown, Tx. 77520-9728, USA;
Tel.: 281-834-5280, Fax: 281-834-2802;
e-mail: don.kimbril@exxonmobil.com
2
ExxonMobil Chemical Limited, Beverkae House, Mossmorran, Cowdenbeath, Fife, KY4 8EP, Scotland; Tel.: 01383-846221,
Fax: 01383 515253; e-mail: ian.clarke@exxonmobil.com
The petrochemical industry is among those which process and transport materials that are potentially
hazardous. Operators and society are both desirous of minimizing process safety accidents.
Everyone wants the money invested to reduce risk to be used to achieve maximum benefit. Companies are looking for consistent and valuable decision-making and regulators want an understandable
decision-making process.
This paper presents a semi-quantitative method to support the risk manager in deciding which risks
should receive the greatest focus and which risk reduction options yield the most potential. The method
is based on a risk matrix approach with the concept of overlaying lines of equivalent risk (IsoRisk).
These lines are numerically characterised, thus allowing a relative quantification of risks and potential
risk reduction options.
The method is most powerful when used to prioritise a portfolio of risk reduction measures and to
direct funds and resources where they will give the best return in terms of risk reduction. It can also be
used to demonstrate when further risk reduction is no longer cost effective; thereby demonstrating the
risk is As Low As Reasonably Practicable (ALARP).

KEYWORDS: risk, isorisk, decision-making

There is a relatively simple enhancement to the standard Risk Matrix that can prove valuable in these circumstances. The enhancement is a semi-quantitative technique
called an IsoRisk Matrix.

INTRODUCTION
Most companies use a Risk Matrix as a qualitative tool for
assessing and communicating risk. It has the benefit of being
relatively easy to apply, and it has sufficient resolution to
enable risk to be prioritised into a few categories of significance, usually two to four categories from higher to lower risk.
Figure 1 below shows a typical four by five risk
matrix with four categories of risk significance.
A standard Risk Matrix such as this is a very useful
tool. However, in some cases greater resolution of risk
significance is desirable in order to compare risks and
make informed decisions. Examples are:

CONSTRUCTING THE ISORISK MATRIX
The IsoRisk matrix is constructed by overlaying lines of
equal risk on the standard Risk Matrix. The key to this construction is understanding the numerical relationship
between the Probability scale and the Consequence scale.
The Probability scale can easily be represented
numerically, because Probability is a number. In Figure 2
below, the Probability scale is divided by orders of magnitude. This is represented as a simple number line from 0
to 1; essentially from “impossible” to “certain”. Now, the
Consequence scale needs to be represented as a number
line from 0 to 1; essentially from “no consequence” to
“worst consequence”.
The key to this relationship lies at the transition points
between Risk Categories. This is illustrated in Figure 2
below, where the transition points between Risk Category
1 and 2 are numerically equal to .001. Since the Probability
scale has been reduced by three orders of magnitude from
left to right at the transition point, the Consequence scale
must also have been reduced by three orders of magnitude
from top-down at the transition point. These transition
points represent equivalent risk, and from this relationship
IsoRisk contours can be constructed.

. When risks lie within the same Risk Category. This
standard Risk Matrix cannot discern risk significance
in this case.
. When the unmitigated and mitigated risks occur within
the same probability or consequence cell on the
matrix. Risk reduction, though real, is not discernable
on the matrix.
. When trying to prioritize a range of risk reduction
opportunities, or to select the most cost-effective opportunity.
. When trying to decide if further risk reduction measures
are justified or whether the risk has been reduced As
Low As Reasonably Practicable (ALARP).
. When the cost to implement a risk reduction measure is
high and quantification of associated risk reduction and
benefit is desired.
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CONSEQUENCES

PROBABILITY
A

B

C

D

E

I

1

1

1

2

3

II

1

1

2

3

4

III

2

2

3

4

4

IV

3

4

4

4

4

Figure 1. 45 Risk Matrix w/4 Categories of Risk

Figure 3. IsoRisk Matrix With Risk Unit Contours

Notice that when the cells of the matrix are depicted
equal in size, a “knee” or “bend” occurs in the IsoRisk contours at the transition between Consequence Level II and
Consequence Level III. This is because Consequence
Levels I and II span 3 orders of magnitude (or 1.5 orders
of magnitude each), whereas Consequence Level III spans
only one order or magnitude. Thus, in reality the cells are
not equal in size.
Any given contour can be selected and assigned a
numerical unit of risk significance, for instance 1 Risk
Unit, and from this benchmark all other contours can be
given a corresponding numerical representation of risk
significance. The relative significance of any risk thus positioned on the IsoRisk matrix will be accurately portrayed.
The IsoRisk Matrix in Figure 3 below sets the transition
between Risk Category 3 and 4 (the yellow to green
transition) at about 3 Risk Units (RU’s). The significance
of all other risks on the matrix are portrayed from this
benchmark point. Each IsoRisk Contour in Figure 3
represents a half order of magnitude change in risk
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significance from the contour immediately above or
below. Contours have only been shown in the “operational”
area of the matrix, i.e., where risks typically reside and
decision-making occurs, but they obviously exist entirely
across the matrix.
Notice that the Consequence Level cells have been
adjusted for consistency in their relative sizes, thus
removing the “knee” in the IsoRisk contours. The Consequence scale of the cells of the matrix have been divided
into half order of magnitude changes, whereas the
Probability scale has been divided into one third order of
magnitude changes. This provides the capability for
greater resolution in distinguishing between lower and
higher Consequences and Probability within each cell. As
we will demonstrate later, this additional resolution can
add valuable additional decision-making insight.

Figure 2. Principle for Constructing IsoRisk Contours

Figure 4. Discrete IsoRisk Matrix With Risk Units
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The added advantage of the IsoRisk Matrix is that a
‘spot’ on the Risk Matrix can be assigned an associated
numerical value. This allows the relative significance of
any given risk on the matrix to be numerically characterized
in relation to any other risk on the matrix. Further, this
allows the risk reduction benefit achieved by moving
from an existing risk, termed “unmitigated”, to a potential
future risk, termed “mitigated”, to be numerically
characterized.
The technique does not measure absolute risk, nor
does it indicate the tolerability of risk. It simply provides
a consistent numerical characterization of risk and risk
reduction that can be used in prioritizing risk and performing cost-benefit analyses.
As discussed earlier, the IsoRisk Matrix can be
portrayed and used with different levels of resolution. The
simplest is to portray the IsoRisk value, in Risk Units, for
the centre point of each cell of the Risk Matrix. The use
of this matrix requires no more resolution in the risk analysis
process than the use of the standard Risk Matrix. A Discrete
IsoRisk Matrix represented in this manner is shown in
Figure 4. This discrete matrix can be used to prioritize
risks plotted across the Risk Matrix, even within the same
Risk Category.
A more detailed resolution may be useful when the risk
analysis is able to differentiate between lower and higher
consequence and probability within a given cell of the
matrix. For this approach the cells of the matrix are divided
into different regions of higher and lower Consequence and
Probability and a Risk Unit value is assigned for the centre
point of these smaller cells. This Detailed Discrete Risk
Unit Matrix is shown below in Figure 5.
Both approaches provide a matrix that can be used as a
“look-up” table.
For example, a risk analysis team determines a risk
to be in Consequence Category I. Moreover, based upon
the scenario, the team concludes it is a ‘low’ I Consequence . . . a IL. The team concludes, perhaps using an
event tree, that the Probability is a ‘low’ D . . . a DL.
Looking at the subdivision cell ILDL the unmitigated risk

Figure 5. Detailed Discrete IsoRisk Matrix With Risk Units

units are read off as 82.5 Risk Units. Mitigating the risk to
ILEM (17.8 risk units) would deliver a risk reduction
benefit of 64.7 Risk Units (82.5–17.8).
Any number of risk-based decision options could be
evaluated and an optimum set of risk reduction projects
could be selected.

APPLYING THE ISORISK MATRIX
The most powerful use of the IsoRisk Matrix lies in its
ability to prioritize risks, and optimize a suite of investment
options to mitigate risk As Low As Reasonably Practicable.
Consider the following example.
Assume that a Major Accident Hazard Risk
Analysis identified ten risks, and gaps that could be closed
to further mitigate the risks. Each gap is, of course, a
candidate for risk reduction investment. These are shown
in Table 1, together with the team’s assessment of the
unmitigated and mitigated Risk Units and estimates of the
cost to close them.

Table 1. Detailed discrete benefit-cost analysis
Gap
A
B
C
D
E
F
G
H
I
J

Unmitigated
risk

Unmitigated
risk units

Mitigated
risk

Mitigated
risk units

Delta
risk units

Cost to
close k$

Risk units
per k$

ILDM
ILDL
I MD L
I MD H
I MD M
IMEM
ILEH
IMEL
IIHCL
IIMDL

178
82.5
261
1210
562
56.2
38.3
26.1
261
8.25

ILEH
ILEL
IMEH
I MD L
I MD L
IMEL
ILEL
ILEL
IIHDL
IIMEL

38.3
8.25
121
261
261
26.1
8.25
8.25
121
0.83

139.7
74.3
140.0
949.0
301.0
30.1
30.1
17.9
140.0
7.4

535
1000
300
1500
1000
40
610
110
1200
1800

0.26
0.07
0.47
0.63
0.30
0.75
0.05
0.16
0.12
0.00
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Table 2. Benefit-cost analysis sorted by B/C ratio
Gap
F
D
C
E
A
H
I
B
G
J

Unmitigated
risk

Unmitigated
risk units

Mitigated
risk

Mitigated
risk units

Delta
risk units

Costs to
close k$

Risk units
per k$

Cumulative
risk reduction

Cumulative
cost k$

IMEM
IMDH
IMDL
IMDM
ILDM
IMEL
IIHCL
ILDL
ILEH
IIMDL

56.2
1210
261
562
178
26.1
261
82.5
38.3
8.25

IMEL
IMDL
IMEH
IMDL
ILEH
ILEL
IIHDL
ILEL
ILEL
IIMEL

26.1
261
121
261
38.3
8.25
121
8.25
8.25
0.83

30.1
949.0
140.0
301.0
139.7
17.9
140.0
74.3
30.1
7.4

40
1500
300
1000
535
110
1200
1000
610
1800

0.75
0.63
0.47
0.30
0.26
0.16
0.12
0.07
0.05
0.00

30.1
979.1
1119.1
1420.1
1559.8
1577.7
1717.7
1791.9
1822.0
1829.4

40
1540
1840
2840
3375
3485
4685
5685
6295
8095

The gap closure options can then be graphically
depicted as shown in Figure 6 below in order of benefit to
cost ratio.
A Risk-Based Decision Analysis such as this indicates that gap closure projects F, D, C, E, A and H deliver
86% of the total risk reduction for 43% of the total
potential cost. The last 14% of risk reduction opportunity
(Projects I, B, G and K) would require an investment
of an additional 57% of the total potential cost. The
risk manager could decide that better risk reduction
options exist elsewhere, and use this analysis to demonstrate the diminishing return of risk reduction benefit
on the investment, and that risks I, B, G and K are
ALARP.

CUMULATIVE BENEFIT TO COST

2000
1800
CUMULATIVE RISK REDUCTION (RU's)

B

G

K

I

1600
H
A

1400

E

1200
C

1000

D

800
600
400
200
F

0

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

CUMULATIVE COST K$

Figure 6. Plot of Cumulative Risk Reduction -vs- Cumulative
Cost

SUMMARY
The IsoRisk methodology enables risk-based decisionmaking to be employed without resorting to full Quantitative Risk Analysis (QRA). Thus, valuable decision-making
insight can be delivered for significantly less time, effort
and cost.

The gap closure options are then re-sorted by benefitto-cost ratio (Risk Units per k$), and cumulative benefit and
cost is summed in priority order. This is shown on Table 2
below.
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EUROPEAN TECHNOLOGY PLATFORM ON INDUSTRIAL SAFETY (ETPIS), A VISION TO
GAIN SAFETY FOR A SUSTAINABLE INDUSTRY GROWTH
Olivier Salvi1 and Richard Gowland2
1
INERIS, 60550 Verneuil-en-Halatte, France; Tel.: þ33 3 44 55 61 01, Fax: þ33 3 44 55 62 95, e-mail: olivier.salvi@ineris.fr
2
EPSC, 165-189 Railway Terrace, Rugby, CV21 3HQ, UK; Tel.: þ44 (0) 1788 534409, Fax: þ44 (0) 1788 551542
The paper that will be presented is an extract of the Strategic Research Agenda of the European
Technology Platform Industrial Safety (ETPIS). It is a result of a collective work made by researchers from organisations that consider industrial safety as a strategic issue for the sustainable growth
of the European Industry.
The list of the main organisations involved in the ETPIS, that participate in the preparation and
endorse this text is available at www.industrialsafety-tp.org.
The paper will describe the rationale, the scope and the organisation of the initiative.
It will insist on the structuration and the organisation of a Strategic Research Agenda prepared by
more than 150 organisations concerned by industrial safety.
In particular, the analysis of the broader situation, regarding industry and safety interactions and
issues, led the ETPIS members to propose a RTD strategy that focuses on 6 major challenges. These
have been identified wherever there is a clear need to develop basic knowledge in safety sciences.
. Developing new risk assessment and risk management methods addressing the complexity of
industrial systems
. Improving methods and technologies to reduce risks at work and to prevent major accidents
. Understanding the impact of human and organisational factors in risk control
. Improving knowledge transfer to industry and in particular SMEs, education and training
activities
. Understanding emergent risks and cross-cutting risk & safety issues
. Structural safety
Some industrial stakes are not concerning only one industrial sector, and should also take the knowledge and expertise from several Focus Group. To enable the mobilisation of the critical mass and
attract the interested sectors, the TP has decided to create the concept of research HUB.A research
HUB is a group of interest aiming at exchanging knowledge and launching projects after having
defined a specific research agenda. The research HUB will take benefice from the Focus Groups
and mobilise the interested industries. The first research HUB of the TP on Industrial Safety is the
NANO-SAFETY HUB addressing the safety issue of nano-technologies and nano-materials.

KEYWORDS: industrial safety, research agenda, risk assessment

transnational and increasingly more dependent on each
other. Efficiency of industrial production is intimately
related to the delivery of materials and products in a
timely manner and this can only be viable with adequate
logistic and transport infrastructures.
Safety is essential for human well-being but also to
ensure the efficiency and competitiveness of the industrial
and transport systems as a whole. Any disruption in the
chain of production and transport has adverse consequences on the affected industries and transport systems,
which may extend across country borders, as national economies are increasingly interlinked. It is therefore essential
that in all European countries there is a unified approach
to Safety and that this approach is also maintained consistently across the various industries and transportation
facilities. This is not the present situation but should be a
long-term objective that should mobilise efforts among all
parties involved, from Governments to industry and academia, and from technology developers to the public at large.

RATIONALE
SAFETY FOR EUROPEAN QUALITY OF LIFE AND
COMPETITIVENESS
The European Union has been defining a number of objectives for the future of RTD activities, which require a
variety of concerted actions. The Lisbon summit (2000)
established the objective for Europe to become the most
dynamic and most competitive knowledge-based economy
by 2010, while in the Gothenburg summit (2001) emphasis
was put on sustainable development, involving aspects of
environment, health, economy and employment.
The achievement of these objectives for the European
economy and quality of life requires that industry as a whole
modernises itself, improving its efficiency, quality and
safety. It also requires improvement in the efficiency,
quality and safety of transport systems, as mobility is a
requirement for the industrial development and also for
the well-being of citizens. It is becoming more evident
that the industrial and transport networks in Europe are
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AN EVOLVING CONTEXT
The performance of the European industry in many sectors
is competing with other countries which are growing
quickly thanks to structural and economic advantages such
as growing market potential. Since Europe is a largely
mature market which is not expanding rapidly, investment
for expansion is taking place in other regions where there
are market and sometimes economic advantages. Investment in Europe is ‘plateau-ing’ and new production capacity
is built in Asia or in south America. This position creates
challenges to maintain competitiveness and a proper
socio-economic performance level in EU.
Part of the challenge is in meeting public expectations
in safety and environmental protection while remaining
competitive. New emerging technologies are providing
and requiring new design, operation and assessment routes
which need immediate considerations to maintain industrial
safety. Furthermore, as European industrial installations are
becoming older and technical expertise follows new investment and older experts are retiring, making education and
training for industry a special issue.
The market is evolving towards specialised production
and complex manufacturing processes (speciality chemistry,
aeronautics and services . . .) which require enhanced knowledge, adaptability and flexibility. If the required technological
disciplines and hard science education do not attract enough
people, it will be impossible to stimulate innovation.

SCOPE OF THE EUROPEAN TECHNOLOGY ON
INDUSTRIAL SAFETY
Scope
Industrial safety applies to installations, production
systems, buildings, transport systems and safety related
structural components And deals with
. Occupational health and safety of the workers in
industry
. Environmental safety
3 prevention of major accidents with off-site
consequences
3 protection of the environment and the society

Safety of society derives from properly addressing
risks to the public, industrial risks and occupational risks,
the nature of which changes with the target population to
which it relates. Public risks are related to governmental
decisions on major topics such as major diseases (e.g.
AIDS and cancer), genetically modified products, climate
change and natural hazards as examples. Industrial risks
are related to the risk that the industrial activity brings to
employees and the public in general, including transportation which is considered here as part of the industrial
activity. In industrial activity, risks related to the introduction of new technologies (e.g. nanotechnology, hydrogen
strorage and common use etc.) and design routes need particular attention as the new hazards need to be properly
identified and assessed. Safety in this context results from
Governmental regulations, technical codes & standards
that generally define minimum acceptable safety levels
(and sometimes enforce these levels) and from the various
industrial actors that organise their activity in order to
achieve the level of safety they consider compatible with
their aims and responsibilities. Finally, occupational risks
concern the accidents that occur within the industrial and
related activities and thus they affect a smaller percentage
of population at risk. They all depend on the policies,
aims and performance of the various industrial sectors and
Governmental regulatory activity.
The scope of the Industrial Safety Technology Platform provides an integrated approach to the safety related
aspects of advanced design, production, operation processes and fitness-for-service assessment of industrial products and systems, dealing with technical and human,
organisational and cultural aspects, as well as the actual
systems and processes used for managing safety. The main
emphasis is on the development of preventive technologies,
damage assessment routes using risk-based methods for the
optimal design of products, production facilities, industrial
systems, activities and ageing and new advanced structures
from the point of view of delivering recommendations in
the form of “Best Practice Documents”. These can be basis
for development of CEN Norms by the respective Technical
Committees for improved safety levels at acceptable costs.

NEED FOR CHANGES IN INDUSTRIAL SAFETY
POLICIES
Policies addressing industrial systems, and in particular safety,
must evolve from prescriptive policies to objective policies,
because the key players able to implement the solutions are
the industries themselves and it is no longer possible to prescribe
solutions when the systems are so specific and so complex.
There is a need to harmonise the policies and ensure a
consistent implementation throughout Europe, and in particular as theEuropean Union enlarges.
The public expects to take part in decision-making
process related to safety and environmental protection
issues of the ageing and emerging infrastructures and
systems in Europe. There is always a residual risk related
to new technologies, design, monitoring, structural assessment methods and human activities. It is important that
industry and public authorities’ decision making process
are as transparent as possible and it is fundamental that it
is comprehensible by the public. For that latter reason,
there is a need to develop an open and ethical industrial
risk (or safety) culture and explain risks and benefits that
our society gains from industry.
The solutions to be developed to minimise both accidents and pollution must be integrated ones while maintaining the integrity of manufacturing and operation of industrial
systems. The new systems that will be designed must take
into account at conception, safety and environmental
performance as major opportunities and requirements.
Inherently safe and clean concepts should permeate industry
at all levels of the life-cycle of manufactured products.
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through project activity to implementation and exploitation
has not been applied consistently.
Legislation such as the Seveso and “safety at work”
Directives has played a constructive role in setting requirements and standards. Consensus Technical Standard setting
bodies such as C.E.N. and I.E.C. have been successful in
promoting improvement.
The best performers have made their own decisions to
be leaders. In so doing, they have initiated, carried out and
exploited projects and implemented improved technical
standards. In most cases they have developed risk based
design, monitoring and advanced fitness-for-service assessment methodologies for their structures and adopted an
accident free workplace philosophy and used effective training and education schemes. Harmonisation of all these
aspects in Europe is a RTD challenge for coming decades.

THE VISION AND THE WAY TO ACHIEVE IT
SITUATION REGARDING INDUSTRIAL SAFETY
According to European Statistics (Eurostat, 2004), in EU15, in 2001 there were 7.6 million accidents at work. 4.9
million of these resulted in more than 3 days of absence
from work and 4,900 fatalities occurred. This means that
one worker became a victim of an industrial accident
every 5 seconds and one worker died every two hours. All
industry sectors are concerned: manufacturing, energy,
transport, construction, agro-industry, process industry.
The MARS database Major accident reporting system
of the European Commission (Joint Research Centre, Ispra
http://mahbsrv.jrc.it) records that, approximately 30
Major Accidents happen each year within the industry
sectors covered by the Seveso 2 Directive. These accidents
are not major contributors to the overall statistics but have a
major impact on industry and society. The major accident,
which occurred at Toulouse on 21st September 2001
killed 21 people on the site, 9 people off-site and injured
2,242 people. 27,000 homes and 1,300 companies suffered
significant damage. 5,000 people needed treatment for
acute stress. The economic cost exceeded E1 500 million.
Incidents and accidents disrupt the process of sustainable industrial development, directly through the remedial and prevention activity and indirectly through
restrictions placed on the whole industry as a result of
these failures. Failure of primary components of engineering structures such as nuclear, chemical, offshore and aeronautical industries can easily leads to significant losses in
terms of human lives and economical value. It has a paramount significance to maintain the structural integrity of
existing, ageing equipments as well as new advanced structures in Europe. Additionally, introduction of new design
approaches and technologies brings new challenges,
which need to be addressed before they impose added
safety risks. Performance statistics for different sectors
indicate that some industries are apparently much safer
than others. The difference between the best performers
and the average for all industry is often dramatic and
cannot always be explained by the inherent hazards of
the specific features of the structures and workplace or
work activity. There are underlying reasons for failure
and success which may be known, shared and acted upon
within a sector, but no coherent effort has been made to
address the failures of one sector by applying the success
factors of another. Within sectors there is a wide variation
of performance, which depends on many root cause factors
including corporate tolerance, scale of operation and
resources available for accident prevention and concerns
about competitiveness. The new members of the European
Union are in some cases at a different stage of development
and performance in industrial safety. This presents some
new opportunities and challenges.
Research projects on Industrial Safety are funded by a
wide range of stakeholders including the European Commission and European member state governments. This
investment has not been entirely successful because a
Europe-wide life cycle process from problem definition

THE VISION 2020
The platform will be a major industrial contribution to the
design of European policies related to Safety and Health
(particularly Framework Directive), SEVESO II Directive,
ATEX Directive, IPPC Directive, transport of dangerous
goods, REACH, GHS, etc.
The vision for industrial safety performance can be
summarised as follows.
By 2020,
3 a new safety paradigm will have been widely adopted
in European industry. Safety is seen as a key factor
for successful business and an inherent element of
business performance. As a result, industrial safety
performance will have progressively and measurably
improved in terms of reduction of reportable accidents at work, occupational diseases, structural failures lead to environmental incidents and production
losses. It is expected that an “incident elimination”
and “learning from failures” cultures will be developed where safety is embedded in design, maintenance, operation, fitness-for-service assessment and
risk management at all levels in enterprises. This
will be identifiable as an output from this Technology
Platform with following quantified objectives;
3 >there will be structured self-regulated safety
programmes in all major industrial sectors in all
European Countries. These will have firm, measurable performance targets for improved structural
performance, accident elimination and will meet
the annual reduction rate stated in the Technology
Platform objectives
3 accident free workplaces will become the norm
This development will significantly contribute to the
sustainable growth of all major industrial sectors in
Europe by safer utilization of emerging technologies
and life extension of ageing structures and and hence
improvement of social welfare.

3
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HOW CAN THE VISION BE REALISED?
Improved risk control supporting the sustainable growth of
European industry needs a co-ordinated effort in research
and in identifying and adapting successful practices.
Many of the most respected risk assessment and control
methodologies have originated or been developed in
Europe. Examples include Hazard and Operability Study
(HAZOP), Quantitative Risk Assessment (QRA) and Workplace Risk Assessment.
Research work should continue in these fields to
develop existing methodologies further by taking into
account of emerging technologies and respective risks as
well as harmonising the best of them in Europe. The
interaction and early involvement of technological
knowledge (new technologies, smart structures etc.) in
policy development needs improvement. This will lead to
early identification of safety relevant issues and thus can
guide introduction of new design and manufacturing
technologies, life extension and structural performance
assessment methodologies and policy/legislation development and improve the quality and sustainability of the
final solutions.
Recognising the challenge and opportunities, a group
of experts from industry, unions, authorities, NGOs and
research and academic organisations have undertaken an
inititative to create a Technology Platform to achieve
Safety for Sustainable European Industry Growth. This
initiative obtained the principal supports of the DG
Employment, DG Enterprise, DG Environment and DG
Research of the Commission. This TP has prepared the
strategic plan described within this document for research
for development of new technologies and improvement
of existing best practices as well as efficient implementation of R&D results across all major industrial sectors
including SMEs. The European Technology Platform for
Industrial Safety (ETPIS) has clear understanding of the
role and needs of the SMEs for development and implementaion of the best practice procedures for industrial
safety. ETPIS works with other European TPs using existing expert groups and contributes to form new groups as
networks of National Platforms to ensure success. ETPIS
offers a unique opportunity to focus European competences
on needed research items and clearly defines how each
project which it supports will play its part in delivering
the vision.
The main objectives of the Technology Platform
ETPIS, therefore, are:

–

–

To facilitate and accelerate the breakthrough for progress in industrial environmental, health & safety
(EH&S) via a co-ordinated, integrated research &
implementation process.
To valorise, exploit and implement results of research
and innovative methods within Industry.

As described above, ETPIS addresses occupational and
structural safety related with the industrial activity as a
whole and has the vision to significantly reduce the level
of accidents involving human and ageing & new structures
(with emerging risks) in Europe by 2020 with realistic,
measurable targets. The platform activities will result in a
substantial improvement of occupational and structural
safety in all major industries, including transportation
systems and infrastructures while maintaining the profitability of the industry.
More specifically, ETPIS addresses the problem of
ensuring the safety and cost-effectiveness of industrial products and services, transport systems and services, facilities
and structures (made of metals – with or without welds and
composite materials) across different industries. Several
industries are faced with similar problems requiring solutions that are compatible with new work organisation,
including the extended use of information technologies,
and which impose no damage to the environment. Industries
are also going through processes of consolidation, of relocation in different countries, including establishing industrial
parks so that a proper interaction with urban planning and
development becomes even more important and critical.
Safety and reliability aspects, which are critical to
production efficiency and cost, need to be assured not only
in the design and in the manufacturing phase, but also
must be maintained during the operational and ageing
phases of the products and facilities. Finally, in the longterm prospective (up to 20 years) a great deal of effort is
to be directed to a change from the traditional approach of
“hazard control” to “accident elimination” by developing
and adopting new technologies and methods. Thus the
development and evaluation of inherent safety principles
and techniques is a long-term objective, together with
ensuring their adoption by all stakeholders.
Moreover, a new threat potential has been added to
the problem area of safety since the occurrence of tragic
events like those of September 11, 2003 in New York and
March 11, 2004 in Madrid: namely, the security of industrial
systems and infrastructures. While safety aims at avoiding
accidents and damage resulting from normal operation of
installations, security aims at safeguarding the installations
from voluntary illicit acts, often of a terrorist nature. Most
of the focus in security is towards decreasing vulnerability
of systems by better detection and early warning of the
potential threats and/or by making systems more robust or
eliminating weak links. In this respect, it is clear that
public and industrial safety cannot be ensured if measures
are not explicitly taken to also deal with these emerging
threats. While some methodological aspects of risk
assessment and management are the same, the hazard

– To gain ‘Safety for the Sustainable Growth of all
European Industry’ by reducing the number of accidents
& by supporting safe technological innovation. This has
a major impact on cost of manpower, availability of
production systems and therefore on the competitiveness
of the Industry.
– To bridge the different aspects of “industrial safety”
(Occupational health & safety of workers plus environmental safety including prevention of major accidents &
protection of the environment).
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identification requires new types of actions and thus the risk
analysis methods and the resulting reduction measures
also need to reflect these new threats. The experience in
the nuclear sector’s safeguarding may represent a good
example in this direction.
This Technology Platform aims at improving the
coherence of the approaches adopted by the different industries to deal with the above-mentioned problems, and it provides a strategic vision for identifying priority research in
RTD and demonstration activities. It will also consider the
importance and maturity of the technologies being developed and will contribute to the technology transfers
among the sectors and to the much needed education and
training activities.
The long-term objective of ETPIS is to improve the
methodologies, technology and the practice, making them
more integrated and consistent across industrial sectors
and across European countries, as this is the only way of
improving the overall level throughout. As long as there
are sectors of activity, or countries, with less than satisfactory approaches to safety, the overall objective can be
jeopardized. This is particularly critical with Small and
Medium Enterprises (SMEs) in general as they often they
do not always possess sufficient resources and may not be
able to lead the processes of safety improvement. This Platform is transversal, crossing all industries and transportation
modes, and aims at developing consistent methodologies of
risk analysis and management for implementation in the
various industrial and transport sectors. Concurrently, the
specifics of application of the methods and the details of
their implementation in the various industrial and transport
practices will need to be dealt in conjunction with the
industry-specific Platforms.

The research agenda addresses needs of all industrial
scales (from SMEs to major multi national companies)
operating in the 27 member states of the European
Union. Therefore, ETPIS aims to conduct collaborative
works to:
–

–

–

–

–

–

–

WHAT WILL BE DONE – THE GENERAL APPROACH
A general approach will be implemented to reach the objectives of the ETPIS:
– Act to gain the commitment from major industrial
sectors and key safety related organisations to the
accident elimination vision and the milestones of:
. 25% reduction in accidents by 2020
. Programmes to be in place by 2020 to continue accident reduction at a rate of 5% per year or better
– Set up consultation and analysis programmes, which
identify needs and matches these to potential research projects for management through the Technology Platform.
Use knowledge gained to expand the scope of the
Technology Platform where needed.
– Carry out industry driven research within the following
focus areas:
. Risk Assessment and Management
. Advanced Risk Reduction Technologies
. Structural safety
. Human and Organisational Factors
. Emerging risks
. Education and Training, and transfer to industry, in
particular SMEs

Identify Best Safety Practices (BSP) in individual
industrial sectors which have potential for multiple
sectors.
Research on needs of identified Best Safety Practices to
make them world-leading procedures by covering new
technologies, methodologies and emerging risks and
fully applicable across individual sectors and across
multiple sectors.
Continue a formal structure allowing communication and sharing among all Technology Platforms
where occupational and structural safety are of
concern.
Provide intelligent information exchange from one
sector to another to allow gaps, barriers and synergies
to be identified.
Require an implementation strategy to be included for
the results of funded research endorsed by the Technology Platform.
Provide newly developed or improved European BSP
documents to give sector or problem specific guidance
on new standards and regulations to achieve the
desired improvements in a cost effective manner
which delivers social and economic benefits which inturn enhances the sustainability and competitiveness of
the industry.
Set up an best knowledge and industrial need driven programme which accomplishes:
. Implementation of results of research and improvement programmes which meet the quantified
progress measures in the Technology Platform
Vision.
. Developing European Best Safety Practice (BSP)
Documents to provide basis for development and
further improvement of unified standards
. Developing and establishing European Safety Training and Education Network using material developed within European BSP Documents and
existing standards
. Progress measurement (and reporting) against the
accident reduction goals in the Vision.
. Installing the concept of accident statistics and economic assessment as an extension of and in addition
to the key financial reporting activities for the
enterprises (global safety indicator)
. Reporting on the success of implementation for
each project funded through or with the support of
the ETPIS.

Needless to say that ETPIS will use the existing
networks, associations and groups are already working
in the wide-range of the indutrial safety topics to be
addressed.
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Understanding the impact of human and organisational
factors in risk control
Human-Centred Design; Human Factors in System design
and modernisation; Human-Technology Interfaces &
Usability; Integrated Risk Assessment and Management
Methods & Techniques; Human Factors in Emergencies
and Crisis Management; Safety Culture & Safety Climate;
Decision making process; Human Performance; Human
Factors in Organisational and Managerial Safety - SMErelated issues; Human Factors Knowledge Engineering &
Management; Health & Social Issues; Data Retrieval; Operational feedback and learning from experience; Actual
safety and perceived safety.

CHALLENGES TO GAIN INDUSTRIAL SAFETY
FOR SUSTAINABLE INDUSTRY GROWTH
The experts of the European Technology Platform Industrial
Safety have pointed out several challenges to radically
improve safety in the industry:
. Improve methods for safety managers and practitioners
. Develop advanced technologies in the field of industrial
safety
. Develop and validate new structural safety procedures
. Improve the safety culture within the enterprises and
society
. Improve the knowledge transfer to the industry through
new education and
training tools and methods
. Develop knowledge, technologies and tools against
emerging industrial risks

Understanding emergent risks and cross-cutting risk &
safety issues
Unified/consolidated legislation, codes, standards; Reliable
data; Economic Price & Value of risk (VAR – the Value-atRisk concept, too) and risk management; New technologies;
“Blind” application of tools; Old/aged plants; Globalisation; Integration of Life cycle; Risk perception, Political
Price & Value of risk; “Forced” application of risk-based
approaches; Impact of demography on industrial safety;
Banking and Finance; Security Research.

FOCUS AREAS OF THE ETPIS
The paragraphs hereunder introduce the choice of the focus
group topics regarding where basic knowledge, methods and
technologies need to be developed.
Developing new risk assessment and risk management
methods addressing
the complexity of industrial systems
Understanding hazardous phenomena to develop safety
equipment and technologies; Development and validation
of methods and tools to improve risk assessment and
management; Impact of natural and man-made hazards on
plant safety; Harmonisation in risk assessment; Reliability
and safety of network systems; Methods for dynamic
reliability assessment; Risk management and governance
(new forms of participative governance); Multi-criteria
analysis and decision support tools; Systemic methods to
address the complexity of the industrial systems; Uncertainties in risk assessment and management.

ORGANISATION OF ETPIS
According to the above-listed challenges in safety sciences,
ETPIS members have set up five topic-based focus groups.
–
–
–
–
–

FG 1: Risk Assessment and Management Methods
FG 2: Advanced Risk Reduction Technologies
FG 3: Structural Safety
FG 4: Human and Organisational Factors
FG 5: Emerging Risks

As some industrial challenges involve several industrial sectors and/or expertise from several Focus Groups,
the ETPIS has forged the concept of research HUB.

Improving methods and technologies to reduce risks at work
and to prevent major accidents
Technologies and methods for eliminating or reducing
risks at source; Technologies and methods for inherently
safe design and for inspection, monitoring and assessment of defects; Application of information technologies
in advanced safety-related systems; Reducing risks by
collective protective systems and devices; Advanced
materials and technologies for developing personal
protective equipment; Technologies and methods for
preventing and reducing risks due to Major Industrial
Accidents.

Research Focus Groups
Risk Assessment &
Management
Advanced Risk Reduction
Technologies
Structural Safety
Human & Organisational
Factors
Emerging Risks

Structural safety
Structural reliability based design; Structural Health Monitoring (SHM) and risk-informed inspection; Structural
Safety of Aged & Repaired Structures; Fitness-for-Service
(FFS) of Structures; Integrity of Multi-Material (Hybrid)
Structures; Structural Safety from Natural Hazards;
Structural Safety from Accidental loads.
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Technology Platform Safety for Sustainable European Industry Growth

Figure 1. Organisation of the thematic Focus Groups applying
to several industrial sectors
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A HUB is a topic-based group of stakeholders aiming at
both exchanging knowledge and starting projects, once
they have defined a research agenda that is specific to
their topic of interest.

resources and work and this will be coordinated by
the ETPIS.
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Two HUBs have been created so far:
– HUB Education and Training. This HUB addresses
issues related to basic knowledge, methods and technologies needed to maintain and develop safety-related
skills. Approaches include: open platforms for education
and training; virtual reality etc.
– HUB Safety. This HUB addresses safety-related issues
in the field of nano-technologies and nano-materials.
This HUB seeks support from industry partners.

–

–

CONCLUDING REMARKS
The European Technology Platform in Industrial Safety
(ETPIS) is open to any interested bona fide organisation,
the only requirement being active participation in the
Focus Groups of interest. The request for access is freely
available through the dedicated web site at www.industrialsafety-tp.org.
The content of the Strategic Research Agenda of
ETPIS was presented in this paper. It will be updated
regularly according to the evolving context and by taking
into account the results of research and a specific review
of stakeholder concerns and needs. Therefore, every
second year the SRA will be reviewed and a new version
will be edited after an open workshop gathering the
members of ETPIS and the community of interest.
The Strategic Research Agenda is a tool for coordinating the RTD effort in industrial safety at European,
national and regional level to prepare research programmes.
The objective is to develop synergies between public and
private sectors at European, national and regional level to
optimise the resources allocated to research in industrial
safety. The SRA constitutes therefore the RTD roadmap
for industrial safety improvement. The national technology
platforms on industrial safety will provide contribution in

–

–

–

–

–
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Ståle Selmer-Olsen, DNV (Norway)
Fiabio Bagnoli, D’Appolonia S.p.A. (Italy)
Advanced risk reduction technologies
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7

# 2007 Crown Copyright

IChemE SYMPOSIUM SERIES NO. 153

HAZARDS FROM HIGH PRESSURE CARBON DIOXIDE RELEASES DURING CARBON
DIOXIDE SEQUESTRATION PROCESSES†
Stephen Connolly1 and Laurence Cusco2
1
Health and Safety Executive, Offshore Safety Division; e-mail: Stephen.Connolly@gsi.hse.gov.uk
2
Health and Safety Laboratory, Process Safety Section; e-mail: Laurence.Cusco@hsl.gov.uk
Climate change concerns have motivated several carbon dioxide capture and sequestration studies in
recent years. A few of these have been implemented with other major schemes planned globally.
Current work by the UK Health and Safety Executive has identified some gaps in knowledge on
behaviour of CO2 releases from supercritical pressures. This is particularly relevant at the high pressures
and large volumes envisaged for transport of and storage within depleted reservoirs in the North Sea. The
combination of high pressures and large quantities have major accident hazard implications for large scale
CO2 processing Three primary areas of concern are discussed: source terms for dispersion modelling,
strong cooling effect from pressure reduction and erosive effect of two phase solid/gas flows.
To manage risks to persons involved with large quantities of supercritical it is necessary to be able
to predict accurately its properties, both in containment and also during releases to atmosphere; both
intended and accidental. At the high pressures being considered, CO2 is above its supercritical
pressure and in certain parts of the process will also be above its critical temperature. In the supercritical
state CO2 exhibits properties that need to be fully understood for accurate dispersion modelling. Some
dispersion modelling of supercritical carbon dioxide releases has been carried out, but these have involved
assumptions about the source terms and material properties at the point of release that are not considered
reliable with present data. None of the available models account for the thermodynamics of solid
formation and subsequent sublimation; the thermodynamic path followed during release is uncertain.
As the release source terms largely define the subsequent dispersion characteristics, they are critical
factors in modelling accurately carbon dioxide release behaviour.
Carbon dioxide has a high Joule-Thomson effect that implies severe cooling effects in the immediate
region of any pressure reduction event. In view of the large quantities to be handled, this will have significant cooling envelope on the surrounding plant. This applies to piping throttle downs, operational
blowdown events and accidental releases. High cooling rates may lead to local solid carbon dioxide
formation and/or low temperature enbrittlement of process plant or structural members.
Supercritical CO2 is used commercially for erosion jet cleaning and cutting, and it is also used to
enhance drilling penetration rates. Accidental releases of supercritical CO2, e.g. from flange failures,
might lead to serious effects on adjacent piping, plant or structures. However, as with the other areas
of concern, experimental evaluation of its release characteristics will be necessary to enable plant to
be designed to a minimum risk configuration.
Results of preliminary small-scale experimental tests are also presented to help quantify the above
issues.

KEYWORDS: hazard, risk, carbon dioxide, sequestration, supercritical, offshore

sound understanding of the characteristics of SCCO2 when
released from high pressure. This is especially true of
large mass releases at certain thermodynamic conditions.
Releases of both dense phase and supercritical CO2 have
many similarities and are considered together in this paper.
BP are developing a project (Decarbonised Fuel
Project 1 – DF1) that involves stripping the carbon from
methane at Peterhead power station and injecting the CO2
into the Miller reservoir in the North Sea. Various early
studies of CO2 releases carried out for this project have
involved assumptions about the source terms and properties
of the material at the point of release. Unfortunately, as
was recognised by both BP and HSE, there is little or no

INTRODUCTION
The proposed sequestration of supercritical carbon dioxide
(SCCO2) into offshore hydrocarbon reservoirs, via a
manned platform has major accident hazard implications
for the persons on board the installation. In the UK it will
require a case for safety for the SCCO2 high-pressure
system along with other aspects, to ensure that risks to
persons are properly controlled. For economic and technical
reasons, CO2 will be handled when above its critical
pressure of 73.3 bar (sometime known as ‘dense phase’)
and in its supercritical state, namely above both 73.3 bar
and 31.18C. The consequence analysis of both dense
phase and supercritical (SCCO2) releases will require a
†

# 2007 Crown Copyright. This article is published with the permission of the controller of HMSO and the Queen’s Printer for Scotland.

1

# 2007 Crown Copyright

IChemE SYMPOSIUM SERIES NO. 153

data to substantiate some assumptions, which have assumed
a source term of a mass of CO2 in its ‘normal’ gas state
throughout. This was highlighted when a DTI study
(Vendrig 2003) of CO2 release and dispersion was subject
to analysis by HSE that revealed insufficient details in the
thermodynamic parameters of the release source terms for
its dispersion to be modelled accurately.
CO2 at the high pressures being considered
(170 –400 barg) is well above its critical pressure and its
properties have rarely been considered from a safety view
point. CO2 is an asphyxiant and SCCO2 is a powerful
solvent giving possible toxic contamination problems. It
has zero surface tension, near zero viscosity that may
cause sealing difficulties, and forms an acid solution in
the aqueous phase leading to corrosion issues. Its release
may lead to low temperatures in plant, structures and
instrumentation all of which may cause problems if
outside the design temperature. As the release source terms
largely define the subsequent dispersion characteristics,
and hence major hazard scenarios, they are a critical factor
in modelling accurately CO2 release behaviour.

from loss of containment (LOC) events. Predicting the
dispersion and accumulation of flammable mixtures is a
fundamental requirement in managing fire and explosion
risks to persons. For example, the flammability envelope
of hydrocarbon clouds will be reduced by the presence of
CO2, but the cooling effect of CO2 on release may cause
embrittlement of structural steelwork reducing its integrity.
The presence of CO2 in the hydrocarbon streams will change
the hazard profile of the process. Design for mitigation and
detection of heavier-than-air CO2 instead of lighter-than-air
methane is clearly quite different.
In order to assign reasonable confidence to the
predicted hazard ranges of gaseous releases, dispersion
models are normally validated against actual or experimental data. To achieve results with reasonable confidence it is
essential that the “source terms” (initial inputs to the dispersion models) describe accurately the release conditions
of the hazardous agent. Input parameters include such
values as temperature, velocity, release rate and physical
form and source dimensions.
The thermodynamic equilibrium properties of CO2 are
reasonably well known and can be compared successfully to
experimental data (Cusco 1995). There is a detailed multiparameter equation of state for CO2 (Span 1996) and also a
more accessible route to the fluid thermophysical properties
of CO2 on-line (NIST 2005). However, the thermodynamic
path of a release also has to be understood, so that we describe
sufficiently phase changes, temperature changes etc in consequence modelling. A temperature-entropy plot with lines of
constant enthalpy is useful for visualising the possible phase
changes on release (Perry 1973). Where a release occurs
with phase transition (e.g. from dense phase through vapourliquid to gas-solid to gas) then the transition between states
must be determined to enable a reasonable estimate of the
“effective source(s)” to be input into the dispersion models.

TECHNICAL ISSUES WITH MAJOR ACCIDENT
HAZARD (MAH) IMPLICATIONS
MAH presented by handling high pressure CO2 on an
offshore installation need to be considered in the context
of about 10,000 years cumulative operating experience in
the managing of hazards associated with hydrocarbon processing. This is based on about 250 installations in operation
in the UK North Sea since 1965. In comparison there is
probably less than 100 operating years for handling CO2
and significantly less in dealing with supercritical CO2.
The Sleipner CO2 disposal project in the Norwegian sector
of the North Sea (Chadwick 2004) has been operational
since about 1996. Globally, there is some other operating
experience notably through enhanced oil recovery in
North America. However, many of the other large scale
carbon dioxide operations are either operating below supercritical pressures and/or are in remote on-shore locations
that present significantly less safety issues than the proposed
Miller field sequestration.
Lack of substantial operational experience in a
novel process or technology generally leads to significant
difficulties in identifying accurately the hazards associated
with that process/technology. There are very few riskbased reference points in handling high pressure CO2
in large (1000 tonne quantities) against which estimated
risks to persons can be compared to establish if a robust
case for safety has been made. Consequently, poorly
defined major hazard implications require that we fully
define the characteristics of the process and particularly the
release behaviour of SCCO2. MAH associated with SCCO2
are clearly relevant to onshore industrial sites as well as offshore e.g. around compressors, considering topography and
co-location of carbon dioxide and flammables pipelines.
The highest risks on offshore installations are associated with fires and explosions (Connolly 2006), resulting

ENGINEERING CONSIDERATIONS
Consideration of the engineering aspects of handling high
pressure CO2 in large quantities in a LOC incident, have
highlighted several issues with major accident implications:
i.
ii.
iii.
iv.
v.
vi.
vii.

Scale of thermal cooling envelope from a SCCO2
release
SCCO2 containment issues
Fire and explosion hazard profile changes
Toxic contamination effects on SCCO2 release
Dry ice ‘grit blasting effects’
CO2 detection
Emergency response & temporary refuge integrity
issues

The resolution of these issues is being actively pursued
by BP through their Decarbonised Fuels projects, and also
independently by HSE in its Offshore Division (OSD) and
our laboratories (HSL) at Buxton. Engineers and scientists
from BP, OSD and HSL meet regularly to compare findings
and also to ‘peer review developments’. Further details of
the MAH issues are outlined below.
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CONSEQUENCES OF SCCO2 THERMAL
COOLING – INTERNAL AND TO THE
ENVIRONMENT
A gas below its inversion temperature will cool upon
expansion. This is described thermodynamically as the
Joule-Thomson effect: ( = T/ = p)H). Carbon dioxide
has a particularly large Joule-Thomson effect and therefore
causes a large cooling effect on pressure release. In general
the expansion of CO2 on release is isenthalpic. However,
any shock behaviour during in the release could be isentropic. There are difficulties with predicting the thermodynamic path with accuracy during representative release
scenarios, e.g. in predicting the scale of the cooling effect
in an industrial environment. Depending on the starting conditions of temperature, pressure and composition, initial
pressure drops would be to a 2-phase release of vapour
and liquid until its triple point pressure of 5.18 bar.
Further reduction in pressure below 5 bar would most
likely generate solid CO2 as well as the gas and a transient
liquid state. Liquid CO2 cannot exist at ambient pressures as
CO2 sublimes.
It is important to be able to estimate accurately the
scale of the cooling effect on the surroundings (including
any pipes, structures etc) as SCCO2 will absorb large quantities of heat on release. There will be thousands of tonnes of
SCCO2 per day flowing through the large-scale sequestration projects that have been suggested, such as on the
Miller platform. If a release occurred, the near field effects
could include a rapid cooling of the surrounding topsides
process equipment and the platforms structure. The emergency response to that large cooling effect, in combination
with dealing with an asphixiant cloud, needs to be carefully
evaluated for effective management of the situation.
Carbon steel (structure) is subject to brittle fracture
(ductile-brittle transition) at around 08C. The extent of the
cooling envelope surrounding a release must therefore be
estimated accurately in order to evaluate the major hazard
implications on the platforms’ structural integrity and subsequently its personnel. In the Miller reservoir there is
about 20% CO2 occurring naturally. The platforms hydrocarbon process plant was built to handle CO2 rich streams
with duplex stainless steels that have a useable temperature
limit of 2408C. This has fortuitously given materials of
construction, not generally installed, that are particularly
well suited for CO2 sequestration. It is believed therefore
that the process plant on Miller should not be affected by
a SCCO2 release, but this issue will need to be confirmed
by BP and OSD’s specialist structural inspectors.
Although it is believed that the processing plant on
Miller will be largely unaffected structurally by the CO2
releases, the cooling effect is very likely to have a detrimental effect on the blowdown system with the possibility of the
Emergency Blowdown Valves freezing (Eggeman 2004;
Ouderkirk 2003). There may also be slugs of solid CO2
formed within piping. Hydrocarbon process blowdown
systems cannot be guaranteed to operate successfully if the
CO2 component is included in the flow stream and its
cooling effect is added to that of the hydrocarbon stream.

It is known that unreliable freezing point predictions are
made by several process simulators and that most of the
thermodynamic data of solid CO2 formation was collected
in the 1950– 70’s. The issue of unknown source terms adds
another layer of complexity to handling of SCCO2 within
hydrocarbon streams.

SCCO2 CONTAINMENT AND INTEGRITY ISSUES
In its highly compressed state CO2 has zero surface tension
and very low viscosity. It has the tendency to creep or wet
surfaces and valves rely to a certain extent on the surface
tension of a liquid to prevent it from ‘seeping’ through
small gaps in the sealing surfaces within the valve structure.
Water will absorb its own volume of CO2 at STP with CO2
dissolution increasing with increasing pressure. It forms a
weak acid, carbonic acid, with a small equilibrium constant
of 1.7  1023, and as such only about 1% of the acid is
formed when the gas dissolves in water. However, over
time the corrosive effects of the, albeit weak, acid will
have detrimental effects on the process plant particularly
those parts not built of stainless steel.
SCCO2 behaves as a liquid in that it has a solubility
capability but also acts as a gas in having extremely low
surface tension. Standard assumptions about the sealing
capability of valves used to contain hydrocarbon liquids
and gases will have to be demonstrated as being effective
with SCCO2. It is known that seals and sealing compounds
can be rapidly degraded by the introduction of contaminants. The literature lists CO2 among the contaminants
such as H2S etc, in hydrocarbon processing. The Miller
project will see its process going from hydrocarbons with
20% CO2 to 100% CO2.
Phenomena known as explosive decompressions can
occur when elastomer seals have absorbed gas at high
pressure following sudden pressure drops. Equipment
Failure Datasets (OREDA) and other sources of failure
rate data are all based on ‘normal’ fluid behaviour. SCCO2
as a supercritical fluid has characteristics for which there
is little known failure data for the equipment associated
with handling the material. A risk assessment based on
assumptions that will be difficult to substantiate will
produce a fragile case for safety for persons onboard the
installation and in the onshore plant.
Wells have a natural pressure and temperature that is
related to their depth. Typically the hydrostatic pressure
within a well at 700 m or more is greater than 74 barg and
the temperature is in excess of 318C (CO2 critical temperature). CO2 is therefore in its supercritical state in wells.
The density and phase of CO2 is dependent on its
pressure/temperature envelope. If containment integrity is
lost, pressure can fall rapidly and the SCCO2 in a dense
phase will expand significantly in volume with potential
for internal pressurisation of both well and topsides
process components (Skinner 2003). Within the wells themselves, integrity is maintained via hydrostatic balances of
the well fluids to control ‘downhole’ pressures and flows.
Rapid changes in hydrostatic heads in a well due to
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SCCO2 dense phase expansion can cause the reservoir fluids
to flow into the well tubes (influx) with severe consequences. An influx can occur following loss of well containment integrity very rapidly, such that control valves cannot
be closed fast enough to avoid loss of pressure control.
Rapid SCCO2 expansion and associated cooling may
also allow the formation of solid CO2 (dry ice) and hydrates
within the well fluids. The potential for loss of well control
will hence be exacerbated by the presence of solids within
the flowing well fluids, i.e. tube blockages, physical
impact damage, erosion and corrosion.
It is known that drilling with SCCO2 as a drill fluid
(instead of the usual ‘mud’) has benefits for drilling rates.
SCCO2 low viscosity and surface tension enhance mechanical drilling of granite and shale’s high-pressure jet erosion
rates (Kolle 2000). Drilling is in essence the engineered
wear of rock formations by mechanical (or erosion)
means. Conversely, machine bearings are designed to minimise wear between surfaces by the inclusion of lubricating
fluids, usually oil. SCCO2 is used for enhanced oil recovery
(EOR) because it is soluble in oil, reducing its viscosity,
hence making it easier to recover. Viscosity is one of oil’s
critical properties as lubricant, and the presence of CO2
within rotating or reciprocating equipment has the potential
to migrate into lubricating oil. Reduction in the oil’s viscosity will therefore reduce its lubricating property
leading to accelerated wear in the associated bearings or
contact surfaces. Loss of well control leading to blowouts
appears to be increasing in CO2 containing wells (Skinner
2003). Corrosion-related problems appear to be the cause
of integrity degradation leading to containment loss.

Reduction of pH in reservoir fluid will enhance
dissolution of scales, toxics, heavy metals, radioactive
elements etc and return them to the surface via gas or oil
streams. Response to such LOC incidents becomes
complicated, particularly with presence of scale. Eggeman
(2004) indicated that a significant loss of containment
issue appears to be the reaction of ‘O’ ring and other
elastomer/rubber seals to CO2. It is known that elastomer
seals swell and harden in the presence of SCCO2, and explosive decompression of the seals has been observed. Teflon
appears to be one of the few sealing materials apparently
unaffected by CO2.

DRY ICE ‘GRIT BLASTING EFFECTS’
SCCO2 is used commercially (Coldjet 2006) for cleaning to
provide low contamination surfaces in medical sterilization
and integrated circuit manufacture. At temperatures below
2788C, dry ice forms and when entrained in high-pressure
air streams is used to remove contamination from surfaces.
Dry ice erosion effects are proportional to the kinetic energy
and hardness of the particles, when a pure dry ice stream
is considered. However, if a LOC event is considered, a
gaseous release of CO2 is likely to be contaminated by
other solid particles such as reservoir-derived sand and
other solid debris. Erosion effects will be enhanced if the
dry ice formed on depressurisation carries sand and other
solids with it.
To evaluate the potential for escalation effects via
loss of containment the high kinetic energy of dry ice at
170-400 bar release pressure will need to be evaluated.
Discharged particles could erode process pipework and
vessels adjacent to leaks with subsequent escalation
potential.

FIRE AND EXPLOSION HAZARD PROFILE CHANGES
The flammable limits of methane in air are between about 5
and 15% v/v, with a stoichiometric concentration of about
9.8% v/v. Methane – air mixtures are quoted here for
illustrative purposes only; clearly there are other flammable
mixes to be considered. CO2 is a known fire extinguishant
and its presence in a methane-air mix will reduce the mixture’s flammable limits. In a LOC event, the effect of the
presence of CO2 in a flammable mixture will therefore
need to be established with some confidence if credit is
given for its extinguishant properties. If a hydrocarbon
stream containing CO2 is accidentally released, the threat
of fire and/or an explosion must be evaluated, with
additional conservatism if necessary.

CO2 DETECTION
There is a wide range of CO2 detectors available. One
common issue of concern is that the electronics upon
which they depend for functionality may be affected by
low temperatures of major CO2 release. There is no
significant initial human response to CO2 that could be
useful as a detection mechanism, whereas there is a very
sensitive human response to H2S and to SO2 by smell at
very low (ppm) concentrations. CO2 is present with an
atmospheric concentration of about 370 ppm (0.037%)
which may cause some problems with instrumented
detection.
There are two separate issues to be considered here;
the detection of flammable hydrocarbon clouds with CO2
in the gas – air mix, and human vulnerability to the
asphixiant hazard from the CO2, possibly compounded by
the hydrocarbon vapour. The density of CO2 at STP is
1.98 Kg/m3 about 1.55 times that of air and 3 times that
of methane. The scenario of concern associated with this
high CO2/air density difference, is the accumulation
of CO2-rich asphixiant atmospheres in depressions
and modules on the platform following a hydrocarbon

TOXIC CONTAMINATION EFFECTS ON RELEASE
SCCO2 is a highly efficient solvent. It is used to decaffeinate
coffee, extract herb and spice essences and is used in some
complex chemical reactions. CO2 is sometimes referred to
as a ‘super solvent’ as a supercritical fluid, and this property
can lead to complications in the analysis of MAH. When
SCCO2 undergoes significant pressure reduction it moves
from its supercritical state (super solvent) to a gaseous
state with very low solvent capability. Any solute held in
‘solution’ will therefore ‘precipitate’ out.
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and CO2 LOC event. The presence of CO2 in differing
concentrations will also affect the accuracy of fire or
explosion hazard assessments.
It is important, therefore, that effective instrumented CO2 detection systems are installed to provide a
high detection capability. In CO2 well injection facilities
in the USA, oil field workers wear personal CO2 detectors,
rather like radioactive film badges worn by nuclear industry
workers. Clearly the presence of undetected CO2-rich
clouds has the potential to seriously inhibit the actions of
platform workers in dealing with platform emergencies.
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EMERGENCY RESPONSE & TEMPORARY REFUGE
INTEGRITY ISSUES
Human vulnerability to CO2 is well documented and only a
brief outline of its hazard ranges is given here. A moderate
concentration of 5% causes breathing difficulties, an
increase in heart rate and possible headaches. Decisionmaking impairment may also occur at low concentration.
At 7% CO2 anxiety is caused by breathing difficulty.
Effects become severe after 6 minutes exposure. At 10%
CO2 the threshold of unconsciousness occurs in 30
minutes. At 15% the exposure limit is 1 minute and at
20% unconsciousness occurs in ,1 minute. At Lake
Nyos, Cameroon there were 1,800 reported fatalities when
a CO2 bubble erupted from the lake. At Mount Mammoth,
USA, Skiers have been asphyxiated. Because of its relatively high density relative to air, in large quantities CO2
can present significant major hazard issues if workers are
unaware of its presence.
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SAFETY INTEGRITY LEVELS – CONSIDERATIONS FOR NEW AND EXISTING
ASSESSMENTS
Jo Fearnley
Senior Consultant, Aker Kvaerner Consultancy Services; e-mail: jo.fearnley@akerkvaerner.com
Layer of protection analysis is a common way of assessing safety integrity levels for safety
instrumented systems in the chemical industry. However there is no consistent basis across industry
for the layer of protection analysis. Variation exists in all aspects of the technique, ranging from the
criteria to be used for acceptable risk through to the interpretation of what comprises a layer of
protection.
This paper discusses, with practical examples, what influences safety integrity levels. It considers
application to new build, licensor package, and existing plants. The understanding of what
protection is provided in a design, for safety, environment and financial aspects, as appropriate,
needs to be understood by all those involved in the design and operation of chemical plants.
Only if the layers of protection philosophy behind the design basis are clearly understood can
the implication of change be clear to all those involved, such that safety integrity levels are
incorporated within the management of change.

KEYWORDS: SIL, safety integrity level, management of change, licensor package, layer of protection,
safety instrumented system

system (SIS) is the difference between the likelihood of the
scenario occurring and acceptable risk for that consequence.
The terminology means that the word safety is
implicit in SIL and SIS acronyms, however integrity
levels are also applicable to environmental and financial
protection, although these are not always considered.
Hence, when considering how SIL classification is going
to be implemented, one fundamental decision is whether
only safety/human harm consequences are going to be
assessed, or whether the scope is to extend to cover
environmental and/or financial consequences as well. The
BS EN 61508 [BSI, 2002] and BS EN 61511 [BSI, 2004]
standards only require that safety is considered, but many
companies are extending the technique to be more
comprehensive.
If safety, environmental and financial SIL assessments are going to be completed, then three separate assessments are required. From these three assessments the
highest outcome for SIL rating will be the defining case.
Although in many cases this will be the determined by
safety SIL rating the financial implications of a hazard scenario can sometimes lead to a higher SIL rating. This is
especially applicable for a machine, such as a compressor,
that on failure will not lead to any significant human or
environmental harm but could damage the machine and
cause months of outage.
It should also be carefully assessed, when carrying out
safety, environmental and financial SIL assessments that the
identified layers of protection are applicable for all the
assessments, and that the identified SIS actually protects
against each case. For example a bund may contain an
environmental loss, so addressing the majority of that risk,
but if the material then evolved a toxic gas, it would not
protect against human harm case.

INTRODUCTION
Safety integrity level (SIL) is a phrase which means a huge
amount to those who are routinely involved in the translation of the BS EN 61508 [BSI, 2002] and BS EN 61511
[BSI, 2004] standards into reality, but for many other
people involved in the day to day design and operation of
chemical plants it is still a terminology of which they are
aware, but are not fundamentally certain about what it
means for them.
This awareness, but general unease about the impact
on their work, is equally valid for engineers of all disciplines
involved in the design of new plant and equipment, and for
those individuals involved in re-assessing the safety standards of existing plants. This uncertainty is sometimes due
to not understanding the fundamentals of SIL assessment,
but can also be a consequence of differing and conflicting
information from SIL ‘experts’ about when and how to
carry out a SIL assessment. There is also an underlying
risk, due to the unfamiliarity with the subject, that SIL
assessments are seen as a one-off activity that can then be
filed and forgotten about.
As SIL assessments become more commonplace the
need to have a common understanding of what is meant
by SIL, in a practical and pragmatic way, becomes more
important. There are differing ways in which a SIL assessment can be undertaken, but the most common is the layer
of protection analysis (LOPA) technique. In this technique
the level of acceptable risk for various potential hazardous
consequences needs to be quantified. For each hazardous
scenario identified the various events which need to occur
in sequence for the consequence to be realised are determined. This enables an order of magnitude quantification
of the likelihood of the scenario developing. The residual
risk which needs to be addressed by the safety instrumented
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instrumentation is split between the basic process control
system (BPCS), and the independent high integrity safety
and emergency shutdown system (ESS), which houses
the SIL rated safety instrumented systems. Any control
function within a BPCS is typically assumed within most
SIL assessments to have a maximum integrity of 0.1 (i.e.
a one in ten chance of failure on demand) when determining
the likelihood of a control action occurring when required.
The norm is that no more than two independent, applicable,
control functions or alarms within a BPCS can be taken into
consideration for a single SIL assessment. Some companies
do allow SIL 1 instrumentation to be housed within a
BPCS, due to the relatively high capabilities of modern
systems, however other companies believe that control
and safety instrumented systems should be kept totally
separate. For the designers of the SIL rated system the
implementation of high integrity controls in both systems
can be complex and involves many factors in order to
achieve the targeted risk reduction.
It is only once the design has been finalised that the
required SIL rating for the SIS can be confirmed, and the
detailed engineering completed to deliver the requirement.
It should be remembered that the achievement of a SIL
rating is not only dependent on the design of the SIS, but
also the installation, maintenance, proof testing, and auditing
of the system.

CONSIDERATIONS FOR SIL ASSESSMENTS OF
NEW DESIGN PLANTS
SIL classification is usually based on a calibrated risk graph
for the site in question. This calibration depends on
company and national acceptable risk standards (such as
fatal accident rates and societal risk tolerability) and on
site specifics, such as local population (on-site and offsite) and the number of hazardous processes/activities
carried out on the site. It should be remembered that this
calibration is based on the site, not a plant, as the acceptable
risk standards typically relate to an operating complex and
not each individual asset. If a standard non-calibrated risk
graph is used, such as in the BS EN 61511 [BSI, 2004]
standard, then unless the plant is a stand-alone package,
the overall risk of the site will probably be underestimated.
One potential adjustment would be to increase all SIL
assessments by an order of magnitude to be on the safe
side however this would have significant cost implications,
so it is better to use a calibrated risk graph wherever
possible.
For the design of a new plant, the SIL assessment
activity needs to be built into the overall plan for the
project. To fundamentally influence the design of the plant
to make it inherently as safe as possible, and so minimise
the need for safety instrumented systems with an associated
SIL rating, it is necessary to identify the hazards of the
process as early as possible, and design them out wherever
possible. This is fundamental to a good design basis
anyway, but being able to justify inherently safer design
through a reduced need for expensive (to install and maintain) safety instrumented systems is good business sense
as well as best practice.
A comprehensive process hazard assessment technique will be able to capture the majority of the potential
hazardous scenarios associated with the outline plant
design. A detailed assessment of these identified scenarios
will enable an assessment of the fundamental ‘eliminate,
reduce, substitute, control and mitigate’ philosophy.
Where it is not economically practical to design out the
hazard then a SIL assessment of the hazardous scenario
identified will enable a preliminary SIL rating to be determined. For a new plant, with SIL assessments completed
at this early stage, the outcome will typically be preliminary
only, as there will inevitably be ongoing change which
must be carefully monitored to assess the effect on the
SIL assessment. These changes could be SIL negative,
where they remove or alter a previously identified layer of
protection, or they could be SIL positive where they
reduce the demand on the SIS. The consideration of SIL
and the SIS, as well as the other layers of protection
identified as part of the SIL assessment is fundamental to
management of change during the design process. Guidance
as to how to consider this change, and the associated
implications, are discussed later.
An underlying outcome of the preliminary assessment
process is an understanding of what instrumentation and
automated controls are within the design to control and
mitigate the risk scenarios. For most new designs such

CONSIDERATIONS FOR SIL ASSESSMENTS FOR
LICENSOR PACKAGES
Chemical plants are routinely built around the world using a
common process design package supplied by the licensor of
the technology. Current licensor packages typically include
safety instrumented systems that have SIL allocated to them
deemed by the licensor to provide a minimum level of
safety. With a licensor package it is normally stipulated
that instrumentation can be relocated from the BPCS to
the ESS, but not from the ESS to the BPCS without licensor
agreement.
The licensor assessment will have been completed
using a set of risk factors and databases of equipment and
automation reliability which is not normally shared as part
of the licensor package. The independent safety layers of
protection identified are usually the minimum required to
ensure hazardous risks are kept at a minimum, and may
not be consistent with the contractor/client’s internal risk
criteria, but quantifying the difference is not going to be
achievable without the licensor data. A further complication
which is frequently found with licensor packages is that the
complete list of potential hazardous scenarios are not made
available, but only those which are linked to a SIS or have
identified layers of protection which the licensor needs to
communicate. This means that if there are any changes to
the standard design it is not immediately apparent whether
the SIL requirements are affected, as the change could
affect a scenario not identified as having a SIL implication
in the licensor package. It is therefore very important that
any change in the design from the basic licensor package
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is specifically assessed for related hazardous scenarios and
hence for potential SIL requirements.
It is often a subjective view by the contractor/client
as to whether the licensor package identified SIL requirements and other specified layers of protection are equivalent
to those which would have resulted from a SIL assessment
based on a client calibrated risk graph. If the assigned
values seem to be comparable, then the assessment is
usually accepted without query, but where it appears to be
underestimated then a decision needs to be taken as to
whether to complete a comprehensive, or partial, process
hazard and SIL assessment for the design package, in
order to satisfy the client internal standards. The inverse
could be found, where the SIL requirements appear to be
overestimated, but any change to the licensor package in
this direction would be challenged by the licensor, and
would be difficult to justify.
The actual achievement of the layers of protection
identified in the licensor package is part of the detailed
design package, considering the complete SIS design,
installation, maintenance, proof testing, and auditing. The
achievement of the SIL design may consider specification
of high integrity systems, redundancy, management of
change, diagnostic coverage and periodic testing.
Most licensor packages include operator response to a
BPCS alarm as an independent layer of protection, but some
clients will not accept this within a SIL assessment. In this
case all the relevant SIL assessments will need to be
reviewed and alternative protection identified, or SIL
requirements changed appropriately. Where direct response
to an alarm is not typically considered a layer of protection
by a client this may be overcome by including a written
procedure for the response to the alarm, to increase the
integrity of response. The normal standard is that the
alarm can only be used as a separate layer of protection if
it is independent from the control system, and if the alarm
is suitably prioritized in the BPCS system (i.e. alarm overload does not prevent the operator responding to it), and if
the control room is permanently manned. If the alarm has
to provide protection against a specific localised risk then
the alarm must be repeated local to the hazard (with sound
and light warning), e.g. to warn of a low oxygen level in a
building to warn people to get out, or not to enter.
The number of layers of protection within the BPCS
which it is acceptable to consider in a SIL assessment may
also vary between a licensor package and a client internal
standards. It is not normal that more than two independent
layers of protection are considered, and care must be
taken to assure true independence of these within a BPCS.
Detailed consideration of the potential for common mode
failure of the BPCS, which would affect the independence,
is needed. Common mode failure mechanisms could occur
due to a variety of causes, such as I/O cards, parallel
cable routing, physical location, common equipment
supplier or duplicated equipment types.
When considering a licensor design with respect to
SIS requirements, it is important not to forget that the
basis of the SIL assessment will have included a review of

what physical, mechanical or inherent layers of protection
are built into the design, as well as control and operational
considerations. It is therefore fundamental that these
layers of protection are not changed without considering
the effect on the SIL requirements including verification
with the licensor. Examples of these layers of protection
include relief devices (pressure and vacuum), bunds, flare
systems, vent headers, design conditions of equipment and
pipework, restrictive devices and equipment types. Care
needs to be taken with any change as in some cases what
may appear a positive change, such as increasing the
ground area of a bund, could have a negative effect as it
could increase the size of a pool fire and hence the radiation
effect.
There are other general factors which may affect the
licensor SIL/LOPA, such as: layout, geographical considerations, operating philosophy or population density.
Examples are given below, with further details when
change control is discussed.
.

.

.

.

Changes to the layout may affect the SIL classification
identified for a particular risk, as the consequential
effects may be different. For example, if the potential
ignition source locations are changed compared to
potential flammable release sources then this could
change the likelihood of ignition from a low probability
to a near certainty if the release was close to a permanent
ignition source such as a fired boiler.
Geographical differences may change the required SIL
classification. An extreme example is if the client site
will be in a region prone to earthquakes, then there
might need to be vibration/motion trips that initiate a
shutdown of a hazardous installation that would not be
in the licensor package. Alternatively if it is in a desert
then sand may invalidate a particular protective
measure such as by filling up a bund so it may not
provide the capacity expected. If it is in a region prone
to flooding then that may invalidate drainage routes
and give a potential pool fire where it is not envisaged.
Operating philosophy changes may change a SIL classification, as the exposure/vulnerability of the operating
personnel may be changed. A plant which was originally
intended to be mainly remote operated with a low proportion of time spent on site will typically have used a
low time at risk factor for certain events with a localised
effect. If however the plant is to be located in a region
with cheap labour costs, then this might not be a valid
assumption if a more manual operating regime is to be
utilised.
Population differences may change the required SIL
classification. If there is a significant on- or off-site
population for the client site then this could affect the
SIL rating.

SIL classification works in orders of magnitude, so
if there is an order of magnitude change or effect for
any of the examples above then it may be necessary to
increase SIL classification by one level (e.g. SIL 1 to
SIL 2), dependent on how the site risk graph is calibrated.
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However, it is possible that a SIL rating was already on
the boundary between two levels, such that a smaller
change could have an effect, but without the detail
behind the licensor package SIL assessments it is difficult
to judge. Further, for all of these it is more difficult to
judge whether a factor will have an effect where a scenario
had not been SIL classified initially, and yet an order of
magnitude change may take it to SIL 1. Significant
changes from the licensor package should be discussed
with the licensor to check that they do not invalidate the
supplied SIL/LOPA data.

As SIL assessments use an order of magnitude basis,
changes might be dismissed as insignificant if they are not
an order of magnitude different, however it is worth checking as, dependent on the original assessment, a relatively
small change may move a SIL rating up or down a level if
it was near the boundary between levels.
.

CONSIDERATIONS FOR MANAGEMENT OF
CHANGE AND THE EFFECT ON SIL
ASSESSMENTS
The need to control change is well understood in chemical
plants in order to minimise risk arising from the change.
The list of items on the check list for many companies is
already extensive, and as the list grows, with each regulatory
and legislation change, so does the risk that the activity
becomes a ‘tick-box’ exercise rather than a considered
review of the effects of the change.
In order to help those expected to implement the
change control procedure it is useful for them to understand
what can influence the area of concern, such that they can
then identify if the proposed change could have that
effect. SIL assessments are an area which many design
and operating personnel do not fully understand, and
hence do not appreciate the range of factors that influence
the safety integrity level determined.
Once a plant has been designed, or retrospectively
assessed for SIL requirements, it must not be assumed that
no further consideration of SIL is required. It is extremely
important the potential implication on SIL assessments is
included in the management of change procedures, both as
part of the detailed design process for a new/licensor
plant, and as part of ongoing operational controls for
existing plant.
It is vital that the management of change procedure
for a company considers SIL assessment implications for
design, layout, and operational changes, and that the
periodic reviews of the operational safety of a plant also
check that SIL assessments have not been affected by the
changes since the last review. For the review an understanding is needed of what can provide a layer of protection for a
hazardous scenario, and how to consider whether a proposed
change will affect layers of protection. The link back to the
actual hazardous scenarios, rather than just the instrument
systems on the plant, is critical in understanding the potential effects of the change.
Any change to the process or equipment design has
the potential to change the assessment completed to identify
the SIL requirements to protect against a hazardous scenario. These changes could be SIL negative, where they
remove or alter a previously identified layer of protection,
or they could be SIL positive where they reduce the
demand on the SIS.

.

.

.
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The on-site and off-site effects of layout changes typically have more effect on occupied building risks and
planning consents but as SIL typically uses order of
magnitude values, any significant change could have a
consequential effect on the SIL requirement which is
not directly obvious. For example the number of
people who could be harmed by an event changes if
the location of plant equipment changes relative to occupied buildings or main through routes, and changes
external to a site could also affect the number of
people who could be harmed by an event.
Changes to plant operating philosophy can affect the SIL
rating. For example changing the amount of time an
individual spends in a hazardous area means that the
time at risk is increased or reduced. Reduction could
be by the use of CCTV cameras, or remote operation
of previously manual tasks. Changing the frequency
with which a potentially hazardous operation or initiating event occurs could also have an effect, for
example by reducing the number of cleanouts required
on equipment where it is the start-up/shutdown which
is the initiating event. Time at risk, especially for an
unrevealed failure which could be identified by inspection, could be affected by changing the frequency of
inspection, either of a planned routine, or of a visual
check.
Changes to plant mechanical design can affect the SIL
rating. Changing the design integrity of an item of
equipment may influence the assessment, and there is
the potential to make it inherently safe if, for example,
the design pressure is raised above the potential pressure
generated during a hazardous event. Layers of protection
may be from a mechanical device. Thus, including,
removing or altering a mechanical device, e.g. a nonreturn valve, a relief device or an interlock, could
affect the SIL rating of an associated SIS. This is also
applicable for including, removing or altering an
external facility which provides mitigation against the
consequences of an event, e.g. a containment bund.
Altering the priority of an alarm, or changing a common
alarm, such that the likelihood that it is responded to
alters is another way of altering a SIL assessment. A
programmable control system, such as a BPCS or a
other programmable logic controller are particularly
prone to change. Protective layers are often built into a
control system, and if there is a possibility of uncontrolled access which could lead to set points being
changed, alarms or interlocks overridden, or visual displays altering then the protection assessed could be
affected. Therefore if the control system is considered
within SIL assessments then an appropriate security
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and management of change system is required to prevent
loss of integrity.

within the industry yet, but is currently reliant on key
personnel, such as safety, design or operating representatives who were at the SIL reviews, and are also
involved in the change process. As time passes and these
personnel change roles this will not be a feasible option,
and so a robust method is required such that the integrity
of SIL assessments is maintained as time passes and
change occurs.

It is not always obvious to those maintaining a BPCS
what controls have been considered within a SIL assessment. It is therefore important that there is an awareness
of SIL throughout an organisation, so that the questions
relating to SIL are asked before instigating a change.
The underlying problem with SIL assessments and
management of change is how records are kept of what
has been used as a layer of protection within a plant, and
how easy to access these records are. There is no commonly
accepted standard way of recording this, or communicating
the outcome to people involved in the plant. Records of the
layers of protection exist, but there may be up to a several
hundred for a large plant, if all hazardous scenarios have
been assessed, and reviewing all these when considering a
plant change is not an effective use of time. This is a
problem which has not been comprehensively addressed
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‘TOTAL RISK OF DEATH’ – TOWARDS A COMMON AND USABLE BASIS FOR
CONSEQUENCE ASSESSMENT†
Andrew G Rushton and David A Carter
Chemical Industries Strategy Unit (CI4), Hazardous Installations Directorate, HSE, 4N2 Redgrave Court, Bootle Merseyside,
L207HS; e-mail: andrew.rushton@hse.gsi.gov.uk, dave.hid.carter@hse.gsi.gov.uk
Assessment of the risk of exposure to a “Dangerous Dose” (DD) is the basis of HSE’s current risk
assessments for land-use planning (LUP). Some years ago, a hybrid approach using both DD and
“Significant likelihood of death” (SLOD) was proposed as an improvement, but was not adopted.
Here, an alternative, weighted multiple threshold approach, provisionally titled “total risk of
death” (TROD), is described. TROD improves the comparability of assessed risks from diverse
hazards. This is achieved by first performing assessments for more than one threshold of consequence (such as DD assessment and SLOD assessment). The predicted risk for each threshold is
then combined into a single risk value (at a specified location) by weighting the contributions to
risk according to the predicted consequences for each threshold.
This paper makes the case, in principle, for using TROD and illustrates how TROD values are
constructed.
TROD overcomes some of the objections that have barred progress to more widespread use of
risk assessment, it is more comparable between different installations and hazards than DD, it is
more sensitive than SLOD and more adaptable than probits (which can introduce a false sense
of precision). It could support more direct comparison with other risks (e.g. every day risks and
transport risks) in the future.
The appropriate “weightings” for addition of risks predicted for different consequence thresholds
(contributing to TROD) are discussed here. A three threshold scheme for evaluation of TROD
is described. The thresholds are DD (assumed to approximate to a dose leading to 1% fatal
consequences or LD1), LD10, and SLOD (LD50).
TROD has been used in HSE sponsored research and in HSE’s exploration of societal risks.

KEYWORDS: risk assessment, land-use planning, harm criteria, risk criteria, fatal risk profile (new)

values can be constructed, but does not explore implementation other than in general terms.
TROD overcomes some of the objections that have
barred progress to more widespread use of risk assessment,
it is more comparable between different installations and
hazards than DD, it is more sensitive than SLOD and
more adaptable than probits (probability units). It could
also provide for more direct comparison with other risks
(e.g. every day risks and transport risks) in the future.
The appropriate “weightings” for addition of risks
predicted for different consequence thresholds (contributing
to TROD) are discussed here. A three-threshold scheme for
evaluation of TROD is described. The thresholds are DD
(assumed to approximate to a dose leading to 1% fatal
consequences or LD1), LD10, and SLOD (LD50).
TROD has been used in HSE sponsored research
(Quinn and Davies 2004) and in HSE’s exploration of
societal risks (Fowler et al 2004).

INTRODUCTION
Assessment of the risk of exposure to a “Dangerous Dose”
(DD; Fairhurst and Turner 1993) is the basis of many
current risk assessments for land-use planning (LUP) by
the UK’s Health and Safety Executive (HSE). Some years
ago, a hybrid approach using both DD and “Significant likelihood of death” (SLOD) was proposed as an improvement,
but was not adopted (Franks et al 1996).
Here, an alternative, weighted multiple threshold
approach, provisionally titled “total risk of death”
(TROD), is described. TROD aims to improve the comparability of risk assessments for diverse hazards. This is
achieved by first performing assessments for more than
one threshold of consequence (such as DD assessment
and SLOD assessment). The predicted risk for each
threshold is then combined into a single risk value (at
a specified location) by weighting the contributions to
risk according to the predicted consequences for each
threshold.
Use of TROD would cause some disruption to existing practice and policy, including some established risk
based siting advice zones. This paper makes the case, in
principle, for using TROD and illustrates how TROD
†

BACKGROUND
The concept of SLOD (significant likelihood of death) was
developed as part of HSE’s work to develop quantitative
risk assessment (QRA) methodology for pipelines and
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fixed installations handling flammable materials (Franks
et al 1996). It appears to have been argued that using
SLOD would make risks from toxic and flammable
hazards more comparable and would also chime with the
approach taken in industry, in some other sectors and in
some other nations (where it is the practice to use “risk of
death” as the “currency” of risk assessment).
HSE’s current criteria for setting risk-based zones for
LUP development control are: 10 (inner zone), 1 (middle
zone), and 0.3 (outer zone); calculated as chances per
million per year (cpm) risk to a hypothetical house resident
(with specified behaviour and vulnerability) of exposure to a
dangerous dose or worse (HSE 1989; the “Risk Criteria
document”).
HSE contemplated, but did not deploy, a revised
hybrid approach to setting advice zone boundaries. For this
hybrid approach mixed criteria would have been applied
(inner zone at 5 cpm SLOD, middle zone at 0.4 cpm
SLOD, outer zone at 0.4 cpm DD) and, where necessary, borderline cases would have been assessed using SLOD in scaled
risk integral (SRI) calculations (Carter, 1995). The intention,
at the time, was that this new approach would be run in parallel with the existing DD approach, with conflicts between
the new and the old being reviewed.
The SLOD/DD hybrid approach was trialled but not
adopted. Reasons may have included: lack of added value to
assessment of typical toxic risks; lack of confidence that
SLOD represents flammable hazards in a way that makes
them comparable with toxic risks; the messiness of using
both SLOD and DD to set zones.
Franks et al. concluded that SLOD and DD are
strongly correlated for typical toxic risk assessments, so
there is probably little to be gained from revising many
toxic assessments to use SLOD criteria instead of DD.
Later on, briefly, this paper deals with the question of
whether SLOD values are any more comparable than DD
values (and, therefore, extendable to other hazards and additive between different hazards). The arguments set out
below support the view that SLOD (used as a single
threshold) does not help very much in making risk values
more comparable.
The messiness of using both SLOD and DD to set zones
was, perhaps, the principal problem. A move to the SLOD/
DD hybrid would not leave DD behind, and so would
complicate explanation of HSE’s approach to external
‘stakeholders’ (developers, local planning authorities etc.).

that is the risk is calculated as the chance per million that in
the next year the notional individual at the specified location
will experience the dangerous dose or worse.
The Risk Criteria document states (paragraph 53a)
“It would be misleading to describe a risk as 10 in a
million per year of a ‘dangerous’ dose when this may
include, say, 8 in a million per year risk of an overwhelmingly fatal dose, since the latter would actually dominate
the risk of death.” HSE’s use of DD assessments, and the
implicit assumption that these are not misleading, relies
upon it being in the nature of typical toxic scenarios that
the risks of worse than a dangerous dose are consistently
distributed, so the ‘or worse’ element does not greatly bias
the values for comparability between cases”.
The risk criteria document goes on to say that typically the “risk of receiving a somewhat higher dose which
would be expected to result in the death of 50% of the population” contributes about one third to the typical DD risk
value. If this is interpreted as “death of 50% or more”, i.e.
SLOD, then this is essentially the conclusion reached by
Franks et al. in their correlation between DD and SLOD:
R(SLOD) ¼ R(DD)1:11 =2:59

ð1Þ

where R(SLOD) and R(DD) are the risk values (in cpm)
evaluated for dangerous dose (or worse) and SLOD (or
worse) respectively.
It appears to be typical of pipelines and some fixed
installations handling flammable materials that the precise
point raised in the Risk Criteria document can apply; that is
to say, “risk of death” contributes much more than one
third to the typical DD risk value. Pipeline assessments can
give SLOD risk values of around 0.75 to 0.8 of the DD values.
It is attractive to consider that SLOD (in isolation)
offers a better way to compare toxic and flammable risks
because it apparently addresses the “or worse” element of
the risk. However, whilst SLOD reduces the range of scenarios that are not being distinguished, SLOD is not conceptually much different from DD, it just sets a different
consequence threshold. SLOD risk values do not distinguish
between scenarios in which a range from about 50% to
100% fatalities may occur. This range is an improvement,
but a limited improvement, on the range covered by DD.
However, SLOD used in isolation would downplay scenarios in which there is much predictable injury and death
but no exposures above the SLOD threshold. As discussed
above, the use of a hybrid SLOD/DD approach, which
aims to overcome this problem is awkward.
Another major difficulty in frequency assessment of
flammable hazards, which is not discussed here, is the
uncertainty of ignition locations and probabilities.

WHAT’S WRONG WITH DANGEROUS DOSE
(AND SLOD)?
It is useful to revisit the question which apparently prompted
development of SLOD: “What is it about DD (which
appears to have served us well in toxic risk assessment)
that prevents its transfer to flammable hazards?”.
The key weakness of DD is well known and is explicitly described in the Risk Criteria document. In essence, it is
that DD risk values do not distinguish between scenarios in
which a range from about 1% to 100% fatalities may occur;

A WEIGHTED MULTIPLE THRESHOLD
APPROACH: TROD
The DD risk value is, in a typical case, a summation of contributions from different scenarios which are modelled in the
risk assessment (e.g. tank failure, holes, delivery hose
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Let Di be the (modelled) consequence severity of
scenario i at a specified location. For simplicity, (setting
aside non-fatal consequences for the moment) the value of
Di can be the predicted fraction of exposures at the specified
location which are expected to be fatal, i.e. a Di value of
0.1 would apply to a scenario in which 10% of people at
the specified location would be expected to receive fatal
exposure.

failure etc.), i.e.
R(DD) ¼ f 1 þ f 2 þ f 3 . . .

ð2Þ

where R(DD) is the final risk value and fi is the frequency
contributed by scenario i.
SLOD risk values are composed similarly, using a
higher threshold of interest (LD50). In a simple case, therefore, the difference between DD and SLOD risk values can be
interpreted as a difference in the list of scenarios which lead
to a dose exceeding the relevant threshold in each case. A
weighted total risk value can be composed by adding
together the values obtained by each of several threshold
evaluations (e.g. WDD. R(DD) þ WSLOD.R(SLOD). . .). By
appropriate selection of the weights (Wi) attached to each
threshold, the weighted risk value can be chosen to provide
a summary evaluation of the risk which is more comparable
between diverse scenarios or hazards. That is to say, the
objective risk at two locations where the weighted total
risk value is the same is more similar than would usually
be the case for two locations where the risk value based on
a single threshold criterion is nominally the same.
Here a weighted multiple threshold approach, provisionally titled “total risk of death” (TROD), is described.
So far, three thresholds of consequence (or nominal harm
criteria) have been used in exploratory work, though this
could be varied for other hazards, where appropriate.
TROD aims to improve the comparability of risk
assessments for diverse hazards. This is achieved by first
performing assessments for more than one threshold of
consequence (such as DD assessment and SLOD assessment). The predicted risk for each threshold is then combined into a single risk value (at a specified location) by
weighting the contributions to risk according to the
predicted consequences for each threshold.
The way in which a weighted summary risk value
can be composed has been described. For a suitable
choice of the weights, this weighted summary risk value
will approximate to the expectation of death at a specified
location (in a notional million years, if cpm risk values
and appropriate fractional weights are used). On this basis
the new summary risk value is provisionally titled the
total risk of death (TROD) and can be calculated in cpm.
As for DD and SLOD, TROD values can be evaluated
for a single scenario or, by summation, for a number of
scenarios. Unlike DD or SLOD, TROD can be summed or
compared (with more confidence) for different hazards
(from one or any number of installations).
The next section sets out how a total risk of death
(TROD) value is produced.

CONSTRUCTION OF “FD” OR “FATAL RISK
PROFILE” CURVES
With a set of such data, a composite curve of fi against the
value of Di can be produced so that F is the cumulative frequency of events predicted to have consequences more
severe than those indicated by the value of D. As the set
of scenarios and their modelling becomes more comprehensive (i becomes larger) then the composite curve would
approach a “true” F(D) curve (or “FD” curve) characterising
the risk from the specified hazard at the specified location.
Integration of the F(D) curve would give a number characterising the total risk of death, termed here “R(TROD)”
(expressed as an expectation of death in one [million]
year[s]). R(TROD) can be estimated from the area under
the composed F(D) curve as
R(TROD) ¼ S f i Di

ð3Þ

A simple illustrative curve composed from data for
four scenarios is given in Figure 1. For a trivial case,
where this curve represents the risk at all locations in a
small populated area which is the only populated area, then
the curve has the same shape as a frequency-number [of
casualties] (FN) curve (with the maximum number of fatalities, or ‘Nmax’, being the same as Dmax multiplied by the
total population). It follows that the FD curve being
discussed here can be considered as a kind of FN density
at a point.

COMPOSITION OF A “TOTAL RISK OF DEATH”
(TROD) RISK VALUE
Ideally, site-specific risk assessments would generate, for
many scenarios, a frequency and consequence severity.
Let fi be the predicted frequency (cpm) contributed
by scenario i.

Figure 1. F(D) composite curve for a location. D, fraction of
population affected (or probability of effect); F, cumulative
frequency of events with D . Di; showing R(DD) S fi for
D . 0.01
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The shape of the true F(D) curves (and their distribution around the hazard location) is a characteristic of
the particular hazard and is termed here (for D associated
with a fatal consequence) the “fatal risk profile” of the
hazard(s) at the specified location.
As F cannot decrease as D decreases, then F reaches
a maximum value at the lowest value of D considered. As
the range of D is 0 to 1, then the value of F at the lowest
value of D is an upper bound on R(TROD), the integral,
as defined by equation 3.
HOW DANGEROUS DOSE (DD) AND SIGNIFICANT
LIKELIHOOD OF DEATH (SLOD) RELATE TO THE
FATAL RISK PROFILE
The dangerous dose is approximately a dose which will lead
to 1% fatality (i.e. D  0.01). The risk of dangerous dose is
calculated as the sum of the frequencies of scenarios leading
to exposure to the dangerous dose or worse.
Thus, in relation to the scenarios described above and
illustrated in Figure 1, the risk of dangerous dose (or worse)
is given by:
R(DD) ¼ S f i for Di  0:01

Figure 2. Schematic “Fatal risk profile” (FD curve) with R
values. D, fraction of population affected (or probability of
effect); F, cumulative frequency of events with D . Di;
R(DD), R(10), R(SLOD)  risk (frequency) of 1%, 10%,
50% or more fatality

Any assumed shape for a real fatal risk profile will introduce
bias between assessments of those hazards which do and
those hazards which do not fit the assumed shape (leading
to lack of comparability from case to case). A fairly
neutral (but, of course, approximate) assumption of the
shape is illustrated in Figure 3 and allows a simple estimate
by “trapezium” integration of R(TROD) which should not
be unduly (or too inconsistently) optimistic or pessimistic.

ð4Þ

Figure 1 shows how R(DD) relates to the composite
F(D) curve. The scale in the figure is distorted to aid
presentation.
If, in evaluating R(TROD), the consequences are
limited to events corresponding to the dangerous dose or
worse (i.e. scenarios in which Di , 0.01 are disregarded)
then R(DD) is an upper bound on R(TROD).
It follows that R(DD) is a good surrogate for
R(TROD) when comparing risks with similar fatal risk
profiles. The risk of significant likelihood of death is
given, similarly, by
R(SLOD) ¼ S f i for Di  0:5

R(TROD) ¼ 0:5 R(SLOD)=2 þ 0:4 (R(SLOD)
þ R(10))=2 þ 0:09 (R(10)
þ R(DD))=2 þ 0:01 R(DD); or
R(TROD) ¼ 0:45 R(SLOD) þ 0:245 R(10)
þ 0:055 R(DD)

ð5Þ

ð6Þ

R(SLOD) is also a good surrogate for R(TROD)
when comparing (or summing) risks with similar fatal
risk profiles (but is insensitive to scenarios where
Di , 0.5).
HOW TROD ESTIMATION CAN BE BASED ON
COMPOSITION OF DATA IN A FATAL RISK PROFILE,
AS REPRESENTED BY DD, TROD
AND OTHER RISK VALUES
The practical approach developed so far has used three
levels of consequence severity: R(DD), R(10) and
R(SLOD), where R(10) is the cumulative frequency of
scenarios with an expected 10% fatality or worse. Figure 2
shows an illustrative fatal risk profile and how the
three data values might fit the curve (if the many scenarios
considered were to give a profile approaching a continuum).
TROD can now be estimated from any set of the three
risk values by assuming a shape of the fatal risk profile.

Figure 3. R(TROD) estimation, by trapezium. D, fraction of
population affected (or probability of effect); F, cumulative
frequency of events with D . Di
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This treatment accepts a truncation error for D , 0.01
(by in effect setting fi ¼ 0 for all D , 0.01). This truncation
error may be significant in unusual cases (e.g. persistent
toxics) but is in any case perhaps beyond practical evaluation.
The weights implied by equation 6 (WDD ¼ 0.055,
W10 ¼ 0.245, WSLOD ¼ 0.45) have been derived on the
assumption that risk data is in a cumulative form, so that,
for example, R(DD) is the risk of a dangerous dose or
worse including worse than LD10 (or SLOD). Alternative
weights apply if risk values are in incremental form.

TROD can be viewed as an adaptable model for
linking a few threshold assessments into a composite “risk
of death”.
TROD overcomes some of the objections that have
barred progress to more widespread use of risk assessment,
it is more comparable between different installations and
hazards than DD, it is more sensitive than SLOD and
more adaptable than probits (in principle, though this is
not much exploited in the implementation illustrated here,
where the modelled fatal risk profiles are relatively smooth).
The use of different weights (and thresholds) for
hazards with different characteristics might be justifiable
where a three-point estimate (DD, LD10 or worse, and
SLOD) is not considered acceptable.

IMPACT OF WEIGHTED MULTIPLE THRESHOLD
CRITERIA ON PAST PRACTICE AND POLICY
It has been claimed that for typical toxic installations the
risks of worse than a dangerous dose are fairly consistently
distributed. “Typical” here means in effect pressure liquefied toxic gases (because these dominated HSE’s early interest at the time of writing of the Risk Criteria document
(HSE, 1989). It is reasonably likely, therefore, that the adoption of a weighted multiple threshold criterion, such as
TROD, would require minimal changes of previous practice
and policy where this claim is true. Other toxic substances
(e.g. evaporating pools of liquids which do not boil at
ambient conditions and substances dispersed or produced
by fire) can be “atypical” in this limited sense.
New threshold values for fixing siting advice zones
would be required for use in future assessments, but these
could be chosen to give zones broadly consistent with the
thresholds used for existing DD assessments. In most
cases the risk-based zones already established (for
“typical” toxic sites) could be left alone (because, in these
cases, the benefit of switching to TROD is low). In those
cases where zones were revised, then the revision could be
justified as explicitly taking account of the case-specific
contribution of “risk of death”.
In this paper one set of thresholds and weights has
been used, but in principle different weights or thresholds
could be chosen for different hazards (where this would
aid comparability). This might be appropriate for particular
cases where the F(D) curve is more complex (e.g. explosion
hazards). This paper has concentrated on “risk of death”,
but, in principle, the weights could be modified to allow
for variation in the predicted extent of permanent disability
or lesser consequences (e.g. where atypical percentages
of permanent disability are expected at LD10). Unlike
probits or other functional approaches, TROD is readily
adaptable, in principle, to any shape of F(D) curve.
However TROD is broadly conformable to these other
approaches.

NOMENCLATURE
the frequency of scenario i [cpm].
fi
the consequence severity of scenario i
Di
at a specified location [% fatality].
F(D)
the cumulative frequency of scenarios
leading to a consequence severity of
D or .D for a particular location
[cpm].
R(DD), R(10),
the risk values evaluated for dangerR(SLOD)
ous dose (or worse), 10% fatality (or
worse) and significant likelihood of
death (or worse) respectively for a
particular location [chances per
million per year, cpm].
weights for summation [-].
Wi
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CONCLUSIONS
The concept of TROD and elements of its practical use have
been outlined.
The underlying idea of a fatal risk profile (FN density
at a point) has been presented (and is implied in probit
approaches).

Authors’ note: The views expressed in this document are
the opinions of the authors and may not represent the official
position of HSE.
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FINANCIAL RISK ANALYSIS AND ITS PRACTICAL APPLICATION TO IMPROVED
BUSINESS PERFORMANCE
Dr Nic Cavanagh1, Mr Mike Johnson2 and Dr Jeremy Linn3
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2
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3
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The benefits of QRA in ensuring compliance with safety legislation, like COMAH in the UK and
BEVI in the Netherlands, and in providing superior safety performance for a process plant are
well documented and understood. Commercial and in-house software tools supporting this
relatively mature methodology have been available for close to 30 years. But today’s business
environment is far more competitive, demanding continuous improvement to financial performance
as well as requiring compliance with safety legislation. The focus on CSR and the move to reporting
on social and environmental performance in addition to financial performance - the so called triplebottom-line concept - means that investment in risk analysis must deliver to all these reporting
needs. As safety professionals, we recognise that generally speaking “Good safety means good
business”, but demonstrating this to stakeholders is not always straightforward. By extending
the tools and methodologies available for traditional QRA to assess the financial impact of the
risks to which a process plant is exposed, we can demonstrate direct benefits to the financial
performance of the business. Further, by including non-fatality risks to the surrounding population
and environmental risks in a financial risk analysis, the contribution from investment in process
plant safety to the management of social and environmental performance can be measured and
reported on.
DNV has developed a methodology and tool which is able to do just this, extending traditional
QRA to assess financial impacts; we refer to this as Financial Risk Analysis (FRA). This paper
briefly describes the methodology and supporting tool, identifies a number of areas in which this
can be used to improve financial performance and provides an example in each area demonstrating
the practical application of FRA. Three key areas are illustrated where financial risk analysis can
demonstrate tangible benefits, broadly defined as insurance risk, land use planning and operational
performance. An example case study is presented in each category illustrating some of the key
benefits of performing FRA. The first case study is used to assess both expected maximum
losses and likely minimum financial risk exposure and explores how these can be used to justify
reducing insurance premiums. The second case study looks at how we can use FRA to help us
make land use planning decisions. By considering the location of on-site infrastructure like
control rooms and other buildings, and off-site developments like commercial and residential
property in the plant vicinity, we can minimise the exposure of these to financial risk. The final
case study demonstrates how we can optimise the operational conditions in our plant applying a
Cost-Benefit-Analysis approach to ensuring we are in a position to mitigate highest risk activities
as economically as possible. By exploring a number of options for the storage method for
hazardous materials or the best combination of operating conditions, for example, we can better
understand our operational risks and ensure these are managed in the most effective way given
the constraints under which we operate.

KEYWORDS: quantitative risk analysis, financial risk analysis, safety financial

investment in risk analysis must deliver to all these reporting
needs. As safety professionals, we recognise that “Good
safety means good business”, but demonstrating this to
stakeholders is not always straightforward. By extending
the tools available for QRA to assess the financial impact
of the risks to which a plant is exposed, we can demonstrate
direct benefits to the financial performance of the business.
Further, by including risks to the surrounding population
and environment in a financial risk analysis, the contribution
from investment in plant safety to managing social and

INTRODUCTION
Software tools supporting the classical approach to chemical
process Quantitative Risk Analysis (QRA) have been available for close to 30 years. But today’s business environment
is far more competitive, demanding continuous improvement to financial performance as well as requiring compliance with safety legislation. The focus on Corporate
Social Responsibility (CSR) and the move to reporting on
social, environmental and financial performance – the
so-called triple-bottom-line concept – means that
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environmental performance can be measured and
reported on.
We have developed a methodology and tool which
is able to do just this, extending traditional QRA to assess
financial impacts; we refer to this as Financial Risk Analysis
(FRA) (Cavanagh and Linn, 2005, Cavanagh and Linn,
2006). This paper briefly describes the methodology and
tool, Safety Financial, and identifies a number of areas in
which this can be used to improve financial performance
with examples demonstrating the practical application
of FRA. Three key areas are described where FRA can
demonstrate tangible benefits; these are broadly defined as
“insurance risk”, “land use planning” and “process configuration”. An example of each is presented illustrating some
of the key benefits. The first case study uses FRA to assess
both expected maximum losses and likely minimum financial
risk exposure and explores how these can be used to justify
reducing insurance premiums. The second case study looks
at how FRA can be used to help in land use planning
decisions. By considering the location of on-site infrastructure, like control rooms and buildings, we can minimise the
exposure of these to financial risk. The final case study
demonstrates how we can optimise our plant configuration
applying Cost-Benefit-Analysis to help mitigate highest risk
activities as economically as possible. By exploring a
number of options for the storage method of hazardous
materials, for example, we can better understand our operational risks and ensure these are managed in the most
effective way.

siders financial risk in terms of population, original source
equipment (i.e. sources of hazardous release), specific
equipment, other assets (e.g. buildings, infrastructure,
piping and non-specific plant) and user defined costs. In
order to assess the financial impact of individual release
scenarios the model uses the damage level and vulnerability
factor concept for each outcome type (flammable, explosive
and toxic) which will be familiar to users of Safeti
(Worthington and Witlox, 2002). Additional Information
on the model has been provided by Cavanagh and Linn
(2006). The model provides a way of estimating the
overall financial risks associated with hazardous facilities,
providing safety professionals with an ideal tool for presenting to management the broader value of “safety management”, demonstrating that “Good safety means good
business”. Three case studies are presented below to illustrate the benefits of FRA.

CASE STUDY 1: MANAGING INSURANCE RISKS
Insuring hazardous installations such as refineries can be
very costly. FRA provides an extremely valuable tool
when negotiating insurance premiums or deciding on the
structure of policies to suit particular situations in terms
of maximum insured loss and appropriate excess or
deductible levels. This particular application of FRA has
been described in detail by Chippindall and Butts (2004).
Figure 1 shows a simple refining and offloading facility
with a number of plant equipment items, assets and
populated areas defined which is used to illustrate these
concepts. The EAAL and F-Cost curves are particularly
useful in helping to decide on appropriate insurance
parameters like excess or deductible and maximum
insured value.
In this example we investigate the effect of bunding
storage vessels on the overall F-Cost curves and the
EAAL by cost category since this will reduce the environmental impact. Figure 2 compares the overall financial
risks for the bunded and unbunded cases, indicating that
the maximum expected loss is decreased from nearly $2M
to just over $1M for bunded vessels; the individual cost category curves show that this reduction is largely due to
reduced risks to the environment and, on this basis, we
can expect to incur this level of loss on average once
every 2000 years. If our maximum insured value is of
similar magnitude, as one would expect, this justifies an
equivalent reduction, thus reducing our overall premiums.
Furthermore, if this method of mitigating environmental
risks is used, there is very little benefit from insuring the
plant for more than $1M (note this example uses a limited
number of scenarios to illustrate the concept, so the values
are far lower than would be expected from a comprehensive
FRA). This model thus enables us to perform cost benefit
analysis on cost of mitigation against reduced insurance
costs, for example.
Considering Figure 3, we can see that the addition of
bunds reduces the EAAL by around $4 k per annum and this
can be used in assessing the benefit of off-setting an

METHODOLOGY
The classical approach to QRA is well documented
(Cavanagh, 2001; Worthington and Cavanagh, 2003) and
has been implemented in commercial software tools like
Safeti from DNV Software (Cavanagh and Linn, 2005) for
many years. Traditional QRA focus on consequence and
risks to life, so-called fatality risk. But the industry today
is also interested in other risks which impact on financial
performance. We have extended the classical approach to
QRA to consider the broader “business” or financial risks
associated with the operation of hazardous facilities.
Typical questions to be answered by FRA are; “If I have
an accident, what will it cost?”, “What is the maximum
financial risk to which my operation is exposed?” and
“What is the frequency with which I can expect to incur
losses in excess of a given cost?” Typical outputs from
FRA are Frequency-Cost curves (Evans and Thakorlal,
2003), analogous with the F-N curves from QRA, or industry standard metrics such as Estimated Annual Average Loss
(EAAL) (Chippindall and Butts, 2004).
The financial risk associated with an operation is the
integration of the individual risks from impacts on people
in terms of fatalities and injuries, impact on equipment
and other assets in terms of repair and replacement cost,
cost of business interruption, environmental impact and
other outcomes such as legal fees, fines, brand damage
and loss of share value. The Safeti Financial model con-
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Figure 1. Plant layout for Case Study 1

Figure 2. Comparison of financial risks for the bunded and unbunded vessels for Case Study 1

increased deductible against reduced insurance premiums.
Since a typical plant is likely to experience a number of
small loss events during its life-time, the prediction of
losses from small loss events is far more representative
than those from large loss events and the EAAL should be
comparable to the insurance premium. It follows that if
we are able to reduce the EAAL for the entire plant then
we can use this as a basis for negotiating reduced premiums,
or for self insured operators, reducing the overall insurance
pool across all our plants accordingly.

CASE STUDY 2: LAND USE PLANNING FROM AN
OPTIMAL FINANCIAL RISK PERSPECTIVE
The second case study demonstrates how financial risk
analysis can be used in helping to make land use planning
decisions based on minimising the overall financial risk
exposure whilst not compromising on safety. In this case
study the operator of the storage facility illustrated in
Figure 4 wishes to construct a new warehouse and offices.
There are a number of options under consideration with
similar overall costs of implementation. Two possible
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additional hazardous equipment is proposed. However,
from a qualitative standpoint it can be seen that some of
the higher risk contours, specifically 1e27 and 1e28,
extend into the warehouse and offices being proposed for
Option 2 but not Option 1. We would therefore expect
Option 2 to have a larger overall societal fatality risk as
confirmed by F-N curves for this study.
By extending this example to include financial
information about assets, equipment and population we
can illustrate how the operator can make use of FRA to,
firstly, assess quantitatively the most cost effective of the
two alternative options and, secondly, identify the main
contributors to additional financial risk in terms of both
scenario and cost category. This combination of financial
and fatality risk measures enables us to demonstrate that
this development is both as safe as possible complying
with any relevant legislation, and ensures that we are able
to minimise our exposure to additional financial risk.
Traditional F-N curves confirm that Option 2 exposes us
to much higher societal risk than Option 1.
Figure 5 illustrates the overall financial risk for each
option confirming that Option 2 exposes us to by far the
highest increase in overall financial risk. Indeed, we can
also conclude that the main increase in financial risk
exposure is in the high cost, low frequency domain. Based
on this analysis, we may decide to review our maximum
insured loss irrespective of which option is selected, as
described in more detail in the first case study. An initial
conclusion would be that Option 1 is preferable from this
standpoint, but we may still want to drill-down to identify
the main contributors to the increase in terms of both scenario and cost category. Breaking this down by cost category
we can see that high frequency low cost events for both
options are dominated by environmental costs, costs due
to business interruption and lost inventory whilst the lower
frequency, higher cost domain is dominated by fatality
and injury costs.
Even if Option 1 is selected, we may decide to look in
more depth at contributors to the EAAL. This can help us in
assessing which scenarios and cost contributors we should
focus on if we want to bring the financial risks associated
with Option 1 closer to those for our existing facility. The
reports available in Safeti Financial make this very easy to
do. Figure 6 is created from the EAAL financial risk
report and shows the EAAL contribution for each of the
seven cost categories for the base case, Option 1 and
Option 2. From this figure we can see that the main
additional risk for Option 2 is the contribution of fatality
cost of around $3,000/year, whilst the largest contributor
in all cases is the environmental cost of around $20,000/
year. From the standpoint of risk in terms of fatalities, we
may decide to provide additional fire protection to the warehouse in Option 2 if there are other reasons why this may be
preferable to Option 1, for example, thus reducing the risks
to personnel within these buildings. Investigating the scenarios contributing most to the overall financial risk,
Figure 7 shows EAAL per scenario and indicates that the
main contributor to the increased financial risk in Option 2

Figure 3. EAAL per cost category with and without bund for
Case Study 1

Figure 4. Layout for Options 1 and 2 considered in Case Study 2
showing individual risk contours

options are also illustrated in Figure 4, along with individual
fatality risk contours from a QRA model. The model was
subsequently populated with additional information
about the location and value of a range of equipment and
assets. Each storage tank represents a potential source of
hazardous release as well as a receptor to all other possible
releases from all other sources. The potential financial
consequences of each release scenario in terms of the
source and receptor costs are assessed and then integrated
with wind rose, population, ignition source and other background data to generate a number of financial risk measures
including F-Cost curves, maximum cost per scenario and
EAAL.
The individual risk contours shown in Figure 4 will
not be affected, irrespective of option selected, since no

4

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153

Figure 5. F-Cost curve comparison for Options 1 and 2 for Case Study 2

Figure 6. Cumulative EAAL by cost category for Case Study 2

Figure 7. EAAL by scenario for Case Study 2
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is rupture of the LPG storage vessel. If this is the preferred
option we may consider re-locating this vessel in the north
of the plant or providing additional safeguards to reduce
the likelihood of this event or additional barriers to mitigate
its consequences.

loss from Option 1 with one bullet is significantly greater
than for Option 2 with three. The reason for this is that
the largest events cause significantly more damage to the
other assets in Option 1 as there is a much larger inventory
available. The losses to other assets are greater than the
losses to the extra two bullets in Option 2 and are not
offset by the greater overall frequency of release as we
have three bullets with the same failure frequency as the
single bullet in Option 1. In this hypothetical example the
maximum loss was reduced by nearly 30% from $22M in
Option 1 to $16M in Option 2 as can be seen from
Figure 9. This information can be used in making risk
informed design decisions as well as in insurance negotiations as described in Case Study 1.
The key parameter affecting maximum loss in this
case study is the relative cost of the storage bullets and
their loss in comparison to the asset losses that can be
avoided by having smaller inventories and thereby smaller
hazard zones. There is a trade-off between reducing the
maximum loss from the assets compared with the storage
bullets. There are many other parameters that could be
varied such as layout and other process or design options.
The EAAL for both options in this case is approximately
$50 k since, despite there being less major asset loss in
Option 2, there was an increased frequency of incidents
created by having three bullets rather than one in Option
1. Ultimately there are many other factors that need to be
considered when deciding on the most cost effective configuration such as construction costs, maintenance costs
and operational costs. This Case Study demonstrates how
we can use financial risk modelling to help determine the
optimum design for a plant to minimise financial losses
and overall financial risk.

CASE STUDY 3: SELECTION OF STORAGE
CONFIGURATION TO MINIMISE FINANCIAL
RISK EXPOSURE
This ethylene case study has been designed to show the
effect of selecting different process design options on the
financial risk exposure of a plant. The only difference
between the two scenarios is that the one large storage
bullet in Option 1 is replaced with three smaller bullets
in Option 2. The total storage capacity and inventory in
the two scenarios are the same. It is assumed that the
bullets are bounded to the North by the sea, East by
process facilities, South East by offices, South by a
control room, car park and workshops and to the West by
atmospheric storage tanks as illustrated in Figure 8. The
facilities have not been modelled in detail but each
asset group, whether process or other infrastructure, has
been assigned costs in the event of an accident for
repair/replace, inventory loss and business interruption. It
is also assumed that the largest hazard zones for either
option do not extend beyond the plant boundary so offsite
risks are not considered. For each option a range of
scenarios were considered including representative leaks
from small, medium and large holes and a catastrophic
failure.
When modelling the financial risks from these two
design options we can very quickly see that the maximum

Figure 8. Layout for Case Study 3 with radiation contours
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Figure 9. Comparison between Option 1 and Option 2 F-Cost curves for Case Study 3
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CONCLUSIONS
Financial Risk Analysis provides a method for extending the
application of traditional QRA to help in making broader
business decisions based on financial risk exposure. We
have developed a software tool based on Safeti, the industry
standard QRA software, which enables us to extend
traditional QRA to include financial risk information. We
present three simple case studies illustrating how this can
be used to facilitate risk informed decision making and
cost/benefit analysis. The three areas we have focussed on
are managing insurance risks, land use planning and
storage configuration for minimising financial risk exposure.
We have also illustrated that this provides an excellent
means for showing that “Good Safety Means Good
Business” and of demonstrating this to key stakeholders.
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HAZMAT TRANSPORT: A COMPARISON AMONG ROUTING STRATEGIES
Sarah Bonvicini and Gigliola Spadoni
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A way to reduce the risk imposed by the transportation of hazardous materials is represented by
routing, that is by the selection of alternative less risky paths with respect to those usually
chosen by truck drivers. In order to solve this problem a new routing model named OPTI PATH
has been developed, offering to the decision maker a wide set of different optimisation strategies,
with the possibility of satisfying side constraints and optionally including the compliance of risk
acceptability criteria. The OPTI PATH methodology has been integrated in the TRAT 4-GIS software
for transportation risk analysis. In this paper some results about a case study application to an Italian
real-life routing scenario are outlined, with the main aim of showing the capability of OPTI PATH in
evidencing the trade-offs among strategies for the selection of the preferred solution and the
importance of TRAT 4-GIS in offering help to administrators involved in the decision-making
process which characterises land-use and transportation planning activities.

KEYWORDS: dangerous goods, geographical information system, hazardous materials, OPTI PATH ,
risk analysis, routing, transport, TRAT 4-GIS

of commodity-specific and global arc-capacities and of a set
of specific constraint equations the respect of societal and
individual risk limits can be achieved.
The third feature of OPTI PATH is represented by its
implementation in the Windowsw-based TRAT 4-GIS software, with its two interacting modules, RISK (evaluating
risk to people) and OPTI PATH (performing optimisation);
while both modules run under the ArcVieww 3.2 GIS
software [8], OptiPath requires CPLEX w 6.52 [9] for the solution of the routing problem. In fact from a mathematical
point of view, the routing model of OPTI PATH is a multicommodity and multiple-origin/destination-pairs network
flow problem with the possibility of different optimisation
strategies, the option of satisfying one or more constraint
equations and also including the compliance with risk
limit values [10]. Each optimisation criterion corresponds
to the minimisation of a different objective function,
chosen among the societal-risk-related-costs (minRRC
criterion), the out-of-pocket-expenses (minOOPE criterion),
the total-arc-costs (expressed as the sum of the risk-relatedcosts and the out-of-pocket-expenses, minTAC criterion),
the travelling time (minTIME criterion), the transport
distance (minL criterion), the accidental frequency
(minFREQ criterion) and the on-road population density
(minOLPOP criterion); on all the objectives other than the
one subject to minimisation a constraint can be imposed,
specifying the limit value which should be respected. In
addition it is possible to require the solution to satisfy risk
acceptability criteria, that is the limit value of the societal
risk of an arc or of individual risk or both. In Fig. 1 the
main view of the software is reported, while in Fig. 2
the menu for the selection of the optimisation strategies
is shown.

INTRODUCTION
The control and the reduction of the risk in areas with a high
concentration of process industries can generally be
achieved by lowering the risk imposed by hazmat transportation activities ([1], [2]). One way to decrease the risk given
by hazmat vehicles consists in routing [3] and for solving
this route optimisation problem OPTI PATH has been
developed. Not entering in the explanation of the theoretical fundamentals of the model which are outlined elsewhere with great detail [4], only its main features are
summarised here.
A first innovative aspect of the methodology lies in the
definition of the arc attributes which is heavily drawn on the
risk indexes traditionally adopted in Quantified Risk
Analysis. Despite the fact that the routing problem has
been mainly faced by operations researchers, OPTI PATH
has been developed in the context of Chemical-Process-and
Transportation-Quantified Risk Analysis. Individual risk
measures and societal risk profiles are carefully evaluated
as functions of both the frequency of an incident and its
damage effects through the core module (the RISK module)
of the TRAT 4-GIS software ([5], [6]).
A second strength of OPTI PATH is given by the possibility to assure compliance with risk acceptability criteria.
In the absence of Italian limit values, the Dutch criteria
for the transport of hazardous substances have been
applied [7]: the individual risk threshold is fixed equal to
1.1026 ev.yr21, while the limit for the societal risk of a
single arc, expressed as the F(N) curve of the arc, has the
following expression: Flimit ¼ 1022.N 22 ev.yr21. In fact
the consequence of an all-or-nothing assignment of
hazmat shipments to an optimal route would be to impose
very high risk values to some areas; through the introduction
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Figure 1. TRAT 4-GIS software: main view with GIS interface

Figure 2. TRAT 4-GIS software: menu for the selection of the optimisation strategies

extension and different density), clustered in about 250
centres of aggregated population (CAPs: e.g. schools, hospitals, commercial sites) and linearly distributed along the
road network. The CAPs with a population greater than
100 persons have been chosen also as risk control points
where the respect of the individual risk limit has to be
verified.
To describe the road network 111 nodes and 143 arcs
have been considered, belonging to three different classes
(motorway arcs, national road segments and urban streets),
each characterized by specific values of accident frequency
per unit tank truck and unit length, travelling speed and
on-road population density.
Three different pairs “Pasquill class-wind speed”
have been chosen as representative of the meteorological
conditions of the area and a wind rose with 16 different
sectors has been taken into account.
With regard to the dangerous goods, attention has
been focused on the bulk transport of liquids and liquefied
gases; as usual in risk analysis, the different substances

DESCRIPTION OF THE CASE STUDY AREA
In order to put in evidence the great flexibility of the
OPTI PATH methodology, it has been applied to an Italian
real-life situation, namely to the area of Ravenna, which
has already being the object of the ARIPAR project ([2],
[11]), an important risk analysis study applied to a zone
where huge amounts of hazardous materials are yearly processed, shipped and stored. For the case study many real
data are available; otherwise realistic values have been
adopted. A user-friendly interface allows to easily introduce
all data, using the GIS support for geographic related
information.
The area considered in this study measures nearly
30 km  30 km; it has 90,000 inhabitants, to which
400,000 tourists have to be added during the summer
bath-season. For the risk evaluation purposes population
has been assumed as belonging to different categories,
each characterised by specific indoor and outdoor probability presence values; people has been supposed as distributed inside more than 850 rectangles (of different
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Figure 3. TRAT 4-GIS software: example of the non geographical related data input phase

have been grouped into clusters (4 in this case) according to
their physical-chemical properties and their hazard characteristics in terms of flammability and/or toxicity, and each
cluster a key substance has been assigned, namely chlorine
(as representative of toxic gases), LPG (as representative of
flammable liquefied gases), gasoline (as representative of
flammable liquids) and methanol (as representative of flammable and toxic liquids). Through the area of Ravenna 35
expeditions have been supposed to occur; each expedition
involves a specific chemical and a specific pair origin
node/destination node; of the 35 expeditions, 1 involves
chlorine, 14 LPG, 8 gasoline and 12 methanol. The yearly
total number of hazmat vehicles assumed for optimisation
is equal to 85,712 veh.yr21.
For each reference substance the consequences analysis has been performed, taking into account all accidental
scenarios which can origin from a tank truck: toxic
clouds, pool-fires, jet-fire, fireballs and vapour cloud fires.
Since the Dutch risk acceptability criteria have been
applied in OPTI PATH , for reasons of consistency and
homogeneity the consequence analysis and the damage
evaluation has been performed after the Dutch guidelines
[12], [13].
An example of the menus to compile during the data
introduction phase is shown in Fig. 3 (relative to non
geographical data) and in Fig. 1 (relative to geographical
related information). A map of the area of Ravenna
assumed for optimisation is reported in Fig. 4.

minL, minOLPOP, minOOPE, minRRC, minTAC and
minTIME. For each objective function 4 options about the
respect of risk limit values have been considered: no compliance with risk limits (no-lim), compliance only with the
limit on the arc societal risk (sr-lim), compliance only
with the limit on individual risk (ir-lim) and compliance
with both risk thresholds (sr-lim þ ir-lim); no further constraints have been taken into account. In this way 28
routing criteria have been applied one after the other to
Ravenna; it is necessary to say that there is no flow
distribution which, even without any limit on societal risk,
guarantees the respect of the individual risk threshold in

RESULTS OF THE CASE STUDY ROUTING
PROBLEM
Through OPTI PATH various optimal flow distributions have
been obtained for the area of Ravenna, applying the different
routing strategies, that is considering the criteria minFREQ,

Figure 4. The area of Ravenna assumed for optimization
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Figure 5. Flow distribution of the unique chlorine shipment: A) [minL, no-lim] criterion (i.e. actual flow distribution); B) [minRRC,
sr-lim þ ir-lim] criterion

all risk control points; for this reason the maximum acceptable individual risk value in the control points has been
increased and put equal to 1.1025 ev.yr21. This choice,
though surely somewhat arbitrary, is justified by the fact
that it seems not reasonable to forbid hazmat transportation
through the area of Ravenna, furthermore that this threshold
violation is limited to a small number of hot spots; a good
emergency preparedness to hazmat incidents occurring
near these few critical points can surely compensate this
fact. With this modification all 28 routing problems have a
solution; the criterion [minL, no-lim] corresponds to the
actual flow distribution. A detailed presentation and discussion of all results and a justification of the fact that the
[minRRC sr-lim þ ir-lim] criterion is the best for Ravenna
can be found in [4]; here for the seek of brevity only the
comparison about the features of the actual flow distribution
and the [minRRC sr-lim þ ir-lim] criterion is reported, in
order to put in evidence the capabilities of OPTI PATH .
First of all it’s interesting to see the differences in the flow
distributions, as evidenced in Fig. 5 for the unique chlorine

expedition and in Fig. 6 for all 12 methanol shipments.
Relatively to chlorine it can be noted that in the actual
case chlorine tank trucks travel near the town centre,
while with the [minRRC, sr-lim þ ir-lim] strategy they use
a longer route, far away from the more densely populated
zones. The same consideration can be made also for methanol: preference is given to paths cutting off the town centre;
similar results are obtained also for LPG and gasoline. A
further confirmation of this is given also by the individual
risk distributions reported in Fig. 7 for the actual situation
and the [minRRC, sr-lim þ ir-lim] criterion: it is possible
to notice that risk is shifted from the town centre to suburban
zones; since the outskirts are less populated than the central
quarters, this displacement produces a reduction of societal
risk too, as reported in the further. In the actual situation
on some arcs there are individual risk values in the range
1.1024 4 1.1023 ev.yr21, with a maximum value of
2.8.1024 ev.yr21; though the individual risk decreases to
negligible values moving away from the road (it is smaller
than the Dutch limit, equal to 1.1026 ev.yr21, at a distance
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Figure 7. Individual risk distribution: A) [minL, no-lim] criterion (i.e. actual flow distribution); B) [minRRC, sr-lim þ ir-lim] criterion

of 200 m from the arc with the highest individual risk value),
some of the CAPs which are very close to the road experience individual risk values greater than 1.1025 ev.yr21.
Instead with the [minRRC, sr-lim þ ir-lim] strategy,
though on some arcs the individual risk still reaches very
high values, there is a minor concentration of CAPs along
the paths running in the suburban zones (as can be seen in
Fig. 4) and for this reason the flow distribution of the
[minRRC, sr-lim þ ir-lim] criterion guarantees in each
CAP an individual risk value inferior to 1.1025 ev.yr21.
A useful comparison can be made also considering
the area F(N) curves due to the two flow distributions, as
shown in Fig. 8, where also the Dutch limit curves for the
societal risk of an area [14] are depicted. The area F(N)
curve is evaluated as the sum, extended on all arcs, of the
arc F(N) curves. It can be seen in Fig. 8 that, except for
values of N , 10, there is a reduction in the values of the
frequencies F of nearly one order of magnitude, together
with a reduction of the maximum value of N (from 5000
to 3000 fatalities). Though it has to be noticed that nor the

[minL, no-lim] criterion nor [minRRC, sr-lim þ ir-lim] strategy (nor anyone of the other criteria) have area F(N) curves
at least inside the ALARP zone. The unique way to move
these curves inside the ALARP zone, would be to reduce
the flow of hazmat through Ravenna. The criterion, among
the sr-lim þ ir-lim strategies, which brings the area F(N)
curve nearest to the ALARP zone is the minRRC one.
Further it should be kept in mind that in all no-lim solutions
there could be arcs whose arc societal risk values cross the
limit value; this means that the minimization of societal
risk without any risk-based constraint (and thus also in the
[minRRC, no-lim] one) does not guarantee the compliance
with the arc societal risk limit value; instead this compliance
in guaranteed by all sr-lim þ ir-lim strategies.
All these considerations put in evidence that the
[minRRC, sr-lim þ ir-lim] strategy is the best one from the
point of view of risk; though an optimal flow distribution
should be feasible also when considering its practical and
economical aspects. It has to be noted that the [minRRC,
sr-lim þ ir-lim] strategy produces an increment of the total
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travelling time and of the total travelled distance, respectively of 44.3% and 23.3%: this fact could induce to judge
the solution of the [minRRC sr-lim þ ir-lim] criterion as
not practicable.
Though attention should be focused on the fact that
the arithmetic mean time each vehicle spend travelling
through the area of Ravenna in the actual situation is of
about 17 min; an increment of 44.3% (which could be
judged as enormous), corresponds to about 8 min, that is
to a value which is negligible compared to the total travelling time of each vehicle between a first point inside the
area of Ravenna and a second point corresponding to its
final destination (or initial origin) in Italy, which is at least
of some hours. In the same manner also the increment of
the total travelled distance in the [minRRC, sr-lim þ irlim] case, which is of 23.3%, corresponds to less than
5 km (being the mean distance travelled through Ravenna
in the actual situation equal to about 20 km); considering
the total distance travelled by each vehicle between a first
point inside the area of Ravenna and a second point
corresponding to its final destination (or initial origin) in
Italy, which is at least of some hundreds of kilometres, the
increment of 5 km is negligible at all.
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CONCLUSION
These considerations about the violation of risk acceptability limits put in evidence the critical situation of Ravenna
(with the assumed tank truck flow) from the point of view
of the risks due to hazmat transportation; this fully justifies
the application of OPTI PATH to it in order to determine less
risky alternative paths for hazmat shipments. Though there
is no solution which assures the exact respect of the Dutch
limits for individual risk and for the area F(N) curve
(while the compliance with the arc societal risk limit is
possible for all arcs of the network), OPTI PATH has
allowed the development of an alternative distribution of
hazmat shipments (in respect to the actual one), which, in
addition to the highest possible risk reduction, remains
feasible from an economical and practical point of view.
The case study application has shown that the TRAT 4-GIS
software, with the RISK and the OPTI PATH modules, represents an efficient, flexible and simple code for hazmat
transportation risk analysis and routing, capable of handling
realistic networks; it surely represents a useful tool for
persons involved in land-use planning activities, due to the
support it can give in the decision-making processes
where industrial risk has to be taken into account.

6

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153

SOCIETAL RISK ON A MAP: AN AREA-SPECIFIC APPROACH TO SOCIETAL RISK
EXPERIENCES WITH THE USE OF THIS CONCEPT IN LAND USE PLANNING
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In the Netherlands the risk for a large number of casualties, called societal risk, is an important
criterion in the evaluation of external safety in the Land use planning process. The concept of
societal risk is however difficult to comprehend by authorities and land use planners. This can,
at least in part, be attributed to the fact that the societal risk is not a single figure that can be displayed as a contour on a map, but rather, is shown as a xy-graph without any geographical (area)
information. In order to improve the understanding of societal risk and to improve the early use of
societal risk in the land use planning process an area-specific approach to societal risk has
been developed. In this approach societal risk is visualized on a map. This article gives a short
description of this approach and describes the experiences with this new approach.

societal risk or some other way of measuring the risk of
social disruption.

DUTCH LEGISLATION ON SOCIETAL RISK
AND LAND USE PLANNING
In the Netherlands the risk for a large number of casualties,
called societal risk, is an important criterion in the evaluation of external safety in the Land use planning process.
Societal risk is expressed in a graph in which the number
of casualties (N) is plotted against the cumulative frequency
of the number accident scenarios (f ): called the fN-curve.
For societal risk a guide value (indicative limit) is given
for fixed installations (per establishment) and a guide
value for transport activities per km-route length. In
Figure 1 these two guide values or indicative limits are
given. In the new external safety legislation (Bevi, 2004)
for every modification in a zoning plan the changes in the
societal risk have to be investigated. An increase in the
societal risk has to be motivated.
If a modification in a zoning plan leads to an increase
of the societal risk additional safety measures have to be
considered, as well as measures to increase the possibilities
for evacuation and emergency response. It is important that
the impact of a zoning plan on the external safety is considered in an early stage of the land use planning process.
In an early stage of the planning process there are more
possibilities to adapt the plan and incorporate safety
measures. The concept of societal risk is however difficult
to comprehend by authorities and land use planners. This
can, at least in part, be attributed to the fact that the societal
risk is not a single figure that can be displayed as a contour
on a map, but rather, is shown as a xy-graph without any
geographical (area) information. This obstructs considering
external safety in an early stage of the land use planning
process. This fact was also noted by the VROM-Council1
and the Advisory Council for Transport, Public Works and
Water Management in their recommendation to the Dutch
government in 2003 (2003, Acceptable risks, safe spaces).
They identified the need for a cumulative, area-specific

DEVELOPMENT OF AN AREA SPECIFIC
APPROACH FOR SOCIETAL RISK
To fulfil this need TNO has taken the opportunity to develop
a concept for an area-specific approach to societal risks.
The first experiments with the method as well as an
inquiry amongst potential users were carried out in 2005
(Wiersma et al, 2005). In the same period RIVM2 also
developed an area-specific approach for societal risk
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Figure 1. Example of a typical fN-curve of societal risk due to
transport of dangerous goods through city centres and the guide
values for societal risk due to fixed installations and transport
activities

1
Advisory Council for the ministry of housing, land use planning and
environment.
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1

National Institute for Public Health and the Environment.
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(Van Vliet et al, 2005). The methods were applied to some
examples. The approach and the results expressed as
coloured areas on a map were tested in several workshops
with potential users (experts on external safety, emergency
aid workers, Spatial Planning officials and the various
Ministries involved). The results of these workshops were
very promising. The visualisation on a map provides a supplementary view on the problem and is compatible with the
methods used by spatial planners. The ministry of Housing,
Land use planning and Environment therefore decided to
grant more research to this approach.

guide value used for societal risk. In the present situation
the same guide value for a major establishment and for an
LPG filling station are used, even when the number of installations and the size of the areas involved in the risk distribution are very different. At this moment (December
2006) this case study is still in progress. Results of this
case study will be available in May 2007.

AREA SPECIFIC APPROACH
In the proposed area-specific approach, two presentation
options have been developed so far: the societal risk map
and a map of hot spots. For the hotspots-method three
different kind of maps were developed. In the case study
the differences and pros and cons of these three maps are
under investigation (Wiersma et al, 2006). The information
provided by the three different hotspots maps is comparable. In this paper only one of the three hot spots maps
is used to illustrate the methodology. The calculations
used in the area-specific approach are in agreement with
the guidelines for risk calculations as set out in the
Purple Book (Guidelines for Quantitative Risk Assessment,
CPR 1999). Only an additional presentation of the results
has been developed. The traditional societal risk fN curve
combines all accident scenarios related to one establishment. In the area specific approach all accident scenarios
that overlap a certain area are combined in a fN curve
for that area (in respective of the number of establishments). The areas are defined as square cells (e.g.
50  50 m) with a specific population density. This
results in an regular array of fN curves: a curve for every
population cell. The second step is that a translation is
made from the fN-curve for each cell into a colour. In
the following examples the colour Red illustrates that the
fN-curve in this area exceeds the guide value. The colour
Orange presents a factor 10 below guide value, Yellow
means a factor 100 and so on.
The societal risk map projects the total societal risk
onto a map. The societal risk map can be interpreted as
follows (see Figure 2, left map). Areas coloured in red indicate a bottleneck with regard to societal risk as a result of the
scenarios that affect that area. In practice, this means that
intensification of the population in that area will lead to
further exceedence in the guide value for the societal risk.
Green areas are areas where there are no bottlenecks with
regard to the societal risk on the basis of the existing population. Even the cumulative societal risk from the various
scenarios that affect this area remains well under the guide
value. This means that increasing the density of the built
environment in a green area will not necessarily cause a bottleneck with regard to societal risk. However, the colour
does not give any information regarding the increase in
population that could be allowed until the guide value
would be exceeded. Blank areas are outside the area of
influence of the societal risk.
The right map of Figure 2 displays a map of hot spots
for the same area. The difference between the societal risk
map and the hotspots map is that the societal risk map

In 2006 a project has started in which both approaches
(of TNO and RIVM) are worked out in more detail. The
differences and similarities of the methods are compared
and three pilots are carried out. The first pilot focuses on
the theoretical background and investigates the differences
and similarities between the TNO-approach and the
RIVM-approach and how the two methods can be combined. The results of this case study are described in
Wiersma et al. (2006).
The second pilot focuses on the use of the areaspecific approach in the land-use planning process. The
results of this case study are described in this paper in
section 4 and 5. In section 3 a short description of the methodology is given. A more comprehensive description is
given in (Wiersma et al, 2005) and (Wiersma et al, 2006).
The third pilot project concerns the external safety
risks of a large chemical plant. At the site there are
several chemical installations, owned by two different companies. A residential area is nearby. In previous studies it
was concluded that the societal risk is high and is a
concern for the local government as well as the companies.
This case study investigates how the area-specific approach
can contribute to the insight in the external safety situation
and the local policy concerning external safety and land use
planning. This case study also investigates one of the points
of criticism of the Advisory Councils on Housing, Land
use planning and Environment. This point is related to the
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Figure 2. Example of the area specific approach of societal risk: left the societal risk map, left a map showing the high-risk hot spots

gives an indication of the total societal risk, where as the
hotspots method displays the relative contribution to the
societal risk of one cell: only the casualties of a single cell
are incorporated in the societal risk (and the colour on the
map). On the societal risk map, all casualties for each scenario are displayed in the fN curves for the given location.
This includes the casualties in neighbouring cells when it
concerns an accident scenario that hits more cells at the
same time.
Since the hotspots map only takes the casualties within
the given population cell in account, it is clear that this
hotpots map creates a picture with more variation in colour
in the grid section. The red spots are an indication of
cells with a relatively large contribution to the societal
risk. This could be due to high population density within
the grid section, and/or to the number and type of scenarios
that affect this grid section (e.g. high probability, serious
lethality). Blank or green areas are relatively minor contributors to the societal risk. However, this does not mean that
additional developments in these cells could not lead to an
increased or excessive societal risk. If such a cell is a highrisk area, a relatively modest increase in population might
cause a large increase in societal risk.

been given considerable attention by the local government
and land use planners (see also, Wiersma, 2004) it
remains difficult to comprehend. This still obstructs an
early incorporation of external safety in the land use planning process.
A workshop was held in which the area specific
approach was introduced and applied to the local risk
situation. Present at the workshop were six employees of
the local government, 2 specialised in external safety and
4 in land use planning and area development. Also present
were representatives of the province and of the ministry
(both experts on external safety policy). The main purpose
of the workshop was to investigate the additional value of
the area specific approach of societal risk in the land use
planning process. Also questions such as: “which presentation is preferable” and “what kind of colouring should
be used”, were addressed in the workshop.
To illustrate the use of the area specific approach the
societal risk map and the hotspots map were displayed
and several variations were given. One variation was that
the societal risk map was given for the total transport
risk through the city as well as the societal risk map for
the transport of flammable gas only. These maps are given
in Figure 3.
These figures gave the participants of the workshop a
clear insight in the areas that affect the societal risk as well
as the influences of the various chemical substances. The
analysis of the risks shows that the transportation of flammable gas (propane) is the main cause of the exceeding of
the societal risk guide value.
In another example the density of population in the
areas with the highest density has been reduced (from 400
per hectare to 100 per hectare) and the societal risk map
was recalculated. Figure 4 shows the results of this change.
From the figures it is clear that the reduction of the
population density in a certain area can give the necessary
reduction of the societal risk at that location. In the given

USE OF THE METHOD IN A WORKSHOP WITH
LAND USE PLANNERS
The pilot study described in this paper focuses on the use of
the area-specific approach in the land-use planning process.
In this real case the societal risk is caused by transportation
of dangerous goods (toxic and flammable materials) by rail
through the centre of the city. The societal risk exceeds the
guide value. One of the issues is that the local government
should consider the impact of a zoning plan in the vicinity
of the transportation line on the external safety. Although
the problem of external safety of transport activities and
chemical installations in relation to land use planning has
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Figure 3. Left: total societal risk map (of all transported goods), right societal risk map of flammable gases

Figure 4. Example of the reduction of the societal risk due to a reduction in the population density: left original societal risk map,
right the decreased societal risk map after reduction of the population in the indicated area

area the societal risk is reduced and the guide value is no
longer exceeded.
Another option is to change the number of transports
of dangerous goods. In this example the intensity of
the propane transportations has been reduced with 10%.

The results of this option are shown in Figure 5. The right
figure shows there is no exceeding of the guide value
anymore (no areas are red).
During the workshop some experiments were made
with regard to the presentation on the map and the colours

Figure 5. Example of the reduction of the societal risk due to a reduced number of transports: left original societal risk map, right the
decreased societal risk map after reduction of the number of transports of flammable gases
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to be used. In Figures 4 and 5 less colours are used than in
Figure 3. The general opinion was that a map with fewer
colours was preferable. The contrast between the different
areas is then clearer.
The illustrations on the map and the possibility to
change different parameters and see the influence of these
changes on the map were received very enthusiastically by
the participants of the workshop.
Analyzing alternatives makes the options of the land
use planners clear. It also gave them a better understanding
of the concept of societal risk. The land user planners
present at the workshop stated that they were interested to
use this area-specific approach as additional design tool in
the early phase of land use planning. It can also be used
as an additional instrument in the motivation given when
the societal risk increases.

spots supplements the analysis of bottlenecks. The map
offers insight into which areas contribute most to the
societal risk. This is important e.g. when looking at the possibilities for reducing risks.
When all three case studies are completed and
reported, the ministry of Housing, Spatial Planning and
Housing will decide which role this area-specific approach
will have in the Dutch external safety policy. The expectation is that it will be recommended as additional analysis
tool especially in situations with complex land use
problems.
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CONCLUSIONS
The results of the case study described in this paper, as well
as the results from the other two case studies and earlier
experiments are very promising. The societal risk map, in
combination with the hot spots map, meets the preferences
and expectations of the parties that will be using an areaspecific approach to societal risks. The visualisation on a
map provides a supplementary view on the problem and is
compatible with the methods used by spatial planners. The
availability of societal risk maps makes it easier for
spatial planners to consider external safety in an early
stage of the planning process. The map clearly shows
which areas have restrictions on spatial intensification on
the basis of the societal risk. The map of high-risk hot
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CFD MODELING FOR EMERGENCY PREPAREDNESS AND RESPONSE TO
LIQUEFIED AMMONIA RELEASE
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Technology, Radlinského 9, SK-812 37 Bratislava; e-mail: ludovit.jelemensky@stuba.sk
In the recent years, the CFD modeling has become a very useful tool for many research areas. This
is connected with the increasing power of desktop computers. Accordingly to that, the computations for which we needed supercomputers can be done on regular PCs. The ability of CFD to
predict fluid flow and concentration of dangerous gases is essential to the people working on
safety analysis. There were many programs developed for the prediction of dangerous gas cloud
spreading. Starting from very simple Gaussian models for the light gases (the density of gas is
less or equal to that of air) continuing with box models for heavy gases (the density of gas is
higher than that of air) and ending with complete solving 3D balance equations for mass, momentum and energy (CFD). The use of CFD models has high potential to be a tool which can after some
adjusting and modification replace the experimental modeling or at least reduce the number of
experimental trials.
This work is concentrating on such adjusting of CFD parameters by using experimentally
obtained data from FLADIS experiments. FLADIS experiments were carried out by the Risø
National Laboratory (Rediphem database). The experimental trials were done on pressure liquefied
ammonia. Ammonia behaved as heavy gas due to the presence of liquid droplets and due to the heat
of evaporation of ammonia the flashing jet became much colder.
This paper will provide a comparison of the results obtained by the FLADIS field experiments
and the results of CFD modeling by Fluent 6.2. Meteorological conditions and source strength
were determined from experimental data and simulated using the CFD approach. The initial
two-phase flow was also included for the released ammonia. The liquid phase was modeled as droplets using discrete particle modeling, i.e. Euler-Langrangian approach for continuous and discrete
phases. The second part of work was devoted to the inclusion of obstacles. Included were high
obstacles, which cannot be modeled with increasing surface roughness. From results is obvious
that such obstacles influence radically the dispersion of gas. The presence of wakes and cavities
behind the buildings also increases the residence time of toxic gases.

KEYWORDS: CFD modeling, gas dispersion, ammonia, turbulence, Schmidt number

the diffusion equation and from observations made by the
experimental work, i.e. the concentration of released gas is
following the Gaussian distribution (Lees 1996). The dispersion coefficients have been derived from experiments
(Barrat 2001). Box models have been used for heavy
gases. In the simple box model the gas is assumed to be a
pancake-shaped cloud with properties uniform in the crosswind and vertical directions. The model then contains
relations which describe the growth of radius and height
of an instantaneous release, or the crosswind width and
height of a continuous release, given for example in reference (Spicer and Havens 1989). These simplifications do
not allow to model complex geometries. They are derived
for a flat plane geometry with no obstacles or a twodimensional model with a simple obstacle.
Another model is the CFD approach, i.e. simultaneous solving of balance equations (eqs. 1–4) of mass,
momentum and energy (Bird et al.) given below. The
results obtained by the CFD modeling are more accurate
because the wind velocity is completely resolved in comparison to the simpler models, where velocity is a single

INTRODUCTION
Potentially hazardous gases are very common in industrial
and also in domestic uses. The term “hazardous” means
gas toxicity to the public or environment or flammability
of the gas. Such gases are usually stored in highly pressurized vessels in liquefied state at ambient temperature. If an
accident happens and the stored gas is suddenly depressurized the resulting jet will consist of a gaseous vapour
phase and a liquid phase containing particle droplets
mixed with air. Concentrations of the released gas are
then predicted by various types of models and the values
obtained are used in the hazard and risk assessment
studies or by authorities (e.g. fire department) in the case
of an accident.
The mostly used models are simplifications of the
conservation equations for mass, momentum and energy.
The models used in the mentioned area can be distinguished
on the basis of the density of the released gas into light gases
(the density is equal to that of air) and heavy gases
(the density is much higher than that of air). Gaussian
models have been derived as an analytical solution from
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value or a function of height. This is clearer in the domain
with high obstacles. By using the CFD set of equations
any real hazardous situation including gas release in the presence of buildings can be modeled (Venetsanos et al. 2003).
Moreover, in the CFD model the second phase can be
included. The gas phase (air – toxic gas) is modeled by
the mentioned balance equations, and the liquid phase
(droplets generated by a sudden pressure drop of the superheated liquid) can be modeled by the multiphase approach.
It means that the second phase is modeled by the same
equations as the first phase or the droplets are modeled as
discrete particles (Crowe et al. 1998).
The buildings or obstacles strongly influence the flow
and thus also the dispersion of gases. Due to the wakes and
cavities behind buildings the residence time of the toxic
gas is higher, the turbulence is increased and the gas is
spread faster in the crosswind direction.
Numerical simulations are very important for verifying the models with measured data. Delaunay (Delaunay
1996) have performed numerical simulations of tracer gas
experiments carried out at Porte Maillot in Paris. Hanna
et. al. (Hanna et al. 2004) have used FLACS software to
simulate the MUST experiment, Venetsanos et. al.
(Venetsanos et al. 2003) worked on the modeling of the
Stockholm hydrogen gas explosion. All these works have
validated the application of the CFD approach as a useful
tool for predicting gaseous dispersion in the vicinity of
buildings.
In the present work the dispersion of the liquefied
ammonia release was simulated by the CFD approach
using the commercial software package Fluent 6.2.
Ammonia was chosen because it is toxic and increasingly
used in the industry. Ammonia is usually stored in
pressurized vessels in the liquid phase. After its release, a
two-phase flow occurs near the point of release forming
an ammonia cloud which is denser than the ambient air.
The temperature and the density gradually approach
values of the ambient air and the cloud exhibits signs of
neutral or even lighter type of gas dispersion.
The dispersion of ammonia was modeled by the
numerically solved full set of conservation equations with
additional equations for turbulence and a discrete particle
model for liquid particle droplets. The mixture phase
which is composed of air and ammonia vapour is modeled
by the Eulerian approach. The continuous phase and the
liquid phase consisting of particle droplets with different
diameters are modeled by the Lagrangian approach for the
discrete phase.
Data obtained by mathematical simulation were
compared to the experimental data from the FLADIS
(Nielsen et al. 1997) field experiment. In this field experiment the release rates were approximately 0.5 kg . s21
unlike the most well-known field experiment Desert
Tortoise Series (Goldwire et al. 1985) with release rates
about 100 kg . s21. These are much higher than those presented in the FLADIS experiment. However, the smaller
amounts of ammonia release occur more frequently in
practical situations. Other differences are lower ambient

temperature and higher humidity, which are more representative for the European climate, comparing to Desert
Tortoise Series. The FLADIS experiment was chosen also
because of its perfectly organized data and the free access
to them on the webpage.
Furthermore, the buildings or obstacles were placed
in a computational domain to see the influence of obstacles
on the dispersion.

GOVERNING EQUATIONS
The following Reynolds averaged Navier-Stokes equations
(RANS) were used in CFD modeling in all three direction
x, y, z (Fluent 2005) of mass, momentum, energy and
species balances with mass Sm, enthalpy Sh, momentum
Sui and species source Sn,
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(where Prt and Sct are turbulence characteristics of particular transport phenomena, i.e. heat transport and mass
transport, respectively) together with the k-e turbulence
closure model (eqs. 5– 7) used also in the work of
Sklavounos and Rigas (Sklavounos and Rigas 2004), who
obtained a good agreement with experimental data
through this model.
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¼
mþ t
þc11 Gk c21 r
@t
@xj
@xj
k
s1 @xj
k

(5)
(6)
(7)

In eqs. 5–7 the constants are c11 ¼1:44,c21 ¼1:92,s1 ¼1:3,
sk ¼1:0,cm ¼0:09.
For the discrete phase, the equation of motion is
defined as
(rp  r)
dup
~
¼ FD (u  up ) þ g~
þF
dt
rp

2

(8)
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the enthalpy balance as
mp c p

dTp
dmp
¼ aAp (T1  Tp ) þ
h fg
dt
dt

BOUNDARY CONDITIONS
The boundary and meteorological conditions were identical
to the FLADIS experiment. The domain size used in
modeling was 280  200  100 m in x, y, z directions,
respectively. Each emission was treated as a plume, i.e. a
continuous release.
Following boundaries for the continuous phase were
set according to Figure 1: no slip boundary condition on
the wall with standard wall function incorporated in
Fluent 6.2 with roughness length of 0.04 m and boundary
layer depth of 0.2 m, i.e. the distance of the first point
from the wall. Symmetry boundary condition was applied
on y and z planes.
The atmospheric stability class is represented by the
inflow boundary condition for the velocity u ¼ u10 (z=z10 )n
and turbulent kinetic energy k and dissipation of turbulent
kinetic energy 1 (Han et al. 2000). Power law velocity
profile was used according to the stability class reported
by Barrat (Barrat 2001). i.e. n ¼ 0:15 for the D class stability and n ¼ 0:10 for the C class stability. On the outflow
boundary, the Neumann boundary condition was applied.
For the liquid discrete phase, the initial temperature
was also set to 239 K and the initial speed to the value,
which corresponds to the velocity of the flow of liquefied
ammonia through the orifice. The source of ammonia
release was modeled as the source in the balance equations
without exactly modeling the release from the pipe.
Rosin-Rammler distribution for the diameter of droplets distribution for the ammonia liquid discrete phase was applied
(Johnson and Woodward 1999) as the mass fraction of
droplets with diameter greater than diameter d

(9)

where a, convective heat transfer coefficient, is obtained
from the Nusselt correlation reported in (Ranz and W. R.
Marshall 1952; Ranz and W. R. Marshall 1952)
Nu ¼

adp
1=3
¼ 2:0 þ 0:6Re1=2
d Pr
l

(10)

and the mass balance as
Nn ¼ kc (Cn,s  Cn,1 )

(11)

where kc, mass transfer coefficient, is obtained from the
Nusselt correlation (Ranz and W. R. Marshall 1952;
Ranz and W. R. Marshall 1952)
Nuc ¼

kc dp
¼ 2:0 þ 0:6Red1=2 Sc1=3
Dn,m

(12)

FLADIS EXPERIMENT
Field experiments with the dispersion of pressure liquefied
ammonia were carried out in the Risø National Laboratory.
The source was a flashing jet oriented in the horizontal
downwind direction with the source strength of 0.25–
0.6 kg . s21 and duration in the range 3–40 min. Due to
evaporation heat, the flash boiling ammonia jet became
much colder, and therefore heavier than the surrounding
air. The main focus was to study the dispersion in all its
stages, i.e. heavy gas dispersion (measured gas concentration in 20 m distance) and then further downstream,
where the flow developed into a plume of neutral buoyancy,
the passive gas dispersion (measured gas concentration in
70 m and 235 m distance). The main characteristics of the
trials used in this work are in Table 1.
The source was a 6.3 mm (4.0 mm for the trial
Fladis16) diameter nozzle pointing horizontally in the
ideal downwind x-direction with an elevation of 1.5 m.



Yd ¼ e(d=d)

b

(13)

with
dmin ¼ 10 mm, dmax ¼ 100 mm, d ¼ 50 mm
and
b ¼ 2.5. The initial amount of liquid ml and vapour phase
mv fractions was found from the enthalpy balance
f ¼

mv
cp (T0  Tb )
¼
Hvap
mv þ ml

(14)

Table 1. Main characteristics of the Fladis trials used
Trial
Fladis9
Fladis15
Fladis16
Fladis21
Fladis23
Fladis24
Fladis25

_
m/
kg . s21

f

w/
m . s21

L/m

0.40
0.51
0.27
0.57
0.43
0.46
0.46

0.160
0.184
0.194
0.200
0.184
0.186
0.186

20
24
30
27
20
22
22

348
396.8
138
252.6
2112.3
276.9
2201.5

u10/
m . s21 Stability
5.6
6.10
4.40
4.08
6.74
5.03
4.71

D
D
D
C
D
C
D
Figure 1. Boundary conditions. Length scales: x ¼ 280 m,
y ¼ 200 m, z ¼ 100 m

_ – release rate; f – vapour fraction; w – release velocity; L – Moninm
Obukhov length; u10 – wind velocity in the 10 m height
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measures are fractional bias (FB) with ideal value of 0

Co  Cp Þ

FB ¼
(16)
0:5 Co þ Cp Þ

SOLUTION
Fluent 6.2 was used for solving 3D RANS. The used discretization scheme was the first order upwind and SIMPLE
pressure-velocity coupling (Patankar 1980). Computational
grids consisted of approximately 400 000 hexahedral
volume elements. Steady state runs were terminated after
400 iterations allowing a reasonable convergence to be
achieved. The convergence criterion was set to residuals
equal or less than 1024 for the continuity equation. The
total time for the steady states results was 45 minutes on
2.8 GHz Intelw Pentium4 Processor with 1 GB of RAM.

geometric mean bias (MG) with ideal value of 1


MG ¼ exp ln Co  ln Cp
geometric mean variance (VG) with ideal value of 1
VG ¼ exp



Co  Cp
NMSE ¼
Co Cp

Table 2. Comparison of observed and predicted data of
maximal concentration for trials in Table 1 with statistical
measures

Heavy (20 m)
Neutral (70 m)
Far (235 m)

MRSE

NMSE

0
0.446
20.427
20.861

1
1.852
0.783
0.506

1
1.724
1.334
3.222

0
0.306
0.637
1.981

0
0.322
0.667
2.431

2

(18)

2
(20)

where Co is the observed quantity and Cp is the predicted
(modeled) quantity.
The perfect model should have ideal values of statistical measures. Of course, because of the influence of random
atmospheric processes, there is no such thing as a perfect
model in air quality modeling. Generally, it can be said
that the heavy stage of dispersion the CFD model is underestimating and overestimating the passive stage of
dispersion.
The results from the FLADIS experiments for the
trials are presented in Figure 2, where experimental and predicted maximal (centerline) concentrations, Co and Cp,
respectively, are depicted.
The results obtained from the numerical simulation of
trial Fladis9 are shown in Figure 3 for different turbulent
Schmidt number ranging from 0.1 to 1.3.
The influence of different Schmidt numbers was used
because the turbulent Schmidt number generally used 0.7 is
correct in the turbulent core. The turbulent Schmidt
number is depended on the height within the boundary
layer, as reported by Koeltzsch (Koeltzsch 2000). From
this paper follows that the turbulent Schmidt number is
not constant throughout the atmospheric boundary layer.
Another problem is that heavy gases tend to suppress
turbulent mixing within a cloud bellow that of ambient turbulence. Mainly the entrainment of ambient air to the cloud
is neglected. This observation comes from the functional
form of the dispersion coefficient given by

The statistical performance of the observed and predicted data is given in Table 2. The statistical performance

VG

ln Co  ln Cp

Normalized mean square error (NMSE) with ideal
value of 0

(
)

z
½y  y0 (x)2
c(x, y, z) ¼ c0 (x)  exp 
 exp
(15)
z (x)
2s2y (x)

MG



mean relative square error (MRSE) with ideal value of 0

 !
Co  Cp 2
(19)
MRSE ¼ 4
Co þ Cp

RESULTS AND DISCUSSION
Unlike a wind tunnel simulation the atmospheric wind direction and plume centerline position are not known a priori but
have to be determined by the observation. From the CFD
modeling (steady state) point of view it may be more relevant to find a typical instantaneous plume profile than
average of a meandering plume. Therefore, it is necessary
to determine the plume position from concentration
measurements. This can be done using the fixed frame of
reference, where local average concentration is calculated.
Another alternative way is to find instantaneous position
of plume and then calculate the plume statistics, i.e.
moving frame of reference. This moving frame of reference
expresses more accurate the simulated results because it
neglects the strong variation of wind direction. The
moving-frame analysis was used for the experimental
data. Experimental concentrations were obtained by the
interpolation of experimental data with the assumption
that the concentration profiles in the horizontal plane can
be approximated by the Gaussian profile equation reported
in (Nielsen 1996), with longitudinal (x-direction) variation
of centerline concentration c0 (x), horizontal plume spreading sy (x), lateral plume position y0 (x), plume centre of
gravity z (x).

FB

(17)

K¼

ku z
fðRi Þ

(21)

with Monin-Obukhov profile function for negative buoyancy

f ¼ ð1 þ 0:8Ri Þ0:5

4

(22)
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Figure 2. Centerline observed and predicted maximal concentrations for trials in Table 1 for three sensor arrays a) heavy (20 m),
b) neutral (70 m), c) far (235 m)

Figure 3. Influence of Schmidt number for trial Fladis9 for the centerline concentration

and layer Richardson number


g rc  r0 H
Ri ¼
r0 u2

for heavy gas, high values are expected, i.e. negative buoyancy. This value is used to calculate f and then the dispersion
coefficient. With increasing heavy gas cloud concentration,
the Ri number and also the f function are being increased.
Then, with increasing concentration of heavy gas the dispersion coefficient will decrease. In words of turbulence modeling, the turbulent Schmidt number is increasing and the

(23)

By inspecting these equations one can explain the suppressing feature of heavy gases. If the Ri number is calculated
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Figure 4. Crosswind observed and predicted concentrations for three sensor arrays a) heavy (20 m), b) neutral (70 m), c) far (235 m)
for a trial Fladis9

values of higher Sct correlate well with the first phase of dispersion. The passive stage of dispersion is better correlated
using a smaller turbulent Schmidt number what corresponds
with the Koeltzsch description that the turbulent Schmidt
number is a function of height in the boundary layer.
From Figure 4 follows that the computed concentrations for the turbulent Schmidt number of 0.7 are narrower compared to those obtained experimentally. The
maximal concentrations are computed relatively correctly.
However, a closer look on Figure 2 shows that the cross
wind concentration profiles are not well correlated. As
reported e.g. in (Hanna et al. 2004) the k-e model shows
its weakness in a flat terrain with no obstacles where too
much dissipation of turbulence was observed. The single

realization of wind direction in steady state cannot take
into account the fluctuation of wind direction and the turbulence production which is generated by these fluctuations.
This would typically lead to an over-prediction of the
hazard distance (over-prediction of concentration). Building
obstacles can ensure a sufficient production of turbulence.
Configurations with different types of obstacles were
chosen to find out how the computed concentrations will be
affected. Geometry with different height, width, length and
position of obstacles was examined (taking into account
different dimensions of the obstacles ranging from 10 –
50  10–20  8–15 m for all three directions and the position of obstacles). It is complex and irregular as can be seen
in Figure 6.

Figure 5. Computed a) and measured b) (interpolated) concentration for trial Fladis9 with isolines 10000 3000 1000 300 100 30 10
1 ppm
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experimental data for replacing experimental modeling in
the known area of possible hazardous gas release.
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NOTATION
specific heat capacity
cp
C
molar concentration
d
diameter of droplet particle
Gk generation of turbulence
kinetic energy
h
enthalpy
hfg latent heat
r
density
J
species diffusion flux
N
molar flux of vapor
p
static pressure
Re Reynolds number
Y
species mass fraction
l
thermal conductivity
m
viscosity

Figure 6. Computed concentration with isolines 10000 3000
1000 300 100 30 10 1 ppm

J . kg21 . K21
mol . m23
m
kg . m21 . s23
J . kg21
J . kg21
kg . m23
kg . m22 . s21
mol . m22 . s21
Pa
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SUBSCRIPTS
n
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op
operating
s
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1
ambient
v
vapour

Figure 6a. 3D realization for geometry with obstacles

From Figures 6 is evident that the calculated isolines
are wider than without buildings. The turbulence (evoked by
the presence of buildings and streamlines of wind which
flows around the buildings) is influencing the concentration
isolines. Thus, the width of the cloud is not dominantly
sensitive to the turbulent Schmidt number. The width of
the cloud is also a function of the geometry. As can be
seen from Figures 6 the isolines are wider and more
chaotic in comparison with isolines without obstacles
(Figure 5). Furthermore, it is evident, that ammonia will disperse in the places, which are not affected in the case
without obstacles. The presence of obstacles has also an
influence on the values of centerline concentrations.
This work shows that for complex geometries modeling, CFD models can play an important role. The usually
used models are approximated from the field experiments
which are done in flat plane fields. Therefore, their application to the complex geometries is rather controversial.
On the other hand, the CFD models are able to model
complex geometries but they are limited by the application
of turbulence closure models. However, in the future
CFD models can be used after their validation against
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AMMONIUM NITRATE IN PORTS – STORAGE AND TRANSPORTATION
Robert Hutchison and Philip Skinner
Lloyd’s Register; e-mail: robert.hutchison@lr.org and philip.skinner@lr.org
Large quantities of ammonium nitrate are manufactured and transported by ship around Australia
supplying the main raw material for explosives used by the mining industry. Thus there is the potential for accidental explosions involving hundreds or thousands of tonnes of ammonium nitrate in
stockpiles near ports awaiting loading to ships or on board a ship.
The ammonium nitrate used as a raw material for explosives has a lower density and a higher
porosity than the ammonium nitrate used in the fertiliser industry, which makes it more sensitive
to explosion propagation.
There have been numerous accidents involving ammonium nitrate around the world over the past
century involving various grades and mixtures of ammonium nitrate. These include the major accidents at Oppau, Texas City and Toulouse.
More recently, there have been terrorist attacks that have used ammonium nitrate based explosives such as the Oklahoma City bombing.
Risk assessments of the transportation of ammonium nitrate must take account of all these
factors, which requires addressing the following questions:
. How should the consequences of an explosion of ammonium nitrate be modelled? What is the
TNT equivalence of pure and contaminated ammonium nitrate? Will the ammonium nitrate
detonate or deflagrate?
. How should the consequences of a fire involving ammonium nitrate be modelled? Can the grade
of ammonium nitrate support combustion? What are the products of combustion?
. How should the likelihood of an accidental explosion involving ammonium nitrate be estimated? Is history a good predictor of future explosions?
. How should the likelihood of terrorist activities be estimated?
. What fraction of a load or stockpile of ammonium nitrate could explode? What fraction of a
load or stockpile of ammonium nitrate is likely to explode?
Risk assessments prepared for Australian ports that handle significant quantities of ammonium
nitrate are used to provide guidance on the above questions. This will assist the preparation of
future risk assessments to accurately assess the risk associated with transportation of large quantities of ammonium nitrate by ship.

KEYWORDS: ammonium nitrate, fire, explosion, transportation, ports, shipping

material through reduced potential for contamination and
less damage to the bags. This also reduces the transport
cost per tonne.
However, larger shipments have potentially larger
accident consequences. The larger a shipment of ammonium
nitrate, the larger is the maximum possible explosion, the
distance travelled by smoke from a fire and the pollution
potential.
This paper examines the changes in risk and costs that
occurs with changes in the shipment size of ammonium
nitrate. This paper focuses on the accidental explosion
risks associated with transportation of ammonium nitrate
and does not consider smoke from fires and the risks
associated with terrorism.
Previous Quantitative Risk Assessments (QRAs) that
have been undertaken in Australia were used to provide the
explosion scenarios and likelihoods. Indicative costing
estimates have been provided by people involved in the
transportation of ammonium nitrate.

INTRODUCTION
Within Australia, there is a large market for explosives to
support the mining industry. The main explosive used in
Australian mining has ammonium nitrate as a precursor.
Ammonium nitrate is both manufactured in Australia and
imported from overseas. Due to the size of the market
in ammonium nitrate, large quantities are transported both
internationally and within Australia.
Ships are used for the international transportation of
ammonium nitrate and potentially for movements between
the east and west coasts of Australia.
The local manufacturers and the importers of
ammonium nitrate want to minimise their costs and so
large shipment sizes have occurred and are proposed
for the future within Australia. Where the load is sufficiently
large that a ship can be chartered for exclusive use, the
manufacturer or importer has increased control over the
condition of the ship and other specific aspects of the transportation. This can improve the delivered quality of the
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This paper focuses on the differences in cost and risk
associated with an annual trade of 100 000 tonnes (te) of
ammonium nitrate through an Australian port. This is a
large but credible annual trade volume for an Australian
port. The shipment sizes considered are 100 te, 200 te,
500 te, 1000 te, 2000 te, 5000 te, 10 000 te and 20 000 te.
SCENARIO IDENTIFICATION
Many of the scenarios that are considered in QRAs are not
affected by the shipment size. For example the risks
associated with explosion of a truck carrying ammonium
nitrate to or from the port are only affected by the truck
load size and the annual trade, not the quantity that is on
the ship transporting the ammonium nitrate.
The scenarios that have been considered in this paper
are those considered in previous QRAs in Australia:

2.

1. A small explosion of 20 te of ammonium nitrate. This is
considered a small explosion only by comparison to the
quantities that can be carried on a ship. A fire on a ship
could conceivably directly affect 20 te of ammonium
nitrate, causing it to be heat affected or contaminated
by fuel or other organic material. The fire could then
cause the 20 te of contaminated heat affected AN to
explode.
2. A partial explosion of 20% of the ammonium nitrate in
the shipment. The scenario that is envisaged here is the
explosion of 20 te of ammonium nitrate boosting a
fraction of the ammonium nitrate carried on the ship.
The historical record suggests that only a fraction of
stockpiles of ammonium nitrate involved in explosions
have contributed to the overpressure wave.
3. A complete explosion of 100% of the ammonium
nitrate in a full shipment. This scenario is considered
the worst credible accident and could occur due to an
uncontrolled fire in a fully laden ship with all the
ammonium nitrate stored in one hold or in close proximity. The uncontrolled fire could cause a fraction of the
ammonium nitrate potentially contaminated and heat
affected by the fire to detonate and then to propagate
through the rest of the shipment.

3.

CONSEQUENCES OF SCENARIOS
In assessing the consequences of the explosion scenarios,
there are a number of important parameters.
1. TNT equivalence. The TNT equivalence of pure
ammonium nitrate is considered to be in the range of
30% to 55% based on both theoretical and experimental
results. In this study an equivalence of 34.6% is
used based on the ratio of the heat of detonation of
ammonium nitrate of 378 kcal/kg to the heat of
explosion of TNT of 1094 kcal/kg (Lawrence Livermore National Laboratory 2002).
If the ammonium nitrate is contaminated during the
accident with a fuel, the TNT equivalence is increased
to approximately 1.0. For the large shipments of
ammonium nitrate being considered in this analysis, it

is unlikely for an accident to cause contamination of a
significant fraction and a TNT equivalence of 34.6
has been used.
Despite the variation in the values of TNT equivalence
for ammonium nitrate, this is a parameter with less
uncertainty than the others in the analysis and the
differences in equivalence do not greatly affect the consequence distances.
Fraction of inventory that contributes to the explosion.
The fraction of inventory that contributes to the overpressure shockwave produced by the explosion is a
critical parameter but is very uncertain.
In historical accidents, the fraction of the inventory that
has contributed to the overpressure has ranged over two
orders of magnitude from less than 1% at Cherokee
Nitrogen in 1973 (Freeman 1975), to 10% at Oppau
in 1921(Medard 1990), to 10% –60% for Toulouse in
2001 (Creemers, et al. 2002) and close to 100% at
Texas City in 1947 (Klintz, et al. 1947).
The reasons for the differences in the inventory fractions that contributed to the explosions include differences in the material or grade of ammonium nitrate,
the degree of confinement and the proximity of the
initial explosion to the bulk pile.
In QRAs within Australia, the uncertainty surrounding
the fraction of inventory that will contribute to the
shock wave has been accommodated by postulating
different likelihoods for various explosion scenarios.
In this study, the three different accident scenarios primarily differ in the quantity of ammonium nitrate that
explodes and thus are considered with different likelihood estimates.
This method implicitly utilises a risk based framework
where both the consequence and likelihood are considered. The regulators in Australia have established
risk-based criteria for assessing new developments.
Explosion modelling. Most recent QRAs in Australia on
ammonium nitrate have modelled explosion of an
equivalent quantity of TNT to represent the explosion
of the ammonium nitrate. The relationship between
quantity of TNT and overpressure is well known and
documented (Mannan 2005).
The explosion modelling estimates the overpressure as
a function of distance. There are also rudimentary
models that estimate the shrapnel distribution from an
explosion but they are not considered further in this
study.
The relationship between overpressure and likelihood
of fatality varies whether the affected person is inside
or in the open air. In this study, an overpressure of
14 kPa was considered to have negligible fatality risk,
21 kPa to have a 20% fatality risk, 35 kPa to have a


One accident that has occurred was where a bunker hatch at the bottom
of a hold was not sealed correctly. After loading with ammonium nitrate
bags, the ship filled its bunker tanks. The fuel flowed into the base of the
hold and over the duration of the voyage soaked into the bags. If this
material was exploded a TNT equivalence of 1 would be appropriate.
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50% fatality risk and 70 kPa to have a 100% fatality risk
(DIPNR, 1990).
4. People in the vicinity of the explosion. The modelling
must consider the people who may be in the danger
zone when an explosion occurs. In addition, the property that may be damaged also should be considered,
particularly to assess the potential for domino or
knock-on accidents.
In this study, consequences have been restricted to fatalities to people. The port considered in this study is
fictitious but is based on the numbers of people at
distances from a number of the ports that handle
ammonium nitrate in Australia.
In the immediate vicinity of the ship (,50 m from the
centre of the accidental explosion), there are likely to
be 20 people including ship personnel, stevedores and
inspectors. In the area between 50 m and 100 m from
the centre of the accidental explosion, there is likely
to be 4 people, primarily associated with security, port
administration and truck flow management. Between
100 m and 500 m there are likely to be other ships
and local storages and buildings on the port. 50
people are assumed to be present in this region. The
area between 500 m and 1000 m is likely to include
administration buildings, as well as general port facilities, including warehouses, storages, container loading
onto trucks or rail cars. In this large area 1000 people
are assumed to be present. Beyond 1000 m is likely to
be commercial areas and residential areas. The population density in this area is assumed to be 20/ha
(which is the average residential density in Sydney).
Figure 1 illustrates this data and shows the concentration of people at the ship during the loading/unloading operation. However the density of population
generally increases with distance from the ship, as
does the numbers of people.
In most of the explosion scenarios, a fire precedes the
explosion. This period can be used to evacuate people
from the vicinity of the ammonium nitrate, which can
significantly reduce the numbers of people who may
be killed or injured by an explosion. This factor has
not been considered in this study.

LIKELIHOOD
The likelihood of the explosion scenarios is the area of
greatest uncertainty. Since the three ship explosions in
1947 and the one in 1953, I am unaware of any ship
explosions involving ammonium nitrate. Following those
explosions (over 50 years ago), significant changes were
made to the composition of ammonium nitrate and the emergency response actions that would occur in the event of
a fire.
However, the historical record cannot show that a ship
explosion is impossible. Thus, fault trees have been developed for numerous QRAs, which identify the causal
sequences that are required for an explosion to occur and
suggest likelihood or frequency values for the scenarios.
The likelihood estimates of the explosion scenarios
considered in this study are based on recent QRAs prepared
in Australia. These likelihood estimates are:
.
.
.

RISK OF ACCIDENT SCENARIOS
The risk of the explosions is estimated taking into account
the physical consequences and the likelihood. In Australia,
the New South Wales Department of Planning criteria are
used by many state governments to assess the risk of proposed developments. The criteria are based on location
specific individual fatality risk contours and the risk of
defined overpressure and heat radiation levels. The criteria
apply to various land uses e.g. a new development should
not expose any residential land to fatality risks above
1  1026 p.a.
Another criterion that is often considered is societal
risk expressed as an FN curve. There are no official FN criteria in Australia but there are various criteria that have been
applied elsewhere in the world.
However, in a comparative risk assessment, such as
the subject of this study, a single measure of risk was
desired. The Potential Loss of Life (PLL) is the
summation of the individual fatality risk levels at all the
locations where a person is assumed to be located. This estimate of risk does not take account of the potential for
people to be injured but not killed, neither does it include
the potential for shrapnel to strike people, for people to
be injured by smoke from a fire or the potential for property
to be damaged.
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COST OF SHIPPING
The cost of shipping ammonium nitrate comprises two components:

Distance (m)

1.
Figure 1. Populations surrounding shipment of ammonium
nitrate

3

A fixed administration cost per shipment which is independent of the size of the shipment. This is assumed to
be $5000.
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Average cost per tonne

Fatality Risk

Cost per Tonne

$200

1.E-06

$150

Small ship
explosion

1.E-07

Partial ship
explosion

$100

1.E-08

$50
$0

Complete ship
explosion

1.E-09
0

5000

10000

15000

Total

20000

1.E-10

Shipment Size (te)

0

Figure 2. Average cost per tonne of ammonium nitrate
shipments

500

1000

1500

Figure 4. Location specific individual fatality risk surrounding
10 000 te shipments

2. The cost of the shipping. For loads smaller than a full
ship, the cost is a fixed price per tonne (assumed to be
$120 per tonne). For loads of 5000 te and above,
a full ship can be chartered. The cost for loads of
5000 te to 20 000 te is assumed to be $120  5000 ¼
$600 000.

very low, less than 1.5  1027 p.a. This value should be juxtaposed with the NSW Department of Planning individual
fatality risk criterion for sensitive locations in the vicinity
of a proposed development, which is 5  1027 p.a.
The societal risk as a function of shipment size is
shown in Figure 5. The larger shipments have generally
lower likelihoods of explosions but the consequences
are substantially larger. With the smallest shipment size
(100 te), the likelihood of a complete ship explosion is
1.1  1026 p.a. and this could kill 28 people. All these
people are working on the port and have some degree of
voluntary acceptance of risk. With the largest shipment
size, the likelihood of a complete ship explosion is much
lower at 5.5  1029 p.a. but the number of people who
could be killed is much higher at 3600. Also, the majority
of these people would be members of the public with no
voluntary acceptance of the risk. The criteria lines shown
are the indicative societal risk criteria suggested in NSW
but are not mandatory. The societal risk associated with
1000 te and 2000 te shipments is closer to the lower criteria
line. The smaller shipments lie closer to the upper criteria
line and the 10 000 te and 20 000 te shipments extend
beyond the upper criteria line because they could cause in
excess of 1000 fatalities, which is the limit tolerable using
these criteria lines. However, other criteria lines are used
in other jurisdictions and the conclusions of the analysis
would be different.

The costing is shown in Figure 2. It is significantly less
costly to transport larger shipments, particularly if a ship
can be chartered for a full load.
RESULTS
The overpressure produced by explosions of shipments of
ammonium nitrate is shown in Figure 3. The distances to
fatal overpressures of 35 kPa range from less than 200 m
for 100 te of AN to approximately 1000 m for 20 000 te
of AN. The distances to overpressure that will not cause
fatality and only has a low likelihood of injury (3.5 kPa)
range from 1 km for 100 te AN to 5.6 km for 20 000 te AN.
The fatality risk to people located in the vicinity of a
port undertaking 10 000 te shipments of ammonium nitrate
is shown in Figure 4. The fatality risk to people located close
to the ship (,150 m) is dominated by the small ship
explosion because the likelihood is higher. The risk to
people located between 150 m and 500 m is dominated by
the partial ship explosion and for distances between 500 m
and 1400 m the risk is dominated by the complete ship
explosion. The magnitude of the risks at all locations is

70
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Societal Risk
F (frequency of events
causing N or more fatalities)

Peak Overpressure (kPa)
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Figure 3. Overpressure from explosions of various sized
shipments

Figure 5. Societal risk as a function of shipment size
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Cost vs Benefit
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Figure 6. Costs and benefits as a function of shipment size

Figure 6 shows the comparison between the cost of
larger shipments to society due to the potential explosion
risk and the benefits to the owner of the shipment through
lower costs. The overall fatality risk, measured by PLL,
decreases as a function of shipment size until the 2000 te
shipment size is reached. The PLL is larger for 5000 te shipments, lower for 10 000 te shipments and higher for 20 000
te shipments. These changes in fatality risk are due to
the combination of the further extent of larger explosions,
the population distributions and the lower likelihood
of larger explosions. The lowest PLL is at the 10 000 te
shipment size.
The ratio between the shipment cost and the PLL is
lowest at the 2000 te shipment size. Either side of the 2000
te shipment size, the changes in PLL are greater than the
changes in the shipment cost. However the risks are still
very low for all the shipment sizes.

that is closest to the lower societal risk criterion suggested
for use in NSW.
When considering the tolerability of the risk from
larger shipment sizes, it is important to consider societal
risk and not just the individual fatality risks as the magnitude of the consequences can be significant if a large
shipment of ammonium nitrate explodes.
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CONCLUSIONS
The risks of transporting large shipments of ammonium
nitrate through Australian ports is low due to the very low
likelihood of large explosions coupled with the significant
distances (.1 km) to large populations. The risk is likely
to meet current individual fatality risk based criteria.
The societal risk associated with shipments of
ammonium nitrate varies significantly with larger shipments. The distance from the ship to residential or commercial populations is an important factor in determining the
fatality risk. For the population distribution and shipment
costs considered in this study, the lowest ratio between
PLL and shipment cost is for a shipment size of 2000 te.
This shipment size also corresponds to the societal risk
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In order to perform probabilistic risk assessment (PRA) of hazardous materials spills, it is essential
to define event probabilities as realistically as possible. Under- or over-estimation of these values
can lead to errors of more than one order of magnitude in accident frequencies, and therefore
in individual and societal risk. Probability data are generally assigned using expert judgement
and/or historical-statistical criteria. Assessing ignition probability by way of statistics of past
spills is challenging, a major problem being represented by the necessity of working with a
reliable accident sample.
The task of investigating the ignition probability of flammable spills through the use of accident
databases is discussed in this study. The requirements of the accident database used are listed
and commented on. Two specific databases – HMIRS, by the US Department of Transportation,
and MHIDAS, by the Health and Safety Executive – are then compared with regard to these
requirements. The analysis gave evidence that HMIRS is far more reliable than MHIDAS in
many senses. The characteristic that makes HMIRS more suitable is basically the mandatory
scheme by which it is compiled, which makes HMIRS data homogeneous and little selective.

KEYWORDS: event trees, probabilistic risk assessment, ignition probability, accident databases

This paper describes an attempt at inferring ignition
probabilities from two accident databases. Results are
discussed and conclusions are drawn on the requirements
of accident data systems as sources of information
for PRA with particular regard to ignition probability of
flammable spills.

INTRODUCTION
In order to perform probabilistic risk assessment (PRA)
of hazardous materials spills, it is essential to define
event probabilities as realistically as possible. Under- or
over-estimation of these values can lead to errors of more
than one order of magnitude in accident frequencies,
and therefore in individual and societal risk. Probability
data are generally assigned using expert judgement and
historical-statistical criteria. These data, that are normally
used in event trees (see Figure 3), ultimately originate
from one of two procedures: expert judgment and historical/statistical analysis (or a combination thereof). As it is
known, expert judgment plays an important role in the
field of risk assessment. It is a resource widely used when
others are not available or successful. This is particularly
true when it comes to define ignition probability data
for PRA. An analysis of 19 different sources for ignition
probabilities (Ronza, 2005) demonstrated that the majority
of data available in literature were originally proposed
on the basis of expert judgment. The following are
studies that put forth ignition probability data based on the
analysis of past accidents: Simmons (1974), Rhoads
(1978), Croce (1982), Dahl (1983), EGIG (2005), and
VROM (2005).
Assessing ignition probability by way of statistics of
past spills is challenging. It is certainly a longer process
than it would be if only expert judgment were used.
More importantly, it can yield flawed results if a poor
historical data set is used. Nevertheless, the use of past
accidents makes it possible to justify empirically the
results of risk assessment.

CHARACTERISTICS OF ACCIDENT DATABASES
When using a HazMat accident database to investigate
ignition probabilities, the following issues must be taken
into account:
1.

2.

3.

1

The DB must be well designed. Specific, individual
fields must be defined for each individual attribute
that is considered interesting. Accident description/
abstracts are useful, but if records are numerous, logic
fields stating whether an event has taken place are preferable. In particular, there must be a field specifying
whether fire was produced. Instead of a logic field,
this can be a text field; in this case additional
information can be introduced, such as the type of fire
(jet fire, pool fire, etc.).
Even well-designed databases can be inadequate if
fields are left empty. This is the case with many text
and numeric fields such as accident abstract, type of
accident, number of casualties, etc. This is a further
reason to use logic fields wherever possible, because
this leaves little room for ambiguity.
Depending on data structure, an individual accident can
be associated to more than a record. Database indexing
normally solves this problem. Even so, care must be
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taken when analysing samples because some accident
may be recorded more than once if, for example,
involved more than one substance was involved.
Multiple counting is common with databases such as
MHIDAS, which records an accident as many times
as were the substances spilled.
4. Cost, both in terms of money and effort required to
retrieve the information needed, can obviously make
the use of a database more or less desirable. A fee can
be required to access databases, i.e. to purchase the
data in various forms (online query, CD-ROM, etc.).
This is the case with MHIDAS by the HSE, FACTS
by TNO, Lloyd’s Maritime Information Service
Ltd.’s Casualty System (CASMAN), etc. Nevertheless,
several public institutions manage and publicly distribute accident databases that are free and available
online, either through data download or a web-based
query system. Examples are the European MARS and
data systems provided by several US federal institutions
(the US Coast Guard, the Department of Transportation,
the Environmental Protection Agency, etc.).
5. It is often important to analyse large accident samples,
because the amount of records increases the significance of the sample itself and of any quantitative
inference drawn on its basis. To our knowledge, few
of the major accident databases listed in Mannan
(2004) have less than 10,000 records, an important
exception being MARS, due to its relative recency
and narrow scope (major accidents under the
“Seveso” directive in the European Union). Yet, if
instead of the whole database, only specific accidents
are considered according to user-defined criteria, even
large data systems can allow for a limited number
of data.
6. Apart from the above issues, the main problem of
accident database is data bias.
Data bias normally occurs because those in charge
of gathering data do not have a uniform access to
information. The majority of accident databases
present a general tendency to under-represent events
which cause little or no damage, because they are
either left unreported or information is not made
available to the general public. A large spill is more
likely to be reported than a small release, especially if
considerable loss is involved in terms of human life or
environmental damage. Fires and explosions cause
more damage and are more visible than mere spills
with no further consequences, and are therefore less
likely to escape reporting.
Another bias commonly found is of geographical
nature. Databases whose scope is more than one
country tend to privilege events that happen in or near
the country where the database is managed, whereas
other countries, and developing ones in particular, are
normally under-represented.
Finally, a database can be biased as regards accident
distribution over time. Sometimes the temporal
scope of a database is not a well-defined time span.

If accidents are not recorded a short time after they
happen as a result of some regulatory scheme, the
data managers rather catalogue information as this is
found through different media, including events
happened in the past. This inevitably causes accidents
happened long before the DB was started to be underrepresented.
In the following sections, we describe HMIRS and
MHIDAS, two accident databases that were used to retrieve
data that were later used to estimate spill ignition probabilities. The results of such estimation are then presented and
commented on.
HMIRS
The Hazardous Materials Incident Reporting System
(HMIRS) is a database managed by the US Department of
Transportation. It is public and available online (files can
be downloaded from ,http://hazmat.dot.gov/pubs/inc/
hmisframe.htm. [last consulted: 12/10/2006]). HMIRS
is a part of the US Department of Transportation’s HMIS
(Hazardous Materials Information System). It contains
data on the unintentional release of hazardous materials
during the course of transportation in the USA. Here, the
Federal Hazardous Materials Transportation Law requires
carriers to notify the NRC (National Response Center)
immediately via telephone of releases of hazardous
materials occurring during the course of transportation that
result in serious consequences. These telephonic notifications are received by the NRC and transmitted to the
Department of Transportation. The Research and Special
Programs Administration (RSPA) is the US DOT office
ultimately responsible for maintaining the data. These
written reports are entered into the HMIRS database. In
the twelve-year period examined in this study, the US
DOT entered information about over 180,000 incidents
and spills. Details of each release are usually accurate.
The majority of HMIRS information is validated, as fatality
and injury information is verified through follow-up reports,
increasing the accuracy of the data (EPA – CEPPO, 1995).
Though the scope of HMIRS is HazMat transportation
spills and accidents at large, there are almost no maritime/
navigational accidents, and air/aircraft accidents are few.
For this reason, HMIRS can be considered as essentially
referring to accidents involving hazardous spills as a consequence of land transport accidents (either by rail or lorry;
pipeline spills are not included in HMIRS).
The database was searched for spills of the following
oil products:
–
–
–
–
–
–

LPG
Light fractions, including petrol and naphtha
Crude oil
Kerosene and jet fuel
Diesel oil, gas oil, no. 1 and 2 fuel oil
No. 4, 5 and 6 fuel oil.

We used data from 1993 to 2004. Overall, 12,166
spills were considered. Data proceed from HAZMAT,
which is one of three tables the database consists of.
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The logic fields FIRE and EXPLO were brought into play to
identify fire and explosion accidents. Three fields were analysed as to the substance involved in the event: CMCD,
COMOD and TRADE. The UN number field was also
checked in order to avoid misclassifying substances. Field
RQUAN was referred to in order to define the spilled quantity, together with RUNIT (unit of measure). Conversion
from gallons and several other units to kilograms proved
necessary at this stage. Accidents were considered only if
the amount spilled was positively defined and greater than
0 kg. This means that spills were excluded where the
amount spilled was either zero or undefined. Spills that
are associated to an explosion event, but not to a fire,
were at any rate considered fire events, since the above
substances are all flammable or at least combustible.
Besides identifying the substance spilled, we also
sorted the events into five categories according to the
amount spilled: 10 kg; .10 kg, 100 kg; .100 kg,
1,000 kg; .1,000 kg; 10,000 kg; .10,000 kg.
The results of the search performed on the HMIRS
database are shown in Table 1.

Table 1. Results of the analysis of HMIRS

MHIDAS
The Major Hazard Incident Data Service (MHIDAS) is
developed and managed by the UK Health and Safety
Executive (HSE). It is a database of incidents involving
hazardous materials that had an off-site impact, or had the
potential to have an off-site impact (including human
casualties or damage to plant, property or the natural
environment). It includes accidents that have occurred in
95 countries since the beginning of the 20th century.
The first version appeared in 1980. It now contains
information on more than 11,000 accidents.
Unlike HMIRS, MHIDAS is not free, since a fee must
be paid to access incident information. There are other
differences with HMIRS. The scope is HazMat accidents
at large, including events in fixed plants as well as in transportation. Although the time span covered is longer and
the geographical scope larger than in HMIRS, the number
of events recorded is comparatively small (at least 20
times less). This is because: a) The scope of HMIRS is any
recordable spill, whereas, as said above, MHIDAS focuses
on accidents with an off-site impact or potential for such
aftermath, and b) HMIRS data must be recorded according
to a scheme made mandatory by public authorities, whereas
events are included in the MHIDAS based on more subjective
criteria. These include availability of information, impact of
the accident on the public, whether there was any “potential
for off-site risk”, etc. MHIDAS data do not proceed from
public authorities or the parties involved in the incident, but
are retrieved from public sources. MHIDAS is increasingly
popular among risk consultants as a source to support risk
identification by way of historical analysis.
We will briefly present the results of a study conducted on the MHIDAS database in order to compare
them with those of the HMIRS analysis. The group of
accidents analysed proceeds from two previous studies

Amount spilled

No. spills No. fires

Up to 10 kg
.10 kg, 100 kg;
.100 kg, 1,000 kg;
.1,000 kg, 10,000 kg
.10 tonnes
Overall

Crude oil
329
271
308
85
27
1020

Percentage of
fire incidents

0
2
1
3
5
11

0.0%
0.7%
0.3%
3.5%
18.5%
1.1%

No. 4, 5 and 6 fuel oil
Up to 10 kg
7
0
.10 kg, 100 kg;
40
0
.100 kg, 1,000 kg;
30
0
.1,000 kg, 10,000 kg
9
0
.10 tonnes
7
0
Overall
93
0

0.0%
0.0%
0.0%
0.0%
0.0%
0.0%

Up to 10 kg
.10 kg, 100 kg;
.100 kg, 1,000 kg;
.1,000 kg, 10,000 kg
.10 tonnes
Overall

Diesel oil
1505
1140
681
315
99
3740

1
4
5
16
14
40

0.1%
0.4%
0.7%
5.1%
14.1%
1.1%

Up to 10 kg
.10 kg, 100 kg;
.100 kg, 1,000 kg;
.1,000 kg, 10,000 kg
.10 tonnes
Overall

Kerosene
552
132
67
58
35
844

0
3
1
2
3
9

0.0%
2.3%
1.5%
3.4%
8.6%
1.1%

Light fractions
2571
3
1739
11
724
19
390
30
314
140
5738
203

0.1%
0.6%
2.6%
7.7%
44.6%
3.5%

Up to 10 kg
.10 kg, 100 kg;
.100 kg, 1,000 kg;
.1,000 kg, 10,000 kg
.10 tonnes
Overall

Up to 10 kg
.10 kg, 100 kg;
.100 kg, 1,000 kg;
.1,000 kg, 10,000 kg
.10 tonnes
Overall

LPG
357
155
77
79
41
709

12
14
10
20
25
81

3.4%
9.0%
13.0%
25.3%
61.0%
11.4%

(Ronza, 2005; Ronza, 2006), which are focused on accidents
occurred in ports. Therefore, the sample extracted from
MHIDAS regards spills occurred in a port setting and essentially includes losses of containment at loading and unloading facilities plus ship groundings and collisions. Although
both the scope and the size of the data sample are different
from those of the analysis carried out using HMIRS, data are
nevertheless appropriate for a comparison between the two
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Table 2. Results of the analysis of the sample retrieved from
MHIDAS

Crude oil
No. 4, 5 and 6 fuel oil
Diesel oil
Kerosene
Light fractions
LPG
TOTAL

No. spills

No. fires

181
75
44
20
91
10
421

41
8
3
6
48
5
111

22.7%
10.7%
6.8%
30.0%
52.7%
50.0%
26.4%

0.6

0.5
mean ignition probability

Product

Percentage of
fire incidents

light
fractions

LPG
0.4

crude oil
0.3
diesel oil
0.2

0.1
kerosene
0.0
-100

databases as tools to estimate ignition probabilities. In fact,
we are looking into the ratio of the number of fire accidents
to the total number of spills, so the sample size has no
importance as long as it is large enough as to be significant.
MHIDAS data are shown in Table 2. Note that in the
case of MHIDAS it is not possible to allow for the amount
spilled (see below).

mean ignition probability

0.15
LPG
0.10

light
fractions
diesel oil

0.00
-100

crude oil
-50

0
Tflash (°C)

no. 4-6
fuel oil

50

50

100

must be stressed that, apart from the general decreasing
trend shared by the two samples, HMIRS’ mean ignition
probability data are actually very different from
MHIDAS’. The latter are in fact 5 to 20 times higher than
the former.
It is clear that HMIRS spill ignition probability data
are far more credible. For example, if the MHIDAS
sample is relied on, it should be admitted that approximately
one in ten no. 4-6 fuel oil spills burns, which is not acceptable, since heavy fuel oils show no inclination at all to catch
fire (actually the eight fuel oil fires recorded in MHIDAS
(see Table 2) are exceptional events, the amount spilled
being huge; some of them actually involved also other
materials, more flammable than fuel oil). Other important
inconsistencies are represented by kerosene, whose ignition
probability would be lower than that of diesel oil, and light
fractions (whose mean ignition probability is higher than
that of LPG).
HMIRS data range from 0 (fuel oil) to 11% (LPG).
These figures can be used as ignition probabilities in probabilistic risk assessment, above all if one takes into
account also the amount of substance spilled (see
Table 1). In other words, the data of the last column of
Table 1 are suitable for their use in probabilistic/quantitative risk assessment of road/rail HazMat transportation accident scenarios, and present a high level of detail, allowing
for which substance and what amount is spilled. The fact
that no no. 4–6 fuel oil fire is found in the sample testifies
to the reliability of the database.
The spill ignition probability data thus found on the
base of HMIRS are in good agreement with several
figures by other authors, especially for large spills. The
results of road accident studies (Rhoads, 1978; Croce,
1982) appear to be in good agreement with our own
results. These studies proposed an overall ignition probability of 0.24 based on historical data.
Even if, as stated before, the HMIRS sample is larger
than that of MHIDAS, the poor quality of the results arising

0.20

kerosene

0
Tflash (°C)

Figure 2. Spill ignition probability based on MHIDAS

DISCUSSION
If the sample, from which the ratios listed in the last column
of Table 1 and Table 2 are inferred, can be considered
significant, then those ratios represent the ignition probabilities of the spills of the materials that appear in the first
column of the Tables. These “mean ignition probabilities”
are plotted in Figure 1 and Figure 2. Data are represented
as a function of the flash temperature of the material,
which was retrieved from the CHRIS database (USCG,
2002). This allows to demonstrate that the ratio of fire to
spill accidents decreases as the flammability increases
(fitting lines have been added for illustrative purposes).
This obvious trend proves that using accident databases to estimate probabilities of spill ignition can yield
satisfactory results, at least in principle. Beyond this, it

0.05

-50

no. 4-6
fuel oil

100

Figure 1. Spill ignition probability based on HMIRS
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from the latter is mainly due to other factors. These can be
summarised according to the points listed in the first part of
the present paper:

dents (or quasi-accidents), but there is no strict criteria
as to which accidents should be entered in the database.
As a result, MHIDAS largely under-represent small
spills and quasi-accidents. Moreover, spills that result
in fire and/or explosion are more likely to be allowed
for than simple leaks with no further consequence. All
these problems do not affect HMIRS.
As to what we have called “geographical” bias, the
ambit of HMIRS is clearly defined (i.e., limited to the
USA) and homogeneous. Conversely, MHIDAS
ideally covers the whole world and, in doing so, the
US and the UK/Commonwealth inevitably prevail
over other countries, because they offer more complete
and detailed information to the database compilers,
partly or entirely due to the fact that they are Englishspeaking. HMIRS’ scope is less wide but, at the same
time, more homogeneous than MHIDAS’, which
makes HMIRS little biased from a geographical point
of view.
This is also true if accident distribution over time is
taken into account. While HMIRS records accidents
as they happen through a standardised procedure,
MHIDAS, in covering an unspecified time span, is definitely biased, as recent accidents prevail over past ones,
for which information is scarcer.

1. DB design. Both databases are well-designed. MHIDAS
is actually better than HMIRS as regards this aspect,
as it specifies not only whether a fire took place but
also what type of fire it was. Nonetheless, MHIDAS
actually fails to provide useful information on the
type of fire, since the majority of the accidents are
defined simply as “fires”, without further specification.
Both databases provide a brief accident description for
each individual spill.
2. Empty fields. HMIRS is definitely better than MHIDAS
in this aspect. HMIRS is basically compiled out of forms
(DOT, 2004) filled in by the competent authorities after
the accident. This greatly contributes to the completeness of the information. Instead, MHIDAS records are
compiled based on a more “creative” process which
consists in gathering the information available a posteriori from a variety of sources. This causes a field to be
left empty whenever some detail is not specified in the
source used. In the case of our sample, it was not possible to analyse the amount spilled, since this is seldom
specified in the MHIDAS.
3. Accident repetition. Both HMIRS and MHIDAS have
multiple records for some accidents involving two or
more materials. This does not affect significantly the
quality of the data samples, since only a small part of
the accidents is repeated.
4. Cost. MHIDAS is not a free service. The right to access
the information, either in CD-ROM or online, must be
purchased from the HSE. On the other hand, HMIRS
is completely free and made open to the public in
accordance with the Freedom of Information Act.
As to the effort required to handle data, MHIDAS is
more user-friendly. It contains less fields, its structure is
simpler and data are retrieved more promptly. HMIRS
includes more than 100 fields. Therefore, data search
can be a bit rambling when the database is used for
the first time. This is due to the fact that HMIRS is
not specially designed as a source of data for risk analysts, being actually more comprehensive than that.
For example, extensive details on the shipper, the
carrier and the consignee companies are included,
which do not have special interest in the ambit of the
present analysis.
5. Amount of accident records. The number of accidents
included in the HMIRS is very high. HMIRS is, to
our knowledge, one of the largest collection of
HazMat spills available.
6. Data bias. Since it is mandatory by law to report any
HazMat spill to the US DOT, HMIRS is far less
biased than MHIDAS in many senses. The results of
the investigations of the DOT are entered in the
HMIRS as well, which partially compensates for
those spills that are not reported by the carrier.
MHIDAS is definitely focused on large-scale acci-

All in all, HMIRS is superior to MHIDAS as a source
of data for the estimation of ignition probability, essentially
because: a) it is compulsory by law to enter accident data;
and b) its scope is spills at large and not only large or
medium scale accidents. Moreover, HMIRS permits the
user to allow for the amount of substance spilled, which is
an important parameter affecting the probability that a
certain spill be ignited or not.
Yet, HMIRS has some shortcomings, the most
important of which is that it does not allow for the type of
fire initiated by a spill. Figure 3 is a generalised event tree
for the spill of a flammable material. This tree is used in
probabilistic risk analysis either in the simple form shown
or in a more elaborated way, e.g. with additional bifurcations that take into account prevention or protection
systems. Even so, however complex the event tree chosen
to account for the outcomes of flammable spills, identifying
values for probabilities P1 (immediate ignition), P2 (delayed
ignition) and P3 (blast wave formation) is often necessary.
By not providing information on the type of fire, HMIRS
allows to identify P3, but cannot be used to assign specific
values to P1 and P2. Since it is not possible to know
whether a fire was a pool fire, a jet fire (immediate ignition)
or a vapour cloud fire (delayed ignition), the probability of
immediate ignition and that of delayed ignition can not be
estimated separately. This means that the last column of
Table 1 represents an overall ignition probability
(P1 þ P1  P2).
CONCLUSIONS
Accident databases can be used to estimate ignition probability of flammable spills. Nevertheless, several conditions
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Initiating event

Immediate
ignition

Delayed
ignition

Blast wave
formation

YES
P1

Pool fire or jet fire

Spill
YES
P2

YES
P3

Explosion

NO

Vapour cloud fire (with possible pool fire)

P3

NO
P1

Final outcome

NO

Cloud dispersion

P2

Figure 3. Event tree for a flammable spill
EPA – CEPPO, 1995, User’s Guide to Federal Accidental
Release Databases, Report EPA 550-B-95-001, September
1995, Washington, D.C.: Environmental Protection
Agency. Available online at: ,http://yosemite.epa.gov/
oswer/ceppoweb.nsf/vwResourcesBy Filename/User.pdf/
$File/User.pdf. [consulted 04/07/2005].
Mannan, S. [ed.], 2004, Incident Databases, in: Mannan,
S. [ed.], Lees’ Loss Prevention in the Process Industries,
Third edition, Amsterdam [etc.]: Elsevier Butterworth-Heinemann, vol. 3, Appendix 33.
Mary Kay O’Connor Process Safety Center, 2002, Feasibility of
Using Federal Incident Databases to Measure and Improve
Chemical Safety, MKOPSC Report 2002-02, College
Station, TX: The Texas A&M University System. Available
online at: ,http://ncsp.tamu.edu/AssessmentReports/
2001_Assessment_Reports/Database%20Report.pdf. [consulted: 11/28/2006].
Rhoads, R.E., 1978, An Assessment of the Risk of Transporting
Gasoline by Truck, Washington, D.C.: US Department of
Transportation.
Ronza, A., Carol, S., Espejo, V., Vı́lchez, J.A. and Arnaldos, J.,
2006, A Quantitative Risk Analysis Approach to Port Hydrocarbon Logistics, Journal of Hazardous Materials, 128(1):
10-24.
Ronza, A.; Vı́lchez, J.A.; Casal, J., 2005, Estimation of Ignition
Probability Data for Flammable Hydrocarbon Spills Using
Historical Analysis, poster presented at X Congreso Mediteráneo de Ingenierı́a Quı́mica – Barcelona.
Simmons, J.A., 1974, A Risk Assessment of Storage and Transport of Liquefied Natural Gas and LP-Gas, Final report for
contract 68.01.2695, Washington, D.C.: Environmental Protection Agency.
USCG [United States Coast Guard], 2002, Chemical Hazards
Response Information System (CHRIS). Online: ,http://
www.chrismanual.com/findform.idc. [consulted: 05/30/
2006].
VROM [Ministerie van Volkshuisvesting, Ruimtelijke Ordening en Milieubeheer], 2005, Guidelines for Quantitative
Risk Assessment. “Purple Book”. CPR18E, 2005 edition,
Den Haag: Sdu Uitgevers.

are required to the database, which are listed and discussed above. The demonstration of the characteristics
of an ideal ignition probability source was carried out
using two specific databases (HMIRS and MHIDAS).
HMIRS proved far better as a source of ignition probability data.
Since results with HMIRS were promising, it would
be interesting to evaluate other US federal DBs, like IRIS,
a huge data systems maintained by the USCG (probably
not as reliable as HMIRS), HSEES, focused on chemical
products only (oil products are excluded), ARIP, etc. See
Mannan (2004) and Mary Kay O’Connor Process Safety
Center (2002) for information on these data systems.
Future work may also entail the use of data mining techniques in order to investigate what variables influence
ignition probability. While it is clear that the type and
amount of substance spilled play a decisive role, the importance of aspects such as spill cause, transport/storage mode,
process equipment affected, etc., still has to be analysed
satisfactorily.
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IDENTIFICATION OF ACCIDENT SCENARIOS IN PESTICIDE BATCH UNITS WITH THE
HELP OF THE ARAMIS METHODOLOGY
Cécile Fiévez, Laurent Servranckx, Christian Delvosalle and Sylvain Brohez
Faculté Polytechnique de Mons, Major Risk Research Centre, 56 rue de l’épargne 7000 Mons, Belgium;
Tel.: þ32 65 37 44 01, Fax: þ32 65 37 44 07, e-mail: cecile.fievez@fpms.ac.be
ARAMIS is the acronym for “Accidental Risk Assessment Methodology for IndustrieS”. This
program was developed during the years 2002 – 2004 and was funded by the fifth European
Framework Program. The objective of ARAMIS is to propose a whole package of tools devoted
to safety in process industries, including the identification of accident scenarios and the assessment
of their severity, the evaluation of the quality of the safety management system and the quantification of the vulnerability of industrial surroundings.
The “Major Risk Research Centre” of the “Faculté Polytechnique de Mons”, in Belgium, was
responsible for the development of tools related to the identification of accident scenarios. The
research led to the development of two methodologies, the first one for the identification of
major accident hazards, and the second one for the identification of reference accident scenarios,
taking into consideration the safety systems implemented. The main tools used for the risk analysis
are based on the representation of accident scenarios with bow-ties.
In 2005 and 2006, this methodology has been successfully applied on various industrial plants in
Belgium. This paper will present the use of the ARAMIS methodology for a pesticide plant. The
paper will focus on the risk analysis performed for a batch unit producing weed killers. The unit
includes an atmospheric storage tank farm for flammable solvents and its truck unloading area;
the pipe network linking the storage and the process area; and finally the process area mainly
composed of batch reactors with heat exchanger, and transfer pumps.
The paper will describe the main steps of the risk analysis, starting from the selection of hazardous equipment, the choice of relevant loss of containment events, the building of fault trees
through generic fault trees proposed by the methodology, and the building of event trees taking
into account the safety systems used in the unit.
The result of the analysis is a set of reference accident scenarios, including the influence of the
safety systems and also their probability of failure on demand. These scenarios are used for the
safety report requested by the Seveso II Directive. Some possible improvements were also
identified during the risk analysis.
The paper will also focus on the specificities of the risk analysis, that means the separate
analysis of each step of the batch process and the high level of manual operations requested by
the process. This represents the first application of the ARAMIS methodology on a batch
process. Last but not least, it will be shown how the methodology used is able to handle in the
same approach the occupational safety and the major risks.

KEYWORDS: ARAMIS, risk analysis, batch process, seveso directive, safety report, pesticide unit

insecticides, and liquid weed killers. Some of them are
aqueous solutions, others are formulated on the basis of
flammable solvents. The plant also produces powders
whose composition depends on the request of the customers.
Activities are characterised by a large number of raw
materials and a very large number of formulated products.
The production is scheduled by batches.
The plant is covered by the Seveso II Directive and is
classified as an upper-tier establishment, due to its inventory
of eco-toxic substances. The plant operator has thus to write
a safety report, and, before this, he has to perform a risk
analysis on the installation.
One of the key points of the risk analysis is the identification of accident scenarios. This topic is particularly
important in this case, due to the great variety of substances

INTRODUCTION
This paper gives an overview of the ARAMIS methodology
for risk analysis. This methodology is the result of an
European research program. It is here applied in a pesticide
human-operated batch unit. The paper focus on the description of the ARAMIS methodology, and also on the
specificities of this particular risk analysis, that means the
high quantity of human operations requested by the
process and the separate analysis of each step of the batch
process.

DESCRIPTION OF THE PLANT AND CONTEXT
The risk analysis presented in this paper was performed on
a Belgian pesticide plant. This plant produces liquid
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handled and stored. It must also be stressed that a high
number of manual operations are requested by the process.
During the risk analysis, it could be identified that some
safety systems are missing for a good control of the
process, and thus actions could be decided. The final
objective of the risk analysis is to demonstrate that all the
accident scenarios are identified, and that all the safety
measures are taken in order to prevent the occurrence of
these scenarios and/or to limit their consequences.

accident are clearly identified on the bow-ties. Moreover,
the bow-tie is a tool particularly adapted to represent the
influence of safety systems on the evolution of the accident
scenarios. Safety barriers, technical or organisational, can be
placed on the different branches of the bow-tie. Prevention
systems are found on the fault tree side, and mitigation
systems are found on the event tree side. The bow-tie
enables to quickly visualise which safety system acts on a
scenario.
For all these reasons, the ARAMIS risk analysis
method, through the bow-tie representation, is the tool
chosen for the risk analysis and the writing of the safety
report of the considered pesticide plant. It is believed that
this tool will allow to demonstrate that all the possible
accident scenarios are identified, and that all the safety
measures necessary for the control of the accident scenarios
are taken.
The various steps of the risk analysis process are
explained below, after a description of the unit considered.

INTRODUCTION TO THE CHOSEN
METHOD: ARAMIS
ARAMIS is the acronym for “Accidental Risk Assessment
Methodology for IndustrieS”. This program was developed
during the years 2002– 2004 and was funded by the Fifth
European Framework Program. The objective of ARAMIS
is to propose a whole package of tools devoted to safety
in process industries, including the identification of accident
scenarios and the assessment of their consequences, the
evaluation of the quality of the safety management system
and the quantification of the vulnerability of industrial
surroundings (Salvi 2006). The “Major Risk Research
Centre” of the “Faculté Polytechnique de Mons”, in
Belgium, was in charge of the development of tools
related to the identification of accident scenarios. The
research led to the development of two methodologies, the
first one for the identification of major accident hazards,
and the second one for the identification of reference
accident scenarios, taking into consideration the safety
systems implemented (Delvosalle 2006).
The methodology is mainly based on the use of
bow-tie diagrams (Figure 1). The bow-tie is centred on a
critical event and composed of a fault tree on the left and
an event tree on the right. A critical event is generally
defined as a Loss of Containment (LOC) or a Loss of
Physical Integrity (LPI). The bow-tie concept is believed
to offer a good overview of the different accident scenarios
considered. Indeed, all the causes and consequences of an

DESCRIPTION OF THE UNIT ANALYSED
The unit on which the risk analysis was performed produces
weed killers in flammable solvent solution. The unit
includes a solvent storage area, with an unloading area for
road tankers, a pipe network connecting the storage and
process area, and finally a process area namely composed
of mixing vessels and pumps.
The solvent storage area is composed of ten atmospheric storage tanks, each one 50 m3 in volume, located in
a common retention bund. In six of these tanks, flammable
solvents are stored (Risk phrase R10 – Flammable).
Occasionally, methanol can be stored too (Risk phrase
R11 – Highly flammable and also R23 – Toxic by inhalation). The four other tanks contain eco-toxic liquids (Risk
phrase R51/53: Toxic to aquatic organisms, may cause
long-term adverse effects in the aquatic environment).
Some solvents are both flammable and eco-toxic. The
tanks are protected by a foam sprinklers system. Solvents
are regularly delivered by road tankers, each one 25 m3 in

Figure 1. Complete bow-tie with identification of prevention or mitigation safety barriers
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volume. The unloading area is located next to the storage
bund. The trucks are always inside a small bund during
the unloading operations.
The tank farm is located on the top of a small hill. The
process building is at the bottom of this hill. A pipe rack
connect the tanks and the weed killers process area. The
discharge of the solvent from the tanks to the process area
does not require any pump, thanks to the gravity.
All the process equipment are inside a building. The
process mainly consists in mixing active substances and
additives in a solvent, in order to produce weed killers.
The range of active substances is very wide. These can be
liquid or solid substances, and are chosen according to the
formula of the mixture ordered by the customer. The
process area includes five mixing vessels (with a global
capacity of 50 m3). The vessels work at atmospheric
pressure, and the temperature can be raised up to 708C
thanks to a double wall (jacket) in which hot or cold water
can circulate.
For the production, operators are always present in the
area. They have to choose the vessel in which they will
produce the mixture, and to connect hoses (allowing the
inlet of solvent in the mixing vessel). Active substances
are available in drums (liquid) or from hoppers (solid).
The addition of active substances and additives in the
mixing vessel is also made manually. An opening on the
roof of the mixing vessel allows the addition of the active
substances. A sucking system is situated above this
opening, to send vapours to a chimney.
The production cycle takes up to a couple of hours.
When the mixture is ready, it can be left in the mixing
vessel, sent to a temporary storage, sent to a packaging
unit (bottles ranging from 0.2 to 5 litres), or directly
packed in 1 m3 drums. The operators choose to send the formulated product to either one or the other packaging unit by
opening and closing the right valves. The transfer is made
with the help of centrifugal pumps. Between two productions, the mixing vessels can be washed by a flammable
solvent.

(flammable, explosive, toxic, etc), its physical state, its
tendency to vaporization in the case of liquids and the possibility of domino effect with other hazardous equipment
located nearby.
In the case analysed in this paper, the selected equipment are the unloading area (truck), the solvent tank farm,
the process mixing vessels, and the pipe network linking
the storage and process areas.

STEP 2: CHOICE OF RELEVANT CRITICAL
EVENTS
For each one of these pieces of equipment, bow-ties will be
built during risk analysis sessions. Each bow-tie is centred
on a critical event, which can be:
.
.

a catastrophic rupture or a breach on the wall of a vessel
(tank, truck, process vessel),
a leak or a full bore rupture of a pipe connected to one of
these selected equipment items.

STEP 3: BUILDING FAULT TREES THROUGH
GENERIC FAULT TREES PROPOSED IN THE
METHODOLOGY
One of the most important part of the analysis is the building
of fault trees (the left part of the bow-tie, according to Figure
1). ARAMIS proposes generic fault trees for each kind of
critical event (Aramis consortium members 2004, Delvosalle 2006). For each critical event, the generic fault tree
proposes a list of causes directly linked with this critical
event. Each cause is also detailed in a list of “intermediate
events” which could be encountered in the succession of
events leading to the accident. The “intermediate events”
are linked to “initiating events”.
For example, the critical event “large breach on a
vessel” could be caused by a variety of causes, including
internal overpressure, external fire load, mechanical
impact, etc. Each one of these causes could also be
induced by different phenomena, for example the internal
overpressure can be caused by the introduction of too hot
product in the vessel, or by a leak on an internal high
pressure coil, or by an undesired reaction, etc. These
phenomena are also detailed, each level in the generic
fault tree giving more and more details on the possible
basic causes of the accident. This set of causes forms what
is called the generic fault tree.
During the risk analysis session, the team goes
through the generic fault trees in minute details. Trees are
commented, revised, modified. Each cause (each branch of
the fault tree) is analysed in order to determine if it is relevant for the unit analysed. If yes, prevention systems
linked to this cause are pointed out and their reliability is
checked. The analysis has to be methodical: each selected
equipment item is analysed, and for this one each critical
event is reviewed through its generic fault tree.
This analysis allows to identify all possible causes of
accident likely to occur on the installation. The causes

STEP 1: SELECTION OF EQUIPMENT
Belgian competent authorities have published guidelines for
the writing of the Seveso safety report (FPS Labour,
Employment and Social Dialogue, 2001). These guidelines
contain requirement regarding the risk analysis, for both
the internal and external safety. In particular, the assessment
of risk related to the external safety must be performed on
equipment containing a quantity of hazardous substance
higher than a threshold mass. The threshold criteria are
fully described in a “Vade-Mecum” (Ministère de la
Région Wallonne, 2005). These criteria have been adopted
in the ARAMIS method (Aramis consortium members,
2004).
In a few words, a piece of equipment is selected as an
hazardous one if the contained quantity of hazardous substance is higher or equal to a threshold mass. This threshold
depends on the category of danger of the substance
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discussed are not only those proposed in the generic tree.
Additional causes are also analysed, because for each kind
of phenomenon, the team wonders about what can go
wrong in the unit. Causes suggested in the software
PLANOP (FPS Labour, Employment and Social Dialogue,
2006) are also analysed.
Due to the batch nature of the process, the risk analysis has to be adapted. It was chosen to analyse each step of
the production, starting from the introduction of raw
materials (from the different sources: solvent storage farm,
drums of active substances, hoppers). The mixing vessels
are then analysed, paying special attention to the different
situations encountered: the feeding phase, the production
phase, the discharge to packaging units, the washing of
the vessels. So, for each branch of the fault tree, the risk
analysis team has to wonder if the cause is possible not
only during the mixing process, but also in each step of
the production process.
The process is also particular due to the wide variety
of substances used. To cope with this, representative
substances are chosen, with hazardous properties covering
the range of hazards encountered in the unit. For example,
the solvent with the lower flash point is retained as representative flammable substance for the various flammable
solvent used in the unit.
A special attention is also paid to the possible interaction between substances. A matrix of incompatibilities
is defined and the risk of mixing incompatible substances
is taken into account.
Finally, it must be stressed that special consideration
is given to causes linked with human error, due to the high
quantity of manual operations.

accident, the operators are always able to operate these
safety systems.

STEP 5: RISK MATRIX
After the building of the event trees, a list of accidents
likely to occur is obtained. Each accident is characterised
in terms of frequency (through a quantification of the frequencies in the fault tree and in the event tree, and
through the quantification of the probability of failure on
demand of the safety systems). The consequences of each
accident are also assessed. A deterministic calculation of
the consequences is carried out with the help of a simulation
software (distances to effect threshold, for example 44, 32
and 8 kW/m2 for radiation).
The different accident scenarios are put in a risk
matrix defined in the ARAMIS project (Delvosalle, 2006).
This matrix is presented in Figure 2. The X-axis corresponds
to four consequence classes, ranging from the less
severe (Class C1) to the most critical ones (Class C4). The
Y-axis corresponds to the frequency of the accident
scenarios. Three zones are defined in this matrix. The
lower “green” zone (“Negligible effects” zone) corresponds
to dangerous phenomena with a low enough frequency
and/or consequences. The intermediate “yellow” zone
(“Medium effects” zone) corresponds to accident scenarios
which will probably have actual effects on the level of
hazard of the plant. The upper “red” zone (“High effects”
zone) corresponds to very dangerous accident scenarios
which will surely have actual effects on the level of
hazard of the plant. Corresponding accident scenarios
should be revisited in order to put additional safety
systems in place.
This risk matrix offers the advantage to point out
accident scenarios needing additional protection measures,
as well as those being correctly managed. For the accident
scenarios needing additional measures, it can be tried to
add safety systems in order to decrease the frequency of
occurrence of the accident, or to decrease the potential
consequences. It can also be tried to increase the reliability
of existing safety systems, or to act on the human factor
(education, management system, emergency procedure, personal protective equipment, etc) as this one is very important
in a man-operated unit like this one.

STEP 4: BUILDING EVENT TREES
The analysis carried out through the fault tree leads to a set
of critical events. In the considered unit, most of the cases
concern leaks of flammable or eco-toxic liquid.
Some other cases are related to the emission of flammable
vapours through the sucking system.
Critical events are characterised, in terms of duration
and quantity involved in the release. For each critical event,
an event tree is built, describing the evolution of the accident
according to the characteristics of the release and to the
properties of the substance involved (mainly its physical
state).
For each event in the event tree, mitigation systems
can influence the accident. The risk analysis team identifies
all safety systems and emergency actions, determines how
these systems influence the accident (for example, the
closing of valves will limit the duration of the leak, the presence of a bund will limit the extend of the pool, the system
of treatment of liquid effluent will be able to handle a certain
quantity of eco-toxic liquid and will prevent the pollution
of the river nearby, etc.).
This step is also influenced by the high quantity of
manual operations in the unit: some mitigation systems
are human controlled and it must be verified if, in case of

Figure 2. Risk matrix
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Table 1. Example of summary of the risk analysis process (extract)
Unit
Section
Scenario
Main causes
Uncoupling of a hose
(transfer between vessels,
feeding of solvent, or
rupture due to hammering)
Human error (uncoupling of a
hose, forgetting of closing
an outlet valve on a mixing
vessel before feeding
solvent, overfilling)
Loss of the integrity of the
vessel due to loss of
mechanical strength (due to
a fire in the building)

Weed killers process
Mixing vessels (feeding phase)
Leak of flammable substance

Frequency (year21): . . .

Associated barriers

Main consequences

Associated barriers

Good coupling procedures;
system to make liable the
coupling of the hose and
the fixed pipe; use of
pneumatic pumps
Working procedures, training
of operators, level control
and alarm

Pool formation and emission
of flammable vapours

Limitation of the duration of
the leak (intervention of an
operator, valve closing)

Ignition of a flammable pool
(coming from a mixing
vessel: max 17 m3)

Automatic sprinkler system
linked with fire detection

Ignition of a flammable pool
(coming from a solvent
storage tank: max 50 m3)

Automatic sprinkler system
linked with fire detection

Automatic sprinkler system
linked with fire detection

Last but not least, this approach allows to identify as well
major accident as minor ones, and thus offers also a comprehensive overview of accident scenarios to be included for
occupational health and safety issues.

RESULTS
At the end of the risk analysis, the following results are
obtained:
. The relevant hazardous equipment are identified.
. For each equipment item, the critical events are identified.
. The causes of each critical event are identified and analysed, for the different steps of the batch process.
Related safety barriers are checked, their reliability is
assessed and they are put on the fault tree, which gives
a good overview of the possible sequence of the accident.
. The consequences are described within the frame of
event trees, taking into account the safety systems and
their influence.
. The accident scenarios are put in a risk matrix, which
allows to identify critical ones and to point out scenarios
needing additional protection measures.
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All these results are described in the safety report, and also
summarized in tables like table 1.
Through this risk analysis, it can be demonstrated that
the possible accidents are identified and that all needed
safety measures are in place in order to prevent the occurrence of the accident and/or to limit its consequences.
In the case presented in this paper, the specific aspects
of batch processes are handled through a very methodical
approach during the risk analysis. The use of the generic
fault trees of ARAMIS is adapted for a “life-cycle”
approach in which each step of the batch process is
analysed. Moreover, the generic fault trees include a lot of
suggestions concerning human error possibilities, which
make easier the risk analysis for human-operated process.
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The population density in the EU is rather high, and buildings, industrial activities, or agriculture
practically spread all over the accessible areas. However, rather large portions of land where people
live, work or travel are submitted to not negligible risks in case of natural as well as technological
catastrophes, and in most areas different risk sources are simultaneously present. In order to assess
the risk in a given area, and establish sound criteria for land use planning, risk maps are often used.
For natural hazards, separated maps are generally available for each risk source (earthquake, flooding, etc.); for technological hazards, individual risk maps can be calculated based on safety reports
and hazardous materials transportation data. Land use planning is then based on the risk maps relevant to each specific risk source, for example, establishing proper safety distances between the risk
source under exam (an industrial plant, a river, etc.) and various types of area or activity (industrial
areas, residential areas, hospitals, etc.). However, this approach may give not consistent results
where different risk sources are simultaneously present; moreover, in many cases natural disasters
may trigger major industrial accidents, originating the so-called na-tech (natural-technological)
events. A land use planning policy based on risk maps relevant to single risk sources may be probably adequate when one of them is much more hazardous then the others, but may result in an insufficient protection when various risk sources are simultaneously present in the area.
This paper aims at assessing the overall risk level based on the characteristics of the different
natural and technological risk sources in the area, with the objective of obtaining comprehensive
risk measures, to be used as reference information for land use planning. The concepts of “frequency” and “consequences” vary depending on the considered risk source, and the possibility
of applying to natural disasters the risk measures usually adopted for the technological risks (individual risk at geographical locations and F-N curves) is discussed, based on data availability and
accuracy. The use of homogeneous risk measures, however, makes it easier to compare the
results for different risk sources and to sum them up to obtain the overall risk in the area under
exam. A simplified approach, based on a dimensionless “risk index”, quantitative or semiquantitative measure of the risk (depending on the availability of more or less accurate information), is also developed. Risk index maps for each risk source can be easily produced by
means of GIS (Geographical Information System) tools, and overall risk maps can be obtained,
too, provided that the overall risk index has been properly defined as a function of the single
source risk indexes. To this end, a multicriteria hierarchical approach, based on expert judgement,
is used. The overall risk assessment methodology is applied to a study area in Italy, at risk for seism
and landslides, and where some technological risk sources (Seveso installation, hazardous materials
transportation) are also present; the results are discussed from a land use planning point of view.

KEYWORDS: land use planning, risk index, na-tech risks, technological risk, natural risk, GIS, risk
mapping

residential area, etc.) and/or activity (parking lot, school,
etc.) proper safety distances from the risk source(s) are
established, according to experience, or deriving from a
“consequence based” or a “risk based” approach. When
the area is also subject to some natural hazards (for
example, earthquakes, or floods), more restrictive construction standards, or additional safety distances, may be
required. In practice, any development in the “vicinity” of
one or more Seveso establishments (i.e. those where a
major accident may occur) should separately respect all
the provisions enforced for any natural and/or technological
hazard in the area. However, a land use planning policy

INTRODUCTION
The population density in the EU is rather high, and buildings, industrial and agricultural activities practically
spread over almost all the accessible areas. However,
rather large portions of the land where people live, work
or travel are submitted to not negligible risks, from natural
and/or technological origin; moreover, in most areas
different natural and/or technological risk sources are
simultaneously present.
Different land use planning criteria may be adopted
depending on the specific risk source under exam: in
most cases, for each type of development (industrial area,
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based on risk maps relevant to single risk sources may result
in an insufficient protection when both natural and technological risk sources are simultaneously present. In fact, the
different risk sources may interact causing an increase in
the overall risk level, due to various types of domino
effects: for example, it is well known that natural disasters
may trigger industrial accidents, originating na-tech
(natural-technological) events.
It is obvious that, in order to establish sound criteria
for land use planning, all the risks in a given area should
be accurately assessed: the arrangement of a comprehensive
risk map would be extremely useful, but maps of this type
cannot be easily obtained. In fact, generally, risk maps use
specific risk measures depending on the involved phenomenon, making it very difficult to sum risks deriving from
different sources and to get an effective picture of the
overall risk in the area. As a matter of fact, for most
natural hazards (earthquakes, floods, etc.), risk maps show
some specific risk index, or indicate the expected intensity
of the phenomenon, or locate the area interested by the
phenomenon; in some cases, maps are referred to given
time intervals between two subsequent occurrence of the
same phenomenon (the so-called return time). Therefore,
directly obtaining risk maps accounting for a number
of different natural phenomena is practically impossible.
As far as technological hazards are concerned, individual
risk maps are often used, where the risk at any location
is estimated based on the expected frequency of occurrence of some “top events” associated to the industrial
activity under exam (process plant, transport of hazardous
materials, etc.) and on the extension of the impact areas
where the consequence of such top events may cause
fatalities. In this case, due to the uniformity of the used
risk measure, it is rather simple to obtain overall risk maps
taking into account technological risks of different origin.
Despite of the problems described above, a “risk
based” approach appears largely preferable than a “consequence based” one in order to properly address land use planning in the presence of different types of hazards. In fact, the
former takes into due account also the expected frequency of
such catastrophes, which, in most case, assumes very low
values. Nevertheless, the adoption of a “risk based” approach
would require some homogeneous “risk measure”, which
should be conveniently applied to assess the risk associated
to any type of risk sources, to be defined.
This paper discusses the possibility of defining a risk
index, i.e. a quantitative measure of the risk, based on the
information usually available for different natural and
technological risk sources, and shows an application
where this risk index is used to obtain individual and
global risk maps of an area including both technological
and natural risk sources.

hazardous phenomena, respectively: the former include
any type of process plant, storage and transportation activity
concerning products and raw materials; the latter include all
natural disasters, such as floods, landslides, earthquakes,
tsunamis, volcanic eruptions, wind-related storms, wildfires,
etc. For technological risks, the main concern is represented
by the release of hazardous material (hazmat) which may
cause fires, explosions or toxic clouds; natural events generally have a great destruction potential and, in some cases
(volcanic eruptions and wildfires) may originate toxic
clouds. Moreover, natural events may cause technological
malfunctions, possibly originating also hazmat releases
(Young et al., 2004): this last typology of events are referred
to as natural-technologic (na-tech) events.
In order to outline the methodology, the focus will be
on two types of technological, and on two types of natural
risk sources, even if the proposed approach can be applied
to any number of different technological and natural risk
sources. In particular, technological risk deriving from
Seveso establishments (EC, 2003) where hazardous
materials are stored, used or produced, and from hazmat
transportation activities will be considered, together with
natural risks associated to earthquakes and landslides.
Quantitative risk analysis (QRA) approaches are well
established in order to assess the individual risk (i.e. the
probability that an individual, at a specific geographical
location, would die, over a time interval of 1 year, due to
an accident originated from a given risk source) for both
fixed installations (CCPS, 2000) and hazmat transportation
activities (CCPS, 1995). A number of hazardous top
events are preliminary identified, their frequencies of occurrence are assessed, and consequence analysis simulations
are carried out to estimate the impact areas where fatalities
have to be expected. Finally, the individual risk values are
calculated at any geographical location in the vicinity of a
Seveso establishment and/or of a hazmat transportation
route, obtaining their respective risk maps; overall risk
maps can be obtained by summing up, at any given location,
the individual risk deriving from all technological risk
sources in the area.
Technological risk assessment requires the individual
risk values to be compared with suitable risk thresholds:
acceptability criteria are often based on two different
thresholds, one, higher, for unacceptable risk and one,
lower, for acceptable risk: the zone in between is the socalled ALARP region, where the risk should be reduced to
a level As Low As Reasonably Practicable. The numerical
values of these thresholds may change depending on the
Country and on the situation (existing or new plant, fixed
installations or hazmat transportation); in principle, the
threshold limits may vary depending on number and type
of risk sources present in the area (one or more Seveso
establishment; including or not hazmat transportation).
Nevertheless, reference is often simply made to the UK
(HSC, 1991) ALARP thresholds (1.1024 –1.1026 #/yr).
In such instances, the individual risk, currently used
for mapping technological risks, appears a risk measure suitable to assess the risk level at any location of a given area.

TECHNOLOGICAL AND NATURAL
RISK MEASURES
Technological and natural risks can be defined as the risk
potentially associated to industrial activities and to natural
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However, moving to natural risks, the situation is rather
different, depending on the natural phenomenon under
exam, and, unfortunately, no risk measure similar to the
individual risk is actually used.
With reference to earthquakes, for example, a number
of seismic intensity measures exist, such as the popular
Richter scale and, in Italy, the Mercalli-Cancani Sieberg
(MCS) scale, but also the peak ground acceleration (PGA)
with respect to gravity, the Housner spectral intensity
(area below the pseudo-velocity spectrum for a fixed frequency range, typically, 0.2–2 s or 0.1– 0.5 s), etc.
Seismic intensity maps are usually referred to some
“return time”, which is the expected time interval between
2 seismic events of a given intensity. Maps are available
for return times ranging from some tens years to a few thousands years: the higher the return time and the higher the
seismic intensity (catastrophic earthquakes occur less frequently than less severe ones). However, none of the available map or seismic intensity measures is directly related to
the probability that an individual in a given location will die
due to an earthquake in a given period of time. Generally
speaking, the higher the seismic intensity and the higher
the damages, and, accordingly, the death toll, but damages
also depend on design criteria and materials used for buildings in the area, making it rather difficult to set seismic
intensity thresholds for earthquake related mortality.
Seismic risk indexes are also available: for example,
in Italy, a global seismic risk index is defined based on the
fraction of houses undergoing destruction and on the
people expected to live in these houses. A risk level is
assigned to any location, or area, but no acceptability or
unacceptability criteria are defined: as a matter of fact, the
value of the index rules the construction requirements to
be fulfilled.
This situation gets worse when considering other
natural risk sources, such as floods or landslides, where
the information is generally limited to maps of the areas
interested by these phenomena, for example, flooded areas
or zones where landslides occurred in the past: in the
former case, maps at different return times (ranging from
few tens to some hundreds of years) are available. Some
additional information also exist, such as floodfrequency distribution laws (Malamud and Turcotte,
2006), or historical mortality data, allowing to assess the
societal risk associated to landslides (Guzzetti, 2000): in
both cases, however, the data do not allow to derive any
risk measure similar to the individual risk. Moreover, in
most case, the data are in an on-off form: here you had a
landslide an there you had not, which makes even more difficult to derive risk maps.
Finally, when examining na-tech risks, a QRA
approach can be used, the hazard being related to the
release of a hazmat (i.e. to a technological risk), provided
that the frequency of the natural event causing the release
can be assessed. The typology of natural events more
often reported to trigger a significant hazmat release are
earthquakes, followed by floods and storms. Data concerning frequency and intensity of these phenomena are gener-

ally available, even if it may be difficult to assess the
expected damage extent for the exposed industrial structures
and, therefore, the probability of hazmat release. In principle, however, na-tech risks can be considered as a
worsening factor of technological risks, i.e. the effect of
the natural event is, mainly, that of increasing the hazmat
release frequency, rather than that of increasing the impact
area affected by the consequences of that hazmat release.

DERIVING INDIVIDUAL RISK MEASURES FOR
NATURAL CATASTROPHES
In order to assess the risk at any given location of a study
area, the individual risk measure seems very suitable, and
it can be easily obtained for technological risks (and,
likely, for na-tech ones). This paragraph will explore the
possibility of deriving an individual risk measure from the
information relevant to natural risks.
In the case of seismic risk, a number of data are available concerning the intensity and the frequency (return time)
of the events. In order to derive an individual risk measure,
however, the “intensity” of the earthquake should be linked
with the “damage” to the exposed individual. Even if the
number of casualties associated to some seismic events is
generally known, the total number of individuals who
were actually exposed to that seismic intensity is generally
unknown. In most cases, the population hit by an earthquake
is given as the number of residents in the rather large area
where some effects were experienced, and not in the more
restricted area where the intensity reached its maximum
value. In a recent work (Chou et al., 2004), with reference
to the earthquake hitting Taiwan in 1999, a total of
297,047 victims, who experienced partial or complete
dwelling damage is reported (in comparison with 1.43
million residents in the earthquake area): 295,437 victims
survived the earthquake and 1,610 died within 40 days
from the seismic event. Accordingly, a death probability
of 5.42.1023 can be calculated for an earthquake scoring
7.3 on the Richter scale, i.e. a major earthquake. Death probability depends remarkably (but not exclusively) on the
seismic intensity: then, an attempt can be made to link the
intensity of the earthquake to the probability of death
among the exposed population, for example by assuming
death probability as a linear function of the energy released
in the seism, and setting the coefficient based on the datum
of Taiwan seismic event:
DP ¼ 2:581  1019  E

(2)

where DP is the death probability and E is the energy
released in the seism, expressed in Joules.
Table 1 lists the correspondence between MCS and
Richter scale, the energy released from the seism, and the
values of death probability calculated for seisms ranging
from 6 to 11 of the MCS scale.
It can be noticed that earthquakes scoring up to 5.4 on
the Richter scale are generally considered not strong enough
to cause structural damages, and, in most cases, do not

3

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153

divided by the average number of landslides per year: by
using the 20th century Italian values (59.4 death per year,
and about 1800 events per year), a death probability
of 0.033 is obtained. However, in order to estimate an
individual risk measure, the expected frequency of landslides at the location should be known, and such figures
are not available. By examining the list of major landslides
disasters in Italy (Guzzetti, 2000), some recurrences of landslides in the same areas can be observed, the highest frequency being 3 times over a 100 year period: accordingly,
a very approximate estimate of landslide frequency, in the
area where such events do occur, can be set at 3.1022
events per year. By combining this value with the average
death probability, an individual risk estimate of about
1.1023 #/yr (which would correspond to an unacceptably
high risk level) is obtained inside the landslide areas.

Table 1. MCS and Richter scales, energy released in the seism
and death probability
MCS scale
6
7
8
9
10
11

Richter scale

Energy (J)

Death probability

5.4
6.1
6.5
6.9
7.3
8.1

5.7.1011
2.8.1013
2.5.1014
2.3.1015
2.1.1016
1.7.1018

1.47.1027
7.23.1026
6.45.1025
5.94.1024
5.42.1023
4.39.1021

cause casualties: as a matter of fact the death probabilitycalculated in this case is very low (1.47.1027).
Combining the information relevant to seismic intensity at different return times with that of the corresponding
death probability, an individual risk measure can be
obtained. In Italy, MCS intensity data are available at
return times of 95, 475, 975 and 2475 years. The
maximum value of MCS intensity corresponding to these
return times are 7.6, 9.5, 10.4 and 10.8, respectively,
giving rise to a maximum individual risk for seismic
events equal to 9.12.1025 #/yr, close to the highest limit
of ALARP region (HSC, 1991) for technological risks.
In the case of landslides, less, and less detailed, data
are available. For example, in Italy, maps generally report
the highest point at the origin of the landslide, the area
covered (or the line of soil fracture, for smaller landslides),
and the direction of the landslide movement (Reichenbach
et al., 1998). Moreover, it has to remarked that landslide
intensity (for example, landslide area) is not necessarily
related to the number of deaths: for example, the slope
failure at Ancona in 1982, involving the movement of 220
ha of urban and suburban land, the destruction of 280 buildings and the displacement of more than 2.5 km of roads and
railway, caused just 1 death (indeed, by hearth attack).
A database exists of landslides that caused death,
missing people, injuries and homelessness in Italy in the
period 1900–1996 (Cardinali et al., 1998): it contains
18,000 records, and in 8% of the cases human consequences
are reported. The annual frequency of events causing fatalities is estimated as follows (Guzzetti, 2000):3 fatalities,
above 3/yr;  10 fatalities, approximately 1/yr;  100
fatalities, less than 0.01/yr. The average number of landslide death or missing people per year, in Italy, in the
period 1900 –1999 is 59.4 (just for comparison, the
average figure for earthquakes is 1350 people/yr).
It is apparent that deriving an individual risk measure
from such information is a difficult task, affected by remarkable uncertainties: the maps locate where landslides
occurred in the past, but future landslides may occur at
different locations (for example, due to new human activities, like deforestation, in the area); death probabilities
cannot be reliably associated to the “intensity” of the landslide (for example, to its extension). A very rough estimate
of the death probability inside a landslide area can be based
on the average number of landslide fatalities per year,

METHODOLOGY
The examples given above show how questionable is, at the
moment, to derive individual risk measures from the data
available for natural hazards, and make evidence of the
enormous uncertainty which accompanies such estimates;
nevertheless, comprehensive risk maps of the areas where
natural and technological risk sources coexist would be of
the greatest utility for land use planning scopes. This
poses the need of defining a new risk measure, as similar
as possible to the individual risk, but which should be
easily calculated, for all technological and natural risk
sources, based on the available information.
The basic idea is that of defining a risk index, RI,
varying in the range 0–1, where 0 should represent a low,
and generally accepted (i.e. negligible), risk level, and 1
an unacceptably high risk level limit (Mazzarotta and
Silvetti, 2006). When individual risk maps are available
(as is usual in the proximity of Seveso installations) a correspondence between the risk index RI and the IR values can
be set as follows;
RI ¼

log10 IR  log10 IRneg
NOM

(3)

where IRneg is the individual risk value corresponding to a
negligible risk and Nom is the number of orders of magnitude separating an unacceptably high risk from a negligible
one. For example, individual risk may be considered as negligible at the lower limit of the ALARP zone, 1.1026 #/yr
(HSC, 1991), or at a conveniently lower value (e.g. 1.1027
#/yr). Unacceptably high risk levels may correspond to
the higher limit of the ALARP zone, 1.1024 #/yr, or at a
higher value (e.g. 1.1023 #/yr):accordingly, the risk index
interval 0–1 may correspond to a range of 2 or more
orders of magnitude of the individual risk.
When the information is more qualitative (as occurs
for landslides) the risk index may reduce to a mere on-off
index (i.e. assuming the value 0 outside of landslide area
and the value 1 inside landslide area). Therefore, depending
on quantity and quality of the available data, the risk index
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Nom ¼ 4, and the risk index maps shown in Figures 1 and
2 were obtained. It can be noticed that only the zones
within the installation or close to the hazmat routes are at
risk due to the considered technological risks sources.
The risk index for earthquakes and landslides was
estimated for each mesh of the study area, based on the
assumptions reported in the methodology section, obtaining
the maps shown in Figures 3 and 4. Earthquake risk in all the
area is very high, while landslide risk is also extremely high,
but in a few scattered zones.
The overall risk maps for technological and natural
risks are separately shown in Figures 5 and 6: it can be
noticed that natural risks are high and affect much larger
areas than technological ones; the latter reach unacceptably
high values only within the plant area.
Finally, the comprehensive risk map of the study area,
including all considered natural and technological risk
sources, is shown in Figure 7. It can be noticed that
the overall risk index is rather high in almost all the study
area, mainly due to the contribution of earthquakes. The
installation is located in an area where no landslides
occurred in the past, but at high seismic risk: therefore, in
the case under exam, the probability of na-tech risks
seems remarkable, even if plant design would comply
with seismic requirements.
Land use planning in the area should account for the
presence, and intensity, of the different risk sources.
Figure 8 shows the population density in the area, making
evidence that practically all population is subject to a high
seismic risk, a part of it is subject to severe landslide risk,
while technological risks only marginally affect populated
areas. However, a more comprehensive picture can be
obtained taking into account the actual land use in the
area: maps, such as those available from Corine Land
Cover project (Annoni and Cumer, 1995) allow to locate
various types of different agricultural and natural areas
and, in addition, industrial areas, infrastructures, and
public and private structures. The comparison of this information with the risk maps, both those relevant to the individ-

may be set more or less accurately but, in all cases, its value
will give an immediate measure of the risk level.
For example, for earthquakes, based on the Italian data at
a return time of 975 years, the risk index may be set at 1
(unacceptably high) for MCS . 10, at 0.75 (high) for MCS
in the range 9– 10, at 0.5 (moderate) for MCS in the range
8–9, at 0.25 (low) for MCS in the range 6– 8, and at 0
(negligible) for MCS , 6.
The risk index can be calculated at any location of the
study area, plotting separate risk maps for any risk source in
the area: the most convenient approach would be that of
using GIS instruments, dividing the study area into square
meshes (50 –500 m in side) and calculating the risk index
value for each mesh. Such maps can be easily updated,
should more accurate data become available, and refined,
assuming a smaller mesh size. Comprehensive risk index
maps can also be obtained by summing up, for each mesh,
the risk index values RIj deriving from the different risk
sources as follows:

RI ¼

log10

P

Nom RIj
j 10

NOM


(4)

APPLICATION
The methodology was applied to a study area of
20 km  20 km in Sicily, where both technological risks
(a large refinery and hazmat transport activities) and
natural risks (earthquakes and landslides) are simultaneously present. The study area was centred on the
Seveso installation, and divided into 500 m  500 m
meshes; the inner portion of the study area (2 km  2 km)
was divided into 50 m  50 m meshes to get a more
accurate picture within the industrial installation and in its
immediate vicinity. Individual risk maps were derived
from the available data (for details, see Mazzarotta and Silvetti, 2006): negligible and unacceptably high risk levels
were set as 1.1027 and 1.1023 #/yr, respectively, with

Figure 1. Seveso installation risk index map

5

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153

Figure 2. Hazmat transport risk index map

Figure 3. Earthquake risk index map

Figure 4. Landslide risk index map
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Figure 5. Technological risk index map

Figure 6. Natural risk index map

Figure 7. Overall risk index map
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Figure 8. Population density in the study area
delle informazioni sulle località italiane colpite da frane e da
inondazioni, Publication n.1799, CNR Gruppo Nazionale per
la Difesa dalle catastrofi Idrogeologiche, Perugia (in Italian).
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Reichenbach, P., Guzzetti, F. and Cardinali, M., 1998, Carta
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ual risk sources of interest for the targets under exam and the
overall one, may be of the greatest utility for proper land use
planning.

CONCLUSION
The proposed methodology represents a useful tool for
obtaining comprehensive risk maps of areas where a
number of different risk sources (both technological and
natural) are simultaneously present. The main advantage
of using the risk index here introduced is that of obtaining
a quantitative risk measure which can be related to any
type of available information, both qualitative and
quantitative, allowing to account for data of any accuracy,
which can be easily updated and/or refined at any time,
introducing any type of additional risk source. Even if
it is obvious that the detail of the obtained risk maps
will reflect the “quality” of the available information,
nevertheless their knowledge can be of great importance.
For example, the maps can show whether the coexistence
of natural and technological risks is some areas may give
rise to na-tech risks, and in which zones this may occur.
The knowledge of such risk maps, to be compared with
vulnerability maps, showing the distribution, and types,
of targets in the area, may allow to prepare more detailed
emergency plans, for the areas where the cumulative risk is
higher. Finally, Competent Authorities in charge for land
use planning may found their decisions on a more detailed,
and comprehensive, picture of the risk in the area.
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QRA’S FOR DUTCH INSTALLATIONS. I. NEW DUTCH RISK REGULATIONS AND RISK
METHODOLOGY BY THE NEW PURPLE BOOK
Paul Uijt de Haag
Centre for External Safety, RIVM, P.O. Box 1, 3720 BA Bilthoven, the Netherlands;
e-mail: paul.uijt.de.haag@rivm.nl
In the Netherlands, quantified risk criteria are used in the land use planning around sites with hazardous substances. Recently the risk criteria were translated into environmental quality requirements
which now have force of law. The legal status of the risk criteria demands the risk calculations to be
robust and transparent. It is therefore decided in the Netherlands to enforce the use of one specific
risk computer model for all QRA studies related to these risk criteria. The computer program
SAFETI-NL is selected. Also the Guideline for QRA calculations is rewritten and made more
robust. This paper describes the changes in the QRA calculations in the Netherlands including
the new guideline for quantitative risk assessment. An accompanying paper (Witlox, 2007) provides an overview of the associated software tool SAFETI-NL.

KEYWORDS: QRA, risk regulation, risk analysis, guideline, purple book, legislation

INTRODUCTION
The EU’s Seveso II Directive demands that the prevention
of major accidents involving dangerous substances and the
limiting of the consequences should be taken into account
in the siting of new establishments, modifications to existing
establishments or new developments in the vicinity of existing establishments. In the Netherlands, Quantitative Risk
Assessment (QRA) is already used for over twenty years
in decisions on land use planning around sites with dangerous substances. The quantified criteria needed in the
decision process were presented in various policy documents. Following the Seveso II Directive, the status of
these criteria is now increased into environmental quality
requirements which have force of law. The criteria are
implemented in the External Safety Decree for Establishments under the Environmental Management Act, which
applies to Seveso II establishments as well as to a large
number of other establishments presenting a threat to their
surroundings. Examples are LPG filling stations, storage
depots of dangerous substances and marshalling yards.
The Decree defines two quantities for external safety,
namely the location-based risk and the societal risk.

i.e. objects like dwellings, schools and hospitals, is equal
to 1026 per year. This limit value is a minimum value that
should be achieved by a given date (1 January 2010) and
should be maintained thereafter. For the so-called ‘less vulnerable’ objects, e.g. objects like offices with fewer than 50
people, not a limit value, but a target value of 1026 per year
is defined. A target value should be achieved as far as possible and may only be exceeded when there are compelling
reasons to do so. For the societal risk, no risk criteria are
defined, but only values for orientation (a probability of
less than 1025 per year for an accident with 10 or more
deaths, less than 1027 per year for an accident with 100 or
more deaths and less than 1029 per year for an accident
with 1000 or more deaths). However, the societal risk
should be taken into account in the decision process on
environmental licenses and land use planning. The competent authorities must account for the effect of an increased
societal risk, and can e.g. include the ability of the population to protect itself or emergency response plans.
Having a long history of the use of QRA calculations
in land use planning, the method to do a QRA calculation in
the Netherlands is standardized to a large extent in the socalled ‘coloured books’. Especially noteworthy are the
Yellow Book (Committee for the Prevention of Disasters,
2005) describing the models to calculate the outflow and
dispersion of substances and physical effects of fires and
explosions, and the Purple Book (Committee for the Prevention of Disasters, 1999), establishing the starting points and
basic assumptions like the scenarios and the failure frequencies. Consultants have developed their models along the
lines of the Yellow Book and risk calculations are done following the principles of the Purple Book. Although hereby
standardization of the QRA method was reached to some
extent, deviations do occur for several reasons. For instance,
the Yellow Book describes separate models for outflow of
material and the atmospheric dispersion, whereas the interface between these models is not extensively detailed

– The location-based risk is the risk to an (unprotected)
individual at a specific location, expressed as the
probability in one year of dying as a direct result of
an on-site accident involving dangerous substances.
The location-based risk is visualized by risk contours
on a map.
– The societal risk gives the relation between the probability and the number of people dying from specified
hazards, i.e. the probability in one year of a large
number of deaths. The societal risk is visualized by a
FN curve, where F denotes the probability in one year
of an accident with N or more deaths.
The Decree sets the risk criteria for the location-based
risk. The limit value for the siting of ‘vulnerable’ objects,
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Figure 1. Results of the benchmark of five QRA models, showing the distance to the location-based risk for the whole hypothetical
site (left) and the storage of acrylonitrile only (right). The limit value for the location-based risk is set to 1.0E-06 per annum

leaving the possibility of different implementations in computer programs. Furthermore, the use of equivalent or better
models than the models described in the Yellow Book is
accepted.
In order to gain insight into the use of different QRA
calculations in relation to land use planning, a benchmark
study was set up (Ale, 2001). In this study, different consultants used their computer models to do a QRA calculation for
a hypothetical site following the method described in the
Purple Book. The hypothetical site included a number of
different installations covering all modelling aspects.
It appeared that large differences exist between the
different QRA calculations. Figure 1 shows that for a storage
site of acrylonitrile, the limit value for location-based risk
may vary between 50 metres and 700 metres, depending on
the consultant and the computer model used. As the limit
value for the location-based risk has now force of law,
there is an urgent need for the QRA calculation to be robust.
Analysis of the benchmark study revealed that the
differences observed can be attributed partly to differences
in interpretation of the site description and of the Purple
book, partly to differences in the computer models used.
Therefore, the Dutch government decided to select one
specific computer model for all QRA calculations for establishments that fall within the scope of the External Safety
Decree for Establishments. This model, SAFETI-NL, was
selected following a European tender procedure and is
described in the accompanying paper. Furthermore, the
Purple Book is rewritten to remove any ambiguities and to
provide specific guidelines in the use of the computer
model SAFETI-NL.

Netherlands. It is largely based on the Purple Book. The
guideline is organised in the way a QRA calculation
should be performed. First, the installations that contribute
significantly to the risk of the establishment are selected.
Next, for each installation the loss of containment events
are defined and the associated failure frequencies. The following chapters describe the modelling of mitigating
measures, the input data like population and ignition
sources, and finally the input parameters. The guideline is
completed with a chapter on the documentation needed for
a review of the QRA calculations. In this section an overview of the new guideline is presented, highlighting the
changes with respect to the Purple Book.
SELECTION METHOD
Since the total number of installations in an establishment
can be very large, and since not all installations contribute
significantly to the risk, it is not worthwhile to include all
installations in the QRA. Therefore a selection method is
used to indicate the installations that contribute most to
the risk and will have to be considered in the QRA. The
selection method is outlined in Figure 2.
The selection method in the Purple Book was based on
a comparison of the relative contributions of installations to
the external risk of the site and was intended only for establishments having large numbers of separate installations (the
‘selection route’). Since the guideline now applies to both
small and large establishments, two paths are distinguished
in the selection process, the effect route and the selection
route. One starts with the effect route, possibly followed by
the selection route. The different steps are:
1.

NEW GUIDELINE FOR QUANTITATIVE RISK
ASSESSMENT
The new guideline for quantitative risk assessment, the socalled ‘Guideline Risk Calculation BEVI’, describes the
standard method to do a QRA calculation in the

2

The establishment is divided into a number of separate
installations. Installations are considered separate if loss
of containment of one installation does not lead to the
release of significant amounts of substances from
other installations, i.e. if they can be isolated in a very
short time following an accident.
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Figure 2. Selection of installations with hazardous substances for the QRA calculation

2. For all installations the largest effect distance is calculated, i.e. the largest distance to 1% lethality given a
release of the complete inventory of the installation.
3. If the largest effect distance exceeds the distance to the
site boundary, the installation may present an external
safety risk and is relevant for the QRA calculation.
4. If the number of installations relevant for the QRA calculation is five or less, all relevant installations are
included in the QRA and no comparison of the relative
risk contributions is done.
5. Only if the number of installations relevant for the QRA
calculation is larger than five, a further selection based
on a relative comparison can be done. In that case the
selection is based on the amount of substance present
in an installation, the dangerous properties of the substance, the process conditions and the location of the
installation relative to the boundary of the establishment. The selection route is to a large extent similar
to the selection method of the Purple Book. However,
the minimum number of installations included in the
QRA should be five.

their frequencies. The LoCs are described for a number of
installations like stationary tanks and vessels, pipes,
pumps and loading/unloading of road tankers, tank
wagons and ships. With respect to the Purple Book, the
set of scenarios and failure frequencies is not changed due
to a lack of well established data. Only the failure frequencies for the loading/unloading of ships were corrected, since
the old data appeared to be erroneously. There is, however,
one important difference with the Purple Book. The Purple
Book was intended to calculate the actual risk imposed to
the environment by Seveso II sites. The scope of the External Safety Decree for Establishments is related to the
environmental license of an establishment, thus requiring
the calculation of the licensed risk. The risk calculated following the guideline may increase considerably with respect
to the ‘Purple Book risk’ in situations where the (old) license
permits the storage of large quantities of dangerous substances, whereas practically only limited amounts are
present.

MITIGATING MEASURES
The guideline gives advice on the modelling of a number of
mitigating measures, like a bund, detection in combination
with blocking valves and the action of operators. Special

LOSS OF CONTAINMENT EVENTS
The Guideline describes the default set of Loss of Containment events (LoCs) that need to be included in the QRA and
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attention is given to the mitigating effect of a bund. Various
accidents, but also experiments (Thyer, 2003), show that a
bund is not always effective in limiting the spread of the
liquid released. It is therefore decided that for an instantaneous release, the bund area should be multiplied with a
factor 1.5 to take account of overtopping of the bund,
unless the operator demonstrates that the bund is effective.
The increase in bund area is also intended as a trigger to the
operator. In situations where the bund area is a sensitive parameter for the risk, measures may be necessary to ascertain
that the bund is effective in containing all liquid released.

lation. In this case default values are given, but, if
necessary, the user may deviate. For the example of
the rupture of a pipeline connected to a tank, the
default modeling would be as described above.
However, the user may model the release as time-dependent with the outflow decreasing in time as the backing
pressure decreases – if relevant, well-founded and documented. As shown in Figure 3, the difference in modeling is significant in case of a large volume storage tank
of toxic gas with a low gas pressure.
In the trade-off between robustness and flexibility, it
is decided to fix all effect models used, but to allow flexibility in a limited set of parameters. Hence, default parameter values are recommended, but deviation of these
values is possible. It is, however, required that all deviations
are well-founded and documented. To assist the QRA
analyst in the use of the guideline and the computer
model, a help desk with a website is established and user
group meetings are organized.
Model management requires decisions on incorporating new insights and research results into the model. On one
hand, the use of the computer model for land-use planning
requires a ‘frozen’ model that is stable over a long time
period. On the other hand, on-going research may lead to
an increasing discrepancy between the model and knowledge of processes and effects. At some time, discussion
will emerge on the quality of the models used in relation
to other models available. Therefore, a model management
procedure is developed as shown in .
Changes in the computer model or in the guideline
may be initiated by either the group of model users or a

INPUT DATA
Input data can be distinguished in parameters that are fixed
for all QRA calculations in the scope of the Decree and input
data that are site specific. Fixed parameters are recorded in
the guideline and preset in the computer model. Examples
are toxicity data for toxic substances and ignition probabilities and event tree probabilities for flammable substances.
Other parameters depend on the location of the establishment, like the population data needed for the calculation
of the Societal Risk. The guideline gives directions in the
use of these data in the QRA. For site specific parameters,
like the height of the release and the direction of the jet
outflow, default values are given.
The Guideline finally describes the documentation
needed for a good review of the QRA calculation by the
competent authorities.
MODEL MANAGEMENT AND MODEL
DEVELOPMENTS
Following the selection of the computer model SAFETI as the
basis of the Dutch model for QRA calculations, the degrees of
freedom in the use of SAFETI had to be decided. In principle,
the SAFETI computer model allows the user to set all parameters and to choose between different effect models.
However, when the program is to be used as a robust tool in
land use planning decisions, a number of choices had to be
made and preset before providing the model to the user. In
this process of creating the Dutch version of SAFETI,
SAFETI-NL, it had to be decided to what extent choices in
the use of the model were still allowed. There is a trade-off
between robustness and flexibility.
– A robust calculation can be achieved by presetting all
parameter values and using only fixed scenarios. In
this case, for example, a rupture of a pipeline connected
to a tank would always be modeled as a hole in the
bottom of the tank, using the initial outflow rate irrespective of the conditions in the tank. The influence of the
model user is thus minimized, guaranteeing that the
QRA results are robust. However, fixing all parameters
would disallow the user to model the specific characteristics of an installation. This may lead to an unwanted
deviation between the actual installation and the
representation of the installation in the QRA.
– A flexible calculation would allow the user to use the
characteristics of an installation into the QRA calcu-

Figure 3. Lethality as a function of distance for a hole in a
large storage tank of carbon monoxide at slight overpressure.
Modelling the release in SAFETI-NL with the initial outflow
rate leads to significant higher lethality than modelling the
release with a time-varying outflow rate
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Figure 4. Structure of the model management

designated group of model experts. The technical model
management group collects and evaluates the ideas for
model improvement. Following a technical investigation, a
proposal for model improvement is presented to the decision
group. This decision group is formed by the ministries
involved. Up to this point, proposals for changes are put
forward on a scientific basis. However, apart from the scientific merits of the proposal, a decision on the implementation
involves also a consideration of the consequences in terms
of changes in the calculated risk contours and the development of new land use problems with respect to the risk criteria. Consequently, the decision group may prefer not to
implement the change immediately, but to develop an
implementation plan with a time frame that will allow
land use problems to be taken care of in due time.
This aspect is also eminent for the implementation of
the guideline and the computer model. At this moment, hundreds of establishments have a license to operate, sometimes
close to residential areas. The license is based on a QRA
done previously with one of the models accepted. As
shown in Figure 1, the use of a new model may lead to a significant increase in the location-based risk. Situations previously considered acceptable by the competent authority
may after recalculation appear to be unacceptable, although
no developments on site or in the surroundings have taken
place. Before the obligation to use SAFETI-NL for all
QRAs within the scope of the Decree becomes effective,
insight in the consequences is therefore needed. Hence for
a limited number of establishments, where it is anticipated
that a small change in risk contours may lead to a need for
redevelopment, a comparison is made between the risk contours as accepted by the competent authorities and the risk
contour as calculated with SAFETI-NL using the same scenarios and frequencies. The results show that, especially in

cases of toxic liquids, for a number of establishments a significant increase in risk contours can be expected.

CONCLUSIONS
The legal status of the risk criteria demands the risk calculations to be robust and transparent. The obligation to use
the specific computer model SAFETI-NL for all QRAs
within the scope of the Decree in combination with a new
guideline should guarantee this. However, this requires
also a strict procedure for model management.
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HAZARDS EQUAL TRIPS OR ALARMS OR BOTH†
Clive Timms
Strathayr, Rhu-Na-Haven Road, Aboyne, Aberdeenshire, AB34 5JB; e-mail: clive.timms@assetintegrity.co.uk
Anyone who has been involved in the application of IEC 61508 and IEC 61511by undertaking the
Safety Integrity Level (SIL) determination for Safety Instrumented Systems (SIS) will appreciate
the amount of effort and tenacity that is required to undertake the task. SIL determination of
Safety Instrumented Systems, or shut down systems as they are traditionally called, requires considerable commitment and tenacity to get the job done, but it is like climbing to the top of a hill only
to be faced with a mountain when we come to consider what is involved in reviewing or configuring
a typical alarm system.
A medium sized process facility may have a few hundred or so primary Safety Instrumented
Functions (SIF) or trips configured into a Safety Instrumented System. These need to be assessed
and assigned an appropriate SIL, but the number of alarms configured into a process control system
(PCS) that need to be assessed and prioritised can often run into the thousands. The requirements
for alarms usually involve different disciplines such as instruments, process, maintenance and the
operators themselves. The latter often have the misconception that their life will be easier if they
have alarms on everything.
There is synergy between safety instrumented functions and alarms because they both make
a contribution to reducing the risk of having unwanted events, and both need an assigned their
appropriate criticality. It is also important to be able to determine when an alarm should
be upgraded to a trip to provide automatic protection, and conversely, when a trip can be downgraded to alarm status.
A SIF is engineered to provide protection against a hazard caused by some kind of failure, and
has a concise and automatic role to play when a process moves out of its normal operating envelope.
Using good practice to comply with the IEC 61508/61511 standards, a risk assessment can be
undertaken to determine its criticality or Safety Integrity Level (SIL).
An alarm function works through the human interface to provide an early warning that the
process has moved away from the normal operating envelope to:
. Alert the operator to disturbed plant conditions;
. Provide indication of further developments that may need attention;
. Trigger a trained operator response.
Alarms normally contribute to the overall risk reduction along with a number of different
risk reducing layers, and the criticality of an alarm should also be assessed in order to set its
priority.
This paper will detail various methods of criticality assessment which have been successfully
applied to set the appropriate priority, identify the critical alarms that need to be upgraded to trips
and to rationalise those of no value. It will also cover the use of software tools which can significantly
reduce the effort involved in this process.

KEYWORDS: alarms, trips, prioritisation, rationalisation, SIF, SIL, risk

come to consider what is involved in reviewing or configuring a typical alarm system.
A medium sized process facility may have a few
hundred or so primary Safety Instrumented Functions (SIF)
or trips configured into a Safety Instrumented System.
These need to be assessed and assigned an appropriate SIL,
but the number of alarms configured into a process control
system (PCS) that need to be assessed and prioritised can
often run into the thousands. The requirements for alarms
usually involve different disciplines such as instruments,

INTRODUCTION
Anyone who has been involved in the application of IEC
61508[1] and IEC 61511[2] and the Safety Integrity Level
(SIL) determination for Safety Instrumented Systems (SIS)
will appreciate the amount of effort and tenacity that is
required to undertake the task. SIL determination of
Safety Instrumented Systems, or shut down systems as
they are traditionally called, requires considerable commitment and tenacity to get the job done, but it is like climbing
to the top of a hill only to be faced with a mountain when we
†
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process, maintenance and the operators themselves. The latter
often have the misconception that their life will be easier if
they have alarms on everything. Thus the demand for more
alarms, along with the ease of configuration afforded by
PCS’s, regularly leads to a proliferation of alarms. In other
words, alarm configuration can all too easily get out of hand.
There is synergy between safety instrumented functions and alarms because they both make a contribution to
reducing the risk of having unwanted events, and both
need an assigned criticality. It is also important to be able
to determine when an alarm should be upgraded to a trip
to provide automatic protection, and conversely, when a
trip can be downgraded to alarm status.
A SIF is engineered to provide protection against a
hazard caused by some kind of failure, and has a concise
and automatic role to play when a process moves out of its
normal operating envelope. Using good practice to comply
with the IEC 61508/61511 standards, a risk assessment can
be undertaken to determine its criticality or Safety Integrity
Level (SIL). This risk assessment and is related to the consequences that would occur if the SIF were to fail on demand
and the frequency of a demand. The consequences can be
any combination of safety, societal, financial and environmental impact.
An alarm function works through the human
interface – ‘A Methodology for Alarm Classification and
Prioritisation’ – Timms[3] – to provide an early warning
that the process has moved away from the normal operating
envelope to:

a similar way to a SIF but based on the consequences that
would follow if the alarm fails or is missed by the operator.
However, the contribution that an alarm makes to risk
reduction can become clouded if the operator cannot identify the important alerts against a background of alarm problems. The three main problem areas that can potentially
compromise safety, production and the environment are:
.
.
.

Nuisance alarms.
Standing alarms.
Alarm avalanches or floods.

Nuisance alarms and standing alarms are usually
caused by instrument faults, out-of-service equipment or
inappropriate limit and/or dead-band settings. They can
be relatively easily identified and rectified by maintenance
or adjusting the configuration parameters. However, alarm
avalanches or floods are usually the result of consequential
or secondary events following a primary event, and the more
alarms that are configured; the more there are to appear
before an operator in a plant upset condition. The problem
for the operator is how to distinguish between the primary
initiating event and the secondary consequence events.
The primary objective must therefore be to rationalise
the alarm system to a configuration which alerts the operator
to alarms in order of importance, so as to give him/her the
best chance to take corrective action. Inability to take corrective action can have significant safety, economic and environmental consequences. We must also eradicate those alarms
that serve no purpose as this will significantly reduce the
alarm overload. This can be achieved by a well defined methodology, and the effort can be significantly reduced by engaging specialist software tools as discussed later.

. Alert the operator to disturbed plant conditions,
. Provide indication of further developments that may
need attention,
. Trigger a trained operator response.

THE UK HSE POSITION
The UK HSE often uses the Texaco Refinery explosion in
1994 as the prime example of how the poor application
alarms and human factors can result in serious incidents.
This paper is not going to regenerate the UK HSE findings,
but their position on alarm handling has been made very

Alarms normally contribute to the overall risk reduction
along with a number of different layers the overall scheme
of risk reduction Figure 1, the criticality of the alarm
should also be assessed in order to set an appropriate priority. It makes sense to assess the criticality of an alarm in

Figure 1. Typical risk reduction layers
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clear. They have produced an UK HSE information sheet
‘Better alarm handling’[4] to provide some basic guidance,
and the Hazardous Installations Directorate (HID) have
outlined their strategy with respect to inspection and
enforcement, and their expectations with respect to users
and designers, in an article entitled ‘Better alarm handling –
a practical application of human factors’[5] published in the
Measurement and Control magazine (March 2002).
In both publications the UK HSE guidance provides a
simple 3-stage approach:

could result in flawed logic for the scenarios and hence compromise the alarm integrity.
An alarm flood reduction will almost certainly require
a rationalisation exercise to challenge each alarm and reduce
the number of configured alarms. In essence, an alarm
review following the methodology outlined below in conjunction with software tools to aid the process will
achieve the most significant benefits. Channelling efforts
into this type of activity should be the first priority.

. Find out if you have a problem
. Decide what to do and take action
. Manage and check what has been done

SOFTWARE TOOLS WILL HELP
The quantity of data to be manipulated, sorted and rationalised will often be considerable, and can amount to thousands
of alarms on a modest size process facility. It makes
little sense to undertake an alarm review as a paper
exercise, since dealing with large numbers of alarms will
simply overwhelm those involved in the process, and the
final paper report will be hard to manage and update as it
will only represent a snapshot in time It can be tempting
to use spreadsheets to manipulate the data, but they are
not the most appropriate solution since they do not have
the integrity or sorting power afforded by database based
approaches.
In this context, it is sensible to invest in the aid of a
good software application tool as the first step to managing
and maintaining your alarm configuration, and the integrity
of a ‘master’ alarm database. Experience shows that the best
tools are database based with a good user interface to facilitate the manipulation and sorting of the large quantities of
data involved in an alarm review. They will save considerable time and effort in the execution of the process. Figure 2
shows an example of a typical alarm data form which could

The HSE also reference the EEMUA guide[6] as ‘the nearest
thing to a standard currently available’.

UNDERTAKING AN ALARM RATIONALISATION
EXERCISE
AVOID THE COMMON PITFALLS
The initial reaction when faced with alarm problems can
often be to look for ways of using technology to suppress
unwanted alarms. PCS vendors are eager to demonstrate
how sophisticated their technology can be and commit
their customers to using these techniques. There may be
possible scenarios where suppression of alarms is simple
(e.g. main and standby equipment with auto changeover)
but as a rule, the more complex the plant then the more
complex the suppression scenarios, leading to very time
consuming and complicated solutions. It is also all too
easy to loose the focus due to the complexity, and this

Figure 2. Typical alarm data form
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be manually populated, but the advantage of a database
structure, is that it can be pre populated from existing listings, or by bulk data exchange vehicles from the current
PCS configuration, such as simple spreadsheets.
Each alarm will then have an entry in the master database with the typical parameters shown in Figure 2. These
parameters are the ‘keys’ for the sorting and grouping of
alarms to aid the all important prioritisation and rationalisation process that then follows. It is also very important to
be able to handle alarms that appear on more then one
annunciation device e.g. a Fire and gas alarm may have
primary annunciation on the Fire and gas systems and secondary annunciation on a PCS.
Some tools can be PCS system specific, but the best
choice will be an open system tool with the capability of
importing an alarm configuration from any PCS, via a suitable data exchange or conversion.
An appropriate tool should then be capable of performing the following:

aspects of implementation and to ensure that the proposed alarm changes are correctly described for
implementation personnel.
For large review studies, it may be desirable to assign a team
leader or facilitator to ensure that the correct balance is
struck between effort and results. Such a person must have
a good understanding of the alarm review objectives and
methodology, and should preferably have previous experience of alarm reviews.
PLANNING
It is anticipated that there will be eight main review phases:
1.
2.
3.
4.
5.
6.
7.
8.

. Importing the PCS alarm configuration;
. Handling multiple annunciation;
. Sorting on various alarm parameters such as type, group,
measurement;
. Selection by parameter or type;
. Cloning new alarms from existing alarm template;
. Cloning a selection from an existing template;
. Performing alarm prioritisation;
. Producing alarm metrics;
. Maintaining the master database configuration;
. Exporting alarm configuration to the PCS;
. Producing reports and statistics.

Management Plan.
Preparation of documentation and data sourcing.
A review of alarm system performance.
Categorising and functional grouping of alarms.
Prioritisation and rationalisation.
Assessing results and findings.
Other considerations e.g. alarm suppression.
Implementation of the changes.

A planning schedule should be set up for each phase.
MANAGEMENT PLAN
There has to be management buy in before an alarm review
can proceed, as significant time and resource have to be
committed. Remember that alarms that are missed or not
acted on by the operator can lead to trips so it helps to
develop a rationale for the alarm review which defines the
problem with an analysis of the following:
–
–
–

METHODOLOGY
The methodology for undertaking an alarm review detailed
in this paper embraces both the EEMUA[6] and the UK
HSE[4] guidance, but it has been enhanced to offer a very
practical and pragmatic step-by-step approach to achieving
a high degree of success on established brown field facilities
or proposed green field developments.
It will also describe how software based tools can
significantly improve the process.

–

Details of the number and frequency of trips
Estimates of the cost of loss production
Details of unsafe consequences (e.g. near misses, injuries)
Details of any environmental impact (e.g. increased
flaring)

Provide estimates of the cost and duration of the review and
predicted payback from improved performance and present
this to management. Once they understand the economics
then approval should be forthcoming.

THE TEAM
It is essential to set up an optimal alarm review team to
provide productivity and quality of output. A small team
is recommended for alarm reviews:

PREPARATION OF DOCUMENTS AND DATA
SOURCING
The following documents must be available at the start of
the review:

– a process engineer, preferably with operational experience, to interpret process design information and to
ensure that the design intent is not compromised;
– a control room operator, preferably from the facility
under review, to provide information on operator
requirements and likely plant dynamics and to ensure
that the alarms provided meet the needs of operational
personnel;
– an automation and control engineer, preferably with
experience of the relevant type of PCS, to advise on

–
–
–
–
–
–
–
–
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alarm schedule in suitable electronic format;
P&I diagrams;
shutdown Cause and Effect drawings;
details of fire & gas system;
details of any controlled sequences;
configuration details for any complex points, such as
digital composites;
a list of standing alarms during typical steady operation;
alarm journal print-outs following typical upsets.
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The following documents would also be useful:

frequency at which they are generated. Compare these
figures with Appendix 11 of the EEMUA guidelines[6]
which sets out guidance on performance metrics.
The majority of standing alarms materialise from
spared equipment which is not running spared or that
operate intermittently. List any associated alarms that will
be active when the equipment is shut down, or put on
stand-by, as a source of generating standing alarms when
the plant is operating normally. These will be prioritised
as outlined in the next section.

– a definition of the PCS network configuration;
– a definition of any application programs handling data
within the PCS.
To minimise delays, all preparatory work should be done
prior to the team convening so that no valuable time is
lost during the review process.
A REVIEW OF ALARM SYSTEM PERFORMANCE
Using alarm journal printouts or output from other dedicated
logging facilities, review the existing alarm system performance in order to identify alarm frequency, nuisance alarm
sources and standing alarms. Whatever type logging facility
is used it must be fast enough to provide true sequence of
events recording (SER). Logging facilities on PCS
systems can fail to have sufficient speed and buffer capacity
to capture the real time snapshot of events resulting in SER
overload and indeterminate time stamping.
Each nuisance alarm should be subjected to a detailed
review to determine if it caused by a fault or inadequacy in a
measurement instrument or the actual alarm configuration.
If it is the latter then the alarm trigger point and deadband should be checked to see whether adjustment of
these parameters would eliminate the problem.
If possible, obtain logs of alarm performance under a
variety of process upset conditions as this will provide an
indication of the number of alarms generated and the

CATEGORISING AND FUNCTIONAL GROUPING
OF ALARMS
The alarm schedule must be broken down into selected or
batches or categories to match the major functional groups
of alarms that can be considered as single entities during
the review e.g. all alarms of a specific type within a
certain area such as fire or gas. This will significantly
reduce the time involved in the next phase which will be
actual prioritisation and rationalisation process.
This categorisation exercise is where the use of software tools can provide a powerful aid to the facilitation
and preparation of a comprehensive the alarm schedule.
Providing the selected tool has a comprehensive data
selection structure, similar to that shown in Figure 3, it is
a simple matter to sort alarms on a wide range a of pre
defined parameters such as tags, alarm groups, alarm types

Figure 3. Alarm categorisation and selection form

5

# 2007 Clive Timms

IChemE SYMPOSIUM SERIES NO. 153

Consequence’ and ‘Summating Consequences’. Both
methods are available in the Asset Integrity Management
SILAlarmTM software package and are explained below.

(e.g. High, high high, low, low low, open, closed, not open,
not closed), measurement types, annunciation device, alarm
priority, plant unit, equipment code etc. The user can also
define specific parameters on which a selection is made.
Each grouping is prioritised as a single entity as
detailed in the next section.
It is likely that many of the alarms to be considered
during an alarm review process will not be covered, by
the functional groups as discussed above. However, these
will be readily revealed from a database and they will
have to be reviewed individually.

TAKING THE MAXIMUM CONSEQUENCE
IEC 61508 SIL determination is a risk-based assessment of
the consequences that would arise from a SIF failing to
operate correctly, where risk is a combination of probability
of occurrence and the degree of harm arising from the consequence. The maximum consequence method uses a
similar approach for setting alarm priorities but it is
focused entirely on consequences, since the regularity of
the alarm occurrence has no bearing on its priority i.e. an
“Emergency” alarm will indicate an emergency condition
whether it occurs once a year or once in ten years. The priority of the alarm should be set purely on the severity of the
consequences of an unwanted event occurring.
Therefore, if operators are presented with highest priority alarms, they will also be addressing those with the
worst potential consequences.
The EEMUA Guideline[6] ‘Taking the maximum consequence’ method has also been enhanced by the author in
the SILAlarmTM tool to strengthen its practical application,
and provide a consistent and transparent interchange
between alarms and automatic SIF protection criticality.
It will highlight those instances where an alarm does
not provide sufficient risk reduction, and automatic protection is required.
The prioritisation process assesses the consequences
resulting from of an alarm failing, for some technical
reason, or is missed by the operator. This assessment considers the following factors:

DETERMINE PRIMARY ANNUNCIATION
It is also important to determine the primary point of annunciation for each alarm e.g. the PCS, Fire and Gas panel, individual graphic tile etc., as many alarms are often repeated
and this is a common source of alarm overload. Alarms may
also have different priorities at each annunciation location.
For example, a fire alarm may be given a high priority on
the fire and gas annunciation but is only required to change
graphical status colours and be event recorded within the PCS.

THE PRIORITISATION AND RATIONALISATION
PROCESS
Before attempting to prioritise an alarm it is necessary to
understand the purpose of the alarm and the message that
it conveys to the operator, as this determines the required
operator action.
The required action must be clearly defined and the
consequences of no action determined and described. No
action may be as a result of a failure of the alarm itself or
from the operator failing to respond but the consequences
will be the same.
Determining the no action consequences is fundamental to establishing the criticality of the alarm. The
alarm purpose, the required operator action and the consequences of no action are recorded and form part of the
audit trail for setting the priority as shown in Figure 4.
The EEMUA guidelines[6] Appendix 5 details two
methods for prioritising alarms as ‘Taking the Maximum

.
.

the consequences of the resulting event in terms of personnel safety, financial loss and environmental impact;
in the case of personnel safety, the probability of personnel being present in the danger zone at the time.

As an example, if a plant trip were to occur after an alarm
was missed, then this could result in financial consequences
from lost production. The priority is then based on the severity of the consequences.

Figure 4. Record of alarm purpose and required operator action
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Figure 5. Consequence graphs

Figure 5 shows an example set of consequence graphs
based on the EEMUA Personnel Safety, Financial Loss and
Environmental Damage graphs. They have been slightly
adapted to help with practical application and the parameters for each graph are described below.

(T) factors that are selected to establish the safety priority
are described in the table of Figure 6. Examples of the
safety consequence factors S0 through to S4 are shown in
the table of Figure 6 and these represent the scale of
injury or fatality that could result if an alarm fails or is
missed by an operator.
An assessment of R2 or R1, S4 resulting in a priority
P5 indicates that the alarm is equivalent to or greater than a
Safety Integrity Level 1 and serious consideration should be
given to provide automated protection.

PERSONNEL SAFETY GRAPH
The selections that are made for operator response (R),
safety consequences in terms of the degree of severity (S),
journal requirements (J) and presence in the danger zone

Figure 6. Personnel safety consequence graph
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Figure 7. Financial consequence graph

FINANCIAL LOSS GRAPH
The Financial Loss Graph is shown in Figure 7 and operator
response capability parameters R0, R1 and R2 and
journal requirements J0/J1 are exactly the same as in the
Personnel Safety graph. Examples of the financial
loss consequence factors F0 through to F4 are shown in
the table of Figure 7 and these represent the total financial
loss that could result if an alarm fails or is missed by an
operator.
Financial losses are the combination of consequences
on production loss, equipment damage and repairs that
could result if an alarm fails or is missed by an operator.
They can be described in qualitative degrees of severity or
calibrated in quantitative cash terms.

factors for making the environmental impact priority
assessment are shown in the table of Figure 8. It is also
worth remembering that damaging the environment can
have a considerable impact upon company reputation, as
many large organisations have discovered after causing an
environmental incident. Public reaction can impact on a
loss in product sales for a considerable time after an event
and this should also be factored into the financial losses.
THE FINAL PRIORITY
The final alarm priority selected is the highest priority from
the Safety, Financial and Environmental:
Where priority
P ¼ max (PS , PF , PE )

ENVIRONMENTAL GRAPH
The Environmental Graph is shown in Figure 8 and operator
response capability parameters R0, R1 and R2 and journal
requirements J0/J1are exactly the same as in the Personnel
Safety graph. Environmental consequences parameters E0
through to E4 are the degree of damage that could be
caused to the environment if an alarm fails or is missed by
an operator. They can also be described in qualitative
degrees of severity or calibrated in limits set by local environmental regulations. Examples of environmental consequence

(1)

Decisions need to be made on how the actual alarm
annunciation in terms of the audio and visual alert that
will be activated to alert the operator. Too many variations
of both only lead to confusion and, although it is not the
intention of this paper to go into the human factors issues,
it is important to have a clear set of requirements for
alarm presentation.
The alarm priority types and their respective configuration attributes are described in Table 1. They indicate a

Figure 8. Environmental consequence graph
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Table 1. Alarm priority and attributes
Alarm priority
P0
P1
P2

Alarm annunciation and display attributes
No alarm is required.
No alarm annunciation, but the change of state is recorded in alarm and event journals.
A “Low Priority” alarm with an audible tone is generated and the change of state is recorded in alarm and event
journals. The alarm is displayed on the Alarm Summary displays if it is within a PCS.
A “Medium Priority” alarm with an audible tone is generated (a different tone to P2 “Low Priority” alarms) and
the change of state is recorded in alarm and event journals. The alarm is displayed on the Alarm Summary
displays, if it is within a PCS, and the Alarm Annunciation display if configured.
A “High Priority” alarm with an audible tone is generated (a different tone to P2 and P3 priority alarms) and the
change of state is recorded in alarm and event journals. The alarm is displayed on the Alarm Summary displays,
if it is within a PCS, and the Alarm Annunciation display if configured.
A “Critical” alarm with an audible tone is generated (a different tone to that used for P2, P3 and P4 alarms) and the
change of state is recorded in alarm and event journals. Alarms of P5 priority should not be configured
within a PCS environment as the equivalent SIL 1 or greater. The alarm facility used should have the
appropriate PFD. Full consideration should be made to provide automatic protection.

P3

P4

P5

range of alarm requirements from no alarm required ‘P0’,
through to the most stringent priority ‘P5’.
The alarm priority annunciation and display attributes
that are provided are offered only as guidance for implementation, and individual interpretation is possible providing the
design ensures that there is appropriate segregation and
presentation at the human machine interface.

IF (alarm is time critical) THEN
C2 :¼ 3 C1 (weighting on response time applied)
ELSE
C2 :¼ C1

(safety consequences in
terms of risk of injury)

(2)

CE ¼ 10E6 

(environmental consequence in
terms of risk of injury)

(3)

CF ¼ 1 

(financial consequences
in pounds)

DEALING WITH STANDING ALARMS
From the P&IDs, identify items of equipment that are started
and/or stopped automatically. Review whether the tags that

(4)

These are then summed:
C1 ¼ CS þ CE þ CF

(7)

The final priority distribution determines the priority
and examples of the weighted total consequence are
shown in Table 2.
The Summating the Consequences method is far more
time consuming than the consequence graph method and
this could preclude it from very large alarm reviews.
However, the methodology can be implemented as a software application with facilities for user specific calibration
and this significantly reduces the time involved. Figure 9
shows how the required conversions and algorithms can
be implemented in software to simplify the prioritisation
process.
Most process control system (PCS) vendor packages
have no tools or structured approach to setting alarm priorities, and they tend to be far more focussed on dealing with
suppression techniques and standing alarms than getting
down to the root causes. Discussion on these points follows.

SUMMATING CONSEQUENCES
This EEMUA[6] method is a more complex approach that
requires far more detailed consideration. The consequences
of an alarm failure, with respect to safety (CS), environmental (CE) and financial (CF) consequences, all have to
be converted into common units. In order to achieve this
common unit of conversion the safety and environmental
consequences have to be expressed mathematically in
terms of risk.
An example of the conversion factors could be as
follows:
CS ¼ 10E6 

(6)

Table 2. Weighted total consequence and priority

(5)

An assessment is then made as to whether the alarm is
‘time critical’ based on whether there the required operator
response time and this is used to increase the weighting on
time critical alarms e.g. if the required operator response
was within 3 minutes:

9

Weighted total consequence, C2

Priority

C2 ,900
900 , C2 , 6,000
6,000 , C2 , 150,000
C2 . 150,000

Low
Medium
High
Critical
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All alarms with a P0 priority can be removed from the
alarm configuration. All ‘P1’ alarms can have their operator
annunciation capability removed but they retain their status
change as a record in the alarm journal.
Experience shows that the majority of alarms configured into a typical PCS will fall into the ‘P0’ (no alarm
required) and ‘P1’ (journal only) following a prioritisation
review. Thus the major part of the simplification and rationalisation of the alarm configuration is going to be achieved
by attending to these two alarm types.
Alarms with priorities ‘P2–P4’ should be
implemented with the configuration attributes as described
in Table 3. Alarms with the ‘Critical’ priority ‘P5’ require
careful treatment since they indicate a SIL requirement of
SIL1 or greater. The provision of automatic protection
should be considered to replace the dependence on the
alarm and successful operator action for each P5 alarm. If
automatic protection is not possible, then the alarm must
be engineered to achieve the appropriate probability of
failure on demand (PFD) in line with IEC 61508 requirements. The EEMUA[6] accepted PFDavg for an alarm with
operator intervention is ,0.01 which is only equivalent to
SIL 1.

perform these automatic functions will generate nuisance
alarms. If this is the case, identify a way of avoiding this
so that normal operation does not generate any alarms, but
deviation from expected operation is detected and alarmed.
Review each alarm to establish whether it can be
reduced to “Journal” priority. If this is not possible, then set
the priority in accordance with the consequence of failure
method. If any alarms remain with “Emergency” or “High”
priority, review whether it is acceptable for these alarms
either to be left as standing alarms or inhibited by the operator
under procedural control. If neither is acceptable, then identify another PCS tag or combination of tags that indicates that
the piece of equipment is out of commission and use this as a
criterion for masking the alarm. Confirm that this will not
mask the alarm under any other undesirable circumstances.
Document the proposed changes and any associated logic.
ASSESSING THE RESULTS AND IMPLEMENTING
THE FINDINGS
It is important to review the results and finding of an alarm
review to check that the right balance has been made
between alarm numbers and the respective distribution of
priorities. Sort the alarms into their priority groups and
compare the results with the distribution in existence prior
to the review. Figure 10 shows a distribution of alarm priorities generated from the results of a typical alarm review
using a database application software tool.
If the alarm priority distribution indicates an imbalance of higher priority alarms this can be normalised by
selecting groups of alarms and applying a revised priority
assessment to a whole group.
The EEMUA[6] guidance for new alarm system
design advises a target distribution as shown in Table 3.

OTHER CONSIDERATIONS
Suppression techniques tend to be the main focus of PCS
vendors since they invariably have all kinds of smart software techniques to implement suppression, and they are
keen to sell this capability to their clients. This paper does
not intend to cover the options of static and dynamic
alarm suppression in detail because it is a complex subject
area that requires careful implementation and, in the
author’s opinion, should only be considered as a last

Figure 10. Alarm priority distribution
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then experience shows that this will return a significant,
and perhaps even a dramatic, improvement in alarm performance to achieve better than 90% of the available
benefits. There will possibly be some alarms that need
further analysis but having filtered them out by the review
process they should only represent the remaining 10% of
effort.
Avoid using suppression techniques for unwanted
alarms until a full alarm review and rationalisation study
has been completed, since it may not be necessary once
the system configuration has been improved.
The review and rationalisation methodology has been
applied on facilities with .15,000 configured alarms where
individual operators were required to accept alarms every 15
seconds under steady production conditions. Typically, over
50% of the configured alarms have been removed, and by
also attending to the nuisance alarms the alarm rates have
been reduced to 15 –20 minute intervals. Perhaps most
importantly the spurious shutdowns resulting from missed
alarms have seen improvements from weekly plant trips to
no trips for over six months. This results in a very, very significant payback.
Making full use of software tools will substantially
reduce the effort involved in an alarm review by typically
.50%, whilst the electronic version of an alarm database
will provide data integrity along with ease of maintenance
and change control over the full life cycle.

Table 3. Priority distribution for system configuration – EMMUA
Priority band

Alarms configured
during design

Critical
High
Medium
Low

About 20 altogether
5% of total
15% of total
80% of total

resort. It is anticipated that the requirement to consider these
options will be minimised, if not eliminated, by a thorough
alarm review.
STATIC ALARM SUPPRESSION
If operators still find difficulty with the quantity of standing
alarms present, following the alarm rationalisation, then
consideration can be given to the implementation of static
alarm suppression. This will minimise the number of standing alarms that are generated when a process unit or large
piece of equipment is shut down. In order to suppress the
selected alarms, a defined set of process permissives have
to be satisfied in conjunction with a with an ‘enable’ static
suppression status condition.
DYNAMIC ALARM SUPPRESSION
If the number of alarms generated following a trip is still
unacceptable, following the alarm rationalisation, then
dynamic suppression can be considered so that the first up
alarm in a pre defined group audibly alerts the operator, registers in the alarm list and is printed. All other subsequent
alarms in the group do not activate any audible alert; they
do not register in the alarm list and are not printed.
Dynamic suppression on an alarm group should automatically de-activate after a defined period of time following
the first up alarm, so that any new alarm that then follows
alerts the operator and re-starts the suppression period.
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CONCLUSIONS
There is no doubt that alarm management requires considerable effort, commitment and tenacity. However, by focussing effort on an alarm review and rationalisation process,
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AUTOMATIC VERIFICATION OF SAFETY INSTRUMENTED SYSTEM IN CHEMICAL
PROCESSES
Jinkyung Kim, Younghee Lee and Il Moon
Department of Chemical Engineering, Yonsei University, 134 Shinchon-dong Seodaemun-ku, Seoul 120-749, Korea; e-mail:
bayaba@yonsei.ac.kr
Model checking is applied to determine the error-free design of the SIS and to find the logical errors
in the chemical processes. We propose an automatic technique to provide and to modify the P&ID
design of SIS control logics in the chemical process industry. Model checking is also useful when
SIS is analyzed with FTA. It attempts to verify correctness and completeness of FT for the SIS. The
idea of the verification of FT is to systematically specify the system model and to prove the
correctness and completeness of FT. Model checking method, an automatic error finding approach,
is used to verify its safety and reliability. The strength of this method is to synthesize a feasible
sequence through a counter-example and to verify its correctness using computation tree logic
(CTL) simultaneously. This paper proposes an automatic technique to provide and to modify the
P&ID design and the FT of the SIS control logics in the chemical process industry.

KEYWORDS: model checking, automatic verification, CTL, SIS, FT

large systems. In these techniques, specifications are
written as formulas in a proposition temporal logic and
systems are represented by state-transition graph. The verification is accomplished by efficient searching techniques
that views the transition system as a model for the
logic, and determines if the specifications are satisfied by
the model. There are several advantages to this approach.
An important one is that the procedure is completely
automatic.
The model checker accepts a model description and
specifications written as temporal logic formulas, and it
determines if the formulas are true or not for that model.
A model-checking tool (UPPAAL is used in this paper)
accepts system requirements or design (called model) and
a property (called specification) that the final system is
expected to satisfy. The tool then output yes if the given
model satisfies given specifications and generates a counterexample otherwise. The counterexample details why the
model doesn’t satisfy the specification. By studying the
counterexample, we can pinpoint the source of the error in
the model, correct the model, and try again. The idea is
that by ensuring that the model satisfied enough system
propertied, we increase our confidence in the correctness
of the model. The systems requirements are called models
because they represent requirements or design.
Likely SIS in chemical process, control-oriented
systems occur in a wide variety of safety problems in
design stage. For the control-oriented systems, finite stat
machines are widely accepted as a good, clean, and abstract
notation for defining requirements and design. For modeling
the systems, the followings are also needed to:

INTRODUCTION
A safety instrumented system (SIS) is one of the most
important protective measurements in chemical industrial
plants and provides automatic actions to correct an abnormal process event or behavior that has not been controlled
by basic control systems and manual interventions. SIS is
composed of any combination of sensors, logic solvers,
and final control elements for the purpose of taking the
process to a safe state when predetermined conditions are
violated. A SIS is commonly used on rare occasions including emergency shutdown system, safety shutdown system,
and safety interlock system. A SIS, therefore, must be available to operate whenever needed. If SIS failure occurs, it is
difficult to avoid from accidents such as explosion, process
damage, environmental damage, loss of cost, and loss of
human life. A SIS, thus, must be verified and validated
thoroughly and systematically in design stage. Most of
existing methods such as HAZOP (hazard and operability
study), FTA (fault tree analysis), FMEA (Failure mode
and effect analysis), etc. for identifying hazards, safety
and reliability of SIS are commonly used in industrial
field. These methods, however, are usually very time consuming and only depend on manpower. In this paper, we
apply model checking approach to provide design of the
SIS and to validate the FT for the SIS in chemical industrial
processes. This method is tested by two examples to find the
logical and unfeasible errors automatically which is difficult
to find using manual methods.

MODEL CHECKING METHOD
The model checking verification method is an alternative
approach that has achieved significant results recently.
The main purpose of a model checker is verifying the
model with regard to a requirement specification. Efficient
algorithms are able to verify properties of extremely

–
–

1

be able to modularize the requirements to view them at
different levels of detail
have a way to combine requirements or design of components
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Figure 1. Raw water supplying system in HOU (Heavy Oil Upgrading) plant

– be able to stat variable and facilities (for example, valve
or pump) to update them in order to use them in guards
on transitions.

will never be a situation in which two pumps turn off at
the same time because the water is always prepared to use
for emergency. At least: one pump needs to be operated.
This example represents the case to search these unsafe
control logics of SIS of all possible control logics in early
design stage.
The sequences of the normal operation of the system
are following;

Model checking tool (UPPAAL) has its own rigorous
formal language for design models.

CASE STUDY 1
Raw water supplying system is ubiquitous process in chemical industrial plants. Figure 1 is a part of P&ID (Piping &
Instrumentation Diagram) for utility process design of
HOU project in petrochemical plant. Raw water from a
river is stored in a raw water pond. The water flows to a
raw water tank through a pump. The water runs into the
plant through three valves (V22, V23, and V14). The
water is used for cooling water in process through valve
22, for clarifier feed through valve 23, and for fire water
or emergency shower through valve 14. Valve 14 is directly
connected to the by-pass pipeline between pump and raw
water tank. Valve 14 is always open because it is used in
emergency situations only. The system has two pumps:
one which is used for normal operation and the other,
which stands by the first pump. If the first pump is out of
order, the other pump starts operating instantly. These
pumps get a signal from indicator I-100. I-100 is controlled
by pressure controller PI-101 or level controller LIC-101.
PI-101 gets a signal from pressure translator PT1, monitoring the pressure of flow from raw water pond to the pump. If
PI-101 indicates low low pressure, the pump turns off
automatically; otherwise the pump is operated normally.
In case that I-100 is connected to LIC-101 (Case 1), I-100
get a signal from LIC-101when level of raw water tank is
high high, and the pump turns off by this signal. Another
case is when LIC-101 is connected to valve LV (Case 2).
If raw water tank has high high level, LV is closed. There

1.
2.
3.
4.
5.
6.
7.

Water flows from raw water pond when valve V1.
If the pressure is not low low, one of two pumps turns
on.
If pump1 turns on, valve V5 is open and if pump2 turns
on, valve V10 is open.
If valve V5 or V10 is open, valve LV is open.
Water flows into raw water tank if valve LV is open.
Valve 14 is always opened to prepare emergency.
Water flows into the process through valve V22 or V23.

Model description consists of 10 modules. Units or facilities
do not exist below are not modeled because these can be
omitted as a matter of analyzing control logics of the
system. Figure 2 illustrates the model description of Case A.
Specifications for verification are;
Case A: A½ !(PI101¼¼1 && Pump1¼¼ 0 &&
Pump2¼¼ 0 & Lv ¼¼ 1
&& (!(Pump1_ fail ¼¼ 1) && !(Pump2_ fail ¼¼ 1)))
This specification represents there is no situation that inlet
flow from raw water pond is not low low pressure, two
pumps are not operated without failure. The result for the
specification is not satisfied. A counter example trace is
shown in figure 3. Two pumps are not operated simultaneously when the level of raw water tank leads to high
high. This control logic has an unsafe state, the system

2
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Figure 2. The model description of Case A

needs to redesign.

This specification means there is no situation that inlet
flow from raw water pond is not low low pressure, one pump
is operated without failure, valve LV is closed, and the level
of raw water tank leads to high high. The answer for this
query is not satisfied and the reasonable trace is shown in
figure 3. This situation is less unsafe than Case A, but it is
also an error because the water cannot flow only through

Case B: A½ !(PI101¼¼1 && (Pump1¼¼1 or
Pump2¼¼1) && Level¼¼1
&& Lv¼¼0 && (!(Pump1_fail¼¼1) &&
!(Pump2_fail¼¼1)))

Figure 3. A counter example trace of specification for Case A and Case B

3
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Figure 4. The process diagram of a storage tank with SIF

V14. If emergency water or fire water is not used, the water
cannot flow anywhere. Then, a safety valve next to valve
V14 will pop up when the pressure in the pipeline is over
set point of the safety valve. Reinstallation is needed. It is
necessary to modify this control logic of safety instrumented
system.
Control logical errors are automatically found by
model checking method in the design of the SIS. This
case study illustrates that model checking becomes an automatic technique for the safety verification of the chemical
process design instead of manual safety analysis methods.
If each process unit is modeled as a module, it becomes a
more fast and effective method to verify and find the
safety errors of whole plant design.

control logics. Synchronization variables are used to clear
state transition delays. The state of each device has
Boolean variables (i.e. normal or fail) randomly. The state
of failure mode connecting both devices has also normal
or fail according to operating control logics. In case of
flow transmitters, the state for the number of devices operating is added because three flow transmitters are connected.
Specifications for verification of fault tree based on
Figure 5 are following;
Specification 1: There is no event that both pressure transmitter lead to fail except that two transmitters are failing
at the same time.
A½ !(!(P1¼¼1 && P2¼¼1) && PTF¼¼1)
Specification 2: There is no event that both temperature
switches lead to fail except that two switches are failing at
the same time.

CASE STUDY 2
The subject of this case study is a Safety Instrumented
Function (SIF) which protects a storage tank by measuring
pressure, flow rate, temperature, and liquid level. Logic
voting is employed in the logic solver. The process
diagram for the process is shown in Figure 4. The fault
tree model of Probability of Failure on Demand (PFD) for
this SIF process is shown in Figure 5. The process consists
of a storage tank, two level switches, two temperature
switches, two pressure transmitters, three flow transmitters,
and two block valves. The purpose of this case study is to
evaluate reliability and SIL by correctly using FTA. The
correctness of reliability and SIL depends on the completeness of synthesis of the fault tree. It is important to verify
and find errors in a synthesized fault tree. We propose a
verifying method using model checking through this case
study.
Model description of the process in UPPAAL is performed for normal operation and failure of each device. In
case of level switches, temperature switches, and pressure
transmitters, they are normally operated if at least one
device out of two devices is operated. Block valves are
also operated with the same logic. In case of flow transmitter, they are normally operated if at least two out of three
devices are normally operated. The variables used in the
modeling are Boolean logics, and they have these operating

A½ !(!(T1¼¼1 && T2¼¼1) && TSF¼¼ 1)
Specification 3: There is no event that both level switches
lead to fail except that two switches are failing at the
same time.
A½ !(!(L1¼¼1 && L2¼¼1) && LSF¼¼1)
Specification 4: There is no event that both valves lead to
fail except that two valves are failing at the same time.
A½ !(!(V1 ¼¼ 1 && V2 ¼¼ 1) && VF ¼¼ 1)
Specification 5: There is no state that all flow transmitter
lead to fail except that three transmitters are failing at the
same time.
A½ !(!(F1 ¼¼ 1 && F2 ¼¼ 1 && F3 ¼¼ 1) && FTF ¼¼ 1)
The verifying results of the specifications 1, 2, 3, and
4 are satisfied. The results show that the gates corresponding
to each device failure mode in the fault tree based on
Figure 5 have correct gate logics (AND or OR) and complete subevents. However, the specification 5 is not satisfied.
The counter-example is shown in Figure 6. Based on the
counter-example, flow transmitters lead to failure when

4

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153

Figure 5. A probability of failure on demand fault tree for the SIF

not only three transmitters failed at the same time, but also
when two transmitters fail simultaneously. It is necessary
for the fault tree to be modified as shown in Figure 7.
The PFDavg data for the individual components used
in this case study are shown in Figures 5 and 7. The calculated overall system PFDavg is 4.47 E-2 in case of the non
modified fault tree, which falls into SIL 1 according to
Table 10, 7.41 E-3 in case of the modified fault tree after
verification, which falls into SIL 2. The result illustrates
that it is possible for an incorrect fault tree to lead a
change of SIL estimation.
CONCLUSION
This study proposes a novel approach to verify the design of
SIS control logic for chemical engineering process using
model checking. Model checking is applied to automatically
verify unsafe procedures of SIS control operation in the raw
water supplying system. Based on the results, we propose a
novel approach to validate safe design of SIS instead of
current safety assessment methods such as HAZOP. We
introduce an automatic technique to provide and to modify
the P&ID design of SIS control logics in the chemical
process industry.
Another application represents that the model checking technique is useful when we are to validate the correctness of informal safety analysis such as FTA. It attempts to

Figure 6. A counter-example of the specification 5
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Figure 7. A modified fault tree for probability of failure on demand
ISA TR84.00.02-2002 – Part 3, Safety instrumented
functions (SIF) – safety integrity level evaluation
techniques Part 3: Determining the SIL of a SIF via fault
tree analysis.
Kim, J. and Moon, I., 2000, Synthesis of safe operation
procedure for multi-purpose Bath Processes using SMV.
Computers and Chemical Engineering, 24: 385– 392.
Kim, J., Lee, Y. and Moon, I., 2006, Graphical modeling for the
safety verification of chemical processes, ESCAPE 16
meeting Jul. 9 – 13.
Kim, J. and Moon, I., 2006, Automatic verification of safety
instrumented system control logics in chemical industrial
processes. AIChE Annual Meeting, San Francisco, Dallas,
Nov. 12 – 17.
Moon, I., Power, G. J., Burch, J. R. and Clarke, E.M., 1992,
Automatic verification of sequential control systems using
temporal logic, AIChE Journal, 38: 67 – 75.
OREDA, 2002, Offshore reliability data handbook, 4th edition,
Hovik, Norway: Det Norske Veritas.

verify the correctness and completeness of FT for the SIL.
The idea of the verification of FT is to systematically
specify the system model and to prove the correctness and
completeness of FT. Automatic model checking technique
helps a safety engineer better understand the context better
in which the specified failure mode occurs so that he/she
conduct a more precise safety analysis.
REFERENCES
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DEVELOPMENT OF A RISK ASSESSMENT PROGRAM AGAINST TERRORISM IN
REPUBLIC KOREA
Younghee Lee, Jinkyung Kim and Il Moon
Department of Chemical Engineering, Yonsei University, 134 Sinchon-dong,
Seodaemun-gu, Seoul, 120-749, Korea; Tel.: þ82-2-363-9375, Fax: þ82-2-312-6401,
e-mail: lisma1847@yonsei.ac.kr
This study focuses on assessing the chemical terrorism security risks at chemical industry facilities
and public utilities. Most of the chemical facilities remain unsecured despite their clear vulnerability as terrorism and sabotage targets in Korea. Effective chemical terrorism response plans
must be adopted quickly to increase the security. This study modifies conventional method for
assessing the risk against terrorism. This paper introduces the chemical terrorism response technology, the prevention plan, new countermeasure to mitigate by using suggested risk and vulnerability
assessment method. This study suggests an effective approach to the chemical terrorism response
management.

KEYWORDS: chemical terrorism, vulnerability analysis, countermeasures, terrorism response, security
analysis

five steps; asset characterization, threat assessment, vulnerability analysis, risk assessment and new countermeasures.

INTRODUCTION
More countries are concerned about chemical terrorism and
sabotage than ever. They report the likelihood of terrorist
organizations coming into possession of such unconventional materials, and the prospect of their use against the
countries and their companies. South Korea is not exceptional case due to the temporary national division, the dispatch troops for Iraq and the uncomfortable situation of
the labor movement by terrorists. Chemical facilities or
public utilities in Korea, however, remain unsecured
despite clear vulnerability from terrorism and sabotage.
Strong and adequate security plan must be built for assessing the chemical risks.

ASSET CHARACTERIZATION
The asset characterization includes analyzing the technical
information on facility and public utility as required to
support the analysis, identifying the potential critical
assets, identifying the hazards and consequences of
concern for the facility or public utility and its surroundings
and supporting infrastructure, and verifying the existing
layers of protection. The consideration of possible chemical
terrorism threats should include internal threats, external
threats, and internally assisted threats. The available
threats are chosen according to reasonable local, regional,
or national situation. This step results in the attractiveness
of the target each asset from each adversary’s perspective.

SECURITY VULNERABILITY ANALYSIS (SVA)
METHODOLOGY
The American Petroleum Institute (API) and the National
Petrochemical & Refiners Association (NPRA) developed
the Security vulnerability assessment methodology available to the petroleum and petrochemical industry in 2003.
The SVA process is a systematic approach that combines
the multiple skills and knowledge of the various participants
to provide a complete security analysis of the facility and its
operations. The objective of conducting a SVA is to identify
security hazards, threats, and vulnerabilities facing a facility, and to evaluate the countermeasures to provide for the
protection of the public, workers, national interests, the
environment, and the company. SVA is a tool to assist management in making decisions on the need for countermeasures to address the threats and vulnerabilities.

THREAT ASSESSMENT
This step is to identify specific classes of adversaries that
may be responsible for the security-related events. This
step is to identify specific classes of adversaries that may
be responsible for the security-related events. Depending
on the threat, we can determine the types of potential
attacks and, if specific information is available on
potential targets and the likelihood of an attack, specific
countermeasures may be taken. The threat assessment
evaluates the likelihood of adversary activity against a
given asset or group of assets. It is a decision support that
helps to establish and prioritize security-ranking system.
The threat assessment identifies and evaluates each threat
on the basis of various factors, including capability, intention, and impact of an attack.

TERRORISM RISK ASSESSMENT PROGRAM
This study results implementing software to analyze the
possibility of terrorism and sabotage. This program includes
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Figure 1. Overall security vulnerability analysis methodology (API 2003)

Figure 2. Asset characterization process

THREAT ASSESSMENT
The vulnerability analysis includes the relative pairing of
each target asset and threat to identify potential vulnerabilities related to process security events. This involves
the identification of existing countermeasures and their
level of effectiveness in reducing those vulnerabilities.
When we determined how an event can be induced, it
should determine how an adversary could make it
occur. There are two kinds of methodologies: the accident scenario-based approach and the asset-based
approach. Both approaches are identical in the beginning,

but different in the degree of the detailed analysis of
threats scenarios and specific countermeasures applied
to a given scenario.

RISK ASSESSMENT
The next step is to determine the level of risk the adversary
exploiting the asset according to the existing security countermeasures. The risk assessment determines the relative
degree of risk for the facility and the public utility in
terms of the expected effect on each critical asset as a

Figure 3. Threat assessment process
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Figure 4. Overall risk ranking process

function of consequence and probability of occurrence.
Using the assets identified during the asset characterization,
the risks are prioritized based on the likelihood of a successful terrorism. Likelihood is determined after considering the
attractiveness of the target assets, the degree of threats and
vulnerability.

IMPLEMENTATION
This system is implemented in commercial software. The
fields in the program are completed as follows;

COUNTERMEASURES MAKING
The countermeasures analysis identifies shortfalls between
the existing security and the desirable security where
additional recommendations are justified to reduced risk.
An appropriate enhanced countermeasure option is identified to further reduce vulnerability at the facility. The
improved countermeasures present the following index:
the process security doctrines of deter, detect, delay,
response, mitigate and possibly prevent.

b.

a.

c.
d.

e.

Asset: The asset under consideration is documented.
User selects form the targeted list of assets and considers the scenarios for each asset in turn based on priority.
Security Event Type: This column is used to describe
the general type of malicious act under consideration.
Threat Category: The category of adversary including
terrorist and disgruntled employee.
Undesired Act: A description of the sequence of events
that would have to occur to branch the existing security
measures is described in this column
Consequences: Consequences of the event are analyzed and entered into the consequence column of

Figure 5. Severity ranking of dock zone
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Figure 6. Target ranking of dock zone

f.

g.

the worksheet. The consequences should be conservatively estimated given the intent of the adversary is to
maximum their gain. Users are encouraged to understand the expected consequence of a successful attack
or security breach by this column.
Existing Countermeasures: The existing security countermeasures that relate to detecting, delaying, or deterring the adversaries from exploiting the vulnerabilities
are listed in this column.
Vulnerability: The specific countermeasures that
would need to be circumvented or failed should be
identified.

h.
i.
j.

Vulnerabilities Level: The degree of vulnerability to
the scenario rated a scale of 1–5.
Risk Ranking: The severity and likelihood rankings are
combined in a relational manner to yield a risk ranking.
New Countermeasures: The recommendations for
improved countermeasures that are developed are
recorded in the Recommendation column.

CASE STUDY
The case is the dock zone including a storage farm, a manufacturing plant, an electrical supply utility, a hydrotreater

Figure 7. Vulnerability analysis of dock zone
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Figure 8. New countermeasures of dock zone

unit, many containers, and administration building. It is an
attractive target because of environmental release, combustible liquids fire and explosion hazard, easy access, a lot of
toxic hazard chemicals, possibility to shutdown if electrical
supply unit were damaged, public impact, business interruption, etc. We considered these vulnerabilities of each facilities and overall zone.

and new countermeasures. This paper presents a chemical
terrorism response technology, a prevention plan and new
countermeasure by using risk and vulnerability assessment
method in the chemical industry and the public utility.
This study suggests an effective approach to the chemical
terrorism response management in decision making.
REFERENCES

CONCLUSION
A risk assessment is developed and it is implemented as
software to analyze the possibility of terrorism and sabotage. This program is applied to case (a dock field). The
result reports the following 10 index: asset, security event
type, threat category (terrorist and sabotage), undesired
act(a description of the sequence of events that would
have to occur to breach the existing security measures), consequences, existing countermeasures, vulnerability, vulnerability ranking, degree of risk(the severity and the
likelihood rankings are combined in relational manner),
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THE INFLUENCE OF SAFETY SYSTEMS IN THE LAND USE PLANNING METHODOLOGY
USED IN WALLOON REGION (BELGIUM)
Christian Delvosalle1, Fessel Benjelloun2, Sylvain Brohez1, Nathaël Cornil1, Cécile Fiévez1, Laurent Servranckx1 and Fabian
Tambour1
1
Faculté Polytechnique de Mons, Major Risk Research Centre, 56, rue de l’Epargne, 7000 Mons, Belgium; Tel.: þ32 65 37 44 03, Fax:
þ32 65 37 44 07, e-mail: christian.delvosalle@ fpms.ac.be
2
Ministère de la Région Wallonne, Direction Générale des Ressources Naturelles et de l’Environnement, Cellule Risques d’Accidents
Majeurs, 15, avenue Prince de Liège, 5100 Jambes, Belgium
The article 12 of the Seveso II Directive (1996) requests that member states assure that their land
use policy takes account of the need, in the long term, to maintain appropriate distances between
establishments covered by the Directive and residential areas, areas of public use and areas of particular natural sensitivity or interest. An amending Directive published in December 2003 stresses
the need to pay a particular attention to the land use planning issue.
In Belgium, land use planning falls within the competence of regional authorities. Since 2003,
the Ministry of Walloon Region has worked in that field in collaboration with the Major Risk
Research Centre of the Faculté Polytechnique de Mons in order to develop a consistent and transparent methodology to assure a sustainable land use planning around Seveso plants.
Competent Authorities decided to define “vulnerable zones” around each Seveso plant. These
vulnerable zones may be not available for building. When a new development (house, public infrastructure, etc) is planned and a building licence is requested, planners have to verify if the project is
located in a vulnerable zone. If yes, they need to obtain a positive advice from regional Seveso
Competent Authorities before granting the licence.
These vulnerable zones have to be defined in a consistent way, and thus the support of an external
scientific expert has been searched. The Major Risk Research Centre of the Faculté Polytechnique
de Mons plays this role and determines the vulnerable zones.
The vulnerable zone is defined as a zone in which a major accident could induce harmful effects
for people or infrastructure, with a non negligible frequency of occurrence.
The approach selected for the risk assessment and the determination of the vulnerable zones is
semi-quantitative. It is spoken about an “hybrid” QRA approach [1].
In this approach, the estimation of failure frequencies is based on generic probabilities, and so
safety systems in the fault tree part of the bow-tie are not taken into account. On the contrary,
safety systems being effective downstream the loss of containment, can be taken into account in
the event tree. These are for example bunds and remote bunds, foam injection systems, shut-off
valves coupled with a detection system, check valves, excess flow valves, and also equipment in
ventilated building, eventually with a scrubbing system for effluents. Systems whose complete efficiency is not demonstrated are not retained, as for example water curtains to mitigate toxic releases.
These safety systems will thus reduce the consequences of the loss of containment and are
characterized by their probability of failure on demand in the event tree. This paper describes
the influence of the safety systems on the scenarios and the way they are modeled.
[1] Overview of Current practices regarding Land Use Planning around Seveso sites in Walloon
Region, Delvosalle C, Benjelloun F, Brohez S, Fiévez C, Niemirowski N,Tambour F, 5th European
Meeting on Chemical Industry and Environment, EMChIE, Vienna, Austria, 3rd –5th May 2006.

KEYWORDS: safety systems, land use planning, Seveso Directive, QRA, probabilistic approach, risk
assessment, risk curves

published in December 2003 stresses this need to pay a particular attention to the land use planning issue.
In Belgium, land use planning falls within the competence of regional authorities. Since 2003, the Ministry of
Walloon Region worked in that field in collaboration with
the Major Risk Research Centre of the Faculté Polytechnique de Mons in order to develop a consistent and open

INTRODUCTION
The article 12 of the Seveso II Directive (1996) requests that
member states assure that their land use policy takes account
of the need, in the long term, to maintain appropriate distances between establishments covered by the Directive
and residential areas, areas of public use and areas of particular natural sensitivity or interest. An amending Directive
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methodology to assure a sustainable land use planning
around Seveso plants.
Two parts can be distinguished in the project. The first
one is the scientific risk assessment leading to the definition
of risk curves around the plants. The second part is the “political” management of these curves, or the decision-making
process. This paper will mainly focus on the first part of the
project for which the Faculté Polytechnique de Mons offers
a technical and scientific support.
In practical terms, Walloon Authorities decided to
introduce the concept of “consultation zones” around each
Seveso plant. A consultation zone is defined as a zone in
which a major accident could induce harmful effects for
people or infrastructure, with a non negligible frequency
of occurrence.
These consultation zones will be made available for
planning authorities. When a new development (house,
public infrastructure, etc) is planned and a building
licence is requested, planners have to verify if the project
is located in a consultation zone. If yes, they need to
obtain a favourable recommendation from regional Seveso
Competent Authorities before granting the licence.
These consultations zones have to be defined in a consistent way, and thus the support of an external scientific
expert has been searched. The Major Risk Research
Centre of the Faculté Polytechnique de Mons plays this
role and calculates risk curves around the Seveso plant.
With these risk curves, the Walloon Region will then have
to draw the consultation zones on the local maps.
The approach selected for the risk assessment and the
determination of the consultation zones is a probabilistic
one with particular assumptions. The paper will summarize
the successive steps of the risk assessment phase (Delvosalle

et al, 2006) and will focus on the way the safety systems are
taken into account.

METHODOLOGY USED IN WALLOON REGION
INTRODUCTION
In Walloon Region, the approach selected for the risk
assessment and the determination of the consultation
zones is similar to a full probabilistic approach, which is
called a “QRA” (Quantitative Risk Assessment) in the
Netherlands and United Kingdom. However, the approach
chosen differs from a classic QRA method on several
points, which will be detailed in this paper. The successive
steps of the risk assessment phase are summarized in Figure
1 and developed further in this chapter.

GATHERING THE INFORMATION
In a first step, it is necessary to collect information about the
Seveso plant around which a consultation zone has to be
drawn. This is carried out through the analysis of safety
reports, visits of the plant, and the gathering of maps, list
of substances, list of equipment, process data, etc.
Weather conditions are provided by the Walloon Region.
The set of data to be collected is well structured, due to
the know-how acquired in this field.

CHOOSING THE EQUIPMENT CONTRIBUTING TO
THE RISK
In a second step, it is necessary to choose the equipment
which will be included in the risk assessment. It is crucial
here not to choose too few equipment in order to have a

Figure 1. Summary of the steps followed for the determination of the consultation zones
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right assessment of the risk level, and not to choose too
much equipment, which would lead to a high time-consuming process. In the frame of land use planning issue, only
equipment contributing to a risk beyond the fence of the
plant have to be considered.
For this purpose, the Walloon Region has developed a
method of selection of equipment (Ministry of Walloon
Region, 2005).

The frequencies given in this handbook concern the
frequency of the loss of containment on the piece of
equipment (the full rupture or the leak/breach). This
means that the approach chosen uses “generic frequencies”,
that is to say mean frequencies obtained on a certain set of
similar equipment, and not a failure frequency specific to
the piece of equipment studied.
The problem of the accuracy of failure frequencies
published in available literature is well-known among land
use planners using probabilistic methods. Often, the available data are rather old, established on a non-specified set
of equipment, with very probably a great discrepancy in
quality of design, level of integrated safety systems,
quality of maintenance and operation procedures, etc.
(Beerens, 2006).
Theoretically, it could be possible to carry out a full
fault tree analysis for each considered scenario. This analysis should lead to obtain frequency values more accurate for
the loss of containment. In practice, two problems are
encountered: on the one hand the time required to perform
the fault tree analyses is too important for land use planning
purposes. On the other hand, the availability of reliable data
for the basic events/causes is also problematic.

SELECTING APPROPRIATE SCENARIOS FOR THE
CHOSEN EQUIPMENT
When a piece of equipment is selected during the previous
step (storage or process vessel, pipe or transport equipment),
some scenarios are considered in a systematic way. In
general, the full rupture of the piece of equipment is considered (catastrophic rupture for a vessel, full bore rupture
for a pipe), and also breaches or leaks of various equivalent
diameters (breaches of 35 and 100 mm diameter on a vessel,
leaks of 22 and 44 % of the nominal diameter for a pipe).
These scenarios are summarized in Figure 2.
The values quoted for the equivalent diameters of the
breaches and leaks have been chosen because frequency
failure rates are available for these sizes. The failure frequency problem will be treated in the following point.
These scenarios are systematically modelled, but it is
obvious that some additional scenarios could be added
according to the special features of the plant.

CHOOSING ENDPOINT VALUES
Having selected the scenarios and characterised their frequency of occurrence, it is now necessary to estimate the
consequences of these scenarios. The calculation of these
consequences is carried out by the software used in this
project (SAFETI 6.5 developed by DNV).
In the frame of this project, endpoint values are
related to the exposition of people to first irreversible
damage. This is not a common use in QRA approaches,
which often use endpoint values related to fatalities.
Endpoint values are summarised in table 1. It has
to be underlined that, for toxic effects (as well as for radiation effect related to BLEVE), the exposition duration is

CHOOSING FAILURE FREQUENCIES FOR THE
SELECTED SCENARIOS
As shown in figure 1, for each scenario selected, a failure
frequency must be chosen. It has been decided to use the
same failure rates as those used in the Flemish Region of
Belgium, published in the “Handboek of kanscijfers”
(Aminal, 2004).

Figure 2. Example of pre-selected scenarios
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Table 1. Endpoint values used in Walloon Region for land-use planning purposes
Effect
Radiation
Radiation
Overpressure
Toxic

Endpoint values

Dangerous
phenomenon

6,4 kW/m2
237 (kW/m2)1.33 .s (Dose)
50 mbar
ERPG3N  60 min (Dose)

Poolfire, jetfire, flash fire
BLEVE
Explosion
Toxic dispersion

Related to
2nd degree burns after 20 seconds
2nd degree burns
Indirect effects, NATO value
Maximum airborne concentration
below which it is believed that
nearly all individuals could be
exposed for up to 1 hour without
experiencing or developing
life-threatening health effects

Figure 3. Influence of a mitigating safety system on the defined scenarios

Figure 4. Event tree for 3 shut-off valves associated with 2 detection systems

4

5

Ventilated building with
chimney

Shut-off valve

Foam injection system

Check valve

Causes a pre-dilution of
the gaseous release

Shuts-off if flow exceeds a
determined value
Prevents upstream flow
from being released
Covers the pool with
foam, preventing the
vaporization
Shuts-off on demand

Allows a part or the entire
liquid release to be
trapped with low or no
vaporization

(Covered) Remote Bund

Excess flow valve

Prevents the pool from
spreading without limit

Mitigation effect

Bund

Safety system

Detection/command
system(s)
Autonomous

Detection/command
system(s)

Autonomous

Limited duration or
release
1. In-building release
2. Higher altitude release

1. Reduced duration of
evaporation for the
main pool
2. Remote pool
evaporating if bund not
covered
Highly reduced release
duration
No contribution from the
upstream to the release
Limited duration of pool
vaporization

Autonomous

Autonomous

Pool limited to a
determined surface

Effect on modeling

Autonomous

Associated with

To check

Automatic and remote
command
Vent system

Injection devices have to
be installed on the bund

Release flow rate
. excess flow rate
—

1. State-of-the-art
construction
2. No evident spill
possible
1. No closed valve
between the bund and
the remote bund
2. Flow capacity of the
connecting drain

Table 2. Classical mitigation safety systems taken into account

Depending on the
detection
Instantaneous

Depending on the
detection

Very fast
(,30 sec)
Instantaneous

Instantaneous or
depending on the
difference between
released flow/draining
capacity

Instantaneous

Reaction time

IChemE SYMPOSIUM SERIES NO. 153
# 2007 IChemE

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153
Table 3. Classical detection systems
Detection system
Gas sensor
Operating data measure
(pressure, flow rate, . . .)

Dead-man system
Emergency
button

Based on

To check

Presence of gaseous material
in ambient air
Deviation of an operating
parameter from its allowed
range

1. Detection limits
2. Sensors location
1. Location of the measure
2. Required deviation rate
., deviation due to the
release
Duration of the period

Operator has to push a button
periodically
Human reaction
based

1. Location of the button
2. Permanent presence
of an operator

taken into account by considering the dose, as shown in
equation (1):
n
n
 tERPG3 ¼ Cnew
 texp osure
Dose ¼ CERPG3

Estimated reaction time
to 2 minutes if well-located
Depending on
1. the period of measure
2. the location of
measure (ie: long pipeline)
Duration of the period
Depending on the location of
the button

It has to be noted that generic failure frequencies are
sometimes available including intrinsic safety measures (ie:
distinction between a regular and double wall atmospheric
tank).
This paper focuses on safety systems acting after the
occurrence of the loss of containment.

(1)

RESULTS
Calculations are carried out by the QRA software SAFETI
6.5. Results are provided in the shape of iso-risk curves
superimposed on a map of the area. It is also possible to
analyse more accurately the risk on a specific location,
by determining which scenario is the main component in
the risk observed. This can lead to a better protection of
the corresponding equipment item, if it is found that a
scenario is a critical one. The iso-risk curves will serve
for the drawing of the consultation zones mentioned in
the beginning of this paper.

EFFECTS OF SAFETY SYSTEMS
Safety systems will affect the consequences as well as the
frequencies of the defined scenarios, as shown on figure 3.
They are characterized by their probability of failure on
demand.
Some safety systems are autonomous (ie: a bund, an
excess flow valve) where others have to be combined to
be effective (ie: shut-off valves will only be useful if associated with a detection system). In the second case, the probability of failure on demand has to be calculated, based on
the probability of each one of the components taking part
in the global effect.
There will be two or more scenarios resulting from the
loss of containment, representing the successive failures or
successes of the safety systems, each of these scenarios
leading to specific consequences and frequencies. Figure 4
represents the case of 2 detection systems (each with its
own reaction time) associated with 3 shut-off valves,
leading to 3 scenarios.

INFLUENCE OF SAFETY SYSTEMS
INTRODUCTION
Seveso companies and Competent Authorities often
promote the use of safety systems. It is necessary to take
into account these systems when defining the risk
around a Seveso site, as they can considerably alter the
final results.
We have to distinguish preventive safety systems (in
the fault tree part of the bow-tie) from the mitigating ones
(in the event tree part). It must be stressed that it is not possible, in the approach retained here, to take into account the
safety devices acting upstream of the loss of containment
phenomenon (for example: corrosion prevention, maintenance program, level interlock, etc). As the frequency of
the scenario is a generic one, it is independent of the
quality of the design and operation of the installation.
However, it must be recalled that the land use planning
process occurs after the granting of the licence to operate.
It must then be supposed that installations concerned by
the land use planning process have successfully been
inspected, have received their licence to operate and are
operated according to the state-of-the-art.

CLASSICAL SAFETY SYSTEMS
Table 2 summarizes the most classical safety systems which
are taken into account in the present methodology. On the
other hand, safety systems for which complete efficiency
is not demonstrated are not retained, as for example water
curtains to mitigate toxic releases.
As some mitigation systems require the need to
detect the release, Table 3 summarizes the main detection
systems.
It has to be noted that manual detection (emergency
buttons) can be taken into account, but the failure on
demand is much higher than for automatic systems, and
the required conditions are rather strict (emergency
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buttons have to be well disposed, or in a control room
and an operator has to be permanently present near
this button).
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des dangers et des rapports de sécurité (partie Région
Wallonne)

CONCLUSION
This paper has described the main steps of the risk assessment phase carried out in Walloon Region for land use planning around Seveso plants in a first part, and has focused on
the influence of safety systems in a second part.
Safety systems can considerably alter the final results,
and large differences are observed from one plant to
another. It is thus crucial to take them into account in the
method of definition of the risk curves around Seveso
sites. The use of generic failure rates prohibits the consideration of safety systems being effective in the fault trees.
However, mitigation systems, acting in the event trees,
affect the way scenarios are modelled (therefore their
consequences) as well as their frequencies. This paper has
briefly described the safety systems which are taken into
account in the present methodology and how they change
the modelling.
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A QUANTITATIVE RISK ASSESSMENT TOOL FOR THE EXTERNAL SAFETY OF
INDUSTRIAL PLANTS WITH A DUST EXPLOSION HAZARD
M.M. Van der Voort, A.J.J. Klein, M. de Maaijer, A.C. van den Berg,
J.R. van Deursen and N.H.A. Versloot
TNO Defence Security and Safety, Lange Kleiweg 137, P.O. Box 45, 2280 AA Rijswijk,
The Netherlands; e-mail: martijn.vandervoort@tno.nl
Accidents in the past have shown that explosions of combustible dusts can have serious consequences, both for workers and process equipment, and for the environment. A quantitative risk
assessment (QRA) tool has been developed by TNO for the external safety of industrial plants
with a dust explosion hazard.
As a first step an industrial plant is divided into groups of modules, defined by their size, shape,
and constructional properties. Then the relevant explosion scenarios are determined, together with
their probabilities of occurrence. These include scenarios in which one module participates, as well
as domino scenarios. The probabilities are partly based on casuistry.
A typical burning velocity is determined depending on the ignition type, the dust properties and
the local conditions for flame acceleration. The resulting pressure development is predicted with the
‘thin flame model’. Module failure occurs when the explosion load exceeds thresholds, which are
derived by SDOF (Single Degree of Freedom) calculations for various types of modules. A model
has been developed to predict the process of pressure venting after module failure and the related
motion of launched module parts.
The blast effects of the primary explosion are based on results from calculations with
BLAST3D. The blast and flame effects of the secondary external explosion due to venting are calculated using existing models. The throw of fragments and debris is quantified with a recently
developed model. This model is based on trajectory calculations and gives the impact densities,
velocities, and angles as output. Furthermore the outflow of bulk material is taken into account.
The consequences for external objects and human beings are calculated using existing models.
Finally the risk contours and the societal risk (FN curve) are calculated, which can be compared
to regulations.

KEYWORDS: dust explosion, probability, quantitative risk assessment, blast, debris

safety of industrial plants with a dust explosion hazard (Van
der Voort et al. [3], Klein et al. [4]).

INTRODUCTION
Accidents in the past have shown that explosions of combustible dusts can have serious consequences, both for workers
and process equipment, and for the environment. An
example is the accident that took place in a grain storage
facility in Blaye in 1997 (Masson [1], Proust [2]). During
the accident a series of dust explosions propagated
through a silo building, which caused complete destruction
of the majority of the cells, the over-cell gallery, and one of
the two handling towers alongside the building (Figure 1).
In the accident 11 people were killed, primarily due to
the effects of debris throw and the outflow of grain. Debris
has been found up to distances of typically 100 m, while
window failure as a result of the blast took place up to
even larger distances.
Industrial plants with a dust explosion hazard are
sometimes located or planned very close to populated
areas, because the external risk is not always fully recognized. Furthermore, mitigation measures like adequate
pressure venting panels are often not present. In The Netherlands, both industry and local authorities have a growing
interest to quantify this risk. As a result, a quantitative risk
assessment tool (QRA) has been developed for the external

SCENARIOS AND PROBABILITIES
A QRA starts with the definition of the explosion scenarios
that are relevant for the external safety. To this end an industrial facility is divided into groups of modules (Figure 2).
Examples of modules are cells, cell galleries and handling
towers. The modules (i ¼ 1 to N) are part of independent
groups (k ¼ 1 to K), between which the propagation of a
dust explosion is excluded.
The next step is to determine the relevant explosion
scenarios, together with their probability of occurrence.
These include both scenarios in which one module participates (referred to as ‘mono’ scenarios), and domino
scenarios.
An indication of the probability of ignition in two
types of modules is based on casuistry (Klein et al. [4]),
and is given in Table 1. These values are interpreted as
the probability of ignition by an ignition source within a
module. No distinction is made between different types of
dusts or industrial processes. Table 1 also includes values
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Table 1. Probability of ignition and propagation
Probability
(1/year)

Probability of

Ignition in a silo cell
1.1025
Ignition in an over-cell gallery or handling tower 1.1024
Propagation to a direct neighbor module
10 %
Propagation to a remote neighbor module
1%
Propagation outside the group
0%

The probability of ignition in a module, not followed
by propagation to any of the other modules (a mono scenario) can be calculated from:

Figure 1. The Blaye accident (1997)

for the probability of propagation towards neighboring
modules.
As an example a group of 4 modules is considered, as
displayed in Figure 3.
This group consists of a cell gallery (i ¼ 1) connecting 3 silo cells (i ¼ 2,3,4). The cell gallery is the direct
neighbor of each cell, while in between cells a remote neighbor relationship holds. Based on this information and table
1, both a vector with probabilities of ignition (Pi) and a correlation matrix with the probabilities of propagation from
module i to j (Pcor,ij) are defined (Van der Voort et al. [3]):

Pmono, i ¼ Pi 

0

Pmono, i

1
1:104
B 1:105 C
B
C
Pi ¼ B
C
@ 1:105 A

Pdo, TOT ¼

1
7:29  105
B 0:88  105 C
C
¼B
@ 0:88  105 A
0:88  105

(2)

X

(Pi  Pmono,i )

Pdo, TOT ¼ 3:06  105 (3)

i

1:105

Pcor, ij

(1  Pcor, ij )

j

The number of different domino scenarios increases
rapidly with the number of modules in a group, as can be
shown with Newton’s binomium. The summed probability
of all domino scenarios equals:

0

0

Y

0
0:1
B 0:1
0
B
¼B
@ 0:1 0:01

0:1
0:01
0

0:1 0:01

0:01

1
0:1
0:01 C
C
C
0:01 A

A conservative approach has been taken by considering only that domino scenario in which all modules participate, with Pdo,TOT as the relevant probability. For an
industrial facility with N modules divided over K groups,
N þ K explosion scenarios are defined. These are N mono
scenarios and K domino scenarios. The probabilities of

(1)

0

Figure 2. Illustration of a fictional industrial facility which is divided into groups of modules
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takes place in a domino scenario. Together with the dust
and cloud properties and the module geometry, a typical
burning velocity (Sb) is determined (Table 2). An indication
of realistic values has been obtained from a literature study
(among others Proust [2], Klein et al. [5]).
Three levels for the KSt value (150, 250 or 350) are
defined, based on the three dust classes St1, St2, and St3.
With respect to the cloud properties it is assumed that at
the time of ignition, the interior of a module is completely
filled with a stoichiometric dust-air cloud. In reality, this
could initially not be the case, but lift-up of dust can take
place during the explosion, which can contribute to the
explosion strength. Although conservative, the assumption
therefore seems to be reasonable. The burning velocity
can further increase (flame acceleration) if obstacles are
present or when the flame travels over significant distances
(module length/diameter . 10).
The generation of overpressure inside the module is
directly related to the burning velocity and the volume of
the module in which the overpressure is distributed. Two
versions of the ‘thin flame model’ are implemented in the
QRA tool (3D and 1D). In these models the propagation
of an ‘infinitely thin flame’ generates combustion products
that adiabatically compress the gases inside a closed
geometry.
For a point ignition and spherical flame propagation,
the development of the absolute pressure P(t) is calculated
from the following differential equation (Dahoe [6], Lewis
and von Elbe [7]):

Figure 3. A group of 4 modules is used as an example. The
probabilities of ignition are indicated, as well as the
probabilities of propagation from the leftmost cell towards
the others

these scenarios can be calculated with the methodology
described in this section.

DUST EXPLOSION INITIAL PHASE
The progression of a dust explosion in a module is initially
determined by:
. the ignition type (point or jet ignition)
. the dust properties (Pmax, KSt)
. the cloud properties (turbulence level, concentration,
volume)
. the geometry (dimensions, obstacles)

dp 3  (Pmax  P0 )
¼
dt
Rvessel
!23  1
 g1
P0
Pmax  P
P g
 1


Sb
Pmax  P0
P0
P

With respect to the ignition type, point ignition will
typically take place in a mono scenario, while jet ignition

(4)

Table 2. The burning velocity related to the ignition type, the KSt value expressed in dust classes, and the possibility of flame
acceleration
Parameter

Model
3D thin flame

1D Thin flame

Turbulent burning velocity (Sb)

Ignition
type

KSt

Flame
Acceleration

Low
(1 m/s)

Point
Point
Point
Point
Point
Point
Jet
Jet
Jet
Jet
Jet
Jet

St1
St1
St2
St2
St3
St3
St1
St1
St2
St2
St3
St3

No
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
Yes

X
X
X

3

Medium
(5 m/s)

High
(10 m/s)

X
X
X
X
X
X
X
X
X
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Figure 5 shows a comparison between the results
(explosion overpressure versus time) from the two thin
flame models for a burning velocity of 5 m/s in a confined
volume with V ¼ 320 m3 and L ¼ 20 m. Initially the planar
flame has a larger flame surface area compared to the spherical flame, and therefore generates more combustion products and hence more overpressure. The area of the
spherical flame increases, and as a result it will start to dominate the planar flame at overpressures exceeding 10 kPa.
After some time the spherical flame will touch the
wall. At that moment the model will start to overestimate
the flame surface area and hence the generation of overpressure. In practice the explosion load will have exceeded the
strength of the module by then.

Figure 4. Thin flame model for spherical and planar flame
propagation in a closed geometry

MODULE STRENGTH
The nature of the dust explosion changes when the
explosion load exceeds the module’s constructional
strength. Since the explosion effects are very sensitive to
the exact conditions at that moment, knowledge about the
constructional strength is essential. A large variety of
module types exists, characterized by different sizes,
shapes (e.g. rectangular, cylindrical) and construction
materials (e.g. reinforced concrete, steel). Furthermore, a
distinction has to be made between the strength of the
walls and the roof of a module. The QRA tool is offering
two possibilities to determine the constructional strength.
When detailed knowledge about the construction is
available, the QRA tool determines a strength based on
SDOF (Single Degree of Freedom) calculations (Rhijnsburger et al. [8]). These calculations result in so-called isodamage curves, which represent all combinations of overpressure (P) and impulse (I) for a certain load shape,
causing a similar damage level. An example is displayed

This equation is valid for central ignition in a closed
spherical vessel with radius Rvessel. However, for geometries
with larger L/D-values like silo cells, this equation will give
a reasonable description during the initial stages of the combustion (Figure 4; left picture). In that case Rvessel is replaced
by an equivalent radius based on the geometry volume V.
In the case of a jet ignition, flame propagation is represented by a planar flame (Figure 4; right picture). The
development of the absolute pressure P(t) can be calculated
from the following differential equation (Van der Voort [3]):
 g1
dp
P
Sb
¼ (Pmax  P0 ) 

dt
P0
L

(5)

In this equation ‘L’ is the geometry length. No other
reference in open literature is known where this differential
equation and its analytical solution are reported.

Figure 5. Explosion overpressure versus time for spherical and planar flame propagation for a burning velocity of 5 m/s in a cell with
V ¼ 320 m3 and L ¼ 20 m
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Figure 6. Iso-damage curves obtained from SDOF calculations for a reinforced concrete wall of 4 m width, 0.4 v% reinforcement and
a wall thickness of 200 mm. Results are shown for yield and for 2 and 4 degrees support rotation

in Figure 6 for a reinforced concrete wall of 4 m width, 0.4
v% reinforcement and a wall thickness of 200 mm. Isodamage curves are shown for the yield level of the reinforcement and for 2 and 4 degrees support rotation. At the level of
4 degrees support rotation, wall failure and debris throw is
likely. This curve is schematized by two straight lines: the
impulse and pressure asymptote (about 1.2 kPa.s, and
20 kPa respectively). The values of these asymptotes have
been obtained for a large number of module types and
have been combined in data fits.
When insufficient information about the construction
is available, the strength can only be estimated with the
help of Technotrans [10], and DIN 1055-6 [11]. In these
references minimal requirements for the strength are
given, based on bulk storage, and filling and emptying
conditions.

roof the venting process is influenced by neighbor
modules in two ways. The neighbor modules enlarge the
‘effective’ roof mass, and on the other hand reduce the
generation of vent area. These two phenomena have
been taken into account.

MODEL FOR PRESSURE RELIEF AND
ACCELERATION OF
MODULE PARTS
In many cases, an adequate pressure venting panel,
designed according to NEN-EN 14491 [12], is not
present. For this situation a model (Van der Voort, et al.
[3]) has been derived and implemented to predict the
process of pressure venting after module failure and the
related motion of launched module parts. Figure 7 illustrates this model.
The model simulates the ‘thin flame’ pressure
development (section 3). When the explosion load (combination of overpressure and impulse) exceeds the strength
(section 4) of a part of the construction (roof and/or
wall), this part will accelerate and create a vent area. In
general, the vent area is equal to its circumference multiplied by its displacement, limited to the accompanying
surface area. It is assumed that the module roof will be
launched entirely. In the case of a reinforced concrete

Figure 7. Illustration of the model for pressure relief and
acceleration of module parts. Ar and Or are the roof area and
circumference. Aw and Ow are the launched wall area and
circumference
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The launched part of a reinforced concrete wall is
estimated with the NEN-EN 14491 [12], while steel walls
are assumed to be launched entirely (CPR 14E [18]). In
general, reinforced concrete walls have a smaller strength
in the upper part. Therefore the vent area is created in topdown direction, and spread over the free sides of the cell.
The vented explosion overpressure as a function of time is
obtained by correcting the confined explosion overpressure
for the amount of vented material. The venting velocity
scales with the square root of the instantaneous explosion
overpressure Pe(t).
Mathematically the process is described by a set of 8
coupled differential equations for the explosion impulse and
overpressure, roof and wall displacement and velocity, and
amount of vented material.
As an example a single square reinforced concrete
silo is considered. The wall strength is taken equal to that
in the example in section 4. The reinforcement of the wall
is not connected to the roof. As a result the roof starts to
move after the explosion overpressure exceeds its gravity
at about 4 kPa. A jet ignition and a turbulent burning
velocity of 10 m/s are assumed.
Figure 8 shows that the difference between the
confined and vented explosion overpressure is initially
negligible. When wall failure takes place (in this case by
crossing the impulse asymptote at 25 kPa) the venting
process intensifies and the reduced explosion overpressure
is reached at about 40 kPa. In Figure 9 the velocities of
roof and wall as a function of time are displayed. The
roof, which starts to move first, reaches a velocity of
11 m/s, while the wall reaches a velocity of 7 m/s.
The reduced explosion overpressure and the roof and
wall velocities are important parameters in determining the
explosion effects.

EXPLOSION EFFECTS AND CONSEQUENCES
The blast effects of the primary explosion are based on
results of numerical simulations with the Euler solver
BLAST3D [13]. The blast effects consist of a pressure
wave followed by a jet. For a variety of module dimensions,
hole dimensions and reduced explosion overpressures the
blast effects have been monitored at a large number of
points at various angles relative to the hole. In Figure 10
the pressure field at 66 ms is displayed.
The following conclusions can be drawn;
.

.

The amplitude of the pressure wave depends on the
reduced explosion overpressure and the hole size, but
is independent of the module volume. Correlations
were obtained and implemented in the QRA tool
The dynamic overpressure in the jet appeared to be also
dependent on module volume. It was decided to
implement a simple model for the jet (Hinze [20])

The consequences of blast from dust explosions are
limited to window failure. The probability of lethality due
to window failure is calculated according to PGS1 [19].
Depending on the distance from the ignition location
to the failure location a secondary external explosion due to
venting can take place. The blast and flame effects of this
external explosion are calculated with models described in
NEN-EN 14491 [12]. The consequences have been calculated according to PGS1 [18]. In general, blast and flame
jet are assumed to originate from the lowest predicted
break-up location.
The outflow of bulk material has been taken into
account by the conservative assumption that during an
explosion the entire volume of each module will be released
into a cone-shaped pile of bulk material. Individuals burried

Figure 8. Overpressure versus impulse for a confined (red) and vented (blue) explosion in a reinforced concrete cell. Roof
displacement and wall failure are indicated
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Figure 9. Velocity of module roof and wall versus time

with this material are assumed to have a 100 % probability
of lethality.
For the throw of fragments and debris a model has
been developed which is based on trajectory calculations
(Van der Voort et al. [3], [14], [15]). It is assumed that a
reinforced concrete wall breaks up in equal debris items,
related to the reinforcement grid. This is based on the observations for low loading densities of high explosives
(Figure 11, EMI [16], Klotzgroup [17]). In this regime
wall failure takes place in the ‘gas pressure loading’
regime, like in the case of dust explosions.
It assumed that the debris items are homogeneously
distributed over walls of the module. Steel module walls
are assumed to be launched as a whole (CPR 14E [18]).
Because the debris and fragment masses are large and
launch velocities are small, the drag force in the equations of

motion can be neglected. For modules with rectangular and
cylindrical walls (Figure 12) an analytical formulation for
the debris density has been obtained.
As an example the scaled item density is compared
for both geometries. Results are shown for three different
initial velocities (Figure 13).
From Figure 13 it can be seen that the item density for
a cylindrical wall is generally much smaller than for a rectangular wall, because the items are spread over a larger
area. While item distances increase with initial velocity,
the item density decreases. The radial width of the throw
pattern increases with initial velocity.
A similar formulation has been derived for the debris
density resulting from module roofs. Besides the debris
density the impact velocity and impact angle are calculated
as well. From the debris density and impact angle the

Figure 10. Primary blast pressure field (Pa) at 66 ms from a silo with a height of 25 m and an initial pressure of 2 bar (overpressure 1
bar). The horizontal axis is a plane of symmetry
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Figure 13. Comparison of the debris density as a function of
distance, between a module with a cylindrical shape (red) and
a rectangular shape (blue). The walls range from a height of
5 m up to 45 m. The debris density has been scaled with the
total number of launched items

Figure 11. Wall failure in the gas pressure regime. Formation
of debris related to the reinforcement grid. Loading density ,,
1 kg/m3 TNT (EMI [16])

number of hits on an object can be calculated (Figure 14).
For this purpose the debris density has to be multiplied by
an effective area (A þ A’). The consequences of these hits
are based on the debris mass and impact velocity and are calculated with (PGS1 [19]).
INDIVIDUAL AND SOCIETAL RISK
An example of the different contributions to the probability
of lethality due to a dust explosion in a stand-alone module
is displayed in Figure 15. The centre of the module (with a
radius of 3 m) is located at the origin. For the consequences

Figure 14. Determination of the number of hits

Figure 12. Throw pattern from a module with cylindrical shape (red) and rectangular shape (blue). Top view (left) and side
view (right)
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Figure 15. The different contributions to the probability of lethality (fraction) versus distance

of debris throw and the flame jet, the results are based on a
fictional unprotected person. For the consequences of blast
this person is assumed to be present behind a window.
Since the flame jet and primary blast effect occur only at
one of the ‘free’ sides of the module, the probability of lethality is limited (to 25% in this case) for these effects. The
blast effect of the external explosion, the debris throw and
the effect of bulk outflow are noticed at all free sides simultaneously. For these effects the probability of lethality is not
limited.
The Individual Risk is defined as the probability of
lethality for an unprotected person in the vicinity of a hazardous location. This fictional person is continuously present
in the free field at ground level. As a result the individual
risk is independent of the contributions from window
failure due to blast effects. The flame jet is only relevant
if the height of its origin is situated less than 5 m above
the unprotected person. Debris throw and bulk outflow are
always relevant for the Individual Risk. As an example,
the contours of the Individual Risk field from 5 adjacent
silo cells are displayed in Figure 16. The Individual Risk
can be compared to criteria from Dutch regulations [21].
The Societal Risk takes the actual environment into
account. The QRA tool offers the possibility to define 4
types of objects: unprotected people, cars, domestic
houses and office buildings, each with their own protection
level against the different explosion effects (PGS1 [19]). As
an example a number of objects has been displayed in
Figure 16. These are: 1 unprotected person (HU), 3 domestic

houses (HS) with 2 inhabitants and 1 office building with 10
employees (OF).
For every explosion scenario the QRA tool determines
the total number of lethalities. The results are then accumulated and collected in an FN-curve (Figure 17), which can be
compared to criteria from Dutch regulations [21].

Figure 16. Example of an Individual Risk field as a result of 5
adjacent silos
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Figure 17. Example of an FN-curve (red), together with the Dutch criterion (black). Cumulative frequency versus number of
lethalities

8. Rhijnsburger, M.P.M. (2003). Development of a Toolbox
for dynamic analysis of simplified structures (SDOF).
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9. Roarke, R.J., Young C. (2000). Formulas of stress and
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Hoofdstuk 6, Ontwerpen van silo’s (Dutch), Vught.
11. DIN 1055-6 (1987). Lasten in Silozellen.
12. NEN-EN 14491. Norm: Drukontlastingsystemen voor
stofontploffingen.
13. van den Berg, A.C. Euler solver BLAST 3D.
14. van der Voort, M.M., van Doormaal, J.C.A.M., Verolme,
E.K., Weerheijm, J. (2006). A universal throw model and
its applications (submitted to the International Journal of
Impact Engineering).
15. van der Voort, M.M. (2004). The development of a physical model for the ballistics and deposition of fragments
and debris, TNO report PML 2004-A59.
16. Guerke, G. (2001). Experimental Investigation of the
Debris Launch velocity from internally overloaded concrete structures, Ernst Mach Institute DLV3 –2000.
17. van Doormaal, J.C.A.M., van der Voort, M.M., Verolme,
E.K., Weerheijm, J. (2006). Design of KG-ETool for
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Housing, Spatial Planning and the Environment (VROM).
19. Methods for the determination of possible damage to
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CONCLUSION
A quantitative risk assessment tool (QRA) has been developed for the external safety of industrial plants with a dust
explosion hazard. To this end a number of new models in
the field of scenario probability, explosion overpressure
venting and debris throw have been developed and
implemented. Further improvement and validation is
planned for the near future.
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1
VTT Technical Research Centre of Finland, P.O. Box 1300, FI-33101 Tampere, Finland; e-mail: nina.wessberg@vtt.fi
2
Finnish Environment Institute, P.O. Box 140, FI-00251 Helsinki, Finland
3
Ministry of the Environment, P.O. Box 35, FI-00023 Government, Finland
Environmental legislation and voluntary improvement activities in the enterprises have led to
a situation where normal, continuous emissions from processes are today well controlled in industrial operations. A challenge is, however, how to manage the accidental emissions, which may
occur in abnormal or unexpected situations. These undesired events can inhibit the positive development of environmental protection measures. Accidental emissions may have ecological, health
and societal effects as well as influence on the corporate management and on industrial production.
For these reasons, it is desirable for companies as well as the whole society to prevent accidental
emissions beforehand. One manner for improving the prevention is to carry out an environmental
risk analysis in which the possibilities of accidental emission events are identified and analysed
from a point of view of different consequences.
In Finland, environmental risk analysis for accidental emissions, are made since 1980’s. The
content of environmental risk analyses is still unclear, though the prevention of environmental
risks is recognised as a significant part of corporate environmental management, and it is demanded
in legislation and in the construction and maintenance of voluntary environmental management
systems. Partly this is due to the variability of terminology concerning risk assessment and analysis.
There are definitions of ecological and health risk assessment, as well as standards for risk
assessment and risk analysis. In addition, there exist no clear definitions or guidelines for the
environmental risk analysis. Even the definition of accidental emission is missing.
It was against this background when the Finnish Ministry of the Environment, Safety
Technology Authority, the Finnish Environment Institute (SYKE) and Technical Research
Centre of Finland (VTT) started up a project called YMPÄRI. The purpose of the project was to
create a guideline for conducting environmental risk analysis and clarify risk terminology and
risk acceptability in terms of the management of accidental emissions. A special focus was also
put on the methods to assess ecological risks. The project was ongoing during 2004 till the end
of 2005.
A co-operation between different institutes, as well as interviews and workshops, offered a forum
for different interests, opinions and experiences to come together in the YMPÄRI project. Authorities, consultants, certification bodies and companies could influence the process. The guideline
was made based on this interactive process.
The YMPÄRI guideline shows what environmental risk analysis should include and how the
process of risk analysis should go. The model is strongly based on industrial safety’s risk analysis
techniques and traditions. Consequence matrix and risk matrix show also line to the decision
making of risk tolerability and acceptance.
In this paper, the process of developing YMPÄRI guideline, as well as the content of this
guideline, is described.

KEYWORDS: environmental impact, risk assessment, accidental emissions, industry

influence the corporate management and impact industrial
production. For these reasons, it is desirable for companies
to prevent accidental emissions beforehand. One approach
for improving the prevention would be to carry out an
environmental risk analysis in which the possibilities of
accidental emission events are identified and analysed
from the point of view of different consequences.
Previously, the environmental risk analyses, which
were especially designed to analyse accidental emissions
to the environment before they occur, gained attention

INTRODUCTION
Environmental legislation and voluntary improvement
activities have led to a situation where normal, continuous,
process emissions are nowadays well controlled in industrial
operations. More of a challenge today, however, concerns
the management of accidental emissions, which may occur
in abnormal or unexpected situations. These undesired
events can ruin the achievements of positive development
of environmental protection. Accidental emissions may
have ecological and societal effects, effects to health, and
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mainly due to the implementation of the European Union’s
Seveso Directive (EU 1996a) and the USA’s Right-to-Know
Act (U.S.C 1986). Mainly quantitative or semi-quantitative
index methods are reported as environmental risk analyses
(e.g. Wilday et al. 1998, Khan et al. 1997, Rossi 1991,
Ficbauer and Ivánek 2004, Danihelka 2006). The European
Environmental Agency has analysed the field of environmental risk assessment as ecological risk assessment,
environmental risk assessment and industrial use (Fairman
et al. 1999). Pollard and Guy (2001) have also described
the subject. The Spanish government has created a standard
of environmental risk analysis and assessment (Aenor
2000). These descriptions do not, however, cover emissions
which are not classified as dangerous chemicals, or
accidents which are not classified as major accidents.
They do not stress the proactive identification of risks by
using systematic risk identification methods, but rather
pay attention mainly to consequences.
In Finland, environmental risk analyses for accidental
emissions in industrial operations have been performed
since the 1980’s (Seppälä 1992, Molarius and Wessberg
2003). These analyses have been conducted either based on
the industry’s own will (e.g. as a part of environmental management system), or based on an environmental authority’s
demand as a part of the environmental permit system. A
starting point has been the attempt to avoid accidental emissions from pulp and paper mills to the surface waters, based
on the previous Water Act. However, the situation changed at
the end of 1990’s when a new environmental legislation
based on the European Union’s IPPC Directive (EU 1996a)
replaced the national Water Act. At the same time, the
content of an environmental risk analysis enlarged to cover
all environmental elements (water, air and soil).
In Finland, an environmental permit system covers in
practice the demands of the IPPC Directive. This system is
managed by the regional environment centres and special
environmental permit authorities, whereas the Seveso
Directive in Finland is managed by the Safety Technology
Authority (TUKES). TUKES demands that companies
make special safety reports where a risk analysis, also
covering environmental issues, should be included. And
environmental permits refer to this report. However, this
is not a sufficient way to cover the management of accidental emissions, because TUKES is not competent to assess
potential environmental effects caused by potential accidental emissions. The situation is similar also in many other
countries where the chemical and environmental authorities
are separate entities.
Against this background, the Technical Research
Centre of Finland (VTT), the Finnish Environment Institute
(SYKE), the Finnish Ministry of the Environment (YM) and
the Safety Technology Authority (TUKES) initiated a
development process for the ENVIronmental RIsk analysis
(ENVIRI, in Finnish the project is called YMPÄRI). The
aim of the process was to create a guideline for conducting
an environmental risk analysis, and also to clarify risk
terminology and risk acceptability in terms of the management of accidental emissions. A special focus was also put

on the usability of ecological risk assessment methods in
the light of environmental risk analysis. In the beginning
of 2006, a further development process of ENVIRI guidelines was also started. The aim of this project was to apply
the guidelines at industrial sites, and especially to develop
computer software to help document the risk analysis
process. So far, a site-specific environmental risk analysis
based on the ENVIRI guidelines has been performed at
three Finnish industrial sites: a paper mill, a nailery, and a
steelworks.
DEVELOPMENT PROCESS
The ENVIRI process consisted of several parts. Firstly, the
demands of legislation and voluntary environmental
management system standards, as well as literature and publications, were studied. In addition, an accidental emissions
reporting study was made among the Finnish forest and
chemical industries.
The second part of the ENVIRI process involved
making a phone survey in which 53 Finnish companies
were asked about whether they performed an environmental
risk analysis, and how they conducted it. Based on this
survey a tentative list of the content of environmental risk
analysis was created. With this list as a basis, we further
interviewed companies, and consultants and certification
bodies, and developed the tentative content of the
environmental risk analysis.
An essential part of the project was to arrange three
workshops. The results obtained from the workshops had
the big influence on the content of final environmental risk
analysis guideline. Each workshop consisted of about 30
participants. Only authorities were invited to the first
workshop. In the second workshop also consultants, certification bodies and companies participated in the discussions.
The final workshop was open to all interested parties.
The final results were reported in a report called
“Environmental risk analysis – The recommendations of
the ENVIRI process” (only in Finnish, Wessberg et al.
2006). In addition, a separate report was published about
accidental emission reporting (Ruokonen 2005) and about
the usage of the European Union’s EUSES model in modelling the environmental risk of accidental chemical emission
(Koskela et al. 2006).
RESULTS AND DISCUSSION
According to our studies, risk terminology, industrial safety
and site-specific risk analyses (e.g. standard IEC 60300-3-9,
HAZOP, Potential problem analyses, etc.), methods are
well-known among safety authorities, safety consultants
and industry. However, environmental authorities, environmental consultants and environmental certification bodies
are not familiar with them, and it was shown that accidental
risk issues have not played an important role in their
activities.
In the study, the risk terminologies used in different
working/science cultures were combined in order to
improve the communication about risk issues between
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different organisations. The definitions shown in Table 1
were chosen.
We understand environmental risk analysis to encompass the aspects as shown in Figure 1.
Scope definition consists of the definition of the aim
of the analysis, the limits of the analysis, and the gathering
of the information for planning a detailed analysis. The aim
of the analysis might be, for instance, to assess the environmental risks caused by all activities on an industry site due
to the authority demand under the environmental permit
system, or to a demand generated by the voluntary environmental management system. The screening of the chemicals
is an essential part of scope definition because it reveals the
magnitude of the hazards related to the site studied. In the
screening process it is recommended to gather all the existing knowledge about the properties of the chemicals based
not only on the safety data sheets, but also the additional
information for an environmental hazard evaluation should
be gathered from external sources (e.g. databases). In
addition, the most significant amounts of chemicals used
at the site, together with their locations, should be summarised. It is suggested that all the basic chemical knowledge is
gathered into one form, or table – testing of the ENVIRI
guidelines showed that this is the most usable way to

make good use of the chemical knowledge in the analysis.
Furthermore, all important background materials such
as safety reports and plans, accident statistics, and the
environmental conditions including sensitive areas, should
be handled in order to make a clear preliminary risk
analysis plan.
Risk identification is the stage where the employees of
the process studied, together with other experts (analysis
team), identify potential accidental emission situations by
brainstorming. The brainstorming sessions are guided by
risk analysis techniques such as “potential problem analysis”.
The background materials gathered in the scope definition
phase are useful for the risk identification phase. The tests
showed that it is especially challenging to identify complicated situations that result in harm to the environment –
like a fire or several unusual releases entering the biological
water treatment system at the same time.
Risk estimation is an iterative process (Figure 2)
where the consequences and probabilities of accidental
releases are assessed and integrated. This phase determines
the depth and accuracy of the entire analysis. If the consequences of a risk are assessed to be minor, or risk reduction
is possible by implementing process changes, the experts
of an analysis team can estimate the consequences in a

Table 1. ENVIRI terminology
Accidental emission

Risk
Environmental risk

Source of danger
Accidental emission
situation/hazardous
event/risk
Risk identification
Risk estimation

Risk evaluation
Environmental risk
analysis
Risk assessment
Environmental risk
management

An emission, that shall mean the direct or indirect release of substances, vibrations, heat or noise,
which is quantitatively or qualitatively exceptional, caused by an exceptional situation and there is
a potential of environmental harm. The emission shall be released from individual or diffuse
sources in the installation into the air, water or land. (modified from the IPPC Directive
(EU 1996a))
Combination of the frequency, or probability, of occurrence and the consequence of a specified
hazardous event (IEC 60300-3-9).
A risk, whose consequences have effects to human health, living conditions and living environment,
soil, surface waters and groundwater, air, climate, flora and fauna as well as biodiversity,
community structure, buildings, scenery, cityscape and cultural heritage and all the interaction
between these elements. The probability of environmental risk is the frequency or probability how
an accidental emission may release uncontrolled to the environment. (modified from the EIA
degree (EU 1985))
Potential source of danger: chemical, substance or energy.
An abnormal situation where an emission is released uncontrolled to the environment. Accidental
emissions are emissions that pass through the protection equipment or risk management actions in
the process. Near miss situations are emissions that are captured inside the process by the risk
management actions.
Process of recognising that a source of danger and a potential for accidental emission situation exist,
and this situation may cause harm to the environment.
Process used to produce a measure of the level of risks being analysed. Risk estimation consists of
the following steps: frequency analysis, consequence analysis and their integration (IEC 60300-39).
Process in which judgements are made on the tolerability of the risk on the basis of risk analysis, and
taking into account factors such as socio-economic and environmental aspects (IEC 60300-3-9).
Process in which accidental emission situations/hazardous events/risks are identified and assessed
systematically and proposals for actions to diminish the environmental risk are made.
Overall process of risk analysis and risk evaluation (IEC 60300-3-9).
Systematic application of management policies, procedures and practices to the tasks of analysing,
evaluating and controlling environmental risk (modified from IEC 60300-3-9).
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consequences are classified as moderate, extensive or
serious, was created in the project (Table 2). Ecological consequences have effects on the air, water or soil. By societal
consequences we mean the effects to the living conditions,
pleasure, land use and water intake.
The tests of the guidelines showed that it is difficult
to differentiate between occupational health and the
health of the people outside the industrial site. For this
reason, health effects are incorporated into the section
termed “Societal” in the consequence matrix. By doing
so, it is understood that, in this case, health effects
refer to the people in the environment, and not in the
industrial site.
Another problem in the risk estimation phase concerns the issue of how to consider the cumulative effects
of several small-scale releases to the same place. An unexpected challenge arose in one pilot plant, because there was
a nature conservation area inside the industrial site.
In some cases it was difficult to assign the consequences into one of the three categories, so it was suggested
to divide the “Extensive” category into two; and there would
therefore be a total of four categories.
Consequences may be modelled, for instance, using
the EUSES model (The European Union System for the
Evaluation of Substances). In the EUSES model, two or
more chemical releases are compared to each other, and
their mutual danger to the environment is ascertained. The
advantage of using this model is that it enables us to
assess the fate of a chemical in a wastewater treatment
plant (STP), and thus the concentration of the substance
near the sewage outlet in the water system can be defined.
The EUSES model can also produce the Potential
No-Effect Concentrations (PNECs) of the chemicals on
the basis of toxicological data.

Scope definition

Risk identification

Risk
assessment

Risk estimation,
Probability,
Consequences.

Environmental
risk analysis

Risk evaluation
Proposals for
actions
Risk
reduction/control

Risk management

Figure 1. The content of environmental risk analysis and its
relationship to risk management

semi-quantitative way (classifying). If the consequences
cannot be assessed to be minor, and no suitable risk
reduction options are available, a more detailed scrutiny
of the potential source of danger is needed. If the consequences still remain significant, and again no risk reduction
is possible, a more detailed quantitative consequence modelling and ecological risk assessment would be required.
Again, if the consequences remain significant, and risk
reduction is not possible, a quantitative probability estimation is required, otherwise a qualitative probability
estimation would be adequate.
Consequences may be ecological, societal, or related
to health. In addition, they may affect the corporate image
and economy. A special consequence matrix, where the

Frequency, probability
assessment

Consequence assessment
Expert judgement

Qualitative
probability
assessment,
expert judgement

Quantitative
probability
assessment

Yes

Minor
consequences
or process
changes

N o,
or process Yes
c ha nge s

No

Tolerable
consequences
or process
changes

Detailed scrutiny of
potential sources of
danger and detailed
identification of accidental
emission situations

No
Yes

Serious
consequences

Consequence
modelling,
Ecological
r is k
assessment.

Risk classification

Figure 2. An iterative process of risk estimation. Risk categorisation is a part of risk estimation
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Table 2. Consequence matrix – consequence categories. This matrix helps to estimate the consequences of
potential accidental emissions
Consequence matrix of environmental risk
Consequence category
Consequence
Ecological
Air

Moderate

Extensive

Harmful effects on the flora and
fauna in the industrial site.

Harmful effects on the flora
and fauna outside of the
industrial site.
Harmful release drifts less than 0,5
hectare outside of the industrial
site, release is transported and/
or persistent, concentrations
between lower and upper
standard values (Ministry of the
Environment 2005).
Harmful releases are notable,
endpoint water system is
sensitive and valuable,
temporary, but clear
concentration peak, pollution of
the coast, small amount of fish
are killed, releases are persistent
or rather persistent, thermal
effect results in ecological
changes.

Soil

Limited harmful release, not
transported, concentrations
between target values and
lower standard values.
(Ministry of the Environment
2005).

Water

Minor harmful effects, temporary
weakening of water quality in
limited area; water ecology
recovers the situation by itself.

Societal
Health effects

Living
conditions,
pleasure

Land use

Groundwater,
water intake
(communal
or industrial)
Image

Economy

Smell, vibration, health centre
visits.

Harmful effects on the living
conditions, but recreational
use of the environment is not
disturbed, temporary small
aesthetic harm. Smell,
vibration.
Polluted area exists in the
industrial area, buildings get
dirty, the usage of road is
temporary prevented, etc.

The release does not weaken the
quality of the groundwater
outside of the industrial site,
no harm to the water intake.
Claims and general discussion in
the community and in the
media about the environmental
effects. Local or regional
authority reacts.
Defined by the company.

Serious

Ecosystem damage.

The effects of harmful release
disperse over 0,5 hectare, spatial
effects difficult to assess,
concentrations higher than
upper standard values (Ministry
of the Environment 2005).
Long-term and wide harmful
effects, flora and fauna is
disturbed, fish are killed.

One or more people get an injury,
which need medical care, health
limit values are exceeded in the
environment.
Recreational use of the
environment is temporary
prevented, aesthetic harm is
remediable.

One or more people get serious
injury, genotype effects, cancer,
health limit values are exceeded
extended in the environment.
Recreational use of the
environment is declined in large
area, aesthetic harm is
significant.

Harmful release may disperse
outside of the industrial area,
e.g. to park and outdoor
recreation area. Vibrations
cause disturbances outside the
industrial site and may damage
buildings or other constructions.
Groundwater is polluted in small
area outside of the industrial
site, water intake is temporary
prevented.
Subject is on national media and
news. Regional authority reacts.

Harmful release is dispersed to
habitat area, cultivated land,
groundwater area or to the
conservation area.

Defined by the company.
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However, the EUSES model could not be used in the
tests, because detailed chemical knowledge was not available for our cases. Firstly, the operational safety bulletins
did not contain sufficient information; they usually included
some data on acute toxicity, but insufficient information
about the physico-chemical properties. In the EUSES modelling, it is imperative that an octanol-water partition coefficient, together with other physical parameters (such as
molecular weight, melting point, etc.) exist. Unfortunately,
the octanol-water partition coefficients were not available
in every case. Secondly, many of the substances were mixtures, and even so, CAS numbers were not always available;
the necessary information could not be identified from the
available databases.
In risk evaluation, the consequence and probability
categories are linked in a special risk matrix; forming risk
categories (Table 3). For each risk category the proposals
for actions are determined in order to manage the risk. It
is important to note that risk management performance is
also incorporated in the probability categories, in addition
to frequency.
The testing showed that risk categorisation according
to risk priority is the most practical way to highlight the risk
management needs. At the beginning of the tests, the risk
categories were defined in accordance with specific time
limits permitted to perform risk management actions. This
turned out, however, in reality to be too strict a criterion.
A summary of the identified and analysed environmental risks is reported to the authorities and other interest
groups inside and outside of the company. The worst case,

or worst cases, is described in more detailed than the
others. We recommend that also small-scale accidental
emissions might be classified according to a worst case. In
addition, also proposals for actions are important results of
an analysis. It is also recommended to show a map of potential sources of hazards in the industrial site, and an assessment of the function of the organisation in the prevention
and management of accidental releases. Also, the risk that
remains after the implementation of all the preventive
actions should be made visible.
In the study, it was recommended that the company
keeps a record of all the accidental emissions and near
miss situations, and all the accidental emissions must be
reported to the authority. The authority keeps statistics of
accidental emissions. Together, the company’s own book
keeping and the authority statistics, give information about
the status and adequacy of environmental management.

CONCLUSIONS
An environmental risk analysis for accidental emissions is
an essential part of corporate environmental risk management. However, in Finland, there are no harmonious recommendations on how environmental risks should be
assessed and how environmental risk analysis should be
made. In this work, such a guideline was created and
tested, and the associated terminology was clarified.
A co-operation between the Technical Research
Centre of Finland (VTT), the Finnish Environment Institute
(SYKE) and the Safety Technology Authority (TUKES), as
well as interviews and workshops, offered a forum for
different interests, opinions and experiences to come
together in the ENVIronmental RIsk analysis (ENVIRI)
process. Authorities, consultants, certification bodies and
companies could influence the process. The recommendations were made based on this interactive process.
The guideline developed shows what environmental
risk analysis should include and how the process of risk
analysis should be conducted. The model is strongly based
on the risk analysis techniques and traditions of industrial
safety, which are not well-known among the people
working specifically with environmental issues. A consequence matrix together with a risk matrix also helps the
decision making from the viewpoint of risk tolerability
and acceptance.
It is also desirable, that the co-operation between
chemical and environmental authorities will be developed
so as to be more interactive, compared with the situation
today.

Table 3. Risk matrix – risk categorisation. This matrix helps
to evaluate the risks associated with potential accidental emissions
Probability

Risk category

More than once in a month,
or risk management is poor.
More than once in a year, or
risk management is
rather fair.
More than once in 10 years,
or risk management is fair.
Once in a lifetime of the
industrial site, or risk
management is good.
Situation is known
(sometimes happened
somewhere), or risk
management is excellent.
Consequence
Risk
Risk
Risk
Risk

category I
category II
category III
category IV

5

II

I

I

4

II

I

I

3

III

II

I

2

IV

III

II

1

IV

IV

IV
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DEFLAGRATION TO DETONATION TRANSITION (DDT) IN JET IGNITED HYDROGEN-AIR
MIXTURES: LARGE SCALE EXPERIMENTS AND FLACS CFD PREDICTIONS
Prankul Middha1, Olav R. Hansen1 and Helmut Schneider2
1
GexCon AS, P.O. Box 6015, Postterminalen, NO-5892 Bergen, Norway; e-mail: prankul@gexcon.com
2
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As a result of a long history of model development and experimental validation, FLACS is
established as a CFD-tool for simulating hydrocarbon gas deflagrations with reasonable precision.
FLACS is widely used in petrochemical industry and elsewhere for explosion predictions for
input to risk assessments and design load specifications. In recent years the focus on predicting
hydrogen explosions has increased. A dedicated project was carried out between 2001 and 2004
to improve the modelling and validation of hydrogen explosions wherein many small and largescale experiments were simulated [1]. With the latest release of FLACS, the validation status for
hydrogen explosions is therefore considered good. For hydrogen explosions, deflagration to detonation transition (DDT) can be a significant threat. Recently, FLACS has been extended to indicate
the possibility of DDT in realistic situations. As a part of the study, four practical scenarios were
simulated and the simulation results were found to compare well with experimental data [2].
The model has now been developed further and used to simulate the experimental investigations
performed by Fraunhofer Institute of Chemical Technology. These concerned the transition of a
deflagration into a detonation in jet ignited hydrogen air mixtures within a partial confinement
[3]. The background for this project was the investigation of the potential hazards for a nuclear
power plant, whose process heat is used for the operation of an adjacent chemical plant (e.g. for
the gasification of coal), which should be located close to the nuclear plant to minimize heat
losses. The test set up consisted of a rectangular container (3 m  1.5 m  1.5 m) with an
opening on its front side. The container was followed by 2 parallel walls at a distance of 3 m
with a length of 12 m and a height of 3 m. The whole volume was filled with a hydrogen air
mixture, enclosed within a very thin PE-foil. The mixture was ignited at the rear side of the
container. The experiments observed very high pressures and transition to detonation due to the
high turbulence generated by a jet flame shooting into a large, reactive gas cloud followed by reflections of the high speed combustion front from the ground and the walls. The experiments observed
DDT for 21% hydrogen concentration, but not for mixtures less sensitive than that [4].
The modeling results are able to capture the experimental observations, including pressure traces
and locations of DDT, reasonably well. The possibility of DDT is indicated in terms of a spatial
pressure gradient across the flame front. The effect of geometrical dimensions on the observation
of DDT is also discussed by comparison with the detonation cell size. The flame speeds of the
detonation front are somewhat lower than those observed in the experiments but the development
of a shock ignition model is ongoing which is expected to resolve this difference.

KEYWORDS: DDT, hydrogen, CFD, FLACS, large scale experiments

industry, and the ongoing development of hydrogen-fuelled
vehicles, which are deemed to be the symbol of a future
hydrogen economy. A dedicated project was carried out
between 2001 and 2004 to improve the modelling and
validation of hydrogen explosions in FLACS wherein
many small and large-scale experiments were carried out,
combined with simulations and model improvements
(Hansen, et al., 2005). Therefore, the validation status of
FLACS for hydrogen explosions is considered good.
For hydrogen explosions, deflagration to detonation
transition (DDT) can be a significant threat. Transition to
detonation can occur in a variety of situations, many of
which are commonly employed in industrial settings.
These include flame acceleration as a result of repeated
obstacles (e.g. Peraldi, et al., 1986) and jet ignition (e.g.

INTRODUCTION
As a result of a more than 25-year history of model development and validation on the basis of experimental results at
GexCon, FLACS is established as a CFD-tool for simulating
hydrocarbon gas deflagrations with reasonable precision. An
extensive knowledge database has been compiled using both
experimental and theoretical studies under the aegis of a
series of Gas Safety programs (GSPs) that started in 1980.
This information has been implemented in the CFD tool
FLACS, which was first released in 1986. Today, FLACS
is used widely in petrochemical industry and elsewhere
for explosion predictions for input to risk assessments and
design load specifications. In recent years, there has been
a lot of focus on predicting gas explosions involving hydrogen. This is driven by an increasing interest from the nuclear
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Knystaus, et al., 1979). There has been a strong debate on
the mechanisms underlying the transition to detonation
and it is still an active research area. Detailed description
of all processes following ignition that may lead to DDT
is extremely challenging. This is due to a complicated interaction of compressible flow, chemical reaction, and turbulence that needs to be described at very high spatial and
temporal resolution. Much theoretical effort has been
focused on development of criteria for DDT (Breitung,
et al., 2000) but these criteria and scaling arguments are difficult to apply in a process facility.
Although the validation of the current version of
FLACS in simulating flame acceleration and high-speed
deflagrations is good, a detonation model is lacking.
We are currently involved in an activity sponsored by
Norwegian Research Council that aims at predicting the
extent to which DDT may be expected using FLACS. As
a part of this work, FLACS has been extended to indicate
the possibility of DDT in realistic situations. Previously,
many practical scenarios have been simulated and the
simulation results have been found to compare well with
experimental data (Middha, et al., 2006). The model has
now been developed further and used to simulate the large
scale experiments carried out by Fraunhofer Institut
Chemische Technology (Fh-ICT) which concerned the transition of a deflagration into a detonation in jet ignited
hydrogen air mixtures within a partial confinement (Pförtner
and Schneider, 1984; Schneider, 2005). Comparisons
have been performed in terms of pressure traces, location
and time of DDT, and the possibility of propagation of a
detonation front.

and corrected for curvature at scales equal to and smaller
than the reaction zone. All flame wrinkling at scales less
than the grid size is represented by sub-grid models,
which is important for flame interaction with objects
smaller than the grid size. FLACS uses a standard k-1
model for turbulence. However, some modifications are
implemented, the most important being a model for generation of turbulence behind sub-grid objects and a model
for flame folding around them (Arntzen, 1998). With the
close coupling between sub-grid modelling and turbulence
model, it is not believed that using a more advanced turbulence model with more equations and constants will give
much added value for the typical simulations carried out
with FLACS.
The representation of geometry using a distributed
porosity concept is one of the key advantages of FLACS
compared to several other CFD tools. The geometry is represented with area and volume porosities, as well as “wake
generating” sub-grid object areas in all flow directions.
FLACS can therefore be used to simulate all kinds of complicated geometries using a Cartesian grid. Large objects
and walls will be represented on-grid; smaller objects will
be represented sub-grid. Sub-grid objects will contribute
to flow resistance, turbulence generation, and flame
folding (for explosions). More details on FLACS can be
found elsewhere (Hansen, et al., 2005).

DESCRIPTION OF EXPERIMENTS
This section provides a short description of the experiments
that were conducted at Fh-ICT in 1984 (Pförtner and
Schneider, 1984). The background for this project was the
investigation of the potential hazards for a nuclear
power plant, whose process heat is used for the operation
of an adjacent chemical plant (e.g. for the gasification
of coal), which should be located close to the nuclear
plant to minimize heat losses. The test set up consisted of
a driver section that was a rectangular container
(3 m  1.5 m  1.5 m). In the front side of the driver
section there is a square spaced opening with blocking
ratio 0.1 (tests IA1, IA2, IA3) and 0.3 (tests IA4 and IA5).
The container was followed by a “lane” which consisted
of 2 parallel walls at a distance of 3 m with a length of
12 m and a height of 3 m (see Figure 2 for details). The
whole volume was filled with H2-air mixture, enclosed
within a very thin PE-foil. The mixture was ignited at the

BRIEF DESCRIPTION OF FLACS
FLACS is a computational fluid dynamics (CFD) code that
solves the compressible Navier-Stokes equations on a 3-D
Cartesian grid. The basic equations used in the FLACS
model as well as the explosion experiments to develop
and validate FLACS initially have been published
(Hjertager, 1985; Hjertager, et al., 1988). A model for development of the flame that describes how the local reactivity
changes with parameters like concentration, temperature,
pressure, turbulence, etc. is implemented. A good description of geometry and the coupling of geometry to the
flow, turbulence, and flame is one of the key elements in
the modelling. The real flame area is described properly

Figure 1. For explosion and dispersion studies representation of the detailed geometry is important for the quality of the predictions.
In FLACS this is handled with a porosity concept
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Figure 2. Test facility, with details of sensors and cameras. The tubes were not installed in test IA1

rear side of the container with 5 pyrotechnic igniters,
distributed over the area. In tests IA2 –IA5, 2 vertical
tubes (diameter 14 cm) were installed, respectively, with a
distance of 5 cm from the wall each in the middle and at
the end of the lane. It was ensured that the mixture is homogeneous by mixing and sampling. We simulated all experiments, except IA3, and the relevant scenario parameters
are presented in Table 1. More information, including all
results is presented in Pförtner and Schneider (1984).
The experiments observed very high pressures and
transition to detonation due to the high turbulence generated
by a jet flame shooting into a large, reactive gas cloud followed by reflections of the high speed combustion front
from the ground and the walls. The experiments observed
DDT for 21% hydrogen concentration, but not for less
sensitive mixtures, with the exception of test IA1 where
no tubes were installed. Also, DDT was observed to occur
near the tube for test IA2 but near the ground for test IA4.
No detonation was seen for test IA5.

simulations. The simulations were carried out on a
LINUX PC with 1–2 processors and 3–4 GB RAM, and
took 2 days to complete. The possibility of DDT is indicated
in terms of a spatial pressure gradient across the flame front
(DPDX) as it is hypothesized that this parameter is able to
visualize when the flame front captures the pressure front,
which is the case in situations when fast deflagrations
transition to detonation (Middha, et al., 2006). The effect
of geometrical dimensions on the observation of DDT is
also discussed by comparison with the detonation cell size.
Figure 3 presents the comparison of simulated
pressure traces for selected sensors at different distances
inside the geometry with experimental observations for
test IA2. It is seen that the simulations agree reasonably
well with measurements, and similar agreement was
observed for other sensors. The arrival times of the pressure
peaks were consistent with those seen in the experiments,
while some discrepancies were seen in peak pressures.
Similar comparisons were seen for other tests. Detailed
results were not presented for all tests due to lack of
space. The maximum simulated pressure in test IA2 was
10.2 barg at sensor 12, compared to 9.2 barg in the experiments also at sensor 12. The flame arrival times were
calculated to be 50 and 90 ms at photo transistors F2 and
F3, compared to the observed values of 50 and 80 ms. For
test IA4, the maximum simulated was 9 barg at sensor 8,
compared to around 12 barg in the experiments also at
sensor 8. In this case, the flame arrival times at F2 and F3
were calculated to be 35 and 52 ms, compared to observed
values of 38 and 49 ms. The maximum pressure in the
driver section was also found to compare very well with
experimental results for all tests. 2D snapshots of the
pressure field at the ground, along with the flame and
“DPDX” for test IA2 at different times with a detailed
description of various different stages during the simulation
are shown in Fig. 4. The pressure is seen to rise very quickly
as the hot flame jet shoots out into the lane, creating a lot of
turbulence and mixing of hot products with the unburnt
mixture. The hot products act as ignition sources, and a

RESULTS
This section presents some of the key results of the
simulations, and comparisons with experimental data. The
simulation domain was resolved by around 3.25 million
grid cells with a grid resolution of 5 cm. The grid
was according to the FLACS guidelines for explosion
Table 1. Relevant scenario parameters for the four tests
considered
Parameters
Ambient Temp. (K)
Ambient pressure (bar)
H2 concentration in
driver unit (%)
H2 concentration in lane (%)

IA1

IA2

IA4

IA5

279.2
0.988
21.9

281.5
0.991
20.8

293
0.993
22.3

293.4
0.996
19.9

21.0

21.1

22.5

20.0
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Figure 3. Comparison of simulated pressure traces (left) for selected sensors with experimental data (right) for test IA2. Similar
agreement was seen for other monitor points

large amount of the unburnt mixture is simultaneously
ignited. In the shear layer near the wall, still higher turbulence levels and reflections are seen, with very high pressures and maximum likelihood of DDT. The shock wave is
seen to sustain a pressure of 20 barg before it decays as
seen in the last picture in Fig. 4. A more pertinent parameter
for this work is the parameter DPDX, shown in the bottom
part of each snapshot (a value  10 indicates a strong
likelihood of DDT if dimension of high DPDX region is
significant compared to detonation cell size).
For test IA2, the maximum value of DPDX
(maximum likelihood of DDT) was seen at the first set
of pipes. DDT could also occur before, but with lesser

probability. This agrees with the experimental observation
of DDT at the left pipe. For test IA4, DDT was predicted
to occur at or near the ground next to the sidewalls, and
no special likelihood was seen at the pipes. This was also
consistent with the experimental result. The simulations
also indicated a similar, but somewhat lower possibility of
DDT for test IA1 compared to test IA4, as the H2 concentrations in this test were actually higher than those in test
IA2. The values and dimensions of the simulated “highly
tumultuous” region for test IA5 were much smaller, and
thus indicated a small chance of DDT.
A comparison of the geometrical dimensions with the
detonation cell size was also carried out, but that was found
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Figure 4. 2D snapshots of simulation results (test IA2): P (top), flame (middle), DDT indication parameter DPDX (bottom)

to be much larger than the minimum required for possible
propagation of detonation waves for all tests. The
maximum flame speed was seen to be 1208 m/s in test
IA2 and 1374 m/s in test IA 4 (compared to 1651 m/s
and 1740 m/s in the experiments). These are somewhat
lower than those observed in the experiments but the development of a shock ignition model is ongoing which is
expected to resolve this difference. However, our calculations also indicated the possibility of DDT in test IA1,
which was not seen in the experiments. But as mentioned
above, DDT is a very complex phenomenon, and is extremely difficult to predict accurately. Also, the absence of a
“detonation” model leads to the decay of the shock front,
even after DDT is expected to happen. In general, the
modeling results are able to capture the experimental observations, including pressure traces and locations of DDT,

reasonably well. We hope that the current model, when
coupled with the additional features currently under development, can be used by the process industry to get a fair
idea of the danger of DDT.

CONCLUSIONS
Large-scale experiments carried out at Fh-ICT have been
simulated using the CFD tool FLACS. In general, the
modeling results are able to capture the experimental observations, including maximum pressures, arrival times, and
locations of DDT, reasonably well. However, some
discrepancies are seen, which may be attributed to experimental uncertainties and the very difficult nature of the
simulations. The flame speeds of the detonation front are
somewhat lower than those observed in the experiments
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6. Knystautas, R., Lee, J. H., and Wagner, H. G., 1979, Direct
initiation of spherical detonation by a hot turbulent gas jet.
Proc. Comb. Inst., 17: 1235– 1245.
7. Middha, P, Hansen, O. R., and Storvik, I. E., 2006. Prediction of deflagration to detonation transition in hydrogen
explosions. Proceedings of the AIChE Spring National
Meeting and 40th Annual Loss Prevention Symposium,
Orlando, FL, April 23 – 27, 2006.
8. Peraldi, O., Knystautas, R., and Lee, J. H., 1986, Criteria
for transition to detonation in tubes. Proc. Comb. Inst.,
21: 1629– 1637.
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but the development of a shock ignition model is ongoing
which is expected to resolve this difference. Also, the
absence of a “detonation” model leads to the decay of the
shock front, even after DDT is expected to happen. The
support of Norwegian Research Council for this work is
acknowledged.
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GLOBAL VARIATION IN RISK REGULATION: A SYSTEMS ANALYSIS OF REGULATORY
DEVELOPMENT FOLLOWING MAJOR INDUSTRIAL ACCIDENTS
Graeme S. Collinson
Salford Law School & UK Safety Health & Environment, AstraZeneca; Tel.: þ44 1625 232500,
e-mail: graeme.collinson@astrazeneca.com
Several major incidents in the chemical industry have resulted in changes in practice and
regulation. Those at Flixborough1, Seveso2 and Toulouse3 resulted in major changes to national
and European legislation; however, it is not clear whether regulation in developing countries has
the same response mechanism to major incidents. The disastrous toxic gas release at Bhopal4
received widespread global attention and resulted in changes in Indian legislation, but doubt
remains over the effectiveness of this legislation.
Several legal commentators have explored how regulation has evolved, and a number of models
have been proposed for the various components of regulation. In an industrial context there have
been technical reviews of the different approaches to the regulation of the risk of high hazard industries5. There is also a need to explore, in an holistic way, how the interactions of the components of
society, such as government, public interest groups, industry, and society’s perception of risk,
influence regulatory change.
This paper reports on research that aims to address this shortfall, by exploring the influence of
major incidents as catalysts for change to the regulatory process. A conceptual model is developed
to help regulators and industry understand, in a comparative context, the system of regulatory
development.
The research brings together the study of law, perception of risk, and industrial risk management
using soft systems methodology to evaluate the complex, pluralist system of society. Firstly we
consider the law itself as a sub-system of society and in particular the characteristics of the
regulation of risk. A number of models that have been proposed to represent the regulatory
process are outlined, such as risk regulation regimes – an analogy with cybernetics.
Secondly we consider how risk perception in communities has developed. The nature of the risks
that society faces has been evolving, with the threat of devastating consequences that have no
regard for boundaries and which can manifest themselves generations later. Technology and innovation have brought overwhelming benefits to society. However, for every technological improvement there are critics who fiercely debate the perceived risks. Within this potentially conflicting
environment governments will strive to ensure that the law adapts to the changing needs of
society, albeit within the context of its political agenda. Major incidents have been catalysts for
change in developed countries, but in developing countries the societal hierarchy may inhibit the
development of risk regulation.
Reductionist, scientific methods are not suitable for modelling the wide range of disciplines,
stakeholders, and philosophies that make up the risk regulation process. For this reason a
‘systems thinking’ approach has been taken. A conceptual model is introduced and examples of
the impact of major incidents on the risk regulation process presented.

KEYWORDS: risk, law, regulation, accidents, systems, model

INTRODUCTION
Several legal commentators have explored how regulation
has evolved, and a number of models of the various components of regulation have been proposed. In an industrial
context there have also been technical reviews of the different approaches to the regulation of the risk of high hazard
industries. There is also a need to explore, however, in a
holistic way, how the interactions of the components of
society, such as government, public interest groups, industry, and even the public’s perception of risk, influence
regulatory change.

1
A cyclohexane explosion at Flixborough in the UK in 1974 killed 30
people.
2
A toxic release at Seveso in Italy in 1976. Together with Flixborough it
was the trigger for the EU Seveso Directives I and II (82/501/EEC and
96/82/EC).
3
The ammonium nitrate explosion at Toulouse in 2001 killed 30 people.
4
The toxic release at Bhopal in India in 1984 was the worst Chemical
Disaster on record. Estimates of the number of fatalities range from
5000 to 15000 people.
5
For example, Kirwan, B. Hale, A. and Hopkins, A. (eds) Changing
Regulation: Controlling Risks in Society (Oxford: Elsevier Science
Ltd, 2002).
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This paper reports on research that aims to address
this shortfall by exploring, using a systems methodology,
the influence of major incidents on the regulatory process
as a catalyst for regulatory change.

strength of co-ordinated communication from pressure
groups can significantly influence public perception of risks.
Mitchell (1996) has called these ‘surprises’, and distinguishes
them from ‘routine’ events. It is the analysis of these surprises
that is the subject of this research. Questions such as ‘How do
industry, regulators, and society itself respond in the wake of
such events?’, and ‘Does the changing public perception
have an influence on the pace and form of regulatory change?’
Achieving consensus on the answers to these questions is difficult, and sometimes impossible. Within this
potentially conflicting environment governments will
strive to ensure that the law adapts to the changing society
needs, albeit within the context of its political agenda.
Responses to routine risks can, however, take several
decades to implement, and it may be that the ‘surprise’ of
a major incident provides the catalyst for a change in
public perception, as well as an influence on the society’s
‘risk thermostat’ sufficient to accelerate regulatory change.

THE RISK SOCIETY
The concept of risk has a long history, going back to ancient
games of chance and gambling, but the mastery of risk is, as
Bernstein (1996) describes it, a ‘uniquely modern concept’.
Risk pervades the world on an individual, organisational and
societal scale. Everyone faces risk in their daily lives, from
the trivial to the significant, and they continually make
conscious or unconscious decisions about that risk. These
decisions differ, and are influenced by the individual’s perception of the possible consequences and the probability of
those consequences occurring. People take a view on how
acceptable a situation is based on their experience and
knowledge of the type of risk, and their behaviour is
modified as experience develops. Adams (1995) proposes
that everyone has a ‘risk thermostat’ that has two cycles.
Negative experiences, such as accidents, teach them to
take less risk, while benefits and rewards encourage risktaking behaviour.
At the organisational level, businesses and institutions
are increasingly required to demonstrate how they are controlling the risks of their enterprise. Economic, social and
environmental risks must be taken into consideration and,
in the developed world at least, regulation is requiring that
the organisation’s risk strategy is made visible to stakeholders. (e.g. The Companies Act 1985, The SarbanesOxley Act of 2002.)
Beck (1992) has written extensively about risk at a
societal level, describing in particular how risk perception
in communities has developed. The nature of the risks that
society faces has been evolving – they can now have devastating consequences that have no regard for boundaries and
which can manifest themselves generations later.
Technology and innovation have brought overwhelming benefits to society. However, for every technological
improvement there are critics who fiercely debate the
perceived risks. Scientists have historically been seen as a
reliable source of assurance, bringing confidence to
society that the wonders of technology and science will
keep it safe, but no longer. Scientists in industry approach
risk using prescribed, technical methods to define the likelihood of specific events. This approach will be carefully
thought through, and built on years of experience of safety
management, however the public will not necessarily
trust this view. Following a series of significant failings in
scientific predictions and major incidents ‘scientists have
squandered until further notice their historic reputation for
rationality’ (Beck 1992), while there is a growing
expectation of the right to live in a safe world that will be
sustainable for generations to come. (Bruntland 1987)
The change of public trust of industry is most
pronounced following major events with offsite and longterm effects. The volume and speed of the media and the

RESPONSE TO MAJOR ACCIDENTS
A review of major chemical accidents in recent decades
shows that a number have been catalysts for regulatory
change. Of particular note were the explosion at Flixborough in the United Kingdom in 1974 and toxic release at
Seveso in Italy in 1976, resulting in the first Seveso
Directive of 1982. The Indian Government introduced
‘The Manufacture, Storage, and Import of Hazardous
Chemicals Rules 1989’ (MSIHC) following the worst ever
process industry disaster at Bhopal in 1984.
Enactment of new laws is, however, only one part of
the process, and it is necessary to review the process of
implementation and enforcement that follows. As Abbasi
(2004) warns, ‘the MSIHC Rules have a broad sweep
which covers the entire gamut of accident prevention and
safety promotion. But, like many other aspects of existence,
the devil is in the detail. Between the impeccable intentions
of MSIHC rules and their actual implementation lies a
pathway full of bumps and dark zones’.
If an analysis of a society’s response to these incidents
is to be made, an appropriate methodology is required. A
number of models of particular elements of the regulatory
development process have been proposed, for example
regime analysis (Hood 2001), responsive regulation and
the enforcement pyramid, (Ayres 1998) and a gametheoretic model of regulation (Scholtz 1984). In an industrial context there have also been technical reviews of the
different approaches to the regulation of the risk of high
hazard industries (e.g. Kirwan 2002). There is a need for a
broader, all inclusive conceptual model to help understanding of the factors that play an influential part in improving a
society’s regulatory processes following a major incident.

SOCIETY AND REGULATION: A SYSTEMS
ANALYSIS
In searching for an appropriate methodology to explore the
development of regulation within the context of law and
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society, it is logical to view societies as pluralist, complex
political systems. Soft Systems Methodology has been
proposed by Checkland (1999) as a suitable approach to
evaluate unstructured systems such as this using a number
of powerful methods. It was originally conceived as a
seven-stage process, although more recently Checkland
has proposed a more flexible, less structured approach.
Part of the analysis looks at the real world situation,
although two important steps are seen as taking place in
an objective ‘systems thinking’ world.
Stages 1 and 2 are steps to express the problem situation in the clearest possible terms, called the ‘rich
picture’. They consider both the structure of the problem
as well as the processes, and define the relationship
between the two – or ‘culture’ of the situation. Stage 3
produces the root definition, and again there are
precise requirements for this step. Checkland proposes a
checklist of 6 elements (frequently referred to by the
mnemonic ‘CATWOE’) that must be present in this
definition:

soft systems of ‘man’ introduce concepts such as selfconsciousness, knowledge of knowledge, and psychology,
including the perception of risk.
When individuals are grouped together additional
complex properties of the new system emerge, such as communication, responsibility, and relationships – all particularly relevant from a societal viewpoint. The highest level
of system includes transcendental systems and religion,
and brings values and beliefs into consideration, another
factor that can influence the formation of regulation, particularly the valuation of life itself.
In one systems analysis of society, Parsons (1960)
describes society as a kind of social system of which all
elements have similar ‘system needs’, or functional
requisites. These are:

. Customer: the beneficiary of the transformation
. Actors: those who carry out the transformation
. Transformation: The conversion of the input to the
output
. Weltenschauung: (German for ‘world view’) The particular view of the world that makes the transformation
meaningful.
. Owners: Those with the power to stop the transformation
. Environment: Elements outside the system that are taken
as givens

.

.

.

.

Internal integration to maintain the social and emotional
relations between its members. The societal community,
and the law are strongly linked to this sub-system.
Goal attainment, reflecting the political will to aim for
specific goals.
Pattern maintenance, to maintain the energies, motives
and values. The family and numerous socialisation processes of influence and education play a key part in this
element.
Adaptation of the system to its physical environment,
primarily through changes to the economy.

Additionally, in Parsons’ analysis, society can be analysed in terms of a normative structure of four hierarchical
elements, each corresponding to one of the functional
requisites above:
.

Stage 4 is the creation of a conceptual model that
describes the activities necessary to fulfil the transformation
described in the root definition. This is a key step in the SSM
approach. The conceptual model is a ‘systems’ world
portrayal of the problem for a given world-view.
Stage 5 compares the conceptual model with the
‘real-world’ situation, and identifies possible changes or
improvements that can be debated by the stakeholders and
agreed in Stage 6. This process helps those involved to
understand the implications of particular world-views in
the system, and allows them to agree the culturally desirable
changes. It is at this stage where it is possible to compare the
‘conceptual’ with ‘real world’ regulatory models. Stage 7
takes forward the agreed actions.
Boulding (1956) has proposed a hierarchy of systems
that describes the world as a framework of systems
of increasing complexity. Moving up through the hierarchy,
a system at one level becomes a sub-system at the
higher level. Groups of these sub-systems are formed into
a greater entity, and together they attain emergent properties
that do not exist at the lower level. This begins with the
most basic of ‘system’ – a static system, such as a crystal
structure, or a bridge. Rising up through the hierarchy are
clockwork systems, control mechanisms, open selfmaintaining systems, such as biological cells, lower
organisms, animals, then man. It is at this point where the

.

.
.

Values – conceptions of a desirable society.
(Corresponds to the functional requisite of pattern maintenance.)
Norms – application of these values to the special
conditions of the functionally differentiated groups.
(Corresponds to internal integration.)
Collectivities – patterns of required action in specific
situations. (Corresponds to Goal attainment.)
Roles – Normative expectations of individuals as
members of collectivities. (Corresponds to adaptation.)

He advocates that control flows down the hierarchy
from values to roles, while the pressure for change is felt
most strongly in the lower hierarchy, and flows upwards
exerting influence for developing society. Parson’s theoretical structure is interpreted diagrammatically in Figure 1.
The concept of morality is of particular importance
when considering laws about risk. Questions as to what is
‘morally right’, and who makes the judgement about what
risks a society and its people should face are fundamental
to the debate. Does a society really have a homogeneous
value system and set of norms? What is an acceptable risk
to society, or rather, how does the complex system of a
society establish what risks are acceptable, and how should
society control them? Morality is itself not an absolute
concept. Morals vary from individual to individual, and
from society to society, with sharply contrasting views
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Figure 2. The ‘law-jobs’: principle functions of the law
(Llewellyn, 1940)

Figure 1. Functional requisites of society (Parsons, 1960)

about what is right and wrong. Not only do these views and
beliefs vary across societies, but they also shift over time as
moral positions develop, and more fundamentally class
societies transform into risk societies. Any model of the
process of development of regulation must, therefore,
include, determination of the current values of society –
the ‘energies, motives and values’ described in Parsons’
functional requisite.
In considering law as a sub-system of society, the
American legal scholar, Karl Llewellyn (1940) has proposed
that there are four principle functions which the law must
serve in any society, however developed. He describes
them in the following way:

.

The net organisation of the group or society as a whole
so as to provide direction and incentive.

This latter function is also referred to as the ‘net
drive’, and can be associated with the ‘goal attainment’
function of society proposed by Parsons. In reviewing
Llewellyn’s work, Cotterrell (1992) has however, commented that in providing generic functions that may be applied
in any society, the analysis fails to draw out how law
relates to the social values of a society. Values are the
highest of Parsons’ hierarchical elements, and are critical
in determining how the society’s regulatory framework
will develop. The law-jobs do, however, provide a
minimum prerequisite framework on which an analysis of
how the law interacts, in systems analysis terms, with the
wider needs of the social, economic and political system.
The law-jobs structure is shown diagrammatically in
figure 2, and a comparison with Parson’s structure above
shows significant similarities, and provides a further foundation on which can be built a conceptual model of the
regulatory process.

The law jobs are in their bare bones fundamental, they are eternal. Perhaps they can all be
summed up in a single formulation: such
arrangement and adjustment of people’s behaviour that the society (or the group) remains a
society (or a group) and gets enough energy
unleashed and coordinated to keep on with its
job as a society (or a group).
. . . what is being said is that to stay a group, you
must manage to deal with centrifugal tendencies,
when they break out, and you must manage, preventively, to keep them from breaking out. And
that you must effect the organisation, and that
you must keep it effective. And that you must
do all this by means which do not choke off,
but elicit, your necessary flow of human energy.

MODELLING REGULATION
A number of definitions of regulation help with the preparation of the conceptual model. They include ‘state intervention in wider private spheres of activity to realise
public purposes’ (Francis 1993), ‘regulation is imposed
upon the activity by parties outside, often the government
on behalf of society, because there is concern or dissatisfaction with its effects’ (Hopkins 2002), and specifically for
risk regulation, ‘government interference with market or
social processes to control potential adverse consequences
to health’ (Hood 2001). Francis (1993) also outlines four
reasons for states to regulate; to reduce risks, for moral
purposes, to set reasonable limits of behaviour, and to
provide stability in times of change.
The reduction, or mitigation of risks in society is,
therefore, clearly an objective of regulation, but to what

Llewellyn defines the law jobs as:
. The disposition of trouble-cases.
. The preventive channelling and the reorientation of
conduct and expectations so as to avoid trouble.
. The allocation of authority and the arrangement of procedures which legitimize action as being authoritative.
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extent should risk be reduced by governments, and how can
the efficiency of regulation be determined? Kaldor and
Hicks (1939) defined a criterion against which the efficiency
of a regulation policy could be judged, stating ‘an efficient
policy is one which results in sufficient benefits for those
who gain such that they potentially could compensate all
the losses and still remain better off’. In terms of risk regulation, this definition raises the question, however, of how to
define the value of the losses. Specifically, for example,
what level of compensation would be appropriate for the
residents of Bhopal? A major chemical incident can have
devastating consequences in terms of loss of life, injury,
and harm to the environment that are extremely difficult to
evaluate, and societies place different values on each
element.
Many of the definitions given above describe the law
as commands of the state and regulation as a form of control,
and these two terms are combined to describe a common
form of regulation, that of command and control, a coercive
approach whereby a failure to comply results in a penal
sanction. Command and control has been the traditional
form of regulation, and societies all over the world
adopted this approach for centuries. States would prescribe
standards of behaviour and through state controlled enforcement groups ensure these rules were followed. In Britain and
the United States the effect of command and control
regulation was reinforced by treating regulatory failures as
criminal acts, however this presents a difficulty for some
administrative failures, where it seems unreasonable to
treat the transgressors as ‘criminals’. The issue of corporate
(as opposed to individual) responsibility for failures has
been widely debated in recent years, and legislators in
many countries are currently discussing and formulating
ways to address this, such as the current corporate
manslaughter bill in the United Kingdom. (Corporate
Manslaughter and Homicide Bill 2006.)
The prescriptive approach associated with command
and control has increasingly been criticised, particularly
by industry, as being too bureaucratic, expensive to
implement, and that ultimately it leads to lack of competitiveness for the country concerned. It is argued that economic instruments provide a more effective control, as they
are less costly, facilitate technological development,
permit greater certainty of enforcement through administrative processes, and may generate income to allow victims to
be compensated. Sunstein (2002) has evaluated the change
from pure command and control regulation, to one based
on a consideration of the cost benefit analysis (CBA) of
the regulation. Although agreement is widespread on the
need for CBA for regulation, the greatest subject of debate
is what form of CBA is appropriate. As class societies
develop into risk societies, this debate has been even more
acute. Forms of risk regulation that involve inclusive discussion with the stakeholders become exposed to the frailty of
perception of risk. As Sunstein states, people respond to a
salient example which may have nothing to do with statistical reality. To demonstrate the impact that this can have,
he has analysed specific pieces of risk regulation in the

USA and estimated that the cost of the regulation per life
saved ranges from $0.1 m to $92,000 m.
When regulating risk, governments must make
assumptions about the likelihood of the consequences
occurring. Commentators have associated this decision
making with statistical theory and the concept of acceptance
or rejection of a null hypothesis. The principle two types of
error are Type 1, where an assumption is made that a negative effect, such as accident will not occur, but it turns out
that it does, and a Type 2 error where the assumption is
that the negative consequence will occur, but it turns out
that it does not. The latter reflects the precautionary
principle (Versorgensprinzip) on which European environmental policy is explicitly based. (EU Treaty of Amsterdam
1997). The United States, however, has not adopted this
principle, and indeed the US Supreme Court held in the
Benzene case that OSHA cannot regulate on the basis of
mere conjecture about uncertain risks.
In considering the regulation of an activity that gives
rise to risk, governments are presented with many problems.
First, the perception of risk is a dynamic phenomenon,
influenced by many factors, not least the impact of the
media and awareness of previous incidents. Second, if the
adverse consequences arise, they will impact on society in
different ways. In this context there are three types of risk:
1) First party risks taken by the risk taker themselves; 2)
second party risks to those not participating in the activity
but with awareness of it, and 3) third party risks to those
with no knowledge of the activity at all. Governments
must balance, and in some cases make tradeoffs between
risks to different groups, while securing ‘goal attainment’.
Views about the acceptability of risks will vary from
party to party, and the strength of influence on regulatory
processes will also vary, however it is clear that those
with the most influence are likely to seek an approach
which addresses risks in a way suited to their own perceptions. Even in the more democratic Western societies, this
imbalance can be seen. As Ayres (1998) explains:
Laws that have popular support, that reflect the
capacity of ordinary citizens to prevail over
powerful corporate interests in the legislative
arena, are thwarted by the superior capacity of
corporate interests, and the inferior capacity
of individual citizen interest to be mobilised at
the implementation stage.
Ayres (1998) introduced the concept of responsive
regulation, whereby regulation responds to the behaviour
of industry. By adopting this approach efficient regulation
will be achieved, only necessitating formal action where
required. Enforcement itself is an area that he studied
at length and proposed an ‘enforcement pyramid’ (See
Figure 3) as a model of determining this hierarchy of
enforcement approaches. These concepts have then
been developed using an economic analysis based on a
model of the behaviour of the regulatory agency and the
regulated firm, called a ‘game-theoretic model of regulation’ (Scholz 1984).
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interests, by using this model it has been shown how
capture and close collaboration between the regulator and
the company can, in overall regulatory strategy terms, be
an efficient form of enforcement. (Ayres 1988.)
A number of commentators use an analogy with
cybernetics for modelling regulation. Hood (2001) proposes
that there are regulatory equivalents for the three essential
elements of a control system: policy making for standard
setting, monitoring for information gathering, and enforcement for behaviour modification. Each element can then
be considered in terms of the content of the system and
the context, enabling regulatory regimes to be defined.
Examination of regimes can help understanding of the
factors influencing regulation, and the authors have concluded that it gives a greater insight to regulatory processes
than simple risk society analysis. This is an important
concept, linking closely with systems thinking, they emphasise, however, that there is scope for its application to be
extended: ‘the analysis of risk regulation regimes remains
in its infancy. It needs to be developed and explored
further in several ways. . . we also need to develop the
approach in a cross-national comparative context, cutting
across institutional traditions and regulatory cultures and
including developing countries as well as the affluent
democracies’.
Drawing on the models identified, a simplified conceptual model showing the main actors and transformations
is shown in Figure 4, and Table 1 categorises these societal
elements according to the structure proposed by the theories
of Parsons and Llewellyn, with additional detail of the
factors relevant to typical regime analysis.

Figure 3. A typical enforcement pyramid (Ayres 1992)

This model considers the compliance options available for both regulator and the company. The regulator
can choose to act in a directive way to deter the company,
or collaboratively with the company to achieve the goal of
the regulation. The company also has options ranging
from voluntary compliance to evasion, or deliberate noncompliance. Combinations of these choices result in different regulatory environments, ranging from legalistic confrontation to collaboration and voluntary compliance.
Although ‘capture theorists’ took the view that it was possible for regulators themselves to succumb to self-interest
and that regulation would develop to serve their own

Figure 4. Conceptual model of regulatory development system
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Table 1. Features of societal sub-systems; contribution to the macro societal system
Parsons
functional
requisites
Llewellyn’s
law-jobs

Societal subsystem
Government

Adaptation to the
Environment

Internal Integration/
Norms

Pattern Maintenance/
Values

Goal Attainment

Allocation of
Authority

Channelling of
Conduct

Channelling of
conduct/
Disposition of
Trouble Cases

Net Drive

Regime component
Information
Gathering
Trans-boundary
issues;
International
treaties; Determine
structure for
regulation

Legislature

Define
accountabilities
& duties

Executive/
Regulator

Inspect/audit/report
to government

Courts

Ensure authority
maintained

Industry

Influence standards
through global
operations

Employees

Unions

Provide information
on behalf of
individuals;
challenge authority
Public Interest Collect & provide
Groups
feedback.
Manifestation of
public perception
of risk
Customers
Influence standards

Typical Variables

Standard Setting

Behaviour
Modification
Protection of
Determine/implement Determine long term Nature of political
standards;
structure for dispute
policy/aims of
structure/Capitalist/
Determine societal
settlement
state; Uphold
Socialist/
values & norms;
religious doctrine;
Democratic/
Influence
Set sustainable
Communist/Federal
international
development goals
– state
standards and
behaviour of
other states
Accountability. Federal
Set standards
Consult with industry/ Set rules to achieve
goals. Consider/
or state structure.
3rd party groups/
government.
review efficiency
Standards spectrum
Propose/consult on
of regulation
Approach to costchanges to
benefit analysis,
regulation
precautionary
principle
Determine desired
regulatory regime
Enforce standards.
Enforce standards Nature of enforcement
take remedial action
strategy; degree of
self regulation
Collaborative or
directive approach
Interpret statutes
Reconcile disputes;
Interpret goal of
Legal structure/power/
and standards
impose fines &
regulation/statute
hierarchy
custodial sentences
Influence standards
Respond to incidents. Perform required
Compliant or nonMonitor
action; contribute
compliant company;
performance
to sustainable
scale of operation;
development;
financial strength/
deliver
robustness; position
shareholder return
in business lifecycle
Become competent/ Raise issues
Pressure for change
Compliant or nonfollow rules;
through voting
compliant person;
support policies;
rights (in
motivation;
democracies)
capability
Influence standards; Represent employees Apply pressure for
Relationship with
challenge breach
interests; provide
change in policy
industry;
of standards
focus for critical
involvement in
mass
tri-partite groups
Influence standards; Challenge industry/
Apply pressure for
Power in societal
represent to the
government
change in policy
hierarchy
environment
behaviour
Manner of influencing/
Degree of radicalism
Influence standards
that affect product
quality/cost

Green/responsible
buying
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Interaction with
competition
Globalisation of
supply options

Scale – purchasing
power
Risk awareness and
perception
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1011].
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and the Environment (Cambridge: Cambridge University
Press).
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The future plan for this project is to develop the full
soft systems analysis – including the rich picture, root definition, and conceptual model. A number of incidents in both
developed and developing countries will then be compared
with the conceptual model and conclusions presented for
consideration by interested parties.

CONCLUSION
The development of regulation following major accidents is
influenced by many factors and variables. Governments
seeking to respond proportionately face many considerations. Several models of society, the operation of the law
itself, and of regulation have been described by researchers,
however it is desirable to understand, in a wider context, the
interactions that are taking place. Soft Systems Methodology may be applied to this complex human system, with
the aim of analysing the societal responses to major incidents and understanding the influential factors in regulatory
development.
This research aims to provide a model to help regulators and industry understand the influence of major incidents
on the regulatory process, and to identify key differences in
developed and developing nations. In achieving this practical objective, it is also hoped that legal researchers will be
inspired to further consider the application of systems
methodologies in studying the law.
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THE PRIORITIZATION OF RISK SOURCES AND THE PLANNING OF MEASURES IN
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Ales Bernatik1 and Katerina Blazkova2
1
VSB-Technical University of Ostrava, Faculty of Safety Engineering, Lumirova 13, 700 30 Ostrava-Vyskovice, Czech Republic;
Tel.: þ420 597 322 833, Fax: þ420 597 322 982, e-mail: ales.bernatik@vsb.cz, www.vsb.cz
2
Fire Rescue Service of Moravian-Silesian Region, Crisis and Emergency Planning Department, Vyskovicka 40, 700 30
Ostrava-Zabreh, Czech Republic, Tel.: þ420 950 730 147, Fax: þ420 950 730 199,
e-mail: katerina.blazkova@hzsmsk.cz, www.hzsmsk.cz
The contribution deals with problems of prioritization and analysis of risks of small and mediumsized enterprises in association with emergency planning. The risk analysis is the basis of
planning measures to secure the protection of population in case of accident. In the wording of
law on major-accident prevention, measures with operators of group B (upper tier establishments)
are planned by means of external emergency plans. However, small sources of risks (water treatment plants, ice stadiums, food processing plants, and others) are significant sources of risks to
their surroundings as well. The need to assess also risks of these smaller sources follows from
many other factors, especially accidents that have occurred so far, from stress laid on the reduction
of risks of these technological facilities, from the necessity of preventing accidents within the frame
of land planning, i.e. the approval of location of new plants in relation to residential and protected
areas, from the necessity of improving emergency preparedness, planning the measures to secure
the protection of population, etc. Performing the risk assessment and following measures to reduce
the risks can contribute to the prevention of accidents, the reduction of accident consequences on
human lives, the environment and on asset and cultural values, or can prevent the unsuitable location
of a new plant in the vicinity of human settlements and protected areas from the point of view of
environmental protection. The prioritization and the assessment of risks contribute to a better level
of awareness of risk sources, accident consequences and endangered target groups. Prepared accident
scenarios help improve emergency plans and preparedness for effective accident response.
In the contribution, the results of risk source prioritization will be presented, and type risk sources in
the area of Moravian-Silesian Region as well as major hazardous materials present especially in SMEs
will be given in more detail. Furthermore, the selection of risk assessment methods for the purpose of
evaluation of risks in the region concerned will be offered and a proposal for the methodological
guidelines for the assessment of risks of unclassified risk sources will be recommended. The proposed
methodological guidelines recommend a suitable approach by means of several levels with the
increasing depth and comprehensiveness of assessment to the operators of these plants. This methodology can also be used as a tool for the state administration; by means of this tool, the prioritization or
risk sources for detailed analyses can be done. In the practical part of this contribution, results of the
assessment of about 260 risk sources in the region concerned will be summed up and examples of
detailed risk assessment will be presented. Results of risk assessment serve the ensuring of emergency
preparedness. In the Moravian-Silesian Region, these measures are planned by so-called “emergency
cards”. The emergency cards are a tool for decision making in case of accident with the presence of a
hazardous material. They are processed as variants depending upon the accident effect distance for
particular emergency scenarios and are intended for units participating in the organisation of response
actions, the minimisation of consequences and population protection.
The overall solution to the issue of accident risks in relation to the region is a multi-criterion evaluation of parameters of our surroundings that requires an integrated approach based on the knowledge
of engineering, natural and social sciences. At present, problems of emergency planning for the region
concerned are increasingly under discussion; it is necessary to bear in mind that an indisputable part of
emergency planning is the risk analysis that forms the cornerstone of this process. The effectiveness
and the suitability of planned measures to secure the protection of population, environment and property depend on the quality of risk assessment, because possible deficiencies and errors in identification,
prioritization and subsequent detailed assessment are transferred into the process of measure planning.

KEYWORDS: SMEs, risk assessment, SEVESO II directive, major accident prevention, hazardous
materials
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REGIONAL RISK PRIORITIZATION AND
ANALYSIS
For the purpose of risk prioritization, many methods exist.
In the Moravian-Silesian Region (henceforth referred to as
MSR), the prioritization of types of extraordinary events
was done by scoring the individual types of extraordinary
events, from which a need to make a more detailed
analysis of selected types of extraordinary events followed
(see Table 1). Measures for extraordinary events of the
category of risk level IV are dealt with within the MSR
Crisis Plan, measures for extraordinary events of the categories III and II in the MSR Emergency Plan. In the case
of extraordinary events with the risk level I, they are
expected to be responded by routine activities of units of
Integrated Emergency System.
For the prioritization and the analysis of risk sources
with hazardous materials, the IAEA-TECDOC-727 (IAEA,
1996) method is used most widely. This method does not
make high demands on the persons involved in solving;
however, it has its own limits and restrictions on uses.
Principally, the method evaluates the level of risk in the
region from the point of view of endangering human lives
and health. Nevertheless, it does not consider a possibility
of damaging the environmental compartments and asset
values in the area analysed. Furthermore, this method
cannot be used to assess objectively the units of lowpressure storage of flammable gases occurring in the

INTRODUCTION
The contribution deals with the problems of prioritization
and analysis of risks of small and medium-sized enterprises
in association with emergency planning. The risk analysis is
the basis of planning measures to secure the protection of
population in case of accident. In the wording of law on
major accident prevention, measures with operators of
group B (upper tier establishments) are planned by means
of external emergency plans. However, small sources of
risks (water treatment plants, ice stadiums, food processing
plants, technical gas storage facilities, and others) are significant sources of risks to their surroundings as well.
The need to assess even risks of these smaller sources
follows from many other factors, especially accidents
that have occurred so far, stress laid on the reduction of
risks of these technological facilities, the necessity of
preventing accidents within the frame of land planning,
i.e. the approval of location of new plants in relation to residential and protected areas, the necessity of improving
emergency preparedness, planning the measures to secure
the protection of population, etc. The performing of risk
assessment and subsequent measures to reduce the risks
can contribute to the prevention of accidents, the reduction
of accident consequences on human lives, the environment
and on asset and cultural values, or they can prevent the
unsuitable location of a new plant in the vicinity of human
settlements and/or protected areas from the point of view
of environmental protection. The prioritization and the
assessment of risks contribute to a better level of awareness
of risk sources, accident consequences and endangered
target groups. Prepared accident scenarios help improve
emergency plans and preparedness for effective accident
response.
In the Czech Republic, the area of emergency planning and risk analysis is laid down above all in the act on
integrated emergency system, according to which regional
emergency plans and external emergency plans are also prepared in the framework of preparation for extraordinary
events. The external emergency plans are specific and deal
with measures to secure the protection of population, the
environment and property for so-called area of emergency
planning zone, which is determined after the act on major
accident prevention for large operators classed into the
group B. The regional emergency plan concerns measures
in relation to all identified extraordinary events in the
region analysed (e.g. floods, releases of hazardous materials,
traffic accidents, earthquakes). In the area of risk analysis,
the regional emergency plan provides room for the prioritization of not only individual types of extraordinary events,
but also for the prioritization of risks. Measures to secure
the protection of population, the environment, asset values
and critical infrastructure are dealt with either in the
regional emergency plan or separately in the frame of
operational plans and emergency cards (e.g. Operational
plan for securing protection in case of special flood in the
hydraulic structure, Emergency card for a release of
ammonia under critical meteorological conditions in the
ice stadium).

Table 1. Prioritization of types of extraordinary events on the
level of Moravian-Silesian Region
Type of extraordinary event
Flood, special flood, earthquake, epidemic,
epizootic.
Long-term heat and drought, methane release, fire
of solid, liquid and gaseous
substances, release of radioactive substances,
release of toxic substances,
release of explosive gases and vapours,
release of oil products, accident in
road, rail, air and pneumatic transport, failures
in gas, electricity and heat
supply, failures in technological processes,
terrorism and diversion activities.
Gale, cyclone, rainstorm, landslide, earth void
collapse, natural fires, explosion of
gases, vapours, dusts, failures in water and/or
fuel supply, failures in
telecommunication networks, organized crime.
Hailstorm, glaze, ice, snow calamity, pest attack,
temperature inversion, failures in
raw material supply, immigration waves.

Risk
level
IV
III

II

I

Note: Those events are accentuated that concern the releases of hazardous materials analysed further by the method REHRA.
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Moravian-Silesian Region in large numbers (gasholders
with metallurgical gases).
For the above-mentioned reasons, the method
REHRA (Rapid Environment and Health Risk Assessment)
(REHRA, 2001) of World Health Organization (WHO) was
used for the prioritization of stationary risks in the area of
MSR. This is an indexing method that assesses separately
the hazardousness of a locality, the vulnerability and a
zone affected by the accident for the purpose of risk analysis. The hazardousness of the locality is given by the risk of
occurrence of natural threats (floods, seismic activity,
landslide), the quantity and hazardousness of the material
and the hazardousness of the establishment. The hazardousness of the material is assessed on the basis of physicalchemical and toxicological characteristics of the material
in combination with the quantity which may be released
into the surroundings. The hazardousness of the establishment is a parameter indicating the technical level of the
establishment and measures leading to the increase in
safety. Total vulnerability is a combination of vulnerabilities of population, the environment and economic activities,
see Figure 1. What is assessed is the presence of defined
groups within the zone affected by lethal accident effects.
To determine the zone affected by the accident, the
method uses primarily the principles of IAEA-TECDOC727. With reference to the above-described disadvantages
of this method, the method was not used for this part of
assessment and was replaced by other methodological
approaches (e.g. modelling the lethal and wound concentrations by means of software Aloha 5.4. (ALOHA, 2006).
When assessing the vulnerability of population, categories of so-called objects of importance, in which
groups of people concentrate (e.g. educational facilities,
hospitals, cultural amenities and sports fields), are assessed
in addition to the categories of residents and temporary
residents of the region. Environmental vulnerability is
given by a possibility of contamination of surface water,
soil environment and biotic compartment of the environment. Economic vulnerability takes into account the presence of structures of industry, trade and agriculture.
The resultant index is given by a combination of total
vulnerability and hazardousness of a locality. Risks are

1%
25%

I - low level
II - average level
III - high level

74%

Figure 2. Proportions of risk levels in MSR

assessed on three levels. In the area of MSR, 65 significant
sources of risks in the categories of medium and high
risks were identified (of total 260 analysed) (see Figure 2).
Significant risk sources are mainly the structures where
liquefied toxic gases and metallurgical gases are handled.
For the significant risk sources in the area of MSR, measures
for a case of accident occurrence are planned in a form of
external emergency plan or in a form of so-called emergency cards of Integrated Emergency System. Results of
assessment considering the proportions of specific risk
sources in the analysed area are summarised in a graph in
Figure 3.

A PROPOSAL FOR GUIDELINES ON RISK
ASSESSMENT
From the above-mentioned information and acquired
experience, the following proposal for the guidelines on
the assessment of risks of all risk sources in the region
was prepared. The proposal for the guidelines is based
on the following three levels of risk assessment and
management:
1.

the preliminary assessment of risks to the surrounding
population, the environment and asset values,

Hazardousness of a locality:

Total vulnerability:

- natural threats

- population vulnerability

- material quantity and
hazardousness

- environmental vulnerability

- establishment hazardousness

- vulnerability of economic
activities

Accident effects:

- lethal zone
- wound zone

Local risk level

Figure 1. Principle of assessment by the method REHRA
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Figure 3. Risk level and proportion of individual risk sources in MSK

2. the detailed assessment of social, economic and
environmental risks,
3. the management of accident risks and measures to
reduce the risks.

Table 2. Comparison of threshold quantities of hazardous
materials (in tonnes)
Hazardous Seveso Purple
material
II
Book

For the first step of the guidelines – preliminary risk
assessment, approaches used in various countries were compared at first. In the Czech Republic, basic threshold quantities of hazardous materials are laid down in the Act No.
59/2006 Coll., on major accident prevention. These
threshold values adopted from the European Seveso II
Directive, however, consider merely the largest sources of
risks (about 150 industrial enterprises in the Czech
Republic), and thus smaller establishments, which may
under certain conditions represent significant risks of
major accidents, are not included. For this reason, these
thresholds were compared with the Dutch approach in the
methodology Purple Book CPR 18E (TNO, 1999), with
American thresholds determined by the organisation EPA
for including into RMP (Risk Management Program)
(EPA, 2002), further with thresholds given in the guidelines
for integrated risk assessment IAEA-TECDOC-994 (IAEA,
1998), which were identical with the approach of the method
REHRA (REHRA, 2001) and with thresholds stated in the
European project ARAMIS (ARAMIS, 2004), in the framework of which a new harmonized methodology ARAMIS
was prepared. Results of the comparison for three selected
materials occurring most frequently in the unclassified risk
sources are shown in Table 2.
It follows from the table that the thresholds of Czech
act on major accident prevention (and similarly the
thresholds of European Seveso II Directive) are approximately 10 times higher than legal thresholds in the United
States and several times higher than thresholds recommended by accepted international methodologies. From
this difference it is evident that in the Czech Republic
there is a real need for risk assessment for establishments
with lesser quantities of hazardous materials than given in

Ammonia
Chlorine
LPG

50
10
50

3
0.3
10

U.S.
EPA
approx. 4.5
approx. 1.1
approx. 4.5

IAEA-994 ARAMIS
3
0.3
10

1
1
1

legislation concerning the area of major accident
prevention.
Below a brief summary of the proposed guidelines is
presented.
THE 1ST LEVEL – IDENTIFICATION AND
PRELIMINARY RISK ASSESSMENT
Installations are subject to risk assessment by this methodology if the quantities of hazardous materials present in
them exceed the thresholds set. Of the approaches presented
above, the approach of the methodology ARAMIS was
taken for the proposed guidelines owing to its comprehensiveness and the division of materials also according to
their states of matter. Specifically, these ARAMIS
thresholds were determined in the Belgian method VADE
MECUM (DGRNE, 2000) used for the selection of installations requiring risk analysis.
In this phase of assessment, the following steps are to
be taken:
–

–

4

To select major risk sources
1. in the territory of administrative unit (by the
method REHRA),
2. on the premises of the establishment (by the
selection method from Purple Book).
To find the distances between the closest residential area
and the risk sources.
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– To find the distances between significant elements of the
environment, such as watercourses, groundwater
sources and elements of territorial system of ecological
stability (ÚSES) – biocentres and biocorridors and the
risk sources.

or other approaches to modelling the spread of
contaminant in the environmental compartments can
be recommended.
THE 3RD LEVEL – RISK MANAGEMENT
The evaluated risks that were analysed in detail must be
further monitored and evaluated in the system of risk
management, whose principal elements, in addition to preliminary examination, are as follows:

If:
(a)

(b)

a population occurs within 100 m from the risk
sources and simultaneously these installations were
assessed as major risk sources from the point of
view of present hazardous material quantity, the
detailed assessment of risk to the population and
asset values must be done.
there is a potential possibility of damaging the environmental compartments (surface water, groundwater,
soil, biotic components), the analysis of accident consequence on the environment must be carried out.

.
.

.
.

THE 2ND LEVEL – DETAILED RISK ASSESSMENT
The goal of detailed risk assessment is not only the individual assessment of accident affected zones but also the
evaluation of existing safety measures and risk assessment.
(a)

(b)

Planning (determination of system policy, analysis of
sources and needs, determination of goals and priorities)
Realization (determination of responsibilities and competence, introduction of system of communication,
training and education, procedures in the area of
emergency planning)
Check and audit (internal check of set goals, audit of
various levels)
System examination (presentation of results, effectiveness, system evaluation)

The whole recommended procedure for the assessment of risks of unclassified risk sources is clearly arranged
in Figure 4.

For the detailed assessment of risks to the population,
the new ARAMIS methodology is recommended or
other methodologies, such as Purple Book, CPQRA,
etc., which enable the determination of zones affected
by the lethal and wound accident effects.
For the analysis of consequences of accidents on the
environment, the H&V Index method (MZP, 2003)

EMERGENCY PLANNING AS A TOOL FOR
TAKING MEASURES
In the area of major accident prevention, measures are
planned by means of external emergency plans. The external
emergency plans are prepared only for operators classed into

Identification of risk sources
(comparison with thresholds of hazardous substances)

1st level
Major risk source selection
(preliminary risk assessment) –
by method REHRA or selection
method from Purple Book)

Distance of population
less than 100 m ?

Is there a significant
environmental element in
the proximity? (e.g.
watercourse)

Do they threaten
population?
2nd level

Yes
Detailed risk
assessment (QRA)
(methods ARAMIS /
Purple Book / CPQRA)

Do they
threaten the
environment?
No

End of
assessment

Yes
Analysis of accident
consequences on the
environment
(method H&V Index)

No
End of
assessment

3rd level
Risk management +
measures to reduce risks

Figure 4. A recommended procedure for the assessment of risks of unclassified risk sources
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Figure 5. An example of graphic part of emergency card of Integrated Emergency System

the group B. By comparing the outputs of prioritization by
the method REHRA with the act on major accident prevention, it can be stated that the wording of this act concerns
with not all important sources of risks. Even unclassified
operators may be significant risk sources and may endanger
the surroundings in the case of accident. To secure the
protection of population and the external environment, the
Fire and Rescue Service of MSR proceeded to the processing of so-called emergency cards of Integrated Emergency
System (henceforth referred to as IES).
The emergency cards of IES are processed for significant risk sources with the risk levels II and III. They are a
tool for decision making in case of accident associated
with a release of hazardous material. They define basic regulations concerning techniques of response units. From the
practical point of view, they are processed in the A 4
format. With regard to the fact that in the majority of
cases, toxic dispersion occurs and that in the Czech Republic
generally a “deterministic” approach to risk analysis exists,
the precondition of which is the evaluation of the worst
possible scenario, and thus also dispersion under “critical”
climatic conditions, the cards are processed for individual
risk sources as variants for the neutral (stability class D
(convection), ground wind velocity of 3 m/s, air temperature of 208C) and the critical (stability class E (inversion),
wind velocity less than 1 m/s) meteorological conditions
(EPA, 2002; ALOHA, 2006). In addition, in industrial
concentrations the inversion situation occurs in one third
of days of the year.
The text part contains a brief description of hazard
source, hazardous properties of material, the determination
of zones affected by the accident (so-called lethal and
wound zones), basic information, the organisation of

response action and activity of units, the number of threatened persons, objects of importance, broadcast systems
for population warning. Great emphasis is put on the
graphic part created in the environment of geographic information systems (GIS). GISs are not only the visualisation of
outputs; they are also a tool for the analysis of the region.
This analysis enables the evaluation of covering the region
by a signal of alarm, the evaluation of routes of access to
the installation, the planning of closure of endangered
area, the visualisation of action distance of accident
effects and the visualisation of endangered objects of
importance, and others (see Figure 5).

CONCLUSION
The road to securing the protection of population, the
environment and property in the course of extraordinary
events leads through the process of emergency planning,
whose integral part is the risk analysis; because if we are
not able to identify and analyse the risk, then we are not
able to fight it effectively. The process of emergency and
crisis planning reflects in itself not only the preparation of
plans themselves, but also the determination of tasks and
goals to secure safety, the examination of the set tasks,
and further a drill in the determined procedures by exercising preparedness for accidents.
As the sources of risks unclassified under the legal
effect of Seveso II Directive, e.g. food complexes
(breweries, dairies, meat combines), sports facilities (icestadiums, swimming pools) and further water treatment
plants, pressure cylinder storage areas, refuelling stations
and LPG tanks were identified. Results acquired from risk
assessment point to a necessity of managing the risks of
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ARAMIS, 2004, Accidental Risk Assessment Methodology for
IndustrieS in the framework of the SEVESO II directive,
User Guide, contract number: EVG1– CT– 2001– 00036,
http://aramis.jrc.it.
DGRNE, 2000, Vade Mecum: Spécifications techniques relatives au contenu et à la présentation des études de sécurité,
Cellule Risque d’Accidents Majeurs, Direction Générale
des Ressources Naturelles et de l’Environnement, Walloon
Region Ministry, Belgium.
EPA, 2002, RMP Program Overview, U.S. Environmental
Protection Agency, Chemical Emergency Preparedness and
Prevention, http://yosemite.epa.gov/oswer/ceppoweb.nsf/
content/RMPoverview.htm.
IAEA, 1996, IAEA-TECDOC – 727, Manual for the classification and prioritisation of risks due to major accidents in
process and related industries, International Atomic Energy
Agency, Austria, 1996.
IAEA, 1998, Guidelines for Integrated Risk Assessment and
Management in Large Industrial Areas, IAEA-TECDOC994, IAEA, Vienna, ISSN 1011– 4289.
MZP, 2003, Ministerstvo životnı́ho prostředı́: Metodický pokyn
odboru environmentálnı́ch rizik pro stanovenı́ zranitelnosti
životnı́ho prostředı́ metodou ENVITech03 a analýzu
dopadů haváriı́ s účastı́ nebezpečné látky na životnı́ prostředı́
metodou H&V index, Věstnı́k MŽP 3/03.
REHRA, 2001, WHO/Europe - REHRA methodology (Rapid
Environment and Health Risk Assessment) [on-line].
c2001, [cit. 2004-12-10]. Available at: <http://www.euro.
who.int/watsan/CountryActivities/20030729_11>.
TNO, 1999, Guidelines for Quantitative Risk Assessment,
“Purple Book”, CPR 18E, The Hague.

even these unclassified sources of risks that may represent
significant risks of major accidents.
The complete solution to the issue of major accident
risk management requires an integrated approach based on
the knowledge of engineering, natural and social sciences.
The procedure of assessment of risks of unclassified risk
sources recommends the operators of these establishments
a suitable approach by means of several levels, when the
depth of and demands for assessment increase gradually.
The main aim in the framework of system of managing
risks in the region was to contribute to the prevention of
accidents to unclassified risk sources. The procedure of
risk analysis is aimed at identifying the risk as well as at providing the operators of unclassified risk sources with help in
voluntary risk assessment, when it recommends a suitable
procedure of solving and offers available tools, and in connection with securing the protection of population, the
environment and property to plan and take desirable
measures in the frame of activity of units of the Integrated
Emergency System.
This contribution was written in the framework of
dealing with the grant project of Ministry of the Interior of
the Czech Republic under number VD20062010A06 titled
“Research into New Principles and Methods in the Framework of Civil Protection”.
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COMMUNITY RISK PROFILE: A TOOL TO ASSESS A VARIETY OF HAZARDS
ON A TERRITORY
Bruno Debray, Bastien Affeltranger, Gautier Vincent and Ruth Coutto
INERIS, Direction des risques accidentels, Parc Alata, BP2, 60550 Verneuil-en-Halatte; e-mail: bruno.debray@ineris.fr
UNEP APELL, 39-43 quai André Citroën, 75739 Paris Cedex 15
Communities are facing a large variety of risks that community leaders have the responsibility to
manage and reduce in relation with numerous stakeholders and partners. Risk assessment is the first
step of the risk management process and serves as a base for the risk reduction decisions that can
have a strong impact on the territory. A detailed risk assessment is not an easy task and the decision
to undertake such assessments should be based on a first simple estimate of the risk level. From a
community point of view, it is also essential to be able to consider all the types of hazards to take
coherent decisions and to characterise the relative contribution of each type of hazard to the global
risk on the community.
It is to answer to these needs that the APELL program of UNEP has asked to INERIS to develop
the community risk profile tool described in the present paper. The tool is based on a multidimensional definition of risk. Nine dimensions are considered and assessed for each of the hazard types.
Risk is considered as a combination of the presence of a hazard source, the probability of the
hazardous phenomena it can produce, and its intensity, the presence of vulnerable elements in
the surroundings, their vulnerability, the existence of prevention and protection measures, the
emergency preparedness and the resilience of the community.
The hazards considered are industrial accidents, transport of dangerous goods, flooding, volcanoes, earthquake, tsunami, landslide, forest fire, tornadoes and cyclones. For each of these hazardous phenomena, a questionnaire allows for the assessment of the nine dimensions of risk. For most
of the dimensions, the assessment is based on a multicriteria approach with results expressed in a
common scale ranging from 1 to 5, 1 being the most favourable situation and 5 the most unfavourable one. For some of the dimensions, namely intensity and probability, a quantitative scale can be
used. The attempt was made to propose common scales, the definition of which is commented in
this paper.
Examples of assessment criteria are given together with examples of the methodological difficulties encountered during this project. Some have been solved and the solutions proposed are
described. Other difficulties remain open to contributions from the scientific communities but
also from the stakeholders of the risk management process. The Community Risk Profile is
currently under revision by UNEP experts for an expected publication in mid 2007.

INTRODUCTION
Communities are facing various types of risks, which they
have to assess and manage properly. These risks may be of
a human origin: industrial risks or risks related to the transport of hazardous materials. They can also be of natural
origin: floods, earthquakes, volcanoes, ground movements.
Many decisions should take the risk into account. Those concerning the risk management itself, of course, but also
decisions such as land use planning or industrial investment.
Assessing risk is not an easy task. It requires to
perform in depth studies which are only justified if the
risk level is expected to be high for this reason, there is a
need for a risk assessment tool that would provide the user
with an information about the necessity to further assess
the risk by characterising an expectable risk level on the
base of a mostly qualitative approach. Such a tool, a risk
community profile, was developed by INERIS for and
together with the UNEP APELL program.

RISK ASSESSMENT DIMENSIONS
The aim of the tool is to provide means for communities
to assess roughly various types of risks and take appropriate decisions, notably to undertake further investigations,
from this initial risk assessment. For this purpose, the definition of risk was voluntarily extended from the classical
combination of probability and severity to a broader definition that includes reference to the vulnerability of the
area, or emergency preparedness. The community risk
profile can be used to assess the initial level of risk independently of existing mitigation measures. It can also be used to
assess whether the existing measures are sufficient to cover
the initial risk. In any case, a high risk level should induce
in depth risk assessment. The risk assessment dimensions
are divided into
–

1

hazard related dimensions: presence of hazard sources,
frequency, intensity of hazardous phenomena;
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– vulnerability related dimensions: presence of vulnerable
elements within the effect area of the hazardous
phenomena, vulnerability of the exposed elements and
of the area, resilience of the area,
– risk control related dimensions: knowledge of risk
(pre-existing risk assessment studies), prevention,
protection, emergency preparedness.

components of hazard and vulnerability. They are commented more deeply in the next sections.

COMMUNITY RISK PROFILE GRAPHICAL
REPRESENTATION AND COMMON SCALE
The result of the assessment done with the community risk
profile is composed of two parts: the community risk profile
matrix (figure 1) where all the risk assessment dimensions
marks are summarised and the community risk profile
graphs (figure 2), which, for each specific risk provides a
graphical representation of all the risk dimensions. To be
able to set up both these tools, it was necessary to define
scales. The choice was made to use a common scale fort
all the risk assessment parameters. All the parameters are
measured in a 1 to 5 scale with always the same orientation:
1 correspond to a favourable situation, 5 to an unfavourable
one. In other words 1 corresponds to a low hazard, a low
level of elements at risk or vulnerability, or a sufficient
level of risk control. On the other hand a 5 means a high
hazard, a high level of elements at risk an insufficient
control of risk. The meaning of the scales is given by
figure 3.
The figure 2 represents the community risk profile
graph for a given type of hazard and its interpretation. The
bigger the surface area of the community risk profile, the
higher the risk and the necessity to take prevention and mitigation measures. The shape of the graph is also significant
and attention should be given to the meaning of each area
of the graph.

It is important to note that we make here a clear
distinction between hazard and risk. As there are many
definitions of hazard in the literature, we should precise
here the definition that we retained for the present work.
We consider in the present paper that hazard is the combination of the likelihood and the intensity of a hazardous
phenomenon. Risk is the combination of hazard and the
vulnerability of the environment exposed to the potential
hazardous phenomenon and of the control measures. This
definition of risk is inspired by the definition proposed in
the ARAMIS project [Salvi 2006]. The next paragraphs
are dedicated to the description of the risk assessment
dimensions or parameters. The scale in which they are
expressed and the sub-parameters used for their assessment
are particularly described. As several types of hazards were
studied in the community risk profile, it was essential to
propose a definition of risk which would fit all these
hazard types and which could be assessed through a
common approach. For some of the dimensions the nature
of the phenomena makes the achievement of this goal not
obvious. Tables 1 and 2 summarise the definitions of the

Table 1. Definition of intensity and parameters taken into account for the qualitative estimation of frequency
Hazard

Source type

Industry

Punctual

Transport of
dangerous
goods
Flood

Punctual

Earthquake
Volcano
Hurricane

Intensity
Surface area of the reference industrial
accident
Surface area of the reference transport
accident involving dangerous goods

Linear

Surface area of the reference flood

Whole
community
Punctual

Intensity (MSK) or magnitude (Richter) of
the reference earthquake
Surface area of the lethal effect zone of a
reference volcanic eruption
Intensity of a reference cyclone (Saffir
simpson scale)
Surface area of a reference landslide

Landslide

Whole
community
Surface

Forest fire

Surface

Surface area of the potentially burn forest
zone

Tsunami

Linear

Surface area of the coastal zone potentially
flooded by a reference tsunami

2

Frequency
Directly related with the number of plants
and the quality of prevention measures
Related with number of roads, the traffic
density and the quality of the roads as
well as the prevention measures
Related with climatic and morphological
characteristics of the area plus impact of
human activities on the water flow
Related with the location of the community
in a seismic zone
Related with the characteristics of the
volcano
Related with the location of the community
in a hurricane prone area
Related with morphological, geological
and climatic characteristics of the area
and with human activities on the area
Related with morphological, geological
and climatic characteristics of the area
and with human activities on the area
Related with the location of the community
on a seashore in a tsunami prone area
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Table 2. Definition of the various risk assessement dimensions for the various types of hazard considered in the community risk
profile

Hazard

Intensity

Global
intensity

Individual
frequency

Global
frequency

Industry
Transport of
dangerous
goods
Flood
Earthquake
Volcano
Cyclone
Landslide
Forest fire
Tsunami

Se
Se

Se ¼ d.L
I
Se
I
Se
Se
Se ¼ d.L

Individual
damage

Global
damage

Se
Se

f
f

Se ¼ d.L
I
Se
I
Se
Se
Se ¼ d.L

f
f
f
f
f
f
f

Local
risk

Global
risk

Fc ¼ f.Np
Fc ¼ f.Lr.Td

I.D.V
I.D.V

I.D.V
I.D.V

r
r

r.Np
r.Lr.Td

Fc ¼ f.Nr
Fc ¼ f
Fc ¼ f.Nv
Fc ¼ f
Fc ¼ f.Nh
Fc ¼ f.Nh
Fc ¼ f

I.D.V
I.D.Sc.V
I.D.V
I.D.Sc.V
I.D.V
I.D.V
I.D

I.D.V
I.D.Sc.V
I.D.V
I.D.Sc.V
I.D.V
I.D.V
I.D

r
r
r
r
r
r
r

r.Nr
r
r.Nv
r
r.Nh
r.Nh
r

I ¼ intensity of a hazardous event generated by one single source
d ¼ distance from the source
L ¼ length of hazard source in the community (road, river, sea shore)
f ¼ frequency of an event for one single hazard source
Fc ¼ frequency of the hazardous event at the community scale
D ¼ density of vulnerable elements
V ¼ vulnerability of the vulnerable elements
Sc ¼ surface area of the community
Np, Nr, Nh, Nv ¼ number of plants, rivers, hazardous spots, volcanoes

The community risk profile can be divided into three
main areas:

–

– The upper right part correspond to the characteristics of
hazard, with presence, intensity and frequency of a
dangerous phenomenon.
– The lower part corresponds to the vulnerability of the
community to the hazardous phenomenon

The last part, which covers the entire left half of the
community risk profile corresponds to the risk control
activities.

If the upper right part has a large surface, it means that
the hazard is high. Yet, it doesn’t necessary mean that the risk
is high as if the lower right part is small, the elements at risk
and vulnerability are low and thus the risk is low too. If an

Figure 1. Community risk profile matrix
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Resilience
Emergency
preparedness

Presence
5
4
3
2
1
0

Protection

Intensity

.
.
.

Frequency

Elements
at risk

Knowledge of risk

Volcanoes,
Rivers, as a potential source of floods,
Slopes, where landslides can occur,
Forest and vegetation susceptible to burn, giving rise to a
wild fire,
Sea shore, where Tsunami can occur,
Earth as a potential source of earthquake,
Sky from where storms and, in particular tropical
cyclones, can come from.

The assessment of the presence of hazard sources is
thus apparently relatively simple. Yet it requires some care
because hazard sources located outside the community may
cause accidental effects within the community and therefore
should be taken into account. Other difficulties might be
raised by the decision to select a hazard source or not. For
example as far as industrial risks accidents are concerned,
the question is whether all industrial plants or rather only
some activities should be considered. To help the user with
this specific question, a guidance list is proposed based on
the IAEA guidance report on safety assessment. When
useful, for other types of hazards, additional questions help
the user identify situations of hazard where the presence of
hazard source is not obvious.

Vulnerability

Prevention

Risk reduction

.
.
.
.

Hazard

Vulnerability

Figure 2. Community risk profile graph and its interpretation

accident occurs, it will create very limited damages. If the left
part is small, it means that the risk is under control.
If preventive measures are sufficient, the probability of
having an accident should be low too. The next paragraphs
are dedicated to the description of the risk assessment
dimensions.
PRESENCE OF HAZARD SOURCES
When considering risk in a given geographical area, the first
question to be asked is whether the community area bears
a hazard source that would be susceptible to produce a
hazardous phenomenon. For example, if no industry is
present on the area or near its limits an industrial accident
is not susceptible to occur. If the hazard source is not
present, there is no use to assess the other dimensions. On
the other hand, if one or several hazard sources are
present, a risk analysis is necessary to estimate all the
other dimensions of risk.
The hazard sources considered in the community risk
profile are the following:

KNOWLEDGE OF RISK: PRE-EXISTING RISK
ASSESSMENT
If a hazard source is identified, it is essential that a true risk
analysis be performed to obtain a true estimate of the risk.
The community risk profile is only an indication of the
actual risk level. It is based on average assumptions and
very general criteria. If more precise results are available,
they should be used to assess the risk in depth instead of
the very general indications provided by the community
risk profile.
Knowing the risk, i.e. analysing and assessing it, is a
first essential step of risk management. It is based on risk
analysis and other technical studies contributing to the risk
assessment. If the knowledge of risk is insufficient, and if
the community risk profile let expect that a relatively high

. Industrial plants including SMEs,
. Transport infrastructures: roads, railways, waterways,
pipelines,

Figure 3. Interpretation of the scales
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risk level is present, further studies should be undertaken to
reach a satisfactory knowledge level. Knowledge of risk is
thus a first dimension of risk control.

Table 1 lists the various types of hazard considered in
the community risk profile, the definition of their intensity
and the parameters used to estimate the expected frequency.
The definition of the intensity is not without raising
questions. The first one is related with the meaning of a
global intensity mark for a territory. Whether the intensity,
and beyond the intensity the damage level, should be absolute or relative was a matter of debate. The choice could have
been made to measure the intensity as the percentage of the
total community area affected by the accident. This would
have corresponded to a territorial vision of the damages
and translated the idea that the impact of an accident on a
given community is dependent on the global size of the
community (reflecting somehow its wealth), small communities being more vulnerable to the accident than big ones.
This is not what was retained in the community risk
profile where it was considered that the same accident
occurring in two different communities should have the
same intensity.
Such an approach is coherent for industrial accidents
and all the punctual hazard sources for which the intensity is
independent from the size of the community. It also true for
cyclones and earthquake. But it doesn’t work for floods and
tsunami whose intensity depend directly on the length of
river or seashore crossing the community. When considering the damages caused by an accident, it turns out that,
whereas they remain independent from the size of the community for punctual sources, it is not the case any more for
earthquake and cyclone whose damages are directly linked
to the size of the community, which conditions the
number of exposed vulnerable elements. Table 2 summarises the various ways to calculate the intensity and
frequency of an accident in the Community risk profile
and illustrates the difficulty to adopt a unique definition
for all types of hazard.

INTENSITY
If a hazard source is present, the intensity characterises the
size of the potential event. As very different types of events
are considered in this tool, it was important to define a
common intensity scale that could be used to assess any
kind of event. It was decided that there should be a direct
relation between the intensity level and the damages for a
given level of elements at risk and vulnerability. The
common proposed intensity scale and the definition of
intensity for each type of hazard correspond to this goal.
Many hazards have a point or linear origin and
develop an intensity that is maximum at the origin and
decreases regularly when moving away from the source.
Beyond a certain level of intensity, that is above a certain
distance, no effect is observed. However, the level of
damage is not only related to the distance from the source
but rather to the overall surface area of the impacted zone.
The intensity level can then be characterised by the
surface area where a given effect can be observed. For
example a lethal effect. This is the definition of intensity
that was chosen in the community risk profile for most of
the hazard types, which have a punctual or linear source.
For them, a common intensity scale was proposed (table 3).
The limits between risk categories remains arbitrary and
should be debated among stakeholders in the future.
For industrial risks, the tool provides an estimate of
typical intensity levels for most hazardous industrial
activities in terms of potentially affected surface area. This
estimate is based on the IAEA Manual for the classification
and prioritization of risks due to major accidents in process
and related industries [IAEA 1996]. For other risks such as
floods or forest fires the user is asked to estimate the potentially affected area. This information can be obtained from
existing risk assessment studies or by identifying historical
evidences of past events.
For the other types of risk, which have a non localised
effect, the intensity level is usually characterised by an
intensity indicator (wind speed for cyclones, earthquake
intensity for seismic events) coherent with the most usual
scales. The establishing of a correspondence between the
intensity as a surface area and the intensity of non localised
phenomena (cyclones, earthquake) was not easy and should
be debated in the future.

FREQUENCY
The hazard, as we defined it is the combination of the likelihood (expressed in terms of probability or expected
frequency) of an hazardous phenomenon and its intensity.
In the case of very rare events or events that can occur
only once in a given place (for example the collapse of a
cliff) the probability is assessed from indirect indicators.
In the case of more frequent events, the frequency can be
assessed from a historical approach. The frequency is the
return period of a given event. From a past frequency, it is
possible to extrapolate a future expected frequency if the
conditions at the origin of the past event remain true in
the future (which is seldom the case).
In the community risk profile, it was decided to express
the likelihood of future dread events in terms of frequency. A
common frequency scale was proposed for this purpose
(table 4). Again this scale should be debated between stakeholders. It was meant to allow the comparison of risks with
very different frequency ranges. For example, the typical
frequencies of forest fire in fire-prone areas is closer to
1/10 years whereas other events such as major industrial

Table 3. Common intensity scale
Intensity level

Corresponding surface area

1
2
3
4
5

Effect zone , 0,2ha
0,2ha , effect zone , 3ha
3ha , effect zone , 12ha
12ha , effect zone , 40ha
40ha , effect zone
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Table 4. Common frequency scale
Frequency
level
5
4
3
2
1

Table 5. Scale for the characterisation of elements at risk:
human beings exposed

Frequency
(events per time period)

Level

1/10 years
1/100 years
1/1000 years
1/10000 years
1/100000 years

1

2

3

accidents can have much lower expected frequencies. Yet the
estimation of frequency is far from being simple. When no
pre-existing risk assessment study nor historical data is available, the assessment is based on qualitative risk criteria. The
right column of table 1 provides examples of such qualitative
criteria for each type of hazard.
As for the intensity, the estimation of the frequency
raises questions because it may be dependent of the limits
of the system studied and the reference scenario taken into
account. For example, as far as the flooding risk is concerned, the use is to consider a reference flood associated
with a reference return period: usually ten or hundred
years. The frequency level is thus conventional and directly
linked with the associated intensity. If there is only one flood
source (one river) in the community, the frequency remains
relatively independent from the size of the community.
However, from the community point of view, the frequency
of a flood is also dependent on the number of rivers in the
community which is somehow dependent on the size of
the community. In the same way, each industrial plant has
its own accident frequency. When considering the community, the industrial accident frequency is proportional to the
number of plants and is thus dependent on the size of the
community. Frequency is therefore very dependent on the
point of view adopted during the risk assessment. This is
illustrated by table 2. It shows that the definition of the
various risk parameters can vary from one type of risk to
the other. The main differences reside in the intensive or
extensive character of the dimensions. It stresses the fact
that the reference system must be clearly defined prior to
the assessment of the dimensions to avoid misunderstanding
of the results, in terms of frequency or intensity. When the
reference system is the community, the risk estimate is in
a first approach the product of the risk generated by a
single source by the number of hazard sources present in
the community.

4
5

Description
Very low density area (Farmland, scattered
houses), very few
vulnerable elements exposed
Low density area (Individual dwellings, Village,
quiet residential area),
a few vulnerable elements exposed
Intermediate density area (Residential area),
everal vulnerable elements exposed
High density area (Busy residential area), many
vulnerable elements exposed
Very high density area (Urban area, centre of city,
very active
commercial zone), very large number of
vulnerable elements exposed

intensity passes the lethal effect limit. An estimate of the
elements at risk exposed to the effects of the accident is
thus an essential aspect of the risk estimate. These elements
are firstly the people: population, workers and users of the
transportation system. But they can also be economic
assets, such as industry or critical facilities. A typology of
elements at risk is proposed. For each type, categories
were defined, which are representative of the number
elements at risk potentially exposed. For example, when
considering the population, the area is characterised with
the scale given in table 5. The community risk profile provides a list of questions to characterise the elements at
risk. The final mark for the community is the maximum of
all marks obtained for each type of element at risk.

VULNERABILITY
The vulnerability of a group of elements at risk characterises
its capacity to resist or to undergo damages when submitted
to a hazardous effect. For example, if a house has been
reinforced, it may resist to a flash flooding. In the same
way concrete houses may resist better to moderate overpressure than metallic structures. Vulnerability is thus a
dimension of risk that has to be assessed. The reduction of
vulnerability is among the measures that can be taken to
reduce the risk.
Two types of vulnerabilities were considered: the
technical vulnerability, or capacity of a given set of
elements to resist to an accident and the social and economic
vulnerability of the community.
For each of these themes, the vulnerability can be
characterised from qualitative questions into a scale
varying from 1 to 5. For the moment, the vulnerability of
the community is considered to be the maximum of the
vulnerabilities in each aspect. Other choices could be
made as, for example to consider the average of vulnerabilities or some type of linear combination.

ELEMENTS AT RISK
The damage level depends on the number of vulnerable
elements that can be hit by the hazardous phenomenon.
An accident that would occur in a place where no vulnerable
element (population, building, natural environment) is
present would produce no damage at all. On the other
hand, an accident occurring in a densely populated area
will certainly produce a large number of fatalities if its

6
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PREVENTION (OF THE HAZARDOUS
PHENOMENON)
For some of the hazardous phenomena, it is possible to
apply a prevention strategy aiming at reducing the probability of the phenomenon. The preventive measures are,
for example, possible in the industry where specific
safety devices or organisational measures can prevent the
occurrence of failures susceptible to lead to an accident.
In the risk community profile, it is generally not possible
to assess the actual specific preventive measures but
rather to consider if general prevention strategies are
applied. These refer, for example, to the existence of a
legislation and its enforcement or to the existence of
local monitoring and alert systems dedicated to the early
warning and intervention before a major accident occurs.
In some risk assessment methods, safety barriers are
assessed in terms of level of confidence and reliability
which has a direct quantitative impact on the probability
of the accidental scenario. In the case of the community
risk profile, it was impossible to establish such a quantitative
link. Thus the level of prevention is calculated on a very
simple basis: 1 if all prevention measures identified as possible are in place, 5 if none. No connection is made between
the prevention level and the frequency level even if it is
obvious that both are strongly dependent.

gency response to any of the hazards and that if its global
organisation is good, it should benefit all the situations.
However, in each specific risk assessment sheet, questions
are asked in the protection section to assess the specificity
of the emergency response for one given hazard type.
RESILIENCE
The resilience characterises the capacity of a person or a
community to recover after an accident. This capacity is
related with various characteristics of the community,
which are not discussed in the present paper. Among them
are the existence of a disaster recovery planning, the
access to knowledge, the economic capacity of the community, the health system, the learning capacity of the system,
the local cohesion and the technical capacity of the
community.
CONCLUSIONS AND PERSPECTIVES
The community risk profile is an attempt to build a guided
preliminary risk assessment tool for a large variety of
natural and technological risks using a common set of
dimensions expressed in common scales. It provides the
user with the list of questions to ease the assessment of
each of these dimensions.
This paper has stressed the difficulties associated with
the setting of common definitions and scales for the nine
dimensions of risk and the solutions proposed in the Community Risk Profile. These difficulties should not hinder
the fact that the community risk profile should be a very
useful tool for reflection and risk awareness raising among
risk managers, decision makers and stakeholders.
A first version of the tool was experimented for training of community risk managers in Moroco and Sri-Lanka
and proved to be at first an efficient teaching support. It is
now under revision by the experts of the UNEP APELL
program to assess its capacity to be used by risk managers
all around the world. The goal is to publish the tool by
mid 2007.

PROTECTION, MITIGATION
Protection and mitigation have the effect of reducing the
intensity of the hazardous phenomenon that reaches the vulnerable element exposed. For example a mitigation device
can be a protection dike against flooding or a reinforced
wall to resist a potential blast effect from an explosion.
Specific intervention plans are also covered in the
mitigation theme as well as measures aiming at reducing
the vulnerability or preventing that it increases. For
example, measures such as land use restriction or construction rules and standards are among the mitigation measures.
As for prevention, it is not possible to establish a
quantitative scale for protection measures. The assessment
is cumulative, from 5 when no protection measure is in
place to 1 when all the possible protection measures are
present.
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EMERGENCY PREPAREDNESS
The emergency preparedness covers all the technical and
organisational measures that contribute to the efficient intervention in case of an emergency. The emergency preparedness is the core of the APELL program. The assessment of
this dimension in the community risk profile tool is done
through a questionnaire that was developed in the framework of the APELL program [APELL 1988].
The emergency preparedness is assessed globally for
all the community and all the hazards. The assumption was
that the same organisation should be involved in the emer-
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QUICKFN: A SIMPLIFIED METHODOLOGY FOR SOCIETAL RISK ESTIMATES†
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The paper will describe simplified risk assessment techniques developed to address the risk from
onshore major hazard sites in the UK. “QuickFN” estimates an FN curve and various risk integrals
using a greatly reduced scenario set. It has been developed to capture the part of the FN curve
covering the highest N scenarios. The methodology, its implementation and its use by HSE will
be discussed.
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aversion multiplier a is in the range of 1 to 3 and has been
taken as 1.4 for calculations by the HSE. This leads to a
COMAH Risk Integral denoted as RICOMAH.

INTRODUCTION
Societal Risk is the relationship between frequency and
the number of people suffering from a specified level of
harm in a given population from the realisation of specified
hazards. It is used to account for the harm to society caused
by major, multiple fatality events.
The best available technology for studying this
“societal risk” is full scope application of quantitative risk
assessment (QRA). However, the technique is time-consuming and requires a high level of technical capability. The
usual way of expressing the results of a QRA is in the
form of a plot of the pairs of frequency (f) and potential consequences, typically number of fatalities (N). A cumulative
frequency (F) of events having N or more fatalities is
plotted against N as a graph with log-log axes. These are
commonly referred to as F-N curves. Comparison of F-N
curves against criteria can be done using criterion plots on
the same graphs and the F-N curve visually compared and
a judgement made.
Measures of integral risk are another way of representing societal risk. This gives a single numerical value
to represent the societal risk from a site. This numerical
value could be directly compared against some criterion or
used as a form of relative comparison of a set of major
accident sites or different risk reduction measures at a
single site. Expectation value (EV) is the expected number
of fatalities per year and is calculated as follows:
EV ¼

XN max
N¼1

f (N)  N

RICOMAH ¼

N¼1

f (N)  N a

(2)

The F-N curves and the measures of integral risk
require a full QRA. Hirst (2002) describes a short cut
method to calculate this risk integral without the need for
a full QRA. This leads to an Approximate COMAH Risk
Integral (ARICOMAH). It is calculated from the worst case
event with the highest N and associated frequency, f(N).
The algorithm used differs for non-wind dependent events
and wind dependent events. Part of the basis behind the
method is the assumption that the slope of the left hand
portion (lower N values) of an F-N curve is approximately
– 1. This approximate Risk Integral can be used for screening and ranking. It has been noted that results are increasingly overestimated as NMAX increases (Fowler, 2004).
The QuickFN methodology has been developed to
reproduce the F-N curve from a reduced set of scenarios
using information more easily available and less resource
intensive than that required for a full QRA. The methodology also allows the generation of the EV and RICOMAH.
It allows a greater resolution than ARICOMAH as a numerical
representation of the risk and is less resource intensive than
a full QRA. The greater resolution leads to greater confidence in using this method over ARICOMAH to consider
the results as an absolute value and to use results to consider
risk reduction options.

(1)

The expectation value does not distinguish between
the relatively frequent accidents that could lead to a small
number of potential fatalities and those lower frequency
accidents that could lead to large numbers of potential fatalities. Hirst (2002) explains the use of an aversion multiplier
(a) as a means of reflecting society’s aversion to accidents
that lead to large numbers of potential fatalities. The

†

XN max

METHODOLOGY
HSE commissioned work to develop an intermediate
societal risk tool that could provide improved resolution
than ARICOMAH while still being less resource intensive
than a full QRA (HSE, 2004). It considered reducing the
scenario set from a full QRA. The idea was to generate

# 2007 Crown Copyright. This article is published with the permission of the controller of HMSO and the Queen’s Printer for Scotland.

1

# 2007 Crown Copyright

IChemE SYMPOSIUM SERIES NO. 153

the right hand portion (higher N values) of the FN curve
with a representative set of scenarios. The left hand
portion of the F-N curve is then extrapolated using a slope
of 21 on the log-log graph. The work involved taking realistic and representative installations for hazards including
liquefied chlorine and anhydrous hydrogen flouride along
with a population distribution that reflected a real situation.
The full f-N relationships were determined before sub sets
of scenarios were selected and the F-N curves compared.
The conclusion was that a reduced scenario set would be
able to closely replicate the right hand portion.
The QuickFN methodology developed by HSE produces a set of f and N pairs for a specific scenario with a
specific material. There are several of these pairs for
each scenario reflecting conditional probabilities inluding
directional effects and weather conditions. Each material has
a set of parameterised equations to calculate the exposure
contour for three levels of harm, LD01, LD10 and LD50 i.e.
1%, 10% and 50% prbability of fatality. These contours
along with appropriate population data are used to calculate
N. For a specified set of directions the population inside each
contour is calculated. The right hand part of the F-N curve is
generated from these calculated points and the left hand part
from a slope of 21. The point of change is either taken to
be 10% of NMAX or the point where a slope of 21 is a
tangent to the calculated F-N curve, whichever is the greater.

The setup sheet is where the set of scenarios is listed,
the weather station chosen and some parameters set that
affect accuracy and speed. The scenario definition is
made 7up of a reference, defining it as an instantaneous or
continuous release; frequency of scenario; quantity released,
or rate and duration of release depending on whether
instantaneous or continuous; and the hazardous substance.
QuickFN is currently available for specific installation types; including bulk storage installations of Cl2, HF,
SO2, refrigerated NH3, refrigerated LPG and LNG. The consequences of the representative events for these installation
types are calculated using parameterised equations to simplify the modelling. These are stored in the spreadsheet as
a series of templates, two for each installation type to
cover instantaneous releases and continuous releases.
Selection of scenarios for each installation type is
based on the work done by Quinn (2003) for Cl2, HF and
LPG. The methodology has been extended to refrigerated
flammables by comparison with QRA. The scenarios are
then listed on the setup sheet.
Weather data from a range of weather stations around
the country is stored on another sheet and accessed using a
pull down menu on the setup sheet. The weather data used
is currently for F2 (Pasquill stability F at 2 m/s) and D5
(Pasquill stability D at 5 m/s).
Precision is a parameter that determines the number
of directions the contours will be positioned in each wind
direction. The slices parameter is used to increase the accuracy of the population counted by subdividing each grid and
using that for counting population inside each contour.
Population is stored in grids of a specified size as in
Figure 2. Typically this is a 30  30 km grid with a grid
size of 1 km. However depending on the hazard ranges of
the scenarios a smaller or larger grid may be used. A

IMPLEMENTATION
The methodology is implemented as a workbook. It is presented as a series of sheets. Sheets are provided for defining
the scenarios, selecting the weather station and defining the
population grid. The information needed is input on a few
sheets and the results and templates are stored in further sheets.

Figure 1. Setup sheet
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Figure 2. Population grid

larger grid has a significant impact on the time taken to run.
Additionally two grids overlapping may be used. An outer
grid with a larger spacing and an inner grid with a smaller
spacing. For each event the numbers of persons affected in
both grids are summed. This gives greater accuracy for
the calculations while reducing speed impact. Where the
inner grid overlaps the outer grid, the outer grid cells are
set to zero. The inner and outer grid sizes are defined on
the setup sheet and it is indicated whether just the outer or
both inner and outer grids are used. Geographical information systems (GIS) can be used to generate population
data. Within the HSE this is typically from HSE’s National
Population Database tool (Balmforth, 2005 and Reston,
2005). This supplies the necessary grid of population surrounding a site from a given location. This grid is then
inserted onto a sheet and the grid size and the position of
the site specified.

When the code is run, the workbook generates a sheet
for each scenario, filling in all the information from the
setup sheet and population grid. These individual sheets
are then calculated giving a set of f(N) and N pairs for
that scenario. All the set of results are then copied to a
results sheet and sorted. The cummulative F values are
then calculated for each N. The point at which the slope
of –1 replaces the left hand part of the F-N curve depends
on the choice of calculation. If 10% of NMAX is taken as
the cut off point then this is calculated and the closest
point found. If the tangent of the slope of –1 to the F-N
curve is taken then this point on the curve is determined
in the code and becomes the cut off point. The F points
are then calculated from this cut off point down to N
equals 1. The F-N curve is then generated as shown in
Figure 3. The EV and RICOMAH values are calculated
from this data.

Figure 3. Generated F-N curve
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data for contributing scenarios of the FN curve to a simplified form to improve clarity. The results are presented as
graphs showing the contribution of each group of scenarios
to the FN curve. Each graph has discreet points that show
approximately the upper and lower significant f-N pairs
for the group of scenarios which gives some indication of

RISK REDUCTION
As the QuickFN tool is relatively quick to run it can be used
to analyse an F-N curve including sensitivity studies.
This could be in the form of changing a specific scenario
such as decreasing a storage quantity or changing the situation such as increasing population in particular areas.
Rankings of individual scenarios or groups of
scenarios contributing to the overall F-N curve can also be
produced. This allows the consideration of where risk
reduction measures might be most effective. This would
usually be from a fuller set of scenarios than that used for
the application of the QuickFN method as a ranking/screening tool. There are two approaches available to consider
ranking of scenarios using QuickFN.
The first breaks the curve down into component scenarios and component groups and displays these as a series of
curves to allow the visual indication of which areas contribute more to the QuickFN curve. The EV and RICOMAH are
also calculated for each component.
Figure 4 shows the F-N curves for the groups of scenarios given in Table 1. Table 2 below lists the results for the
numerical analysis of the groups presented in a sheet in the
spreadsheet. This lists the groups with the EV, the percentage contribution to the EV for the full F-N curve, total frequency for that group, NMAX, NAVG (scenario expectation
value divided by its event frequency) and RICOMAH.
Similar results are generated for each component
scenario, leading to a graph with many more plots and a
longer table of results. Visual inspection of the curves can
be used to determine those scenarios contributing to the frequency most if higher up and those scenarios contributing to
high N if further right on the plot.
The second method produces simplified representative f-N plots using a more complex approach, assuming
the consequences of events follow a log-normal distribution
about the mean. A three stage process is used to reduce the

.
.
.

.

the range of N for the scenarios,
the contribution to the NMAX,
an indication also of the contribution to likelihood which
also indicates which part of the FN curve the group contributes most to,
and this contribution relative to the other groups.

These discrete points are generated for each scenario.
The points of these shapes are then combined together into
the scenario grouping to give the characteristic shapes as
shown in Figure 5.
The first stage is to recalculate all the scenarios with a
precision of 1 and not limiting N to integers (i.e. allowing
fractional N values). This is used to generate the upper
and lower values from the calculated f-N points. The basis
of the points used was originally from 4 weather conditions
but it was found that all the intermediate points could be calculated from the upper and lower points providing the total
EV remains the same. The f-N pairs are sorted ascending on
N and the fourth point is taken as the lower value (the
second lowest F2 point), and the upper two points (the
highest F2 and D5 points) are averaged to give the upper
value. If the lower value is zero it is set to 0.001 for
consistency.
The second stage is to calculate the intermediate
points and distribute the frequency for the scenario
between these points. There are 7 points for each scenario.
The natural logarithm of the upper and lower values are
taken to give the first and last points. The remaining five
points are calculated from this using a relationship with

Figure 4. Plot of F-N curves for scenario groups
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Table 1. Scenarios with groups for risk ranking
Ref

Cont/inst

Freq
(1026)

Size
(te)

Catastrophic full
Catastrophic half
50 mm
25 mm
13 mm
6 mm
50 mm
25 mm
13 mm
6 mm
guillotine ROV
guillotine Manual
15 mm ROV
15 mm Manual
5 mm ROV
5 mm Manual
guillotine ROV
guillotine manual
25 mm ROV
25 mm manual
3 mm ROV
3 mm manual
flange ROV
8.75 mm manual
guillotine ROV
guillotine manual
25 mm ROV
25 mm manual
3 mm ROV
3 mm manual
flange ROV
8.75 mm manual

inst
inst
cont
cont
cont
cont
cont
cont
cont
cont
cont
cont
cont
cont
cont
cont
cont
cont
cont
cont
cont
cont
cont
cont
cont
cont
cont
cont
cont
cont
cont
cont

1
1
2
2
4
16
3
3
6
24
58.2
1.8
5.82
0.18
87.3
2.7
4.85
0.15
9.7
0.3
19.4
0.6
19.4
0.6
9.7
0.3
19.4
0.6
38.8
1.2
38.8
1.2

25
12.5

Scenarios group
Storage vessels
Storage vessels
Liquid space
Liquid space
Liquid space
Liquid space
Vapour space
Vapour space
Vapour space
Vapour space
RTCoupling
RTCoupling
RTCoupling
RTCoupling
RTCoupling
RTCoupling
Delivery pipework
Delivery pipework
Delivery pipework
Delivery pipework
Delivery pipework
Delivery pipework
Delivery pipework
Delivery pipework
Process pipework
Process pipework
Process pipework
Process pipework
Process pipework
Process pipework
Process pipework
Process pipework

the first and last point. The exponent is taken of all these
seven points to give the corresponding N values. The f
values for each of these n values are calculated by splitting
the scenario frequency between the seven points with the
upper and lower values being half the middle five values.
The 7 points generated all give the same shape for each of
the scenarios (values are different though). The combined

Rate
(kg/s)

44
11
2.8
0.69
2.63
1.3
0.42
0.1
10
10
2.6
2.6
0.34
0.34
9.25
9.25
5.3
5.3
0.12
0.12
1
1
14.2
14.2
3.6
3.6
0.12
0.12
1
1

Duration
(mins)

Material

9.5
30
30
30
30
30
30
30
5
20
5
20
5
20
5
20
5
20
5
20
5
20
5
20
5
20
5
20
5
20

cl
cl
cl
cl
cl
cl
cl
cl
cl
cl
cl
cl
cl
cl
cl
cl
cl
cl
cl
cl
cl
cl
cl
cl
cl
cl
cl
cl
cl
cl
cl
cl

f and n values from all of the scenarios can be used directly
to generate the F-N curve albeit with less contributing
points, but with the same shape as the full F-N curve.
The third stage is to combine these seven fn points for
each scenario together into groups. This is done by aligning
the n values of each scenario in the group as closely as possible. This can be done by inspection. The code aligns where

Table 2. Results for scenario groups
Group

EV

EV %

Freq total (1026)

NMAX

NAVG

RICOMAH

RTCoupling
Liquid space
Process pipework
Storage vessels
Delivery pipework
Vapour space

457
379
180
176
72
34

35%
29%
14%
14%
5%
3%

156
24
110
2
55
36

294
1359
546
1200
256
68

3
16
2
88
1
1

1889
3864
772
1664
228
105
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Figure 5. Plot of the representative f-N method for generic bulk chlorine installation

the most n values are as close to each other as possible. The f
and n values are then used to generate an FN curve for each
group and it is these points that are plotted on the graph.

2.

CONCLUSIONS
This paper has described the QuickFN methodology and its
implementation as a software tool. HSE has developed this
tool to assist in the assessment of societal risk from hazardous installations. A consistent set of assumptions can be
applied to each installation to allow meaningful comparisons. The methodology is less resource intensive than a
full QRA necessary to generate an F-N curve and measures
of risk integrals that are needed to compare societal risks to
criteria or for ranking. The resolution of the results is better
than ARICOMAH although the range of situations is reduced
as each material has to be parameterised and implemented.
Some use of generics can increase the scenarios that can be
considered.

3.

4.

5.

6.
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LNG RELEASES ONTO WATER – A COMPARISON OF THE RESULTS FROM
SEVERAL MODELS FOR DISPERSION ANALYSIS
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The hazard zones associated with LNG (Liquefied Natural Gas) accidental releases are a key point
in defining the location and risk associated with these regasification terminals. In this paper, some
of the most popular dispersion models have been compared to evidence their performance when
applied to simulate LNG dispersion onto water. In particular, DEGADIS, SLAB and PHAST
models have been considered with respect to their ability in predicting the hazard (i.e. flammable)
zone following a LNG release onto water. Moreover, the sensitivity of the models predictions to
small variation in several input parameters have been assessed.
It has been found that DEGADIS, SLAB and PHAST performance in predicting the plume centreline concentration for an LNG release onto water is fairly good. In particular, SLAB is the model
that on average shows the best performance; however, its reliability strongly depends on release
conditions. On the contrary, DEGADIS shows a constant reliability and it is always conservative.
The ability of PHAST to correctly predict the downwind Lower Flammable Limit (LFL) distances
is very good; however, at low concentration values (say below 3.5% vol.) downwind distances are
always substantially under-predicted.
Moreover, the three models require the ambient temperature value being always carefully
defined, since their results strongly depend on this value, while parameters describing environmental conditions and source flow rate have to be defined carefully only when simulating releases
in stable conditions. Duration of the release is an important parameter only for short term releases.

KEYWORDS: LNG, dispersion, models performance, sensitivity analysis

INTRODUCTION
The estimation of the hazard zones associated with accidental
releases of Liquefied Natural Gas (LNG) is a key point in
defining the location of LNG regasification terminals as
well as their risk. Several models are available for determining the dispersion of flammable vapours in case of LNG spills
and recent studies (cf., Pitblado, Baik and Raghunathan,
2004) showed quite a large difference in the resulting
hazard distances.
This paper analyses the results provided by three
popular simulation models, namely DEGADIS, PHAST
and SLAB, with particular reference to their ability in
calculating the extension of the flammable cloud following
a LNG release onto water. The aim of this study was to carry
out a specific evaluation of the three models when used
for simulating this specific event and to provide users with
some suggestions to properly use them. The assessment
was performed in three steps:

OVERVIEW OF THE MODELS
Three heavy gas dispersion models have been selected for
this study:
.

.
.

DEGADIS 2.1 (Heaven and Spicer, 1990) is a public
available dispersion model recommended by regulatory
agencies;
SLAB (Ermak, 1990) is one of the most widely used dense
gas models in the public domain;
PHAST 6.51 is a proprietary consequence analysis
package which implements the Unified Dispersion Model
(Witlox, 2000) for dense gas dispersion modelling.

The dispersion model in PHAST may be automatically linked to a model for estimating the vapour emission
rate from the pool, while the source term in DEGADIS
and SLAB is an external input to the models.
The three models considered belong to the so called
Similarity-Type Dispersion Models. This class of models
comes from averaged conservation equations of mass,
momentum, species and energy in the vertical and horizontal downwind directions, with similarity profiles used to
describe the profiles inside the cloud.

. a comparison of the three models theoretical basis;
. an evaluation of LFL concentration predictions by
comparison with field dispersion data;
. an estimation of the sensitivity of the models predictions
to some input parameters.
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DEGADIS and PHAST-UDM use a different mathematical formulation for each phase that can be recognised
in a heavy gas dispersion process (that is, cloud formation,
gravity stratification and slumping, passive dispersion),
adopting some specific transition criteria to switch from
one phase to the following one. However, SLAB describes
the heavy cloud dispersion by a unique set of equations;
consequently, the model does not require the definition of
any transition criteria. Finally, only DEGADIS involves a
specific modelling of the initial cloud formation phase.
All the models use several semi-empirical submodels
and relations to account for the various physical phenomena
(air entrainment, wind profile, heat and water transfer,
gravity spreading, etc.) occuring during heavy gas dispersion.
A theoretical comparison was carried out among the
submodels used by DEGADIS, SLAB and PHAST and
among the three overall models’ structures. The aim of
this task was to identify the possible reasons of the different
performance of the models in reproducing the experimental
field data for some selected scenarios, as discussed in
the following.

(Hanna et al., 1993): geometric mean bias (MG) and
geometric variance (VG). The mathematical expressions
of these parameters are the following:
"  #


co
(1)
MG ¼ exp ln co  ln cp ¼ exp ln
cp
"    #
h
2 i
co 2
(2)
¼ exp ln
VG ¼ exp ln co  ln cp
cp
where co is the observed concentration value and cp is the
corresponding predicted concentration value. An overbar
indicates an average over the data set.
A “perfect” model would have both MG and VG
equal to 1.0. Geometric mean bias (MG) values of 0.5 to
2.0 can be thought of as “factor of two” overprediction
and underprediction of the mean, respectively. If there is
only a mean bias in the predictions (c0/cp nearly constant),
the relation:
ln VG ¼ ðln MGÞ2

COMPARISON WITH FIELD
EXPERIMENTAL DATA
The three models were validated against twelve field experiments, selected from Burro (Koopman 1982), Coyote
(Goldwire, 1983) and Maplin Sands (Colenbrander, 1980)
series of trials consisting of LNG releases onto water. The
specific trials (individually numbered as in the referred
papers) considered are the following:

(3)

is valid, defining the minimum possible value of VG for a
given MG.
A graph of the geometric mean, MG, versus the geometric variance, VG, for the concentration values predicted
by the three models is given in Figure 1. From a concurrent
analysis of MG and VG values the following considerations
can be derived:

. Burro 3, 7, 8, 9
. Coyote 3, 5, 6
. Maplin Sands 27, 29, 35, 39, 56

.

.

The trials cover a wide range of meteorological conditions
and source properties.
The models were run by specifying as for each trial
the available values of LNG discharge rate, release duration,
ambient temperature, wind speed, stability class, humidity,
and surface roughness.
The following assumptions were adopted throughout
the validation:

.

. the released substance can be treated as pure liquid
methane;
. the emission rate is equal to a given constant value for
the whole release duration. This allows for a fair comparison among the dispersion capabilities of the codes.

DEGADIS, SLAB and PHAST show fairly good performances, with mean biases within a factor of two
and a scatter of about two.
SLAB presents the best value of geometric mean bias but
it is the model with the highest geometric variance. The
high value of VG is mainly due to random scatter rather
than to mean bias, and this implies that in some cases predicted values could be not as reliable as its mean bias
value showed. PHAST and DEGADIS on the average
have comparable performance, but DEGADIS presents
the lower geometric variance and the scatter of variance
tends to be dominated by the mean bias.
DEGADIS is the most conservative model for risk
assessment purposes, as it tends to over-predict the flammable concentrations (at a fixed distance) while SLAB
and PHAST tends to under-predict them.

The approach used in this study to compare the models
is similar to that used by Hanna et al. (1993); however, they
considered several other kinds of heavy gas dispersion data
(in particular, data derived from Desert Tortoise pressurized
ammonia releases and Goldfish pressurised Hydrogen
Fluoride releases over a desert surface) and not only those
involving LNG onto water as done in this work. The main
differences between the results obtained in this study and
those presented by Hanna et al. (1993) are shown in
figure 2. We can see that (apart from the UDM model

The performances of the models were assessed by
comparing observed and predicted maximum plume centerline concentrations at ground level as a function of the
downwind distance. The available field experimental data
allowed to evaluate dense gas dispersion models over a
wide range of concentrations, from very high (heavy gas
region) to very low (neutral gas region).
The results were summarized using the following statistical model performance measures proposed by Hanna

2

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153

GeometricVariance, VG

4

2

SLAB
PHAST
DEGADIS

1
0,1

1

10

Geometric Mean Bias, MG
Overpredictions

Underpredictions



and geometric variance
Figure 1. Model performance
measures, geometric mean bias MG ¼ exp ln co  ln cp

2 
VG ¼ exp ln co  ln cp , for maximum plume centerline concentrations (predicted and observed). The solid parabola is the
“minimum VG” curve. The vertical dotted lines represent “factor of two” agreement between mean predictions and observations.
The observed data were selected from Burro, Coyote and Maplin Sands series of trials consisted of LNG releases onto water, a
total of twelve trials were simulated

Geometric Variance, VG

4

PHAST
Heavy Gas
SLAB
LNG

2
DEGADIS
Heavy Gas
DEGADIS
LNG

1
0,1

PHAST
LNG
SLAB
Heavy Gas

1

0,5

2

10

Geometric Mean Bias, MG
Overpredictions

Underpredictions

Figure 2. Comparison between model performance measures in two different evaluation exercises. Filled symbols represent model
performances evaluated in this study (specific for twelve LNG releases onto water selected from Burro, Coyote and Maplin Sands
series of trials). Empty symbols represent model performances obtained by Hanna et al. (1993) for continuous dense gases data
sets involving 32 trials selected from Burro, Coyote, Maplin Sands (LNG onto water), Desert Tortoise and Goldfish (pressurized
Ammonia and Hydrogen Fluoride releases over a desert surface)
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implemented in PHAST, for which the different versions of
the code used by Hanna et al. and in this work could
account for some of the observed differences) in general
the results summarized in Figure 2 suggest that model performances can change significantly depending on the heavy
gas considered; therefore, a dedicated evaluation is required
when considering LNG dispersion.
A further validation analysis, using the same twelve
field experiments, has been carried out comparing the
observed and predicted LFL distances. Unlike the previous
comparison, where models’ performances were tested over a
wide range of concentration values, in this case the models
performance was evaluated at a fixed concentration value
(i.e. 5% vol. for methane). Observed LFL distances vs.
predicted LFL distances are reported in the Parity Plot
shown in figure 3. On this graph, the observed values are
represented on the diagonal, and models’ predicted values
are represented by points distributed around this line. The
vertical distance from a point to the diagonal gives an estimation of the error. Over-predictions lie above the diagonal,
under-predictions below. While DEGADIS and SLAB
confirmed the behaviour shown in the previous analysis,
the distances predicted by PHAST are very close to the
observed values.
In other words, PHAST can give the most reliable
prediction of the LFL distances in eight trials out of
twelve. It can be concluded that the mean performances of
PHAST, previously evaluated over a wide range of concentration values, are penalised by its minor ability to
predict data in the low concentration region. In this low

concentration region (roughly below 3.5% vol) the
model substantially under-predicts all the measured
concentrations.
It was noted that both DEGADIS and PHAST use as a
transition criterion from the density stratification phase to
the passive dispersion phase the bulk Richardson Number.
DEGADIS sets the transition when the Richardson
number drops below a critical value set equal to 1, while
in PHAST the default value for the transition to occur is
equal to 15. An early transition to the passive behavior of
the cloud implies an overestimation of the air entrainment
rate (which is inhibited by the density of the cloud) and of
the lateral cloud dimensions with consequent underestimation of gas concentrations with distance. This can explain
the poor performance of PHAST in the low concentration
region. Since SLAB does not separate the dispersion
phases it does not present the problem of setting a correct
transition criterion.

MODEL SENSITIVITY STUDIES
The aim of the parametric sensitivity analysis carried out
was to understand which parameters have to be defined
with greater precision to obtain reliable results.
Sensitivity analysis was carried out both for continuous and short term releases in three different atmospheric
conditions: neutral (D5), unstable (B3) and stable (F2). It
was evaluated the sensitivity of four of the most important
output parameters used in consequence analysis (downwind
LFL and 1/2 LFL distances, crosswind LFL distance and

Observed data

Degadis

SLAB

Phast

900
800

Predicted LFL distance (m)

700
600
500
400
300
200
100
0
0

100

200

300

400
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900

Observed LFL distance (m)

Figure 3. Parity plot that represents observed LFL distances vs. predicted LFL distances. Observed values are on the diagonal, and
model predicted values are represented by symbols distributed around the line. The vertical distance from a symbol to the line is
indicative of the evaluation error. The observed data were selected from Burro, Coyote and Maplin Sands series of trials
consisting of LNG releases onto water, a total of twelve trials were simulated
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maximum flammable mass) with respect to the following
input parameters: wind speed, ambient temperature, relative
humidity, pool diameter, source flow-rate, release duration.
The sensitivity of a variable yi with respect to the
input parameter Bj was calculated applying the Finite
Differences Method (Varma, Morbidelli, Wu, 1999). This
method estimates the local sensitivity sij by considering
the variation of yi with reference to a small variation of Bj:
sij ¼ s(yi ;Bj ) ¼

@yi yi (Bj þ DBj )  yi (Bj )

DBj
@Bj

PHAST seems not to be the best choice in defining the
location and risk associated with regasification terminals.
However, PHAST performances could be improved even
at low concentrations by setting a proper critical Richardson
number as the transition criteria from dense to passive
dispersion phase.
All the models considered require the ambient temperature value being always carefully defined, while parameters describing environmental conditions and source
flow rate have to be defined carefully only when simulating
releases in stable conditions. Duration of the release is an
important parameter only for short term releases.

(3)

The relative sensitivity is then calculated normalizing
the local sensitivity value:
S(yi ,Bj ) ¼

Bj
sij
yi
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It has been found that:
. for all the models considered, the ambient temperature is
the parameter to be defined with maximum care for any
atmospheric condition; this is mainly due to the criteria
implemented in the models for the transition from dense
to passive phase dispersion;
. for all the models, sensitivity with respect to pool diameter is always negligible at constant source flow rate;
. the source flow rate plays a relevant role only when
DEGADIS model is run at atmospheric stable conditions
. as expected, a precise value of the release duration is
important only for short term releases;
. DEGADIS and PHAST show a significant sensitivity
with respect to relative humidity in stable conditions;
. PHAST predictions are sensitive to small variations of
wind speed in stable conditions.

CONCLUSIONS
DEGADIS, SLAB and PHAST performance in predicting
the plume centreline concentration for an LNG release
onto water is fairly good; models show a mean bias within
a factor of two and a scatter of about two. SLAB is the
model that on average shows the best performance but it
is not recommended because its reliability strongly
depends on release conditions. On the contrary, even if
DEGADIS was not the model with the best mean bias, the
use of this model in a risk assessment could be appropriate
since it has a constant reliability and is always conservative.
The ability of PHAST to correctly predict the LFL downwind distances is very good, but at low concentrations
(say below 3.5% vol.) downwind distances are always substantially under-predicted. Since the hazard zones associated with LNG accidental releases are generally defined
with respect to half the flammable limit (2.5% vol.),
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The analysis of accident databases evidences that several of the major accidents recorded were
caused by “external events” as domino effects from adjacent plants, or natural events as earthquakes or floods. More recently, high public concerns were raised among the possibility of external
attacks to industrial facilities aimed to trigger severe accidental scenarios.
In this framework, the assessment of equipment vulnerability to external impacts is a key issue
for a correct identification of all accidental scenarios and a “global” quantitative risk assessment.
To this aim, we have assumed that the impact should be classified and identified by means of
only two criteria: i) the probability of occurrence; ii) the intensity of impact, as characterised by a
single degree of freedom, for any accidental scenario. In the paper, this second point only has
been developed. More specifically, radiation, overpressure and fragment impact were considered
as variables to describe and classify respectively fires, vapour cloud explosions and catastrophic
equipment failure when domino effects are of concern. On the other hand, peak ground acceleration
was considered for the evaluation of equipment fragility with respect to seismic events. A slightly
different approach was developed for external acts of interference, as terrorist attacks. In this
case, models for the vulnerability of equipment and of the available layers of protection were introduced to understand the potential effects of the credible modes of external attack identified in
SVA procedures.

KEYWORDS: external events, domino effect, NaTech hazards, vulnerability assessment, security

coming from natural events are not explicitly mentioned,
although the same Directives require to address all the
possible major accidents, defined as “an occurrence such
as a major emission, fire, or explosion resulting from uncontrolled developments in the course of the operation of any
establishment . . . ,” thus comprehending also accidents triggered by external events. With reference to the assessment
of the possible effects of external attacks, no mention is
given neither by the Directives concerned with the prevention of major accidents or by specific legislation. Nevertheless, due to the growing concern about this threat, the
possible development of specific requirements for the
assessment of this possible cause of accidental events is
foreseeable.
A further issue is that in the conventional approach to
risk analysis, process plants or storage sites where hazardous
materials are present are usually considered as a risk source.
However, in the case of several external events (domino
effect from nearby installations, natural events, external
interference) the site of concern may be as well considered
a critical target, due both to the consequences of activity
interruption (e.g. in the case of critical facilities as gas and
oil pipelines, oil refineries, oil storage and distribution
centers, etc.) and due to the potential amplification of the
consequences of the triggering event due to the damage of

INTRODUCTION
Quantitative Risk Analysis is mandatory in good engineering practices for the safe running of chemical/industrial
processes manipulating hazardous materials. Nevertheless,
deep inconsistencies, technical field-restricted view, or
even trivial neglecting of possible hazards emerge when
international guidelines, enforced norms, published papers
and open or commercial software are analysed under the
light of the interaction of external events (e.g. natural
events, terrorist attacks) with industrial installations, or in
the light of risks due to the interaction between different
plant sections or even among adjacent industrial installation
(domino effects). The analysis of accident databases
evidences that several of the major accidents recorded
were caused by “external events.” Several categories of
external events were reported as causes of accidents:
domino effects from other plants, natural events as earthquakes or floods, impact of vehicles. More recently, after
September 11th, a high concern was raised among the possibility of external attacks to industrial facilities aimed to
trigger severe accidental scenarios.
The assessment of external events caused by domino
effect from nearby plants is required for all the industrial
facilities under the obligations of the European Community
“Seveso” Directives. On the other hand, accidental events
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the installation. Scarce attention is paid in conventional
approaches to the vulnerability of an industrial installation,
and only few models are available to understand the behavior of industrial facilities considered as targets of external
events.
In spite of the growing concern that the issues cited
above are receiving by public opinion and by European
commission, the development of technical tools for the
assessment of hazards coming from external events has
received scarce attention so far. No well accepted or
widely used methodologies exist to identify the possible
major accidents triggered by external events on the basis
of a systematic analysis of the plant lay-out. Indeed, at the
state of the art, this assessment is often carried out by
the use of generic and un-validated threshold values as in
the case of domino effect from nearby plants. Besides, no
specific assessment is usually carried out for natural
events, although these are in general taken into account by
conventional procedures in the structural design of plant
equipment. Finally, only qualitative procedures, as safety
vulnerability assessments (SVA) are proposed for the
analysis of possible threats coming from external events.
In this framework, the present contribution is focused
on the following specific hazards: i) domino effect (also
known as escalation or knock-on), i.e. catastrophic
industrial accidents triggered by an escalation vector (a
blast wave due to an explosions, radiation caused by fires,
fragments projected by a catastrophic vessel failure) originated by a primary accidental scenario; ii) natural hazards,
i.e. natural events interacting with industrial equipment;
iii) terrorist attacks directly on equipment (e.g. by the use
of projectiles) or un-directly, e.g. through explosives
located at a certain distance with respect to the target
equipment. An insight of these issues will be provided in
the following, jointly to the discussion of the current and
the future approaches for the quantitative evaluation of
these events in a QRA framework.

defined for the assessment of the possible consequences of
the impact of external hazard factors on a specific installation. Moreover, if the modalities of impact and of damage
generation of the different external events are considered,
a quite limited variability results, indicating that rather
few impact modes should be considered to assess the
damage experienced by the installation of concern. These
premises should make clear the potential advantages that
may arise from the development of a common framework
to the analysis of the impact of external events on industrial
facilities where hazardous substances are processed or
stored.
Previous studies on the specific assessment of domino
effect (Cozzani & Salzano, 2004; Cozzani et al., 2005) and
on seismic events (Fabbrocino et al., 2005; Cozzani et al.,
2007) suggested to adopt the general procedure schematized
in Figure 1 for the implementation of such an approach.
As shown in the figure, the starting point of the procedure is the analysis of each external hazard factor to
identify the “impact vectors.” These were defined as the
modalities by which damage to process and storage equipment may result due to the external event (e.g. radiation,
overpressure and fragment projection in the case of
domino events, seismic waves in the case of earthquakes,
water height and velocity in the case of floods, etc.). Associated to the problem of the identification of the impact
vectors is the identification of a intensity parameters for
the characterization of their expected intensities. In this preliminary stage of the analysis, the framework of risk analysis
calls for the selection of simplified approaches, able to yield
a significant representation of the expected impact vector
intensity, although in some cases associated to a limited
loss of detail in the description of the event: e.g. the selection of static peak overpressure for the description of blast
wave intensity in explosions (Cozzani & Salzano, 2004),
or of peak ground acceleration to represent the intensity
of seismic events (Salzano et al., 2003). Once the intensity
parameters are defined, in most cases these may be
estimated with a limited effort from existing risk or
hazard maps (e.g. seismic maps, flood hazard maps, etc.)
usually available for the region where the site of concern
is located.
This preliminary assessment step is the one that
retains most of the information concerning the external
events, thus requiring a specific approach for each different
external event considered in the analysis. Moreover, the
level of available information at this stage may be different,
depending on the specific features of the external hazard and
on the information available on the region where the site is
located. In particular, a specific characterization is usually
available for primary accidents likely to generate off-site
domino events. Detailed information are as well available
in most European countries and in the US on possible
seismic or flood events, and on other natural events that
may result in interference on normal plant operations.
Data may be available on the expected frequencies and/or
likely intensity of these events. On the other hand, no data
are usually available on expected intentional external

COMMON FRAMEWORK FOR THE
ASSESSMENT OF EXTERNAL HAZARD
FACTORS
It is widely recognized that several very different types of
external events may cause the damage of a process plant:
e.g. domino effect and floods, seismic events and terrorist
attacks, hurricanes and forest fires. Up to date, most of the
approaches to the problem were focused on the development
of specific methodologies to qualitatively or (more rarely)
quantitatively address the risk coming from a specific external hazard factor. However, developing and applying a
specific approach for each of the possible hazard factors
that may impact on process plants or storage sites is time
consuming and results in a disperse and ineffective strategy
for a “global” risk assessment. As a matter of fact, although
the external hazard factors are different, the escalation
effects that may derive from the impact of these factors on
the installation of concern may be schematized to a few
possible alternatives. Thus, a common framework may be
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Figure 1. Flow chart of the general assessment procedure for the risk caused by external events impacting on process plants or storage
installations where relevant quantities of hazardous substances are present

interference acts. A relevant effort to harmonize the
approaches in this step is still required. The results obtained
in the present research project for domino effect, seismic
events, and intentional interference acts are discussed in
section “Specific frameworks for external hazard factors”
of the present paper. As shown in the following, a limited
number of impact vectors may derive from this analysis:
e.g. the impact vectors identified for domino effect and for
external interference are the same (radiation, overpressure
and missile projection), although associated to very different
primary scenarios and to different intensities. For each
impact vector, a single degree of freedom was selected in
order to characterize the intensity of the event.
In the following step of the procedure, possible target
equipment should be identified. This step is crucial to limit
the analysis to relevant secondary accidents, that result in
a relevant escalation of the external event triggering the
accidental sequence. Past accident databases evidence that
the more critical process equipment items are those where
relevant quantities of fluids are present. Thus, thresholds
based on substance quantities and on the physical state of
the substance may be introduced (Cozzani et al., 2005).
For each of the equipment items considered in the analysis,
damage states may be defined on the basis of previous
approaches proposed for the assessment of damage
(HAZUS, 2004; Cozzani & Salzano, 2004). A discretization
of damage states was introduced, defining a limited number
of damage states associated to a limited number of release
states. The reference scenario associated to the damage
state may be the worst-case scenario deriving from the

Loss of Containment (LOC) following the damage state of
concern.
Each damage state is associated to a conditional
probability of occurrence that is dependent on the severity
of the external event, as described by the above discussed
intensity parameters. As shown in the following, simplified
vulnerability models based on probit functions were derived
for the more important equipment categories. Besides the
category of equipment, these vulnerability models are
mainly dependent on the characteristics and on the intensity
of the impact vector. Since vulnerability models are
associated to the impact vector, the same model may be
used for different external events, provided that these
result in similar impact vectors, thus limiting the complexity
of the analysis.
After the calculation of the probability of each
damage state, a standard procedure may be used for all
the following steps of the procedure: consequence analysis
of reference scenarios may be based on conventional
models available in the literature, while steps 6 to 9 in
Figure 1 may be performed by the standard procedure
for the assessment of multiple scenarios originally developed for the quantitative assessment of domino effect
(Cozzani et al., 2005) and recently extended to the assessment of accidental scenarios triggered by seismic events
(Cozzani et al., 2007). In the case of external interference
acts, the unavailability of reliable data on the expected
frequencies of the primary event suggests to limit the procedure to the assessment of the possible hazard. In this
case, conditional probabilities estimated at step 4 and

3

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153

combination probabilities calculated at step 7 define the
probability of success of a given attack in triggering the
overall scenario of concern.

Cozzani et al., 2005; Cozzani et al., 2006a; Cozzani et al.,
2006b). The main impact vectors associated to domino
events are radiation and overpressure, although escalation
due to fragment projection is also possible.
Whatever the primary scenario induced by the loss
of control of any process, the assessment of possible
domino scenarios starts with the identification of the possible secondary targets that may be damaged by the primary
event. This is usually performed by the use of damage
thresholds. However, this is a critical point in domino
assessment. As a matter of fact, the use of un-necessary
conservative assumptions to define thresholds for accident
escalation may turn out in extremely high safety distances,
un-practical or un-acceptable from a technical and

SPECIFIC FRAMEWORKS FOR EXTERNAL
HAZARD FACTORS
THE ANALYSIS OF DOMINO EFFECTS
Domino effects are responsible of several catastrophic accidents that took place in the chemical and process industry. In
the recent years a detailed study was performed on the definition, the methodologies for the assessment of escalation
effects and on the integration of risk assessment procedure
with simplified correlations (Cozzani & Salzano, 2004;

Table 1. Summary of the specific escalation criteria for obtained for the different primary scenarios
Scenario

Escalation vector

Modality

Target category

Flash fire

heat radiation

fire impingement

all but floating roof tanks
floating roof tanks

Fireball

heat radiation

flame engulfment

atmospheric
pressurized
atmospheric
pressurized
all

stationary radiation
jet-fire

heat radiation

fire impingement
stationary radiation

pool fire

heat
radiation

atmospheric
pressurized
all

flame engulfment
stationary radiation

VCE

confined
explosion
mechanical
explosion

overpressure

heat radiation
overpressure

overpressure

MEM F  6; Mf  0.35
MEM F  6; Mf  0.35
MEM F  6; Mf  0.35
fire impingement
blast wave interaction

blast wave
interaction

pressurized; elongated (toxic)
elongated (flammable)
all
all

fire impingement
fragment projection
BLEVE

overpressure

atmospheric
pressurized
atmospheric
pressurized; elongated (toxic)
elongated (flammable)
see flash fire
atmospheric
pressurized; elongated (toxic)
elongated (flammable)
atmospheric

blast wave interaction

atmospheric
pressurized; elongated (toxic)
elongated (flammable)
all

fragment
point-source
explosion

atmospheric
pressurized; elongated (toxic)
elongated (flammable)

I: heat radiation intensity; P: maximum peak static overpressure.

4

Escalation criteria
escalation unlikely
ignition of flammable
vapours
I . 100 kW/m2
escalation unlikely
I . 100 kW/m2
escalation unlikely
escalation always
possible
I . 15 kW/m2
I . 40 kW/m2
escalation always
possible
I . 15 kW/m2
I . 40 kW/m2
P . 22 kPa
P . 16 kPa
P . 31 kPa
see flash fire
P . 22 kPa
P . 16 kPa
P . 31 kPa
P . 22 kPa
P . 16 kPa
P . 31 kPa
see flash fire
fragment
impact
P . 22 kPa
P . 16 kPa
P . 31 kPa
fragment
impact
P . 22 kPa
P . 16 kPa
P . 31 kPa
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Table 2. Available vulnerability models for atmospheric and pressurized vessels
Equipment
category

Escalation
vector

Atmospheric

Radiation

Atmospheric

Overpressure

Pressurized

Radiation

Pressurized

Overpressure

Type of
vulnerability model
Probit model based on
ttf and models for
ttf vs. radiation
Probit model based
on peak static
overpressure
Probit model based on
ttf and models for
ttf vs. radiation
Probit model based
on peak static
overpressure

Vulnerability model
Y ¼ 12.54 – 1.847.ln(ttf)
ln(ttf) ¼ 21.13.
ln(I) – 2.67.1025 V þ 9.9
Y ¼ 218.96 þ 2.44 ln(Ps) atmosp.
Y ¼ 228.07 þ 3.16 ln(Ps) elongated
Y ¼ 217.79 þ 2.18 ln(Ps) auxiliary
Y ¼ 12.54 – 1.847 . ln(ttf) ln(ttf)
¼ 20.95 . ln(I) þ 8.845 V0.032
Y ¼ 242.44 þ 4.33 ln(Ps)

ttf: time to failure (s); V: vessel volume (m3); I: radiation (kW/m2); Ps: maximum peak static overpressure (Pa).

economic point of view. Moreover, the use of extremely
conservative thresholds for accident propagation results
in the need of assessing a huge number of possible secondary scenarios, in particular if complex lay-outs are considered. It must be remarked that the possible damage of
n secondary units by a single primary event results in the
possibility of 2n different domino scenarios to be assessed
in a QRA (Cozzani et al., 2004). Escalation criteria based
on a thorough damage and consequence analysis were
defined for four categories of equipment, respectively
atmospheric tanks, pressurised tanks, elongated vessels
and small reactors. Results are presented in Table 1.
Probability of the different damage states may be estimated on the basis of literature vulnerability models developed for these equipment categories (Salzano & Cozzani,
2006; Cozzani & Salzano, 2006).
Table 2 shows an example of vulnerability models
developed for atmospheric and pressurized vessels.

industries, severe releases of hazardous materials may be
triggered, possibly resulting in direct damages and injuries
to people in the nearby area, as well as in indirect
damages due to the delay of rescue operations following
the natural event. The peak ground acceleration of seismic
signal (PGA) has been considered as the more appropriate
parameter to describe the intensity of the scenario. For
this specific natural event, as for the domino effects, escalation criteria should be considered. Fragility curves were
developed, starting from a consistent data set describing
the behavior of equipment loaded by earthquakes:



1
PGA
(1)
P½ðDS or RSÞ ¼ F ln
b
m
where b is respectively the standard deviation of the natural
logarithm of PGA for the damage state (DS) or the release
state (RS) and m is the median value of the PGA at which
the equipment reaches the threshold of damage state DS
or RS (Salzano et al., 2003; Fabbrocino et al., 2006).
Table 3 reports the minimum threshold value of PGA for
loss of containment (PGAk) for atmospheric storage tanks
(anchored and unanchored). Results show that, as expected,
PGAk strongly depends on the filling level. The absolute

THE ANALYSIS OF INTERACTION OF SEISMIC
EVENTS WITH INDUSTRIAL INSTALLATION
When seismic events interact with industrial facilities and in
particular with chemical, petrochemical and oil processing

Table 3. PGA threshold values (PGAk) for damage states DS and release states RS for atmospheric storage tanks subjected to
earthquakes
RS value

DS value

Type of storage

2
Considerable loss
of containment

2
Low structural
damages

Anchored

3
Total (instantaneous)
loss of containment

4
High structural
damage

Anchored

Unanchored

Unanchored

5

Fill level

PGAk [g]

 50%
Near full
 50%
Near full
 50%
Near full
 50%
Near full

 0.11
 0.08
. 0.11
. 0.03
. 0.61
. 0.29
. 0.17
. 0.12
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Table 4. Expected types of interference, level of information required (A: general; B: specific; C: detailed), impact vector and
expected maximum release state (severity increases from R1 to R4)
Type of
interference
Deliberate Misoperation
Interference by
Simple Means
Interference by
Major Aids
Arson by simple Means
Arson by Incendiary
Devices
Vehicle Accident
Shooting (minor)
Shooting (major)
Explosives
Plane Accident

Required level of
information

Impact
vector

Release state –
atmospheric eq.

Release state –
pressurized eq.

C
C

n.d.
n.d.

R2
R2

R1
R1

C

n.d.

R3

R2

C
B

Radiation
Radiation

R3
R4

R2
R3

B
A
A
B
A

Impact
Impact
Impact
Overpressure
Impact

R3
R1
R4
R4
R4

R3
R1
R4
R4
R4

minimum value for RS3, which is important for risk
assessment purposes, since catastrophic releases may
trigger accidental scenarios, was reached for near full unanchored storage tanks. This value may be considered as the
conservative option in a QRA context, if limited information
is available on the type of tank and on the filling level.
Similar approaches are currently under development
for other natural events and for other equipment categories.

relevant quantities of hazardous substances are stored or
manipulated. The methodology allows a unified approach
to the analysis of escalation triggered by the external
event by the definition of impact vectors to which equipment
vulnerability models correspond. Equipment vulnerability
models were obtained on the basis of a simplified description
of the external event, based on the identification of a single
parameter to quantify the intensity of the event at the location
of interest. A general procedure was applied to the identification of reference scenarios, and to frequency and
consequence assessment of the overall scenarios. The procedure was applied to the analysis of off-site domino
effects, seismic events and intentional external interference
acts. Its extension to the analysis of other natural events is
currently under development.

THE ANALYSIS OF EXTERNAL
INTERFERENCE ACTS
In the case of external interference acts, in order to identify
and quantify the possible hazards, the identification of the
possible targets and of the typology of interference are the
starting points. The analysis of conventional SVA
approaches allowed the identification of the possible acts
of interference (SFK, 2002; API-NPRA, 2003; Uth, 2005).
These are listed in Table 4. The table also reports the
level of information on the facility of concern needed to
perform the attack. The impact vectors associated to each
type of interference are also shown in the table. Data in
Table 4 evidence that most of the impact vectors associated
to the more severe interference acts are similar to those
identified for domino effect. The analysis of the expected
release states following these acts of interference are
shown as well in Table 4. The identification of the impact
vector and of the credible release states allows the selection
of the appropriate vulnerability models and reference scenarios. By the way, the analysis of Table 4 shows that some of
the vulnerability models required for the assessment of the
probability of damage and release states following the
attack may be derived from those developed for the analysis
of domino effect.
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TERRORIST ACTIONS IN THE TRANSPORT OF DANGEROUS GOODS IN URBAN AREAS
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Recent historical events have shown that the number of terrorist actions has increased in these last
years, furthermore the analysis of accidental scenarios caused by terrorist attacks or sabotage during
the handling and the transportation of dangerous goods shows a significant number of this type of
event.
In the past the hypothesis of terrorist attack or sabotage had an almost negligible value and, generally, these events were considered security themes rather than safety matters, today, the value of
the frequency for such an  accidental scenario  has become significant. Therefore it is obvious
that a complete risk analysis must include the potential scenarios caused by terrorist attack or
sabotage and therefore it must evaluate the increase of the risk level due to these events.
As well as chemical plants and storage tanks, characterized by the presence of large quantities
of dangerous substances, also road/rail tankers used for the transport of such goods constitute a
potential target, moreover the hazard associated with transportation depends on the vulnerability
of the territory.
This paper focuses attention on the description of a methodology for the analysis of incidental
scenarios caused by terrorist attacks and the identification of some aspects to improve. Finally
an application of this method has been shown.
Furthermore in order to obtain a complete risk analysis, it is necessary to take into account
that, beyond substances transported, the consequences depends on the modality of the attach, the
characteristic of infrastructure and territory.

KEYWORDS: terrorism, sabotage, transport, dangerous goods, risk analysis, accidental scenario

goods (safety) and gives some fundamental elements for
more effective actions of prevention and protection (security) for people who has the task to manage such aspects.

SECURITY AND SAFETY
As a result of the events happened on the 11th of September
2001 the international legislators considered necessary to
develop and implement security measures in particular for
all the activities involving the handling and the transportation of dangerous goods on road, railroad and navigable
ways with the aim to fight possible terrorist actions.
The main objective of this paper is to combine security and safety in order to study these events which can regard
both the topics.
The topic of security is to prevent actions such as
thefts, sabotage, intrusion, etc. and generally security is
managed with both physical measures and procedures that
allow to defend the patrimony from illegal actions.
Safety mainly regards the risks associated with
anthropic activities (production, handling, storage and transport of dangerous substances); therefore it aims to identify
and prevent all the potential undesired events due to errors
or unexpected failures, causing process deviations, and to
calculate the frequencies and the consequences of these
events. Thus safety is managed with preventive and protective measures, usually technological procedure, that allow to
defend the things and the population.
In this context, the work tries to determine an effective approach that allows to measure the possible damages
due to a terrorist action during the transport of dangerous

A REVIEW OF INCIDENTAL SCENARIOS
Chemical industries classified at major hazard can be
considered terrorist targets, therefore their locations are
particularly confidential, while the analysis of the possible
incidental hypotheses and the adoption of systems of prevention and/or protection for the safeguard from these
events are indispensable.
It must be paid particular attention on the hazard
associated with transportation, which can be greater than
that associated with chemical plants, because it depends
on the vulnerability of the territory.
In these past few years the “terrorism risk” has
become, probably in world-wide within, one of the most
important risks to prevent and to fight. The event of the
11th September 2001, the attack to the Twin-Towers and
the Pentagon, has had a determinant role in defining ulterior
prescription against terrorist actions, in particular when the
presence of hazardous goods or substances can be used for
these purposes.
There are also other meaningful events that have
taken place in the transport, in particular the incident of
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the 11th March 2004, this happened in the railroad of
Madrid and is considered one of the most serious of the
history. There were a series of explosions aboard a train
and in some railway stations, with a total budget of 198
died and 1274 hurts.
Finally it is necessary to mention also the accidental
scenarios caused by terrorist attacks or sabotage during
the handling and the transportation of dangerous goods. In
this context it is necessary to remember what have occurred
on the 22nd July 2005 in Iraq. There was a very serious terrorist action, an attack caused the explosion of a road-tanker
transporting gasoline, while it was parked near the Sciite
Mosque of Musayyib, south of Bagdad. At least 60 dead
and 82 injured were reported; witnesses spoke of an apocalyptic scene where parents threw their children from the
windows of burning buildings in order to try to save them
from the fire caused by the explosion.

Generally the sites, considered potential target, are
characterized by some strategic elements, these can be summarized in the following points. Obviously this list shows a
sufficient number of elements but it is not exhaustive:
–
–
–
–
–
–
–
–
–

Public building
Areas with a great presence of people for particular events
Public transport systems
Telecommunication systems
Electric network, gas network, etc.
Areas characterized by a high economical impact
Areas characterized by a high historical importance
Areas of high communicative impact.
Handling and transporting activities of dangerous
substances

DESCRIPTION OF INCIDENTAL SCENARIOS FROM
TERRORIST ATTACKS
Recently it has been proposed an approach (Lisi, 2006)
which allows the description of the sequence of events following a terrorist action. This approach has the aim of
describing the overall scenario, defining the evolution of
such actions starting from the initial cause and finishing
with the final catastrophic event, thus the overall scenario
can be studied considering it a sequence of simple steps.
The proposed approach for the analysis of accidental
events from terrorist attacks is outlined in the scheme shown
in the figure 1.
The study of the incidental scenarios caused by sabotage or terrorist attack can be made by considering these
phenomena as primary events whose consequences hit a
target. The hit target generates a secondary event which is
able to widely spread the hazardous consequences of the
first one.
The primary event causes the release of a great
amounts of energy or toxic substances, thus the final consequences cause serious effects to the population, infrastructure and environment.
This approach allows to identify and characterize
the incidental scenarios due to terrorist attacks, that is
fundamental for the successive phase of work in which the
emergency measures will be identified. These measures
must be developed on the basis of the typology of incident
and the entity of the risk.

THE ANALYSIS OF INCIDENT SCENARIOS
DUE TO TERRORIST ACTIONS
The management of the risk terrorism is very complex, it
requires a systematic and structured methodology that
allows an exhaustive analysis of the possible modalities of
attack and the definition of the vulnerabilities for the interested system.
The main objective of this paper is to outline an
approach for the analysis of incident scenarios generated
from terrorist attacks in the transport of dangerous goods
(reference), this method will be a useful support in order
to define the best actions for the prevention and mitigation
of the terrorist attacks.
The complexity of the analysis of incident scenarios
due to terrorist actions obliges to apply an approach
articulated according to the following scheme:
– Characterization of the area considered potential target
regarding terrorist actions;
– Definition of the characteristics of the area (manufacturer site and/or characterized by transport of dangerous
substances);
– Qualitative study (identification of incidental scenarios);
– Quantitative study of the incidental scenarios.
The first and the second phases of the method regard
the census of all the information characterizing the area in
which there is the potential terrorist target, such as a manufacturer site which can also be characterized by transport of
dangerous substances. These steps comprises therefore the
collection of the information regarding chemical plants
and the associated transport.

QUANTITATIVE RISK ANALYSIS
Quantitative risk analysis including terrorist actions can be
executed using the classical procedure adopted for chemical
plants and transport of dangerous goods (CCPS, 1995 and
Advisory Committee on Dangerous Substances, 1991), furthermore this methodology must take into account also the
scenarios caused by terrorist attacks and therefore it must
quantify the increased risk due to this type of events.
This methodology must include the following phases:

IDENTIFICATION OF POTENTIAL TERRORIST
TARGETS
The aim of a sabotage or a terrorist attack is to produce the
greatest possible damage, for this reason it is more effective
the greater is the quantities of released substances in relation
to the initial cause of the scenario.

–
–
–

2

Frequency evaluation for the primary event;
Frequency evaluation for the overall scenario;
Consequences evaluation for the overall scenario.
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Primary
event
CONSEQUENCES

Target

Secondary
event
MORE SERIOUS
CONSEQUENCES

Population,
infrastructure,
environment

Figure 1. Evolution of terrorist actions

Taking advantage of the approach proposed in the
previous paragraph the quantitative risk analysis can be
simply executed.

emergency planning and location of the protection measures
for the possible targets.
Consequences analysis
The consequence analysis aims to quantify the negative
impacts of the likely events, the consequences are normally
determined in terms of the number of fatalities, although
they could also be measured in terms of the number of injuries or the value of the property lost.
The consequences estimation consists in the damage
zones identification. The effects of the incidental events
on the territory have a decreasing magnitude of the effects
in relation to the distance from the origin point, based on
the typology of the effects the territory is divided in the
following zones:
“Zone of sure impact” (RED ZONE): characterized
by a high percentage of fatality for the persons.
“Damage Zone” (ORANGE ZONE): characterized
by possible serious and irreversible damages for the
persons who do not assume the corrected measures of
self-protection and also by possible fatality for more vulnerable persons.
“Attention Zone” (YELLOW ZONE): characterized by light damage also for vulnerable subjects.

Frequency evaluation
The frequency evaluation involves the following phases:
first the frequency of the primary event should be estimated
using data regarding this kind of event that have happened,
then it should be necessary to calculate the probability of
success of the terrorist action and thus the frequency of
the overall scenario could be defined according to the probability theory.
Frequencies evaluation is important because the
phase of prevention is related to the determination of the
likelihood that such events occur. Unfortunately, today,
these are still not correctly estimable, this represents a
limit of the proposed approach (Lisi, 2006).
As described before, the main problem is that
data collection regarding incidents caused by terrorist
attacks, this does not permit an accurate frequencies evaluation not even through the consultation of governmental
databases. Moreover due to the phenomenon complexity, in terms of typologies of targets and geographic
areas interested, the escalation of a terrorist action is
very unforeseeable, for this reason it is not possible to
make a correct analysis using the classic methodology of
the safety.
Also using advanced techniques such as neural nets,
fuzzy logic, etc., whichever simulation would provide
results characterized by excessive uncertainty and,
however, these would not be improving for the final goal
which is the protection of potential targets.
A much more effective approach could be the definition of probability classes for the primary event relatively
to the targets. Probability classes could be obtained on the
basis of the available data, collected using governmental
databases. Such classification, written up as tables, can be
used together with the results of the consequences analysis
of the incidental scenarios and would allow to define an
index of risk. This index could be useful in the phases of

CASE STUDY
The proposed methodology has been applied to an area,
whose characteristics allows to carry out the following
considerations.
The case study refers to real situation its location is
anonymous. It is an urban area at high density of population,
with a meaningful number of vulnerability centres distributed along the main routes of connection by road. Chemical
plants and storage tanks are not present in this area,
however, a huge number of road-tankers transporting
dangerous substances crosses the downtown, for this
reason the area is characterized by high level of risk.
The route under investigation, is the connection
between the main urban road and the highway exit, it is
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characterized approximately by a number of 1.200 vehicles/
hour, this meaningfully increases the number of the subjects
exposed to potential incident scenarios.
As described before the high density of population,
the characteristics of the routes (strong slopes and two
separate tracks) and the presence of a great number of
centres of vulnerabilities distributed along the main routes
of transport are some of the meaningful characteristics
concurring to consider this area as a potential target of
terrorist attacks.

Table 1. Threshold values and damage zones
Zone I
Zone of
sure impact
Concentration C  LC50
Chlorine
High
(dispersion)
fatalities
Overpressure
Liquid
fuels
(VCE)

IDENTIFICATION OF CRITICAL AREAS AND
SCENARIOS DUE TO TERRORIST ACTIONS
The identification of the critical areas relative terrorist
actions can be made on the basis of a census of the
substances and the targets.

Zone II
Damage
zone
IDLH  C
, LC50
Irreversible
damages

Zone III
Attention
zone
C , IDLH
No effects
or light
effects
Dp , 0.07 bar

Dp  0.3 bar 0.07 bar  D
p, 0.3 bar
No effects
Fatalities
High
and serious
fatalities
damages
structural
damages

. Census of the substances obtained on the basis of the
type of hazard and of the quantities of dangerous products present in chemical plants, storage and transport,
it is possible to identify the worst substances that
could be involved in an attack.
. Census of the targets obtained on the basis of the
dangerous substances, the quantities, the operating conditions and the territorial vulnerability, it is possible to
identify all potential targets.

In this paper the study has been focused on the study
of chlorine and liquid fuels releases. The damage zones have
been identified using the threshold values of table 1 and
they have been represented in the figure 3a/b.
On the basis of threshold value of table 1, the following table shows the number of vulnerable centres and
people involved in a potential incident for each critical
point identified above.

In order to mitigate the effects of the incidental scenarios it is necessary to define the damage zones and to
produce a map of the effects. In this study attention has
been focused on two typologies of incidents, toxic dispersions and explosions, since these can be considered the
most catastrophic events.
According the census of dangerous substances and
of targets, the critical areas are localized as shown in the
figure 2, where each point represents a potential localization
for incidents.

CONCLUSIONS
The problem presented in this paper is actually of great
interest, because in these recent years the areas susceptible
to terrorist attacks have been widening.
The methodology applied in this work has the aim of
outlining the scenario associated with a terrorist attack or
sabotage.
The case study is a city characterized by the transport
of a high quantities of hazardous materials. Even if it may

Figure 2. Critical areas and localization of potential incidents
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Table 2. Number of vulnerable centres and people involved (fatalities and injuries) in a potential incident

Chlorine toxic
dispersion
Liquid fuels
VCE

Point 1

Point 2

Point 3

8 vulnerable centres
17997 people
2 vulnerable centres
8948 people

22 vulnerable centres
25179 people
12 vulnerable centres
12378 people

13 vulnerable
centres 9852 people
6 vulnerable centres
1551 people

Figure 3. (a) Effects of a catastrophic release of chlorine; (b) effects of a catastrophic release of liquid fuels

not be the principal object of a terrorist attack, this kind of
city has all the characteristics of a potential target in terms
of territorial vulnerability. The high number of road and
rail tankers transporting dangerous goods in the urban area
and the presence of numerous vulnerable centres along the
main transportation routes are typical of areas subject to terrorist attacks.
This study has provided the damage curves that would
derive from incidental scenarios caused by terrorist attacks
for the examined area. The effects map can constitute an
important source of information for who has to enact
specific emergency plans of civil defence and, moreover,
also for who has to apply protection and/or mitigation
measures for the exposed population.
The damage curves also allow considerations to be
made regarding possible alternatives in the transport of
dangerous substances using different routes in different
time of day.
In particular in this study, it has been suggested the
continuous monitoring of road/rail tankers and the typologies of substances crossing the urban area. This is possible
using appropriate control systems located at the motorway
exit and the ferry terminals or at critical points present
along the main routes used for the transport of dangerous
goods.
Finally, emergency plans must be update and performed taking into account the vulnerability of the territory

and they must include the definition of services, procedures
and emergency resources. Emergency plans have to be
periodically tested in order to verify their validity.
The methodology applied requires to be implemented
in order to improve the use of safety methodology also for
security problems. In this work it has been suggested to
focus future studies on the problem of frequencies. Thus it
has been proposed the definition of probability classes for
the primary event relatively to the targets which, combined
with consequences results, permits the identification indexes
of risk. This index could be useful in emergency planning
and for the location of the protection measures for the
possible targets.
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HAZARDS AND RELATED ISSUES IN THE WHISKY DISTILLATION INDUSTRY†
Clive Timms
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The very traditional methods used in the whisky distillation process are fascinating to members of
the public as they do their tours around the delightful settings and sample the end products.
However, some recent incidents have highlighted that significant major accident hazard issues
exist within this process sector.
The traditional methods of using directly fired copper distillation vessels, venting of ethanol spirit
into unsafe areas, regular pipe and filter blockages and problems with securing the supply of cooling
water from Scottish burns, open up a whole raft of non conformance with respect to safety management. Add to this the fact that many distilleries are open top the public, with as many as 60,000
people passing through every year, there are also significant societal risk implications.
Many distilleries have undergone process automation upgrades to improve productivity and
manpower efficiency, but they have failed to recognise their hazards and the need for risk reduction
using automated safeguarding. The focus has all too often been on control without any regard or
understanding about incorporating safety instrumented systems (SIS) into their upgrades.
This paper will draw upon the findings from Safety Integrity Level (SIL) determination
case studies to highlight some of the most significant issues and discuss the steps that have been
found necessary to overcome the major accident hazard issues that have been revealed. In many
cases simple basic and inexpensive modifications are all that has been required.
KEYWORDS: whisky, distillation, hazards, SIL

ated in safety instrumented systems (SIS) that are segregated
from basic control.
This paper will draw upon the findings from Safety
Integrity Level (SIL) determination case studies in compliance with BS EN IEC 61511 (BSI, 2004) to highlight some
of the most significant issues and indicate the steps that have
been found necessary to overcome the major accident
hazard issues that have been revealed. In many cases only
simple, basic and inexpensive modifications are required
to resolve these problems.

INTRODUCTION
The traditional process of turning water into whisky or the
‘amber nectar’ has changed little over hundreds of years,
and whisky distilleries are a common feature of the Scottish
landscape. Often set in delightful glens in areas such as
Speyside they are an absolute delight to the hundreds of
thousands of visitors that tour them each year. There are
around 53 registered members of the Scotch Whisky
Association representing around 500 different brands, and
for anyone that does not like a ‘wee dram’ some of the
distilleries also make very fine gins.
Although the traditions of whisky making give a quaint
and nostalgic first impression, a closer examination of the
process reveals that some of the traditional methods used represent a process with multiple hazards. For example, the use
of directly fired copper distillation vessels, venting of spirit
vapour into unsafe areas, regular pipe and filter blockages
and problems with securing the supply of cooling water
from Scottish burns (streams), open up a whole raft of
issues with respect to safety management. Add to this the
fact that many distilleries are open top the public with tens
of thousands of people passing through them every year,
there are also significant societal risk implications.
Although many distilleries have undergone process
automation upgrades to improve productivity and manpower efficiency, the upgrades have often failed to recognise
the hazards and the possible need for risk reduction using
safety instrumented functions (SIF). The focus has all too
often been on control without any regard or understanding
about SIF requirements and how they should be incorpor†

HAZARDS IN THE PROCESS
Distilleries are usually classed as top tier COMAH (HMSO,
1999) sites due to the quantity of flammable spirit that is
stored on site, but there are also a considerable number of
hazards in the actual whisky production process. Figure 1
shows an overview of a SIL determination case study for
a typical Still House. The unusually high SIL outcomes in
the Figure 1 distribution indicate an absence of fundamental
risk reduction measures, but these can often be resolved by
the implementation of some very simple and cost effective
solutions. The primary considerations are discussed at the
end of the paper. The best way to identify the related
hazards of whisky distillation is to take a step-by-step
walk through the process which is shown in Figure 2.
GRIST MILL
Nearly all distilleries obtain dry malted, or germinated barley
from malting houses that specialise in this part of the process.
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Figure 1. Typical still house SIL determination summary

The dry malted barley is delivered to the grist mill where is
crushed by a series of four rollers into a coarse flour like material
called ‘Grist’. This helps the next stage of the process which is
extraction of sugars from the barley. There are few process

hazards associated with the grist mill apart from the creation
of dust which is akin to flour dust and can be extremely flammable. Thus electrical equipment has to comply with DSEAR
regulations (HMSO, 2002). However, it was not uncommon

Figure 2. The whisky distillation process
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to find a real mishmash of compliant and non compliant
electrical equipment in all hazardous areas.
.

WASH TUN
The grist is transferred by an auger to mostly wooden Wash
Tuns where it is mixed with hot water to dissolve the sugars,
and this forms a sweet mix known as ‘Wort’.
WASHBACKS
The Wort is cooled and pumped into large wooden fermentation vessels called ‘Washbacks’. Here yeast is added to
convert the sugars into alcohol and 2 –3 days of fermentation produces a liquid called ‘wash’. Fermentation produces
large quantities of carbon dioxide and the area needs to be
well ventilated to prevent hazardous build up. As part of a
distillery tour, the public are often invited to look into the
fermentation vessel inspection hatches, with caution, since
the intoxicating aroma can cause instant dizziness.

.

POT STILLS
On completion of fermentation, the wash is transferred to
the traditional copper pot stills where it is heated to
release the alcohol as vapour. The use of copper stills is
essential to the whisky process and the copper is sacrificially
released gradually to the whisky batches. The Pot Stills form
a two stage process with the first distillation of the Wash
taking place in the Wash Still and the second distillation,
of the condensed Low Wines output from the Wash Stills,
in the Spirit Still. The first spirit produced during the
second distillation at the beginning of a run is known as
the ‘Foreshots’ but this is too strong and pungent for
keeping, and it is during the mid point of the second distillation, when the pure distillate is at 65 –70% alcohol by
volume (ABV) content that the spirit is sent to maturation.
This is known as the ‘Middle Cut’ and the liquid that
remains at the end of the second distillation is called
‘Feints’ which are also very pungent.
There are a number of potential hazards in the distillation process and the main issues are as follows:
. Direct and indirect heating. Many of the older and more
traditional stills are direct fired by either peat/coal or gas
burners, whilst more modern stills use indirect heating
steam coils. Direct firing poses a significant hazard in
the event that there is any loss of containment of flammable vapour or liquid, and these are both present in
most areas of the whisky production process.
In addition directly fired gas burners introduce burner
management issues and the potential for hazards
associated with gas leaks.
Stills that have steam coils are not exempt from
hazards since loss of control for the main steam valve
can lead to overheating with excessive vibration, and
this can lead to possible rupture and loss of containment
from the copper vessel. The worst case would be failure
of a Spirit Still where a loss of containment of thousands
of litres at 30 –32% ABV at a temperature of 50 deg C
could result since the flash point is 32 deg C for this

ABV. In addition, the steam raising plant has all the
usual burner management and steam pressure vessel
hazards.
Still implosion. The outlets from the top of the still are
called ‘Tail Pipes’ and these gradually taper towards
the vapour condensers. They have a two way vent mechanism called a ‘Tail Pipe Vent’ and this is intended to
prevent a vacuum implosion or an overpressure. An
implosion can occur if a vacuum is caused by batch
charging a hot still with cold liquid or discharging the
still liquid at the end of a batch run. The most hazardous
implosion is during the fill cycle since the loss of containment from a reasonably large Spirit Still, for
example, could result in approximately 8,600 litres of
spillage at 50 deg C, which is above the flash point of
32% ABV at 32 deg C. Implosion on still discharge is
not as hazardous as the majority of spirit vapour has
been driven off during the distillation batch process.
Still overpressure due to blockages. The copper stills are
not designed to be pressure vessels but there are risks of
blockages in the still Tail Pipes due to build up of verdegree (copper oxide) or sediment carry-over from the
still. Experience indicates that this build up is a
gradual process over a number of years but there is
often no routine cleaning of the pipe work. In some
instances the stillman was known to compound the
problem by banging the soft piping with a spanner to dislodge blockages, with the consequence that the piping is
then dented making for a more rapid build up sediment.
The Tail Pipe Vent can relieve pressure in the event of
blockages occurring. However, many of these Tail Pipe
Vents have been traditionally installed so that they actually vent into the still house. The purpose of this traditional design was for the stillman to regularly check
for vapour venting as an indication of blockage by
placing his hand underneath the vent.
Venting flammable vapour into the still house gives
rise to considerable risk of ignition and explosion
which is compounded when the stills are directly fired.
The risk to on site personnel is not the only consideration
for distilleries that are open to the public since tens of
thousands of visitors pass through the still houses on
the Whisky Trail in any year.
Tail Pipe venting has been the cause of some fire incidents and many distilleries are changing the vent
location to a high elevation outside of the Still House,
and this is a basic, fairly inexpensive and very effective
solution to a significant hazard potential.

CONDENSERS
The vapours released from the stills are condensed back to
liquid by water cooled condensers which can be located
inside and outside of the still house. Cooling water is critical
for maintaining stability in the whisky distillation process,
as with many other industries in the process sector, and
yet the source of this utility is so often taken directly from
a local burn (stream) that flows through the glen. Water
capacity of Scottish burns can fluctuate dramatically
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throughout the year and loss of cooling water is one of the
most regular problems in whisky distillation. The water
level of a burn has a tendency to go low quite quickly
in the dryer summer months whilst fallen leaves can
regularly cause blockages in the extraction pipe filters in
the autumn.
Loss of cooling water to the condensers can, and often
does, occur very rapidly resulting in the formation of vapour
in the spirit safe which could cause failure of the glass
window, and/or a build up of vapour pressure and venting
from the tail pipe vent. Either consequence can lead to a significant loss and build up of flammable vapour with a high
chance of ignition. Even if the distillation heat can be
removed quickly, and this is not possible with coal fired
stills, there will be sufficient residual heat to cause a
problem.
Stills operating with directly fired heaters also pose an
additional risk of ignition for any loss of containment.
SPIRIT SAFE
All the condensed spirit passes through the Spirit Safe where
it can be manually directed to appropriate run-down vessels
by the stillman. The Low Wines from the first distillation are
run into the Low Wines Vessel, the first part of the second
distillation known as the ‘Foreshots’ and the final part of
the second distillation known as the ‘Feints’ are run-down
into respective vessels. The specific gravity and purity of
the spirit are closely monitored by the stillman during the
second distillation and only when the spirit has reached
the appropriate specific gravity and purity is it run down
into the wooden or steel Spirit Receivers.
There are three main hazard potentials associated
with the Spirit Safes:

Still overfill. Overfilling the stills can lead to liquid carry
over in to the Spirit Safe, failure of the glass window and
loss of containment. The most significant hazard would
be the overfilling of a Spirit Still. Low Wines, Foreshots
and Feints are used to charge these stills and the worst
case scenario would be to overfill by the volume of the
Low Wines Tank (typically 30,000 litres). There is
also the additional possibility that liquid could carry
over and also overfill the Foreshots Vessel, Feints
Vessel and/or the Spirits Receiver. The Still House
may well have a bundied area to contain a spill and
even though the Low Wines liquid has a low alcohol
content of 20 –22% ABV, it is pre-heated to 45 –50
deg C before filling. This is well above the flash point
of 38 deg C (20% ABV) for ethanol vapour. If overfilling the Spirit Still resulted in a carry over through the
safe to the Feints and Foreshots Vessels and/or Spirit
Receiver this could result in a loss of containment
with an even lower flash point temperature.

HIGH LEVELS IN THE RUNDOWN VESSELS
As described earlier, condensate from distillation is run
down into different manually selected vessels depending
on the actual stage of the distillation batch process. These
vessels include Low Wines, Spirits, Foreshots and Feints
and they are usually located in the Still House. Thus a
high level can lead to overfilling and loss of containment
if the distillation process fails to be shut down.
Overfilling the Low Wines Vessel can result in a
potential for loss of containment from a man door or dip
point into the Still House. The Low Wines Vessel contains
around 20– 22% ABV and at around 20 deg C temperature
it is well below its 38 deg C flash point which would be
very hard to reach on the hottest Scottish summer day; so
little safety risk. But, depending on whether there is a
bund or one of sufficient capacity, there have been incidents
where the volume of liquid exceeded the containment
capacity to find its way into ordinary storm drains to cause
significant pollution of the site burn. This environmental
issue has been experienced by a number of distilleries.
Overfilling the Spirit Receiver could also result in loss
of containment through a man door or dip point into the Still
House. Depending on how well the process is monitored,
many tens of thousands of litres at 65% ABV and a flash
point of 25 deg C could be discharged between operator
visits. There is also the same environmental risk as the
described for the Low Wines above.
Overfilling the Feints vessel could also result in loss
of containment of many thousands of litres into the Still
House hours at an average of 30% ABV and with a 32
deg C flash point. There is also the same environmental
risk as the described for the Low Wines and Spirits above.

. Formation of vapour in the Spirit Safe due to loss of
cooling in the Condensers. This has been discussed in
the Condenser section above.
. Build up of verdegree (copper oxide) in the rundown
lines. Experience shows that a build up of verdegree
(copper oxide) in the rundown lines from the safe to
the receiving vessels is a gradual process over a
number of years, but there is often no routine in place
for cleaning of the pipe work. The worst affected lines
are those for the Low Wines and Feints since the
Middle Cut spirit is much cleaner.
These copper oxide deposits can lead to line
blockages and backup of liquid into the Safe resulting
in failure of the glass window and loss of containment
of liquid. The severity of the hazard depends on the percentage alcohol by volume and temperature. Although
the Low Wines will be around 20–22% ABV at approximately 20 deg C, which is below its flash point of 38 deg
C, the Feints is around 30% ABV with a 32 deg C flash
point, and the Middle Cut spirit would be around 65%
ABV with a flash point of around 20 deg C. Although
any loss of containment could be contained within a
Still House bund, a large volume of liquid may submerge the transfer pumps adding to the hazard potential.

FILLING AND MATURATION STORAGE
Spirit is pumped to the Filling Store from the Spirit Receiver. The colourless spirit is filled into oak casks to begin
the maturation process and it is from the oak that the
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whisky draws its colour. Cask filling is usually a manual
process and there is a risk of small spillages of spirit at
65% ABV.
By law Scotch Whisky must be matured for a
minimum of 3 years, so the oak barrels are stacked in
large warehouses to undergo this natural process during
which a certain amount spirit vapour known as ‘the
angel’s share’ is lost to the atmosphere. Lighting and electrical equipment in these warehouses must therefore comply
with DSEAR regulations. However, distilleries that open
to the public have many tens of thousands of visitors
passing through some of their storage warehouses and
these often have visual display equipment for the tourists
and this has no DSEAR compliance.

competitive and cost effective approach to manufacturing,
but the author strongly advises all operators of distilleries
to review their hazards and undertake risk assessments in
line with IEC 61511.

SIMPLE REMEDIAL ACTIONS
All operators need to identify the hazards and take necessary
measures to reduce risk to as low as reasonably practicable
(ALARP), but there are often simple solutions to reduce the
risks associated with most of the major hazards and a few of
these are outlined below.
Process modification from direct heating by naked
flame using gas burners or peat/coal to indirect heating
using steam coils removes many hazards. Ensuring a
secure and reliable source of cooling water would make
major contributions to risk reduction. Where Tail Pipe
venting is within the Still House, the simple plumbing of
these to a high elevation externally will also make a very
cost effective solution for reducing undesirable flammable
vapour hazards.
The introduction of simple maintenance routines to
regularly check for the build up of copper oxide and other
sediment carryover into still/condenser and safe/receiver
run down lines would significantly reduce the risk of
blockages and consequential loss of containment.
High level alarms and trips on the various run down
vessels to shut off distillation heat and reduce the risk of
overfilling and loss of containment, and consideration of
removing the vessels with the highest alcohol by volume
percentages from inside the Still House would be even
better.
An introduction of cause and effect matrices for all
automated shut down requirements would considerably
help the understanding of the logic requirements.
A review of the functionality configured into the basic
process control systems, including sequence processing, to
ensure appropriate segregation, and SIL determination of
all trip and alarm related functions to ensure they can
meet the criticality requirements.
None of the above measures represent technical complexity but they do represent significant process integrity
improvement.

PROCESS CONTROL
The method of process control depends on the size and age
of a distillery. There are still many small and/or older distilleries that are entirely manual, but the industry has seen
considerable automation with the introduction of process
control systems (PCS) to reduce manning, increase efficiency and maintain consistent quality of spirit production.
The introduction of PCS have brought their own
issues since they tend to remove the continuous presence
of the stillman from the Still House floor by placing him
in a more isolated control and monitoring environment.
Thus much of the continuous manual monitoring and adjustment is now superseded by automation, and this is fine
providing there is sufficient regard to the ergonomics of
the human/machine interface and a good understanding of
the difference between control and safety functionality.
Logical sequences for batching distillation such as
still charge and discharging have also regularly been
implemented in the basic control system without regard to
the safety critical functionality of the elements involved.
Unfortunately, from observations and studies made at
four different distilleries it is apparent that PCS have often
been installed with little understanding of basic control/
safety functionality segregation. Many operators have
made a great deal of investment in automation to modernise
their Still Houses but the unfortunate reality is that safety
functionality has so regularly been implemented within
the basic control system. There has been little appreciation
that this compromises the safety integrity level (SIL)
capability to , SIL 1. On one site visited during 2006 the
response of the PCS was found to be so slow that the
control functionality was poor. But there was also a significant amount of safety functionality configured within the
basic control that was firstly compromised by the PCS capability of , SIL 1, and secondly rendered totally ineffective
by the slow response should there have ever been any
demand.
It is understandable that operators wish to bring
the whisky industry into the 21st century to maintain a
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A software instrument, designed on ad hoc basis, has been developed to allow the storage of
significant information concerning existing pipelines, as well as the assessment of the spatial
dimension in the pipelines risk evaluation. In particular, a database collecting basic information,
such as pipe diameter, operating pressure, substance transported etc., has been realized in order to
produce an inventory of the pipelines network existing in the national territory. A geographical
information system (GIS) platform has been interfaced to such database to allow the storage of
the geographical location of the pipelines and their visualization on a digitalized map of Italy.
The software developed can represent, in combination with risk assessment considerations, an
important tool supporting the decisional process concerning land use planning policies on the
national territory.

KEYWORDS: hazardous pipelines, major accident hazards, land-use planning, geographic information
systems

strategies. The present work is based on an ongoing research
activity, carried out at national level, aimed at evaluating the
pipelines impact on the territory in terms of risk of major
accident; this goal has been pursued through the realization
of a software instrument developed on ad hoc basis, allowing the assessment of the spatial dimension in the pipelines
risk evaluation, as well as the storage of significant information concerning existing pipelines. In particular, a database storing basic information, such as pipe diameter,
operating pressure, substance transported, route profiles
etc., has been realized to produce an inventory of the existing pipelines. A link between such database and a geographical information system platform, using ArcView
GIS capabilities, has been developed, allowing the
storage of the geographical location of the pipelines and
the visualization of them on a digitalized map of Italy.
The software designed can represent, in combination with
risk assessment considerations, an important tool to
support decisional processes concerning pipelines safety
issues. In the present work, the main characteristics and performances of such geo-referenced information system are
described. Moreover, taking into account that in Italy
there is not a specific legislation currently in force as far
as it concerns pipeline-related land use planning criteria,
this work analyzes how the system realized may represent
an effective and practical instrument to support the competent authorities, responsible for the pipeline safety, in the
development of land use planning strategies.

INTRODUCTION
Although pipelines are generally considered the safest and
most economical way of carrying large quantities of dangerous substances (flammable, explosives and/or toxic), they
can potentially constitute a threat of major accident as
defined under the European Directive 96/82/CE “Seveso
II” [Council Directive 96/82/EC, 1996]. The analysis of
transmission pipeline accidents, involving hazardous substances, shows that the interaction between a pipelines
network and the territory has a twofold aspect: on the one
hand, the consequences of major accidents can seriously
affect the human health and the environment in the vicinity
of pipelines; on the other hand, human activity is the origin
of the external interference, which represents, along with
corrosion, the most frequent cause of accidents both in gas
and oil industry pipelines [Papadakis, 1999]. Both these
aspects, combined with the population growth, the consequent urbanization and the energy demand increase,
focus the public attention on the pipeline safety issues, highlighting the need to develop land use policies to reduce the
likelihood and impact of potential accidents. Primary objectives of pipeline-related land use measures are: i) reducing
and/or mitigate the risk of dangerous effects for people
and environment near a transmission pipeline in the event
of an accident and ii) minimizing the risk of damaging the
pipelines by keeping human activity away from their
immediate vicinity. To this end, a detailed knowledge of
the pipeline networks existing in the territory, both under
technical and routing aspects, is the starting point for a
spatial analysis supporting the development of new effectives methodologies concerning the prevention of the
major accident hazard, as well as land use planning

NATIONAL PIPELINE NETWORKS
The presence of hazardous pipelines concerns most part of
the national territory featured, among others, by an intensive
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town development and by the coexistence in some areas of
several sources of both natural and technological risk. Pipelines considered under the present work are the transmission
pipelines, i.e. pipelines, different from the gathering one,
which transport hazardous substances from producing
areas to processing facilities and then to consumer areas
and local distribution systems. A scheme of both typologies
and extent of the pipeline network currently existing in the
Italian territory, along with a provisional indication concerning the route profiles and the quantities of dangerous
substances transported, can be drawn from the data made
available by the Ministries official publications, the managing companies’ web sites etc. As a whole, the Italian
network results to mainly consist in: oil pipelines for the
carriage of liquid hydrocarbons (crude oil and refined products), gas pipelines for the carriage of natural gas and,
in a minor part, chemical pipelines conveying other substances, flammable, toxic, oxidizing, or dangerous for the
environment, such as ethylene, propylene, ammonia etc.
The Italian oil pipeline network is mainly intended for the
carriage of oil products from refineries and/or coastal
storage sites to inland storage sites; in fact, Italy imports
large quantities of hydrocarbons arriving mainly from the
sea to oil terminal from which they are carried via pipelines
to refineries and finally to the distribution. Considering both
pipes for the carriage of crude oil and those for refined
products, the relevant network extends along a little bit
less than 4,300 km [ISTAT, 2002-2003] and it is mostly
located in the Northern part of Italy. On the contrary, the
national gas pipelines network, used for carriage of natural
gas, covers the whole national territory and it consists of
approximately 30,712 km of natural gas pipelines (as at
2005) [Snamretegas web sites]; eleven compression plants
dedicated to line pressure service are part of the network,
along with gas regulation, reduction and mixing plants,
and other plants necessary for the transport and dispatch
of the gas. Such system has been divided into two parts:
the national network, for a total of 8,392 km and the regional
network for a total of 22,320 km. The national network gas
pipelines consists all the natural gas pipelines and plants
with the function of transferring significant quantities of
gas from inlet points of the network to macro consumption
areas; the regional gas pipeline network consists of the
remaining natural gas pipelines which move and distribute
natural gas across well-defined territorial areas, typically
at a regional level. As to pipelines used for the carriage of
other chemical substances very little information are available. Then, to get a wider knowledge of the existing pipeline
network, it is necessary to integrate the above descriptive
framework with more detailed data on the basis of technical
and territorial considerations. In fact, decision makers generally lack adequate tools and information, such as database,
map and geo-referenced data, mathematical models etc, to
take adequate decisions concerning transmission pipelines,
while, in the established praxis, information such as
precise records of the location and the technical data of
the pipelines are available to the pipelines operators. On
the basis of this consideration, an accurate survey of the

pipelines currently existing throughout the Italian national
territory has been started through informative forms specifically drafted, taking into consideration each typology of
pipeline; the qualitative or quantitative data concerning
dangerous pipelines so obtained, combined with spatial
data, have been then integrated in a software tool designed
to facilitate the decisions to be taken by the competent authorities, as well the relevant public consensus [Contini,
2000], on the development of pipeline-related land use
measures, that do not exist yet in our country. In fact,
although the land use planning issue around Seveso sites
[Ludovisi, 2002] has been recently tackled in our legislation,
the problem of land use planning near dangerous pipelines is
currently not fully addressed. At this regard, it is worth to
highlight that a set of rules regulating safety issues and
technical standards for the construction (terms of laying
and minimal distance between pipelines and buildings to
be applied depending on the type of soil) is provided for
gas pipelines used for the carriage of natural gas having a
density not higher than 0.8. With reference to gas pipelines
for the carriage of gas having a density exceeding 0, 8, and
for oil or chemical pipelines, there are no specific rules on a
national basis; for designing, laying and utilization of such
structures reference is made to the international standards,
which, on the basis of the features of the pipes (diameter
and thickness), the flow rate and the type of fluid transported, provide for minimum distances to be complied
with between pipelines and building located in the different
housing developments. Therefore, considering that both the
knowledge and the localization of the different sources of
risk existing within the territory through a geographybased visualization is an ideal environment to properly
manage pipeline information, the tool developed should
prove its effectiveness especially in supporting the development of pipeline-related land use measures aimed at
reducing the risk of major accident, but, at the same time,
without penalizing solutions for such transport mean, due
to its very high productivity and reliability.
METHODOLOGY
The present study focuses on the development of an informational tool integrating different functions, i.e. collection,
storage and visualization of pipelines information on
georeferenced maps. The project has been carried out in
two steps: in the first one, the data required to start the
implementation of the database, representing an inventory
of the existing pipelines, have been gathered; in the
second step, a geographical information system platform,
using ArcView GIS capabilities, has been developed and
interfaced to such database, in order to allow the storage
of the geographical location of the pipelines and their visualization on a digitalized map of Italy. The general system
requirements are therefore related to descriptive information
about pipelines, representing a record in the database for
each pipeline segment, and digital or hard-copy maps with
lines and/or points marking the location of each pipeline
and related facilities.
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ALPHA-NUMERICAL DATA GATHERING
For the first step of the project it has been arranged a form
collecting information to be then inserted in the relevant
database. In order to select the data to be filled in, a compromise was reached between the need to collect as many data
as possible so to enrich the database, and the need to make
the filling in the form not to be too burdensome for the pipeline operators, who shall provide for the data on a voluntary
basis. The information to be collected under the survey has
been then divided into two classes. The first one is made
up of the basic information concerning technical aspects
(construction materials, operating conditions, installation
date etc), spatial aspects (route profiles), managerial
aspects (recurrence and typology of the tests, systems protection etc). A list of basic data required is shown in
Table 1. The second class of the data provides for the acquisition of additional information concerning the pipelines,
among which: as far as the technical aspects the hold up,
the wall thickness, the depth of burial and the flow direction,
as to the spatial aspects the proximity to other vulnerability
centers (schools, hospitals, residential areas, other pipes or
critic plants), as to the managerial aspects the possibility
of internal and external inspections. As regards the first
class of data, a formal request of information has been
submitted to pipeline operators throughout the national
territory, committing the people involved in this research
to keep the collected data confidential (this is the reason
for the data referred in the work are reported as anonymous).
The first class data gathering is still ongoing while the
second class data collection will be carried out afterwards.
The outcomes reached up to now can be considered complete with reference to the information about size (pipe
length and section) and receiving and forwarding stations

of the different segments composing the pipeline system;
on the contrary, only partial data are available as to the
others technical and managerial aspects. However, it is
already possible to make use of a first set of information
to implement the project and verify its performances.

SPATIAL DATA DESCRIPTION
To carry out the second step of the project the type of information required are the graphic-cartographic references
allowing the visualization of the pipelines routes. The
basic tool used to develop the spatial dimension of the
project at issue is ArcView by ESRI, the well known GIS
tool, broadly used in all sectors in which geo-referencing
is required to represent the elements over the territory. In
developing the GIS part of the project, the main information,
consisting in the pipelines route profiles, has been loaded,
together with the supporting information relevant to the
territory crossed by a specific pipeline, mainly consisting
in geographic information; all these data, if duly georeferenced, can contribute to highlight the most significant
elements to be taken into account in developing land planning strategies. The main information allows to identify
the three typologies of pipelines existing within the territory,
that is to say gas pipelines for the carriage of natural gas, oil
pipelines and pipelines conveying other chemical substances. The route profiles described in the project reflect
the level of accuracy applied in collecting the information,
and can be divided into five levels of detail as described
in Table 2. For the time being, most oil pipelines fall
within the first level of precision except for one oil pipeline
that can be included in the fourth level; almost all of the
natural gas pipelines are reported in the third level of precision; therefore, the spatial representation made up to
now is to be considered as a first level approximation to
be implemented through the acquisition of more detailed
geo-referenced information. Substantially, as far as gas
pipelines for the carriage of natural gas, an image is available that trace out, essentially, the actual routes, so to
allow to build the routes as a set of paths connected one to
the other; as it regards oil pipelines, only the receiving
and forwarding stations are available, so that the relevant
route consists in a straight line connecting one to another.
In addition to the pipelines routes profiles, the main information provides for further interesting elements such as

Table 1. Descriptive form used to collect pipeline data
Pipeline data form
Operator
information
Technical aspects

Spatial aspects

Managerial
aspects

Operator
Identification code
Transported medium
Installation date
Construction material
Pipe length
Pipe section
Flow rate
Operating pressure
Operating temperature
Receiving station
Forwarding station
Route profile
Compression, pump or
regulation station sites
Recurrence and typology of
control measures
Technical and managerial protection
Additional remarks

Table 2. Detail level used for the pipeline route profiles
description
Level
I
II
III
IV
V

3

Explanation
From the departing municipality up to the arrival one
Through crossed municipalities
Tracing out of route profile on the existing national map
Route profile through georeferenced points
Route profile on regional technical map 1:10.000
both geo-referenced
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Table 3. Spatial data managed by the GIS system
Main information
Vector-based
features

Points
Lines
Polygons

Supporting information

Compression station, refineries,
oil field, storages, wells
Pipeline route profiles, roads, railway
Municipal, provincial and regional
contours, rivers, lakes
Digital or
cartographic maps

Raster datasets

storage sites, refineries, oil fields, compression stations and
wells, all described at the third level of precision, and
several others may be added. Among the supporting information which may be provided by the software at issue, it
is possible to get information about municipal, provincial
and regional borders, rail and road lines, main water areas
and graphical information on the territory provided for by
digital or cartographic maps or aerial and satellite images.
The latter are crucial for the interpretation of possible
issues that may arise from the proximity between hazardous
pipelines and vulnerability centers within the territory,
having regard to the siting of new pipelines, modifications
to the existing ones or new developments in the vicinity of
existing pipelines. All examined spatial data are represented
in the GIS software in vector or raster format as shown in
Table 3.

SOFTWARE PERFORMANCES
The developed tool therefore combines a GIS environment,
which manages the spatial data, and a database which
manages the alphanumerical information, so as it represents
an effective tool for the spatial representation of the pipelines, that can be easily consulted by user. The system
allows a twofold use: on the one hand the user can select
a given pipeline in a reference list and look at its route in
the GIS part of the project; on the other hand, once the
map of Italy along with the pipeline networks within the territory is loaded in the system, the user can select a given
route on the cartographic representation and look at the relevant features existing in the database. The data are easy to
be modified in the GIS part of the system as well as in the
database so causing the system to be dynamic and easy
to update. The software has been tested over a first set of

Figure 1. Screen shot from the software system showing the pipelines’ network on a geo-referenced map of Italy. The table on the
screen shows the significant data concerning a selected pipeline
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information containing spatial and technical data, and the
outcomes are those reported in Figure 1. The potential of
the system is clear: the user is able to have an immediate
representation of the location of the risk sources in the territory, along with technical, spatial and managerial elements
that can support an appropriate risk analysis, which is
necessary to evaluate the risk of major accident connected
with a given pipeline. As far as the land use planning
issue is concerned, the system designed, through the acquisition of the data concerning a specific pipeline route and its
representation on geo-referenced map, allows to highlight
critical situations like crossing of road, rail and water
course, the intersection of several dangerous pipelines etc.
If digital or cartographic maps are available, the software
should provide for the necessary description of the territory
crossed by the pipelines, highlighting also the proximity of
vulnerability centers, type of soil etc; in this way it should
support decisions concerning possible land use options
such as, for instance, establishing setbacks, regulating or
prohibiting certain types of uses and structures (such as
schools, hospitals and residential areas) in the vicinity of
transmission pipelines, providing pipelines network with
appropriate markings, allowing at the same time, to prioritize technical and legislative intervention. As it appears
from Figure 1, the spatial data regarding the pipelines
route is still approximate due to the significant difficulty in
gathering the data. The improvement in the localization of
the pipelines route profiles within the territory is then the
first objective to be met to increase the system’s reliability.
Further developments of the system performance may be
obtained introducing additional layers, including the one
relevant to the damage area corresponding to the different
accident scenarios that can be associated to the pipelines,
and the other one concerning quantitative information on
population distribution which is significant for the prevention of third-party interference.

technical features applied (construction material, pipe diameter, operating pressure, etc.) represents a source of information that is crucial for the evaluation of possible
territorial criticalities, though not easy to find. In this
paper, the first outcomes obtained with the survey of the
pipeline network over the national territory have been
shown, along with the first stage of the prototype development of a software system processing geo-referenced data
concerning pipeline route profiles and features. In the
present work the different steps of the system implementation have been described, so to illustrate its potentials easiness of use with reference to both acquisition and updating
of the data. A first set of information on the location of the
pipelines route profiles, suitable to be extended and
improved, has been loaded to test the system performances.
Though the system is still in its first stage of development,
the paper has shown that such system, allowing an easy
representation of the pipelines risk source on the territory,
can be considered a basic informational tool needed by
decision makers to face pipelines safety issues and to
develop appropriate land use planning strategies.
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CONCLUSIONS
The characterization of the pipeline network carrying
dangerous substances within the national territory according
to the typology of the substances transported and to the

5

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153
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56126 Pisa, Italy; e-mail: gabriele.landucci@ing.unipi.it, g.gubinelli@ing.unipi.it, c.nicolella@ing.unipi.it
2
Dipartimento di Ingegneria Chimica, Mineraria e delle Tecnologie Ambientali, Alma Mater Studiorum – Università di Bologna,
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Domino effect is responsible of severe accidents that took place in the chemical and process
industry. Several studies pointed out that the more critical step in the quantitative assessment of
domino hazards is the availability of reliable models to estimate the possibility of escalation due
to the effects of the primary accident. In the case of fires caused by the accidental releases of
flammable substances, it is well known that secondary events with catastrophic consequences
may result as a consequence of flame impingement on equipment and pipes. Several technical
standards suggest to evaluate the possible damage to process equipment caused by fire using
threshold values for radiation intensity that do not take into account safety and site-specific
factors, as the presence of improved thermal protection systems or the possible mitigation due to
effective emergency response. An alternative to this oversimplified approach are very complex
and time consuming models available for the detailed calculation of the time to failure of
storage vessels, requiring a detailed description of vessel geometry and other design data.
An important benefit to the safety management of possible domino hazards would come form the
availability of an approach to the calculation of the possibility and probability of vessel damage
following external fires based on simplified correlations able to take into account specific protection
factors. The present study was focused on the development of a simplified methodology for the calculation of the damage probability of process vessels aimed to the quantitative assessment of
domino effect triggered by fire scenarios. The methodology is based on simple analytical functions
relating the time to failure of vessels to the radiation intensity. These were validated by an integrated approach, based on the use of available experimental data, of the ANSYS finite elements
code for complete thermal and mechanical simulations of the behaviour of vessels exposed to
fires and of a simplified model for vessel failure based on thermal nodes. The correlations were
obtained for atmospheric as well as for pressurized storage vessels. Specific correction factors
were introduced in order to take into account the effect of protection materials. Damage probability
was estimated by a probabilistic function derived from layer of protection analysis (LOPA). LOPA
was used to estimate the probability of effective mitigation on the basis of the calculated time to
failure and of site-specific factors The presence and the delay time for the activation of protection
systems were also considered. A fundamental issue in the development of the correlations resulted
the presence of thermal protection layers on storage or process vessels. In particular, the possible
use of innovative materials for passive protection systems as basalt rock fibres resulted in a high
impact on the time to failure. Due to the lack of literature data on the properties of these materials,
experimental data were obtained from a specific facility. The data were used to correctly analyse the
effect of these protection panels on the time/temperature profile of vessel wall and to determine the
physical properties of the materials, such thermal conductivity and emissivity, necessary input for
finite elements simulations and for simplified threshold correlations. The approach evidenced that
important differences in the possibility and probability of domino effect triggered by external fires
should be expected if differences among vessel characteristics and protection systems are taken
into account. This was confirmed by the quantitative assessment of the risk caused by domino
effects triggered by fires, performed using a specific software and the damage probability models
discussed above.

KEYWORDS: domino effect, escalation, vessel time to failure, vessel passive protection

pointed out that the more critical step in the quantitative
assessment of domino hazards is the availability of reliable
models to estimate the possibility of escalation due to the
effects of the primary accident (Delvosalle, 1998; Gledhill

INTRODUCTION
Domino effect is responsible of severe accidents that took
place in the chemical and process industry (Lees, 1996;
CCPS, 2000; Khan & Abbasi, 2000). Several studies
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& Lines, 1998; Khan & Abbasi, 1998; Cozzani & Zanelli,
2001). In the case of fires caused by the accidental releases
of flammable substances, it is well known that secondary
events with catastrophic consequences may result as a consequence of flame impingement on equipment and pipes.
Several technical standards suggest to evaluate the possible
damage to process equipment caused by fire using threshold
values for radiation intensity that do not take into account
safety and site-specific factors, as the presence of improved
thermal protection systems or the possible mitigation due to
effective emergency response. An alternative to this oversimplified approach are very complex and time consuming
models available for the detailed calculation of the time to
failure of storage vessels, requiring a detailed description
of vessel geometry and other design data. An important
benefit to the safety management of possible domino
hazards would come form the availability of an approach
to the calculation of the possibility and probability of
vessel damage following external fires based on simplified
correlations able to take into account specific protection
factors. The present study was focused on the development
of a simplified methodology for the calculation of the
damage probability of process vessels aimed to the quantitative assessment of domino effect triggered by fire scenarios. The methodology is based on simple analytical
functions relating the time to failure of vessels to the radiation intensity. These were validated by an integrated
approach, based on the use of available experimental data,
of the ANSYS finite elements code for complete thermal
and mechanical simulations of the behaviour of vessels
exposed to fires and of a simplified model for vessel
failure based on thermal nodes. The correlations were
obtained for atmospheric as well as for pressurized storage
vessels. Specific correction factors were introduced in
order to take into account the effect of protection materials.
Damage probability was estimated by a probabilistic function. An approach derived from the Layer of Protection
Analysis (LOPA) was used to estimate the probability of
effective mitigation on the basis of the calculated time to
failure and of site-specific factors. The presence and the
delay time for the activation of protection systems were
also considered. A fundamental issue in the development
of the correlations resulted the presence of thermal protection layers on storage or process vessels. In particular, the
possible use of innovative materials for passive protection
systems as basalt rock fibres resulted in a high impact on
the time to failure. Due to the lack of literature data on the
properties of these materials, experimental data were
obtained from a specific facility. The data were used to correctly analyse the effect of these protection panels on the
time/temperature profile of vessel wall and to determine
the physical properties of the materials, such as thermal conductivity and emissivity, that are a necessary input for finite
elements simulations and for simplified threshold correlations. The approach evidenced that important differences
in the possibility and probability of domino effect triggered
by external fires should be expected if differences among
vessel characteristics and protection systems are taken into

account. This was confirmed by the quantitative assessment
of the risk caused by domino effects triggered by fires,
performed using a specific software and the damage
probability models discussed above.
THE APPROACH TO THE ESTIMATION
OF ESCALATION PROBABILITY
The use of simplified models, based on a limited number of
parameters, is required to limit the computational time
required for QRA procedures for escalation assessment, as
they involve the analysis of a high number of accidental
scenarios (Cozzani et al., 2006a; Khan & Abbasi, 1998).
Thus, equipment vulnerability models were based on
probit functions to relate a “dose” of physical effects to
the escalation or damage probability of an equipment
item. In the case of radiation as an escalation vector,
vessel failure is caused by wall temperature raise and/or
to internal pressure increase due to vessel heat-up. This is
a rather slow process (time to failure of the vessel is
usually of the order of minutes or higher), thus a time
lapse exists between the primary event and the secondary
events caused by escalation.
Quite clearly, the time to failure (ttf) is a fundamental
parameter in the analysis of the domino accidents of
equipment exposed to fire: a higher time to failure results
in a less credible escalation, since a higher time lapse is
available for effective mitigation actions by protection
systems or emergency teams. The ttf may thus be compared
to a characteristic time for an effective mitigation (tte). The
analysis of the effects of protection systems (dumping aimed
to depressurization, water curtains by automatic systems,
additional water protection by emergency teams) may be
performed by LOPA techniques, and specific damage
probability functions may be obtained for the plant under
examination. A site-specific or a general evaluation of the
tte and its comparison to the ttf may be easily turned out
in a probabilistic assessment of the success of mitigation
actions. This approach was used to develop specific
models relating the radiation intensity on a target vessel to
the escalation probability.
ESTIMATION OF VESSEL TIME TO FAILURE
Fire may affect a process or storage vessel by one or more
than one of the following modes: i) distant source radiation;
ii) full or partial fire engulfment; and iii) jet fire flame
impingement.
Modelling vessel time to failure in these three situations is extremely difficult given the high complexity of
the flame geometries. The wall temperature behaviour in a
vessel exposed to an external fire would require a detailed
three-dimensional (3D) analysis of the thermal flux over
the vessels shell, of the thermal gradients in the fluid contained in the vessel and of the effects due to the mixing of
the content due to the natural convection. However, a
model based on this approach would require a prohibitive
run time, not justified in a QRA framework due to the
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uncertainties that usually affect the characterization of the
fire scenario. In this specific context, a simplified model
able to yield a conservative estimation of the time to
failure by a straightforward approach would be more
useful. The model developed in the present study was
based on a lumped approach for the modeling of the time
and temperature profile, but was improved by an extended
validation work, based on an experimental data set for the
vessel time to failure, expanded by the use of results
obtained from a 3D finite elements model implemented
for this purpose.
The development of the lumped model was based on
thermal nodes modelling. Depending on the fire scenario,
this approach attempts to divide the equipment in different
zones (or nodes), each of which can be described by a
simple set of parameters. The parameters represent physical
quantities (e.g. temperature, pressure, thermal conductivity,
etc.) averaged over each node. Boundary conditions
together with global conservation laws, lead to a system
of equations which determines the parameters of interest
and in particular the temperature at each node. This allows
the calculation of temperature-time profiles as a function
of the radiation mode and intensity on the vessel. The estimation of these parameters allows the evaluation of the
mechanical stress at which each zone of the vessels shell
is subjected and to compare it with the admissible tensile
strength of the vessels material (that is strictly dependent
on the material temperature). The failure conditions are
strictly dependent on the structural design: geometry,
material, boundary condition. For the equipment of interest
(horizontal cylindrical vessels, vertical cylindrical vessels,
etc.) subjected to an intense heat flux the failure conditions
that must be taken into account are: i) the wall-thinning due
to hoop stress and high temperature material degradation;
and ii) instability. A specific failure criteria should be
associated to each type of failure to establish when there
is the failure of the vessel, that may result in a loss of containment. A failure criteria is generally derived by a direct
comparison between parameters representative of the
stress field over the vessels shell and of parameters representative of the tensile strength of the material. Alternatively,

the stability limit of the structure is considered. Thus, the
failure criteria require the detailed analysis of the stress
field over the vessel shell and on the boundary structures,
that may be calculated only by more detailed modeling
approaches. This means that with a lumped model only simplified failure criteria may be adopted, based on data fitting
of available ttfs for similar vessels and for similar fire scenarios. An extended validation of the simplified model is
required to ensure the reliability of the failure criteria
implemented, in particular for atmospheric vessels, where
the internal pressure is not the main factor affecting the
vessel failure. A first set of validation runs was carried out
using experimental data available in the literature. Although
a significant number of case-studies resulted available, in
particular for pressurized vessels, the number of available
experiments was not sufficient to carry out an extended validation covering the entire field of vessel geometries and of
radiation modes and intensities. Thus, a finite elements
model was developed and validated on the basis of the
experimental data. The finite elements model was used to
generate a second data set used for the validation of the simplified lumped element model. The model was developed
using a finite elements code (ANSYS Version 5.5) with
which a detailed simulation of the thermal and mechanical
conditions on vessel shells under fire radiation was possible.
The model allowed a detailed simulation of the radiation
mode, of the wall temperature and of the stress over the
vessel shell. Adopting proper failure criteria it was possible
to use the knowledge of the temperature and of the stress
conditions in each point of the structure to estimate more
precisely the time to failure. The first step in the simulations
was the detailed calculation of the temperatures on the
vessel shell as a function of time and radiation mode. A
detailed definition of the radiation conditions on vessel
shell was possible: Figure 1a shows an example of detailed
temperature simulations for a horizontal cylindrical pressurized tank engulfed in flames.
The second step of the modeling was the calculation
of the stress field as a function of the local temperatures
and of the other loads present on the equipment shell
(Figure 1b). The calculation of the detailed temperature

Figure 1. (a) Detailed simulation of the shell temperature (8C) calculated for a 100 m3 pressurized vessel under radiation conditions
due to flame engulfment (120 kW/m2, 600 s); (b) detailed simulation of the correspondent shell stresses (Pa)
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(a)

(b)

Figure 2. Examples of the comparison between ttfs obtained with finite elements simulations (ANSYS) and lumped model runs
(RADMOD) for a 17500 m3 atmospheric vessel (a) and 13400 m3 atmospheric vessel (b) exposed to different radiation intensities (I)

and stress maps allowed the application of the correct
failure conditions and thus a quite accurate calculation of
the equipment time to failure, also accounting for the
decrease in the allowable stress due to the high temperatures
of the vessel walls. The comparison of the results of the
simulations carried out with the first set of experimental
validation data showed that the predicted ttfs were always
conservative and showed a relative error lower than 10%.
Thus, the results suggested that the finite elements code
could be reasonably used to extend the validation data set
available.
The validation of the lumped model carried out using
both the experimental and finite elements data for the vessel
time to failure pointed out that the lumped model always
yields credible and conservative values for the time to
failure of the vessels. An average relative error lower than
15% is present between the ttf calculated by the lumped
model and those obtained by the ANSYS simulations
(Figure 2).
Therefore, the lumped model developed in the present
approach may be used with sufficient confidence in the
assessment of the time to failure of the equipment exposed
to fire in the framework of domino quantitative risk assessment, also considering the uncertainties in the characterization of the fire scenario. The ttfs calculated by this
simplified approach have a sufficient precision to be compared with the times required for an effective mitigation.
The lumped model developed was thus the starting point
for the calculation of the escalation probability due to fire
and of the threshold values for escalation.
However, in the risk assessment of complex industrial
areas a huge number of possible domino accidental scenarios may be identified. Thus, a very high number of simulations may be required. Even if the RADMOD model is
characterised by relatively low computational time, its use
may require a relevant effort in the analysis of extended
areas, also considering that the model, although simplified,
requires to define and input several parameters of each
vessel and radiation mode considered.
The availability of further simplified tools to carry out
at least a preliminary assessment of the time to failure is thus
useful, in particular to identify the credible domino targets
in a complex lay-out. To face this problem, a specific
approach was used to define simple analytical functions
for the evaluation of the time to failure of the equipment

exposed to fire. The more important categories of secondary
equipment involved in domino accidents were identified,
and their geometrical characteristics were defined (shape,
range of sizes, etc.). Vessel sizes were obtained from
typical design data used by engineering companies in the
oil and gas sector. The design data of the atmospheric
tanks were based on API 650 standards, while the
volumes and diameters were based on data from several
oil refineries (Table 1).
In the case of pressurized vessels, the volumes and
diameters were derived from vessels typically used for
LPG, vinyl chloride, chlorine and ammonia pressurized
storages (Table 2). Cylindrical vessels with horizontal axis
and design pressures of 1.5, 2.0 and 2.5 MPa were considered. The design data were verified with respect to
section VIII of the ASME codes, and the relief valves
were considered to provide the vent area required by API
RP 520 standards. In order to obtain conservative data, no
thermal insulation and no active mitigation system was
considered for both sets of vessels.
An extended matrix of case studies was thus defined,
considering the more credible primary events, the radiation
modes and a credible range of radiation values. The lumped
model was used to analyze each case study, estimating the
time to failure of the selected equipment exposed to the
selected type of fire scenario and to different radiation
values. A fitting procedure was implemented to obtain
specific analytical functions that directly relate the time to
failure of the equipment (ttf) to the value of the radiating
heat flow (I):
log10 (ttf) ¼ a log10 (I) þ b

(1)

Table 1. Design data of the atmospheric tanks based on API
650 standards (D/H: diameter/height ratio)
Volume (m3)
25
100
1000
2500
10000
13400
17500

4

D/H
0.7
0.7
2.5
1.1
2.1
2.3
2.7
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Table 2. Design data of pressurized cylindrical vessels with
horizontal axis

Volume
(m3)

Length
(m)

Diameter
(m)

Shell
thickness
(mm)

5
20
50
100

3
7.2
10
18

1.6
1.9
2.7
2.8

11
12
17
18

Area
pressure
relief valve
(m2)
0.073
0.1642
0.2919
0.456

Table 3. Estimated threshold values for escalation caused by
fire radiation
Time to
failure (s)
600
900
1800

Radiation Threshold,
atmospheric equipment
(kW/m2)

Radiation Threshold,
pressurized equipment
(kW/m2)

15
13
10

60
50
40

active safety systems or by emergency team operations.
Thus, the probability of damage and escalation may be
related to the time to failure of the equipment, comparing
the ttf to the characteristic times required for successful
mitigation (tte). These could be estimated implementing a
specific analysis of the internal or the external emergency
plan of the site. In a simplified approach, a specific probit
function may be built to relate the time to failure to the probability of escalation, taking into account the time required
for effective mitigation (tte):

where the a and b coefficients depend on the vessel type and
geometry and on the radiation mode. The a and b coefficients may thus be calculated from the fitting of simulation
results to eq. 1.
A first result obtained from the approach are envelop
correlations obtained for different vessel categories, evidencing the minimum credible value of the ttf as a function of
radiation intensity. Figures 3a and 3b show the envelope correlations obtained respectively for atmospheric vessels and
pressurized vessels under distant source radiation conditions.

Pr ¼ c þ d ln(ttf)

(1)

In the absence of site specific data, tte1 was assumed
of 5 min and tte2 was assumed of 20 min. The following
probit function was thus used in the present study to estimate
escalation probability:

ESCALATION THRESHOLDS AND PROBABILITY
The modeling approach carried out in the present study
allowed an extended revision of the escalation thresholds
for fire scenarios. The envelop correlations shown in
Figure 3 define the minimum credible time to failure for
vessels exposed to fire. Thus, if the time to failure is compared to a maximum time required for effective mitigation,
the threshold values of stationary radiation required for
credible escalation may be identified. Table 3 reports the
threshold values estimated by this approach.
The Table evidences that the conditions leading to
escalation due to fires are highly dependent on the target
vessel and on the primary fire scenario. More the equipment
is resistant to the fire, less credible is the escalation, since
more time is available for effective mitigation actions by

Pr ¼ 9:25  1:857 ln(ttf)

(2)

where ttf is expressed in minutes.
MITIGATION BY PASSIVE PROTECTION
SYSTEMS
The correlations and the data reported above are conservative and do not take into account the protection systems
of the storage vessels. Even if active systems have an
important role in emergency management, active protections, although compulsory, have a limited reliability due to

Figure 3. (a) Envelope of times to failure obtained for vertical cylindrical atmospheric vessels under distant source radiation;
(b) envelope of times to failure obtained for horizontal cylindrical pressurized vessels (1.5 to 2.5 MPa design pressure) under
distant source radiation
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Figure 4. Comparison between ttf of pressurized vessels with and without thermal shielding. A 50 mm thick glass wool coating was
used for the simulations

b [s] ¼ second fitting coefficient for the
radiation/time to failure correlation
c [-] ¼ first probit coefficient
d [-] ¼ second probit coefficient
D/H [-] ¼ diameter/height ratio for atmospheric
tanks
I [Wm22] ¼ radiation intensity
LOPA [-] ¼ layer of protection analysis
ttf [s] ¼ time to failure
ttfnp [s] ¼ time to failure of the uninsulated
vessel
ttfpl [s] ¼ time to failure of the insulating coating
layer
ttfpv [s] ¼ time to failure of the insulated vessel

delayed activation, possible damage in the primary event,
possible failures of critical components. Therefore, passive
protection of pressurized storage tanks is normally adopted
to mitigate the effects of external fires. It is thus important
to take into account the role of passive protections in the
determination of vessel time to failure.
A preliminary analysis of the influence of the thermal
insulation layer, performed assuming full engulfment conditions of pressurised vessels, evidenced that the time to
failure of insulated vessels (ttfpv) could be obtained simply
adding the time to failure of the insulation layer (ttfpl) and
the time to failure of the uninsulated vessel (ttfnp) without
introducing a relevant error:
ttf pv ¼ ttf np þ ttf pl

(3)

Thus, the effect of a protection layer on the vessel
may be accounted with sufficient precision simply adding
a further term to the ttf estimated for the unprotected
vessel. In Figure 4 an example of simulation is reported
for a 50 mm thick glass wool coating on the vessel.
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PRAGMATIC ASSESSMENT OF EXPLOSION RISKS TO THE CONTROL ROOM BUILDING
OF A VINYL CHLORIDE PLANT
L.P. Sluijs1, B.J. Haitsma1 and P. Beaufort2
1
Vectra Group Ltd.
2
Shin-Etsu (contact details: Vectra Group Ltd., Laan Copes van Cattenburch 139, 2585 GA Den Haag, The Netherlands;
Tel.: þ31 (0)70 311 0170, e-mail lucassluijs@vectragroup.co.uk)
The potential explosion risks of a vinyl chloride plant were investigated with respect to the control
room building. The risks of explosion to the control room building were determined by combining
the possible effects of explosions with the leak frequency of flammable substances in the plant.
The results, in the form of an explosion exceedance curve and a building risk FN-curve, were
used to assess the risks and ultimately led to recommendations regarding the use of the control
building. This paper presents an overview of the pragmatic approach used to conduct an explosion
building risk assessment and illustrates the use of quantitative risk assessment as a practical tool for
investigating the risks to onsite personnel.

KEYWORDS: explosion, building risk assessment, exceedance curve

with the probability of occurrence. Essentially, the following approach was taken:

INTRODUCTION
Shin-Etsu PVC B.V. (Botlek, The Netherlands) produces
vinyl chloride monomer for the manufacture of PVC products. The plant was built in the seventies with its control
room building located adjacent to the plant that processes
various toxic and flammable substances. This situation
seems, given the increased explosion risk awareness in the
industry, unfavourable due to possible explosion risks of
the plant. An explosion exceedance study was performed
to quantify these risks.
The exceedance methodology quantifies the frequency
for explosions exceeding a certain value by combining the
explosion occurrence frequency distribution, with the probability that the explosion load exceeds this value. This probabilistic approach results in a more realistic estimation of
the explosion risks compared with traditional methods
using the maximum worst case explosion overpressure only.
In the Netherlands quantitative risk assessments tend
to focus on risks to offsite people in the surrounding area
only. In this study a quantitative risk assessment was used
to investigate the risks to onsite personnel.
In this paper the methodology of the explosion exceedance study is described and the results, conclusions and
follow up from this assessment are discussed.

A.
B.
C.
D.
E.
F.
G.

Identification of congested areas in the plant;
Determination of release frequencies of flammable
substances;
Determination of the size and extent of flammable gas
or vapour clouds;
Determination of ‘filling degree’ of congested areas
per release;
Calculation of the explosion overpressure at the
control room building;
Determination of the explosion probabilities;
Presentation of the risks for the control room building.

The following sections expand on the pragmatic way
of performing these steps of the assessment. This approach
is also described in the scheme given in figure 1.

IDENTIFICATION OF CONGESTED AREAS
IN THE PLANT
13 areas were identified in the plant, which provide a means
for pressure development during the combustion of a gas
or vapour cloud. In order to calculate possible explosion
effects using the consequence modelling software FRED
[4], these areas are characterised by region dimensions
(length, width and height), number of rows of obstacles in
each direction (number of grids) and the blockage of the
rows of obstacles in each direction (blockage ratio). The
presence of a roof is also specified.

METHODOLOGY
Potential explosion hazards are caused by accidental leakages of flammable substances, which are used in the
process. Among these are vinyl chloride monomer (VC),
ethylene dichloride (EDC), propylene, ethylene and hydrogen. Explosion overpressures are generated when flammable
vapours are ignited and the flames propagate through a
congested area. The control room building is located next
to the plant and explosion overpressures could cause
damage to the control room building.
The risks to the control room building were determined by combining the possible effects of explosions

DETERMINATION OF RELEASE FREQUENCIES
OF FLAMMABLE SUBSTANCES
A count of main equipment items containing flammable substances of the plant was performed based on the Process
Flow Diagrams to determine the release frequencies.

1
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Figure 1. Overview methodology

It was assumed that each piece of equipment also consisted
of piping, valves, flanges and instrument connections. The
length of piping and number of valves, etc. was based on
experience and checked against P&ID-s of several important main equipment items.
Each equipment item has a probability that a release
of the contents will take place. The release frequencies
are divided into small (3 –9 mm hole size), medium
(10–30 mm hole size) and large releases (.30 mm hole
size). Very small hole sizes (,3 mm) were considered to
lead to a release which would not result in an explosion in
the (naturally) ventilated congested areas and are therefore
excluded in this assessment.

The equipment was specified by location and flammable substance. Release locations were defined within the
plant, for which the same process conditions are assumed
for each present flammable substance. Apart from the congested areas identified in step A, 19 additional release
locations were identified from which a flammable cloud
can drift to the congested areas. So in total there are 32
release locations. The final result of step B is that for each
release location a release frequency is calculated per flammable substance.
Two cases were considered with respect to the failure
frequencies. In Case A the determination of release frequencies per equipment item was based on E&P Forum data [3],

2
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The result of step D is that for each release the filling
degree of all congested areas is calculated. The filling
degree ranges from 0 to 100%.

Table 1. Frequencies of small, medium and large releases
Frequency (per year)

Hole size
Small (3 – 9 mm)
Medium (9 – 30 mm)
large (.30 mm)

Case A: Oil &
gas statistics

Case B:
Shine-Etsu casuistry

1.07
0.45
0.26

1.07
0.15
0.03

CALCULATION OF THE EXPLOSION
OVERPRESSURE AT THE CONTROL
ROOM BUILDING
Explosions in the congested areas are modelled with the
Congestion Assessment Method (CAM) in FRED [4],
using the filling degree calculated in step D as well as
explosion parameters of the flammable substance. These
calculations result in the potential explosion overpressure,
which is reached at the control room building for each
release depending on the weather conditions.
It should be noted that the FRED explosion modelling
is always using stoichiometric mixtures of flammable
vapour/gas and oxygen for the calculation of explosion
overpressure.

which are based on failure data from the Oil & Gas Industry.
These data differ from the experience of Shin-Etsu during
35 years of VC production. Therefore adjusted failure frequencies were also considered in this assessment, Case
B. The total frequencies of small, medium and large releases
are given in Table 1 for both cases.
DETERMINATION OF THE SIZE AND EXTENT OF
FLAMMABLE GAS OR VAPOUR CLOUDS
Dispersion calculations were performed with the Shell consequence modelling program FRED [4] to determine the dimensions of flammable gas or vapour clouds for each release,
based on the Lower Flammable Limit (LFL) of the released
material. These calculations were done considering three
standard weather conditions. The applied wind speeds were
based on a Vectra in-house model, in which the reduced
wind speeds in congested areas are taken into account.

DETERMINATION OF THE EXPLOSION
PROBABILITIES
Beside the probability of accidental releases (step B) the
explosion frequency is also determined by the probability
that delayed ignition occurs. The ignition probability used
in this assessment is based on a Vectra study [5] and is
dependent on the release rate.
The release direction influences the probability of a
release reaching a congested area. In this assessment it is
assumed that all releases are horizontal with a uniform
release direction orientation and that the probability of
release being towards a particular congested area is equal
to 1/12 (based on a wind rose of 12 sectors).
The dispersion of a release – and therefore the
explosion scenario – depends on the weather conditions.
The distribution of probabilities for weather conditions is
based on weather data collected [2] and is adapted for the
situation on a chemical plant [6]. This has resulted in a probability distribution for the three weather conditions as considered in this assessment and in which congested and
open areas are specified. These probabilities are used to calculate the probability of an explosion scenario.
A scheme for calculation of the explosion probability
for each release of a flammable substance is provided in
Figure 2.

DETERMINATION OF ‘FILLING DEGREE’ OF
CONGESTED AREAS PER RELEASE
In order to calculate the strength of an explosion, the ‘filling
degree’ of congested areas caused by a release is required.
The dimensions of a cloud from step C are used to calculate
the part of a cloud, which reaches a congested area. The
filling degree of congested area is then calculated by assuming a horizontal release leading to an ellipsoid shaped cloud.
For releases originating in congested areas the free cloud
volume was compared to the congested area volume to
determine the ‘filling degree’.
It should be noted that in the dispersion calculations
with FRED [4] the impact of obstacles can only be taken
into account via the surface roughness parameter. The
impact of large obstacles is considered by determining a
probability (yes/no) of a release in a certain location
reaching a congested area. This rough approach is based
on the location of an area given on the plot plan, showing
installations, buildings, etc.
This approach is not valid for areas, which contain air
coolers, because of the induced airflow rapidly dilutes the
flammable gas. For these areas the following simple, conservative approach is applied: if a release (mass per time) could
lead to a flammable concentration in the air flow sucked into
the air cooler area higher than the LFL, then maximum
filling degree is assumed. If the LFL is not reached, an
explosion cannot occur.

PRESENTATION OF THE RISKS FOR THE
CONTROL ROOM BUILDING
Explosion risks are determined by the combination of the
probability of explosion scenarios and the consequences of
these scenarios. The risks for the control room building
are presented as an explosion exceedance curve showing
the probability of exceeding an explosion overpressure at
the location of the control room building due to leakage
scenarios in the plant.
Comparison of explosion risk with building explosion
resistance has resulted in a building risk FN-curve showing a
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Release
frequency

×

per flammable
substance, per area
divided in small,
medium and large
releases

Weather
probability

divided in three
types of weather
conditions

Probability of a

Probability

congested area

ignition

× release reaching a × or delayed

taking account for
release direction
and obstacles

=

Explosion
probability

per release,
per weather condition,
per congested area

Figure 2. Explosion probability calculation scheme

graphic view of damage (fatalities in the building) versus the
probability of occurrence. In this graph the probability of
personnel being inside the control room has been taken
into account in the frequency of scenarios with a given
number of fatalities. The vulnerability of occupants in
the building to explosion overpressure was based on API
752 [1].
Note that in this approach the probability of serious
injury/fatality is assumed to be one when building collapse
takes place. This is considered to be conservative, because
survival voids are likely to be present after collapse of the
building and personnel may survive.

RESULTS
An excel-spreadsheet was made for processing the steps
described above: For each flammable substance in a particular area, three release scenarios (small, medium and large)
were considered for three different weather conditions,
leading to a probability of delayed ignition and an explosion
loading to the control room building for each congested area
on site.
The results of the risk calculations are shown in
Figures 3 and 4. In each figure the results of Case A
(failure frequencies derived from Oil & Gas statistics) and

Figure 4. In building fatality exceedance curves for two
release frequency data

Case B (failure frequencies based on Shin-Etsu casuistry)
are shown. The two lines in the exceedance curves are
considered as indicators of the range of the explosion risk.
From the calculations it was deducted that there are only
three congested areas close to the control room, which could
lead to an overpressure higher than 0.2 barg. These areas
present the main contributors to the risks. It was also concluded
that the releases from large hole sizes are dominating the
explosion risks to the control room building.
The results have been used to assess risk acceptance
and to identify mitigation measures with respect to the use
and location of the control room. The level of risks
calculated indicate that according to the acceptance criteria
used by Shin-Etsu, risk reduction measures need to be
considered. As a result of this study, the following actions
have been taken:
.

.
Figure 3. Explosion overpressure exceedance curves for two
release frequency data

4

The control room building is no longer used as a muster
area during emergency situations. The control room is
still considered a safe place for personnel present
during normal operations.
A detailed survey of explosion resistance of the building
has been initiated and measures have been proposed to
improve the pressure durability of the control room
building.
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Shin-Etsu have used this explosion exceedance study
to comply with Environmental Permit requirements, in
which an assessment of the explosion risks was required.
The study has been communicated with the Dutch authorities and they have not raised any objection to this study.
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CONCLUSIONS
The explosion risks of a vinyl chloride plant were investigated with respect to the control room building. The
results in the form of an explosion exceedance curve and a
building risk FN-curve were used to assess the risks and
ultimately led to recommendations regarding the use of
the control building. This study illustrates the use of quantitative risk assessment as a practical tool for investigating
the risks to onsite personnel.
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MODIFYING THE DOW FIRE & EXPLOSION INDEX FOR USE IN ASSESSING HAZARD
AND RISK OF EXPERIMENTAL SETUPS IN RESEARCH LABORATORIES
Niels Jensen
CAPEC, Dept. of Chemical Engineering, Technical University of Denmark, Kgs. Lyngby, Denmark
This paper presents an attempt at modifying the Dow Fire & Explosion Index for use in assessing
hazard and risk of experimental setups in research laboratories. The proposed modifications are
based on several years of systematic risk assessment of experimental setups at the Department
of Chemical Engineering at the Technical University of Denmark. The setups range is size from
small fume hood setups to large pilot plants, that may in fact be assessed by the Dow Fire &
Explosion Index.
The proposed changes to criteria for selection of penalties are described for both the special
process hazards factor and the special process hazards factor. The penalties are unchanged in
order to arrive at hazards levels similar to those in the original index.
Proposed modifications for the loss control credit factor are also described. Again the original
credit factors are maintained, by the activity or system needed to achieve a particular credit has
been modified. The modified hazard assessment procedure can then be used in conjunction with
the recently proposed Likely Loss Fire & Explosion Index (Jensen and Jørgensen, 2006) to assess
the risk of a particular experimental setup.
Examples of the application of the modified procedure to several experimental setups in the
Department of Chemical Engineering are presented.

1. Selection of the process unit that would have the greatest impact on the magnitude of a potential fire or
explosion.
2. Select the most hazardous material present during realistic operating scenario, and determine its material
factor. The material factor is a measure of potential
energy release from fire or explosion produced by
combustion or chemical reaction (Dow Guide, 1994).
3. Calculation of Fire & Explosion Index, which is a
measure of the degree of hazard associated with a particular process unit.
4. Calculation of the Loss Control Credit Factor (LCCF)
to obtain a more probable and realistic risk assessment
in terms of dollars at risk.
5. Analysis of the risk of equipment damage and other
financial loss from a fire or explosion in a particular
process unit.

table 1. For each hazard considered a range for the penalty
factor is given.
In addition to the facility design features some operational features are assessed and combined to the special
process hazards factor. The operational features assessed
are: toxicity of materials involved, operation at sub-atmospheric pressure, operation in or near flammable range,
dust explosion hazard, operating pressure, quantity of flammable or unstable material in process unit, corrosion possibilities, leakage possibilities, use of direct fire, hot oil usage,
and rotating equipment. For each of these operational
features the penalty ranges shown in table 2 are used.
The loss control credit factors used to account for features of the experimental setup or pilot plant aimed at reducing or controlling hazards fall in three categories: process
control credit factors, material isolation credit factors and
fire protection credit factors. An overview of the possible
loss control credit factors and their possible values are
shown in table 3.
When modifying the procedure for use in connection
with experimental research and teaching setup it is desirable
to retain the penalty factor ranges, and only modify the criteria for choosing a given size of penalty factor. Similarly
with respect to the loss control credit factors it is desirable
to retain the actual credit factor values, and only modify
the criteria for choosing them.

The third step involve the choice of penalty factors for
a number of facility design features, such on the how
exothermic or endothermic a reaction is, how material is
handled or transferred, weather the unit is indoor or otherwise enclosed, how accessible the unit is, and how easily
liquid may be drained from the area. These are combined
into the general process hazards factor, as shown in

GUIDING PRINCIPLES FOR MODIFICATION OF
CRITERIA FOR PENALTY FACTORS SELECTION
The general principle used in modifying the criteria for
determination of penalty factors has been, that penalty
factors related to phenomena, such as exothermic or
endothermic reactions have been left unchanged from the

INTRODUCTION
The Dow Fire & Explosion Index is widely used for the
assessment of relative hazards of different process units in
the chemical industry. The index provides a standard
approach for assessment of hazards due to facility design
and due facility operation. The general procedure for use
of the index is shown in figure 1. The application of the
F&EI involves a number of steps:

1
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Figure 1. Procedure for calculating Fire & Explosion Index and other risk analysis information (Dow Guide, 1994). The part enclosed
in the dashed line is the calculation of the index, while the part enclosed in a dash-dot line is the estimation of other risk analysis
information

criteria stated in the Dow Guide (1994), while criteria
clearly dependent on quantities or areas, such as quantity
of flammable/unstable material, have been adapted for use
in laboratory and pilot plant setups. Also the word
‘process unit’ has been changed to ‘experimental setup’ or
just ‘setup’, which is meant to cover both setups in laboratories and pilot plants.

chemical reaction penalty factors are unchanged, while the
criteria for choosing the other penalty factors related to
general process hazards have been modified. The criteria
for the transfer and handling of material penalty factor
have been change to focus on the hazards associated
with the connection and disconnection of pressurized gas
cylinder often associated with experimental setups in
laboratories as well as the plastic containers frequently
used to store materials. The criteria for the access penalty
factor has been modified to reflect the smaller size of
laboratories and associated storage facilities, compared
to production unit, and the drainage and spill control
penalty factor has been adapted to reflect normal design of

MODIFICATION OF CRITERIA FOR GENERAL
PROCESS HAZARDS PENALTY FACTORS
Thus with respect to the general process hazards the criteria
for the exothermic chemical reaction and the endothermic
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Table 1. Penalties for calculation of the general process
hazards factor. This factor is the sum of the base penalty
factor and the other relevant penalty factors. If a penalty
factor is not relevant a value of zero is assumed, e.g. for
outdoor units the penalty ‘Indoor or otherwise enclosed
facility’ is zero. Source of ranges is the Dow Guide (1994).
Penalty factors for which the selection criteria have been
adapted to the laboratory and pilot plant environment are
indicated by ‘ ’ after the description
Penalty factor description

Value/range

Base penalty factor
Exothermic chemical reactions
Endothermic chemical reactions
Handling and transfer of materials
Indoor or otherwise enclosed facility
Access to facility
Liquid drainage from area

1
0.30 to 1.25
0.20 to 0.40
0.25 to 1.05
0.25 to 0.90
0.20 to 0.35
0.25 to 0.50

Table 3. Loss control credit factors. The overall credit factor is
the product of these. If a credit factor is not relevant a value of
1.00 is assumed. Sources of information is the Dow Guide
(1994). Credit factors for which the selection criteria have
been adapted to the laboratory and pilot plant environment
are indicated by ‘ ’ after the description
Credit factor description
Emergency power
Cooling
Explosion control
Emergency shutdown
Computer control
Inert gas
Operating procedures
Reactive chemical review
Other process hazard
analysis
Remote control valves
Dump / Blow down
Drainage
Interlock
Leak detection
Structural steel
Fire water supply
Special systems
Sprinkler systems
Water curtains
Foam
Hand extinguishers
Cable protection

floors in laboratories and pilot plants, where features
such as diking and impounding basin are generally not
relevant.
As an example the wording of the criteria for selection of the drainage and spill control penalty factor has
been changed to the following:
This penalty is only applied if the material in
the experimental setup has a flash point below
60 C or if the material is being used above its
flash point.
Table 2. Penalties for calculation of the special process
hazards factor. This factor is the sum of the base penalty
factor and the other relevant penalty factors. If a penalty
factor is not relevant a value of zero is assumed, e.g. if direct
fired equipment is not used, then the penalty ‘Use of direct
fired equipment’ is zero. Source of ranges is the Dow Guide
(1994). Penalty factors for which the selection criteria have
been adapted to the laboratory and pilot plant environment
are indicated by ‘ ’ after the description
Penalty factor description

Value/range

Base penalty factor
Toxicity of material used
Operation af sub-atmospheric pressure
Operation in or neat flammable range
Dust explosion hazard
Operating pressure
Low temperature operation
Quantity of flammable or unstable material
Corrosion
Leakage
Use of direct fired equipment
Hot oil exchange system
Rotating equipment

1
0.20 to 0.80
‘0.50
0.30 to 0.80
0.25 to 2.00
0.16 to 1.50
0.20 to 0.30
0.12 to 4.00
0.10 to 0.75
0.10 to 1.50
0.00 to 1.00
0.15 to 1.15
‘0.50

Values
1.00, 0.98
1.00, 0.99, 0.97
1.00, 0.98, 0.84
1.00, 0.99, 0.98, 0.96
1.00, 0.99, 0.97, 0.93
1.00, 0.96, 0.94
1.00 – 0.91
1.00, 0.98, 0.91
1.00, 0.98, 0.96, 0.94, 0.93, 0.91
1.00,
1.00,
1.00,
1.00,
1.00,
1.00,
1.00,
1.00,
1.00,
1.00,
1.00,
1.00,
1.00,

0.98, 0.96
0,98, 0.96
0.95, 0.91
0.98
0,98, 0,94
0.98,
0.97, 0.94
0.91
0.97, 0.87, 0.84, 0.81, 0.74
0.98, 0.97
0.97, 0.95, 0.94, 0.92
0.98, 0.97, 0.95, 0.93
0.98, 0.94

Penalties are selected as follows:
1.

2.

A floor, which is designed to prevent a spill from
spreading to other experimental setup areas, receives a
penalty of 0.50.
A general floor, which allows a spill to spread to other
experimental setup areas, receive a penalty of 0.50.

The wording of all criteria for selection of general
process hazards penalty factors is available as supplementary material from the author.

MODIFICATION OF CRITERIA FOR SPECIAL
PROCESS HAZARDS FACTORS PENALTY
FACTORS
As far as the special process hazards are concerned the
criteria for the following penalty factors have been left
unchanged: toxic material penalty factor, sub-atmospheric
pressure penalty factor, operations in or near flammable
range penalty factor, dust explosion penalty factor, low
temperature penalty factor and the direct fired equipment
penalty factor. The remainder, i.e. the operating pressure
penalty factor, the quantity of flammable or unstable
material penalty factor, the corrosion penalty factor, the
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leakage penalty factor, the hot oil exchange system penalty
factor and the rotating equipment penalty factor, have
been adapted for use in laboratories and pilot plants. Most
adaptation relates to amounts of material and areas.
As an example the wording of the criteria for choosing the rotating equipment penalty factor have been changed
to the following:

MODIFICATION OF CRITERIA FOR LOSS
CONTROL CREDIT FACTORS
Loss control credit factors are intended to account for features in the experimental setup or pilot plant, which based
on experience have proven beneficial both in preventing
serious incidents and in reducing the probability and magnitude of a particular incident. The intent of the loss control
credits is to reduce the dollars at risk to a more probable
and realistic value. Thus only features that will actually
contribute to reducing or controlling the setup hazards
being analyzed should be considered.
The overall loss control credit is the product of all the
relevant loss control credit factors. Thus credit factors are
multiplied, whereas penalty factors are added.

This penalty factor recognizes the hazard
exposure of experimental setups incorporating
large pieces of rotating equipment. Although
formulas have not been developed for evaluating all types and sizes of rotating equipment,
there is statistical evidence indicating that
pumps and compressors beyond a certain size
are likely to contribute to a loss incident. For
use on experimental setups in laboratories and
pilot plants the equipment sizes, which trigger
this penalty has been arbitrarily reduced.

APPLICATION EXAMPLES
Two different application examples for the laboratories of
the Department of Chemical Engineering at the Technical
University of Denmark will be presented: A pectine extraction exercise and an ammonia absorption exercise.

A penalty of 0.50 is applied to experimental setups
that utilize or are:

PECTINE EXTRACTION EXERCISE
Pectine is an important material in the food industry. It is
found in the peel of different fruits and can be extracted
into a hot slightly acid solution, from which the pectine is
precipitated after filtration by adding an alcohol. The flow
diagram for the exercise is shown in figure 2.
The alcohol used in the exercise is isopropanol, which
according to the Dow Guide (1994) has the material factor
and properties listed in table 4.

1. A compressor with an effect of 100 hp or more.
2. A pump with an effect of 10 hp or more.
3. Agitators (mixers) and circulating pumps in which
failure could create an exotherm due to lack of
cooling from interrupted mixing or circulation of
coolant or due to interrupted and resumed mixing.
4. Other large high speed rotating equipment with a
significant loss history, e.g. centrifuges.
The wording of all criteria for selection of special
process hazards penalty factors is available as supplementary material from the author.

AMMONIA ABSORPTION EXERCISE
Ammonia is an important industrial chemical, which over
the years have caused signicant losses both in terms of

Figure 2. Flow diagram of pectine extraction exercise in the unit operations laboratories of the Department of Chemical Engineering
at the Technical University of Denmark. The elipses show the different batch vessels involved, and the square boxes the steps
performed in each vessel
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Table 4. Material factor and other information about isopropanol
needed for application of Dow Fire & Explosion Index

Table 6. Material factor and other information about ammonia
needed for application of Dow Fire & Explosion Index

Material factor
Heat of combustion, Btu/lb/kJ/kg
NFPA Health Classification
NFPA Flammability Classification
NFPA Reactivity Classification
Flash Point, deg F/deg C
Boiling Point, deg F/deg C

Material factor
Heat of combustion, Btu/lb/kJ/kg
NFPA Health Classification
NFPA Flammability Classification
NFPA Reactivity Classification
Flash Point, deg F/deg C
Boiling Point, deg F/deg C

16
13100/30470
1
3
0
53/12
181/83

4
8000/18595
3
1
0
Gas
228/233

Table 5. Summary of results of modified F&EI calculations for Q1 Table 7. Summary of modified F&EI calculations for the
the pectine extraction setup. The M-F&EI corresponds to an
ammonia absorption exercise including the LL-F&EI information
intermediate degree of hazard, and the LL-F&EI corresponds
1.80
General Process Hazards Factor, F1
to a moderate degree of risk
Special Process Hazards Factor, F2
1.80
General Process Hazards Factor, F1
Unit Process Hazards Factor, F3
2.30
3.24
Special Process Hazards Factor, F2
Modified Fire & Explosion Index
13
3.29
Process Control Credit Factor, C1
Process Unit Hazards Factor, F3
7.57
0.95
Modified Fire and Explosion Index, M-F&EI
121
Material Isolation Credit Factor, C2
1.00
Process Control Credit Factor, C1
Fire Protection Credit Factor, C3
0.95
1.00
Material Isolation Credit Factor, C2
Loss Control Credit Factor, LCCF
0.95
1.00
Damage Factor, DF
0.08
Fire Protection Credit Factor, C3
0.95
Likely Loss-Fire & Explosion Index, LL-F&EI
2
Loss Control Credit Factor, LCCF
0.91
Damage Factor, DF
0.66
Likely Loss-Fire & Explosion Index, LL-F&EI
43

laboratories, research laboratories and pilot plants. The
resulting procedure is called the modified fire and explosion
index or M-F&EI.
The modified fire and explosion index has been
applied to two experimental setups in a university unit operations laboratory: a pectine extraction batch process and an
ammonia absorption process. The application of the procedure shows that these setups represents an intermediate
and a light hazard respectively. Further calculation of the
LL-F&EI (Jensen and Jørgensen, 2006) indicate the two
setups represents a moderate and a light risk. These results
are what one would expect based on sound engineering
judgement, and indicates the modification of the penalty
assessment criteria are reasonable.
The M-F&EI presented here together with the
LL-F&EI presented by Jensen and Jørgensen (2006)
allows chemical engineers to receive practical training in
the application of the procedures of an index such as the
Dow Fire and Explosion Index by applying it to familiar
unit operations setups in university laboratories and hence
be better prepared to participate in risk assessment work
in their future places of employment.

equipment and in human terms. In this exercise the process
of continuous absorption of gasious ammonia in a water
stream is investigated. Key information about ammonia
from the Dow Guide (1994) is reproduced in table 6. The
ammonia is evaporated from a pressurized gas cylinder
and passed to an absorption column to be absorbed in a
stream of water. An after-absorber prevents the release of
ammonia to room. During normal operation the amount of
ammonia in the air strem is around 3%, while the LEL
and UEL are 15% and 28% respectively. Based on the solubility of ammonia in water stream during normal experimental conditions is at least 30 times what is need to
adsorp all the ammonia.
The main risk associated with the ammonia absorption exercise is the release of ammonia to the laboratory
environment due to incorrect setting of flowrates. For this
reason face masks with ammonia filters are located just
outside the experimental area. The key results from the calculation of the modified fire and explosion index for the
ammonia absorption setup are summarized in table 7, and
they show that this setup represents an intermediate
degree of hazard according the Dow Guide (1994). The
results also indicate, that this setup represents a small risk.

REFERENCES
1. (1994) “Dow’s Fire & Explosion Index Hazard Classification Guide” (F&EI Guide), 7th Edition, The American
Institute of Chemical Engineers, New York.
2. Jensen, N.; and Jørgensen, S.B. (2006): “Taking credit for
loss control measures in the plant with the Likely Loss Fire
and Explosion Index (LL-F&EI)”, Process Safety and
Environmental Proctection, In Press.

CONCLUSIONS
The criteria for assessment of special process hazard penalties and special process hazard penalties of in the Dow
Guide (1994) has been modified to be more suitable for
experimental setups, such as those found in unit operations
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2.

A penalty of 0.50 is applied to any setup, where the
introduction of air during manual addition of some
ingredients into batch reactors, batch mixers or centrifuges may create a flammability or reactivity hazard.
3. A penalty is applied to any storage of various items
based on the materials fire hazard:
a. A penalty of 0.85 is applied to flammable gases
and liquids with NFPA flammability ratings of 3
or 4 for materials stored in drums, cylinders,
aerosol cans or portable flexible container, i.e.
plastic bottles of any size. Examples are pressurized gas cylinders and liter sized glass or plastic
containers near experimental setups.
b. A penalty of 0.65 is applied to flammable solid
with NFPA flammability rating of 3, e.g. foam,
fiber, powder including rubber goods such as
tires, boots, styrofoam plastics, methocel cellulose
ethers in dust/leak-free packages.
c. A penalty of 0.40 is applied to flammable solid
with NFPA flammability rating of 2, e.g. course
granular material such as plastic pellets, rack
storage, wood pallets and non-dusting ground
material such as polystyrene.
d. A penalty of 0.25 is applied to flammable liquids
with a closed cup flash point above 37.8 C and
below 60 C.
e. A penalty of 0.20 is added to any a situation, where
any of the above mentioned materials are stored on
racks without in-rack sprinklers. Examples are
storage in a ventilated chemical storage cabinet
or other storage facility with racks.

APPENDIX A PENALTY FACTOR
DETERMINATION FOR EXPERIMENTAL SETUPS
EXOTHERMIC CHEMICAL REACTION
PENALTY FACTOR
The criteria for choosing the exothermic chemical reaction
penalty factor are unchanged from those stated in the Dow
Guide (1994). This penalty factor only applies if a chemical
reaction takes place in the experimental setup, i.e. a reactor
is present.
1. Mild exotherms require a penalty of 0.30. Examples of
mild exotherms are hydrogenations, isomerizations,
sulfonations, neutralizations and hydrolysations. For
further details and examples of these types of reactions
see page 16 in the Dow Guide (1994).
2. Moderate exotherms require a penalty of 0.50.
Examples of moderate exotherms are alkylations, esterifications, oxidations, polymerizations, condensations
and additions. For further details and examples of
these types of reactions see page 16 in the Dow Guide
(1994).
3. Critical-to-control exotherms require a penalty of 1.00.
An example of this type of reaction is halogenations.
For further details see page 16 in the Dow Guide (1994).
4. Particularly sensitive exotherms require a penalty of
1.25. An example of this type of reaction is nitrations.
For further details see page 16 in the Dow Guide (1994).
ENDOTHERMIC CHEMICAL REACTION
PENALTY FACTOR
The criteria for choosing the endothermic chemical reaction
penalty factor are unchanged form those stated in the Dow
Guide (1994). This penalty only applies if a chemical reaction takes place in the experimental setup, i.e. a reactor is
present.

INDOOR OR OTHERWISE ENCLOSED AREA
PENALTY FACTOR
The criteria for choosing the Indoor or otherwise Enclosed
Area Penalty Factor are changed from the Dow Guide (1994).
This penalty factor applies to any indoor experimental setup.

1. A penalty of 0.40 is required for calcinations. For
further details see page 17 in the Dow Guide (1994).
2. A penalty of 0.20 is required for electrolysis. For further
details see page 17 in the Dow Guide (1994).
3. A penalty of 0.20 or 0.40 is required for pyrolysis or
cracking reactions. The higher penalty apply to direct
fired systems.

1.
2.

3.
TRANSFER AND HANDLING OF MATERIAL
PENALTY FACTOR
The criteria for choosing the transfer and handling of
material penalty factor has been changed form those
stated in the Dow Guide (1994). This penalty factor only
applies to setups involving transfer of material to/from
storage or the actual warehousing of a material.

A penalty of 0.50 is applied to dust filters and collectors
located inside an enclosed area.
A penalty of 0.30 is applied to any process in which
flammable liquids are handled at temperatures above
their flash point in an enclosed area.
A penalty of 0.60 is applied to any process in which
liquefied petroleum gas (LPG) or any flammable
liquids are handled at temperatures above their boiling
point in an enclosed area.

Where a properly designed mechanical ventilation
has been installed the penalties listed under 1 and 3 above
may be reduced by 50%.

1. A penalty of 0.50 is applied to any setup involving the
connection and disconnection of transfer lines for class
I flammable or LPG-type materials. This applies e.g. to
disconnection and connection of pressurized gas
cylinders containing the indicated type of gases to the
setup.

ACCESS PENALTY FACTOR
The criteria for choosing the Access Penalty Factor are
changed from the Dow Guide (1994). This penalty factor
should be considered for all indoor experimental facilities.
Usually emergency access from at least two sides is
considered a minimum requirement.

6
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All laboratory areas over 50 m2 not having adequate
access receive a penalty of 0.35. All warehouses over
50 m2 not having adequate access receive a penalty of 0.35.
Areas smaller than the above mentioned may receive
a penalty of 0.20 if sound engineering judgment indicates
the potential for fire control problems due to inadequate
access.

Note: These factors are for emergency response situations.
They are not intended to be used in industrial hygiene or
environmental situations.
SUB-ATMOSPHERIC PRESSURE PENALTY FACTOR
The criteria for choosing the sub-atmospheric pressure
penalty factor are unchanged from those stated in the Dow
Guide (1994). This penalty applies to experimental conditions where leakage of air into a system could create a
hazardous situation. A hazardous situation could occur if
air comes in contact with moisture-sensitive or oxygen sensitive materials or if air is mixed with flammable vapors in a
closed system. In either of these situations and if the
pressure is less than 500 mm Hg, then a penalty of 0.50 is
applied.
Typical units where this penalty is applied are: stripping operations, compressors (some times) and distillations
(a few times).
If this penalty is applied, then one should be careful
not to duplicate or repeat by applying either the Operations
In or Near Flammable Range Penalty Factor or the Relief
Pressure Penalty Factor.

DRAINAGE AND SPILL CONTROL PENALTY
FACTOR
The criteria for choosing the Drainage and Spill Control
Penalty Factor are changed from the Dow Guide (1994).
This penalty factor applies if the material in the experimental setup has a flash point below 60 C or if the material is
being used above its flash point.
Penalties are selected as follows:
1. A floor, which is designed to prevent a spill from
spreading to other experimental setup areas, receives a
penalty of 0.50.
2. A general floor, which allows a spill to spread to other
experimental setup areas, receive a penalty of 0.50.
TOXIC MATERIAL PENALTY FACTOR
The criteria for choosing the toxic material penalty factor
are unchanged from those stated in the Dow Guide (1994).
Toxic materials can complicate the emergency response,
by reducing the ability of emergency response personnel
to investigate or mitigate damage during an incident. Use
a penalty of 0.20 times the NFPA health factor. For mixtures, use the component with the highest NFPA health
factor.
The NFPA health factor, NH, of a material is defined
in NFPA 704 or given in NFPA 325M or NFPA 49. The
health factor of many materials may be found in Appendix
A of the Dow Guide (1994). For new materials an industrial
hygiene specialist should be consulted.
The following are the definitions of the health factor,
as given in NFPA 704:

OPERATIONS IN OR NEAR FLAMMABLE RANGE
PENALTY FACTOR
The criteria for choosing the operations in or near flammable
range penalty factor are unchanged from those stated in the
Dow Guide (1994). This penalty factor is applied to certain
operating conditions which can cause air to enter and be
entrained into the system, and thereby lead to the formation
of flammable mixtures, which creates a hazard. The following conditions are covered:
1.

NH ¼ 0 Materials that on short exposure under fire
conditions would offer no hazard beyond
that of ordinary combustible materials.
NH ¼ 1 Materials that on short exposure could
cause irritation but only minor residual
injury, including those requiring the use of
an approved air-purifying respirator.
NH ¼ 2 Materials that on intense or short
exposure could cause temporary
incapacitation or possible residual injury,
including those requiring the use of
respiratory protective equipment that has an
independent air supply.
NH ¼ 3 Materials that on short exposure could
cause serious temporary or residual injury,
including those requiring protection from
bodily contact.
NH ¼ 4 Materials that on very short exposure could
cause death or major residual injury.

2.

3.

7

A storage tank for liquids with an NPFA flammability
rating, NF, of 3 or 4, where air can be breathed into
the tank during pump-out or sudden cooling of the tank.
Open vent or non-inert gas padded operating
pressure-vacuum relief system, i.e. a system to protect
a vessel from destruction by vacuum.
Storage of combustible liquids at temperatures above
their closed cup flash points without inerting.
Either of these 3 situations require a penalty of 0.50.
If an inerted, closed vapor recovery system is used
and its air-tightness can be assured, no penalty is
applied.
Experimental equipment or storage tanks that could be
in or near the flammable range only in the event of
instrument or equipment failure require a penalty of
0.30.
Any experimental equipment that relies on inert purge
to keep it out of the flammable range requires a penalty
of 0.30. This also applies to padded parges and tank cars.
No penalty is applied if a Sub-Atmospheric Pressure
Penalty Factor already has been taken.
Equipment or operations that are by nature always in or
near the flammable range, either because purging is not
practical or because it was elected not to purge, receive
a penalty of 0.80.
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where X is the operating pressure in kPag and Y is the
penalty factor. For pressures above 6895 kPag use the
following table:

DUST EXPLOSION PENALTY FACTOR
The criteria for choosing the dust explosion penalty factor
are unchanged from those stated in the Dow Guide (1994).
The maximum rate of pressure rise and maximum pressure
generated by a dust are largely influenced by the particle
size. In general, the finer the dust, the greater the hazard
because of the rapid rate of pressure rise and maximum
pressures attained.
The penalties listed in this section are intended to
apply to any experimental setup involving dust handling
operations: transferring, blending, grinding, bagging, etc.
All dusts have a particle size range. For determination
of the penalty use the 10% size, i.e. the particle size at which
90% of the dust is courser and 10% is finer.
Unless dust explosion testing has shown that no dust
explosion hazard exist, dust penalties should be applied, as
listed in the following table:

Pressure, kPag
6,895
10,343
13,790
17,238
20,685 to 68,950
.68,950

,75
75 to 100
100 to 150
150 to 175
.175

Tyler mesh size

Penalty

.200
150 to 200
100 to 150
80 to 100
60 to 80

2.00
1.25
0.75
0.50
0.25

Penalty

1,000
1,500
2,000
2,500
3,000 to 10,000
.10,000

0.86
0.92
0.96
0.98
1.00
1.50

The above equation and table can be used directly to
determine penalties for flammable and combustible liquids
with a flash point below 60 C. For other materials the
penalty must be adjusted as follows:
1.

Particle size, microns

Pressure, psig

2.

3.

For highly viscous materials such as tars, bitumen,
heavy lubricating oils and asphalts, multiply the
penalty by 0.70.
For compressed gases used alone or flammable liquids
pressurized with any gas above 103 kPag, multiply
the penalty by 1.2.
For liquefied flammable gases – including all other
flammable materials stored above their boiling point,
multiply the penalty by 1.3.

There is no penalty for extrusion and molding
operations.
The final penalty is adjusted based on the relief pressure
set point. First find the penalty associated with the operating
pressure from the above equation. Then determine the
penalty associated with the pressure steeping of the relief
device using the same equation. Divide the operating pressure
penalty by the relief pressure penalty to get the penalty adjustment factor. Multiply the operating pressure penalty with just
adjustment factor to get the final pressure penalty factor.
Thus, credit is given for having a relatively high relief
pressure steeping and vessel design pressure. Note that it is
often advantageous to set the relief pressure close to the
vessel design pressure. For example, reactions in a volatile
solvent, especially in a gassy, unwanted higher temperature
reaction can be avoided by setting the relief pressure so
that the solvent can boil and remove heat before the higher
temperature is reached. Computer simulation is generally
used, based on reactive chemicals or other kinetic data, to
decide whether a low relief pressure is desirable. However,
this is not always desirable in some reactive systems.
For some special situations, it is advantageous to
increase the design pressure of a pressure vessel to minimize
the likelihood of release and in some special cases perhaps
containment of the maximum expected pressure can be
obtained.

If the equipment is inerted, then the penalty is reduced
by 50%.

OPERATING PRESSURE PENALTY FACTOR
The criteria for choosing the operating pressure penalty
factor have been adjusted for errors in the Dow Guide
(1994). Where operating pressure is above atmospheric, a
penalty is applied due to the higher release rates caused by
higher pressure in the event of a leak. The concern is the
possibility of failure of some component in the experimental
setup causing the release of flammable materials. The operating pressure penalty evaluates the specific spill hazard
potential at different pressure levels. Relief pressure also
affects dispersion characteristics. Since the spill potential
greatly increases at higher pressures, equipment design and
maintenance become more critical as the operating pressure
increases.
Systems operating at pressures above 20685 kPag
(3000 psig) are outside the range of standard pressure
vessel codes, such as ASME Code for Unified Pressure
Vessels, Section VIII, Division I. For such systems, lens
ring joints, cone seats or equivalent closures must be used
in the flange design.
To determine the operating pressure penalty factor
the following equation applies in the range from 0 to
6895 kPag:

LOW TEMPERATURE PENALTY FACTOR
The criteria for choosing the low temperature penalty factor
are unchanged from those stated in the Dow Guide (1994).
This section makes allowances for the possible brittleness



Y ¼ 0:16109 þ 1:61503 (X=6895)
 1:42879  (X=6895)^ 2 þ 0:5171  (X=6895)^ 3
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or carbon steel or other metals that may be exposed to temperatures at or below their ductile/brittle transition temperatures. If a careful evaluation has been made and no
possibility of temperatures below the transition temperature
exists due to normal or abnormal operating conditions, no
penalty would is applied. It would be very rare to have a
vessel designed with this potential. New vessel design
would avoid the low temperature hazard.
The usual method of determining the transition
temperature is to test samples of the metal used in the fabrication of the experimental setup, using a standard Charpy
Impact test to determine that the design, and therefore, operating temperature is above the transition temperature.
Proper design should avoid these low temperature process
conditions.
The following penalties are applied:

within 10 minutes. Common sense must be used in
judging how much material may be released. Experience
has shown that this amount can be reasonably estimated
by taking the larger of the following:
i. The quantity of material in the experimental setup.
ii. The quantity of material in the largest connected
facility.
Any connected facility that can be isolated by closure
valves operable from a remote location in times of emergency is removed from consideration.
Before accepting this approximation of the quantity of
material in the setup, the question to be asked is “What is
the maximum probable quantity that could be spilled?”
If using good engineering judgment and familiarity
with the setup, it is determined that a number which is
significantly different from the above, use the latter
number, being sure to document its validity. Remember,
good judgment and setup familiarity will always lead to
a more realistic approximation. Note, however, that if
instability (reactivity) is involved, the quantity of
concern is the quantity of material normally inside the
setup.
To obtain the total heat load in the setup the amount of
flammable/combustible material is multiplied by the
heat of combustion, HC of the material. This value
may be obtained from Appendix A of the Dow Guide
(1994) or from reactive chemical test data. The heat of
combustion of unstable materials, i.e. materials with
NFPA reactivity ratings of 2 or more, is taken as six
times the heat of decomposition or the heat of combustion, whichever is larger. Heats of decomposition can
also be obtained from reactive chemical test data.
The penalty may be calculated from the following
equation:

1. For experimental setups utilizing carbon steel construction and operated at or below the ductile/brittle transition
temperature, a penalty of 0.30 is applied. If no data is
available a 10 C transition temperature is assumed.
2. For materials other than carbon steel where the operating temperature is at or below the transition temperature, use a penalty of 0.20. Remember that no penalty
is applied if the material is appropriate for the lowest
possible operating temperature.
QUANTITY OF FLAMMABLE/UNSTABLE
MATERIAL PENALTY FACTOR
The criteria for choosing the quantity of flammable/
unstable material penalty factor are changed from those
stated in the Dow Guide (1994). This section considers
additional exposure to an area as quantities of flammable
and unstable material in the setup is increased. There are
three categories in this section, each evaluated by a separate
equation. Apply only one penalty for the entire section,
based on the material that was selected as the Material
Factor.

logY ¼ 0:17179 þ 0:42988  logX  0:37244  (logX)^ 2
þ 0:17712  (logX)^ 3  0:029984  (logX)^ 4

1. Liquids or Gases in Experimental Setup. This section
applies a penalty to a quantity of material that might
be spilled and create a fire hazard, or that might, on
exposure to fire, create a reactive chemical event. The
penalty applies to any operation, including pumping
into holding tanks, and is valid for the following
materials when they are selected as the Material Factor:
a. Flammable liquids and those combustible liquids
with a flash point below 60 C.
b. Flammable gases.
c. Liquefied flammable gases.
d. Combustible liquids with closed cup flash point
above 60 C when the operating temperature is
above the flash point of the material.
e. Reactive materials regardless of their flammability
with NFPA reactivity ratings of 2, 3 or 4.
In using this section, the first task is to determine the
amount of material in the process.
The penalty is based on the amount of fuel for a fire that
can be released from the setup or a connected facility

where X is the heat load of the setup in either 10^6 BTU
or 10^6 kJ. Compared with the Dow Guide (1994) the
heat load has been reduced by a factor of 1000 to
reflect the laboratory and pilot plant nature of the
setups. This means, for example, that a reboiler containing 400 liters of isopropanol will receive a penalty of
2.35.
2.

9

Liquids and Gases in Storage (Outside Experimental
Setup Area). Flammable and combustible liquids,
gases or liquefied gases in storage outside the experimental setup area receive a lower penalty than those
in the experimental setup area, since there is no involvement in the setup. Experimental setup involvement contributes to the probability of an incident. Material
Factor materials in this category include raw materials
in drums or tanks, material in tank farms and material
in portable containers and other containers.
This penalty is determined based on the total energy
content in kJ in any single storage vessel, i.e. the
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and for materials with a bulk density .160kg/m3 the
equation is:

product of the amount of material and the heat of combustion. In the case of portable containers, use the total quantity of material in all stored containers.
When two or more vessels are located in a common
dike which would not drain into an adequately sized
impounding basin, use the total energy content of all
the tanks within the dike to obtain the required penalty.
Unstable materials are evaluated in the same fashion as
similar materials in the experimental setup area.
The equation used for estimating the penalty depends
on the type of material. For liquefied gases the following
equation is used:

logY ¼ 0:358311 þ 0:459926  logX
 0:141022  (logX)^ 2 þ 0:02276  (logX)^ 3
where X is the amount of material in 10^3 kg. Compared with the Dow Guide (1994) the heat load has
been reduced by a factor of 500. Notice, that the Dow
Guide (1994) use pounds in this calculation.
CORROSION AND EROSION PENALTY FACTOR
The criteria for choosing the corrosion and erosion penalty
factor are changed from those stated in the Dow Guide
(1994). Although good design makes allowances for corrosion and erosion, and indoor equipment are less exposed
to weather corrosion, some corrosion/erosion problems
may still occur in certain experimental setups.
The corrosion rate is considered to be the sum of the
external and internal corrosion rates. Be sure not to overlook
the possible effects of minor impurities in the streams that
might cause greater than normal internal corrosion. Porosity
of bricks and imperfections in plastic linings are likely sites
for accelerated corrosion. The following penalties apply:

logY ¼ 0:289069 þ 0:472171  logX
 0:074585  (logX)^ 2  0:018641  (logX)^ 3
and for class I flammable liquid (flash point , 37.8 C) the
following equation is used:
logY ¼ 0:403115 þ 0:378703  logX
 0:046402  (logX)^ 2  0:015379  (logX)^ 3
and for the class of combustible liquids (37.8 C , flash
point , 60 C) the equation is:

1.
logY ¼ 0:558394 þ 0:363321  logX

2.

 0:057296  (logX)^ 2  0:010759  (logX)^ 3

3.
where X is the heat load of the storage in either 10^6 BTU
or 10^6 kJ. Compared with the Dow Guide (1994) the
heat load has been reduced by a factor of 1000, as for
materials in experimental setup area.
3. Combustible Solids in Storage or Dust in Experimental
Setup Area. This category covers the penalty requirements for various quantities of stored solids and for
dusts encountered in an experimental setup when the
solid or dust is the basis of the Material Factor. The
measurements used in the penalty assessment are the
density of the material and ease of ignition and its
ability to sustain flame.
The total weight in kilograms of stored solid or dust
contained within the experimental setup is used with the
equation given below to determine the penalty. If the
materials bulk density is less than 160 kg/m3, the first
equation is used, otherwise the second equation is
used. For unstable materials, i.e. those with NFPA
reactivity rating 2 or higher, use six times the actual
weight of material in the experimental setup area and
the first equation to determine the appropriate penalty.
For solids with bulk density ,160kg/m3 the
equation is:

4.

5.

For corrosion rates less than 0.013 mm/year with a risk
of pitting or local erosion, the penalty is 0.10.
For a corrosion rates between 0.013 mm/year and
0.025 mm/year, the penalty is 0.20.
For a corrosion rate higher than 0.025 mm/year the
penalty ins 0.50.
If there is a risk that stress-corrosion cracking might
develop, apply a penalty of 0.75. This is common in
experimental setups exposed to contamination by chlorine vapor over prolonged periods.
Where a lining is required to prevent corrosion, a
penalty of 0.20 is applied. However, if the lining is
simply to protect a product from developing color, no
penalty is taken.

At the 1999 SACHE Faculty Workshop in Freeport,
Texas representatives from Dow Chemicals recommended
always taking a minimum penalty of 0.10.

JOINTS AND PACKING PENALTY FACTOR
The criteria for choosing the joints and packing penalty
factor are changed from those stated in the Dow Guide
(1994). Gaskets, seals of joints or shafts and packing can
be sources of leaks of flammable or combustible materials,
particularly where thermal and pressure cycling occurs. A
penalty factor should be selected according to the design
of the experimental setup under study and the material
being used in the setup. The following penalties should be
applied:

logY ¼ 0:280423 þ 0:464559  logX

1.

 0:28291  (logX)^ 2 þ 0:066218  (logX)^ 3
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Where the pump and gland seals are likely to give some
leakage or a minor nature, the penalty is 0.10.
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2. For experimental setups known to give regular leakage
problems at pumps, compressors and flange joints, the
penalty is 0.30.
3. For processes in which thermal and pressure cycling
occurs, the penalty is 0.30.
4. If the material in the experimental setup is penetrating
in nature or is an abrasive slurry which can cause intermittent problems with sealing and if the experimental
setup uses a rotating shaft seal or packing, the penalty
is 0.40.
5. For any experimental setup that has sight glasses,
bellows assemblies or expansion joints, the penalty is
1.50.

If a piece of fired equipment is located within the
process area and there is a possibility that the material in
the unit selected as Material Factor could be released
above its flash point, a minimum penalty of 0.10 is required,
regardless of the distance involved.
Fired equipment with pressure burner design will
require only 50% of the penalty specified for standard
burner design, provided the air intake is 3 meter or more
above grade and is not exposed to potential sources or
spills from overhead. However, the 50% penalty cannot be
applied when the fired heater itself is the unit being
evaluated.
HOT OIL HEAT EXCHANGE SYSTEM
PENALTY FACTOR
The criteria for choosing the fired equipment penalty factor
are changed from those stated in the Dow Guide (1994).
Since most hot oil heat exchange fluids will burn and are
frequently used above their flash point or boiling points,
they represent an additional hazard in any experimental
setup that uses them. The penalties in this section are
based on the quantity of the heat exchange fluid used in
the setup being evaluated.
No penalty is applied if the hot-oil is noncombustible
or, if a combustible fluid, is always used below its flash
point. However, the possible formation of mists should be
considered.
The quantity used in the table below to determine the
penalty taken is the lesser of

At the 1999 SACHE Faculty Workshop in Freeport,
Texas representatives from Dow Chemical recommended
always taking a minimum penalty of 0.10.
FIRED EQUIPMENT PENALTY FACTOR
The criteria for choosing the fired equipment penalty factor
are unchanged from those stated in the Dow Guide (1994).
The presence of fired equipment in an experimental setup
adds an additional probability of ignition when flammable
liquids, vapors or combustible dusts are released. The
penalty is applied in one or two ways: 1) to the fired equipment itself when it is the unit subject to F&EI calculations,
and 2) to equipment in the vicinity of the fired equipment.
The penalty depends on the distance from a probable leak
point in the experimental setup to the air intake of the
fired equipment. The penalty is determined by entering the
distance from a potential leak source to the air intake of
the fired equipment using either of the following equations:
For any experimental setup in which the material of
the Material Factor could be released above its flash point
or in which the material of the Material Factor is a combustible dust, the following equation is used:

1.
2.

A 15-minute spill caused by a break in the line servicing
the experimental setup, or
The hot oil inventory within the active circulating hot
oil system.

The portion of the hot oil exchange system, that can
be classified as storage is not used in determining the
active capacity unless it is connected much of the time to
the setup. It is recommended that the F&EI for the hot oil
circulating system itself be determined, including the
active (not storage) tank, pumps and distribution/return
piping. These determinations have historically led to large
F&EI values. If the hot oil exchange system itself is the
unit being evaluated, no penalty is taken in this section.
However, if a fired hot oil heat exchange system is actually
located in the area of the unit being evaluated, the Fired
Equipment Penalty Factor will apply.
The hot oil heat exchange system penalty factor is
determined from the following table:

logY ¼ 3:3243  (X=64) þ 3:75127  (X=64)^ 2
 1:42523  (X=64)^ 3
and for any experimental setup in which the material of the
Material Factor could be released above its boiling point the
following equation is used:
logY ¼ 0:3745  (X=64)  2:70212  (X=64)2
þ 2:09171  (X=64)^ 3
where X is the distance in meters.
If the fired equipment itself is the unit being evaluated, the distance from the possible leak source becomes
zero. If the equipment is heating a flammable or combustible
material, the penalty is 1.00, even if the material is not being
heated above its flash point. The penalty is not applied to the
fire side.
However, any other situation covered by this section
involving a material processed below its flash point receives
no penalty.

Penalty
Quantity of
liquid, m3
,0.2
0.2 to 0.4
0.4 to 1.0
.1.0
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Liq. above
flash point

Liq. at or above
boiling point

0.15
0.30
0.50
0.75

0.25
0.45
0.75
1.15
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Compared with the Dow Guide (1994) the quantity of
liquid has been reduced by a factor of almost 100.

A penalty of 0.50 is applied to experimental setups
that utilize or are:

ROTATING EQUIPMENT PENALTY FACTOR
The criteria for choosing the rotating equipment penalty
factor are changed from those stated in the Dow Guide
(1994). This section recognizes the hazard exposure of
experimental setups incorporating large pieces of rotating
equipment. Although formulas have not been developed
for evaluating all types and sizes of rotating equipment,
there is statistical evidence indicating that pumps and compressors beyond a certain size are likely to contribute to a
loss incident. For use on experimental setups in laboratories
and pilot plants the equipment sizes, which trigger this
penalty has been arbitrarily reduced.

1.
2.
3.

4.

A compressor with an effect of 100 hp or more.
A pump with an effect of 10 hp or more.
Agitators (mixers) and circulating pumps in which
failure could create an exotherm due to lack of
cooling from interrupted mixing or circulation of
coolant or due to interrupted and resumed mixing.
Other large high speed rotating equipment with a significant loss history, e.g. centrifuges.

Compared with the Dow Guide (1994) the effect
limits have been reduced by a factor of 6–7.
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conditions become abnormal, initiating a shutdown
sequence, use a credit factor of 0.98.
For critical rotating equipment such as compressors,
turbines, fans, etc., that are provided with vibration detection equipment, use a credit factor of 0.99 if the equipment
only activates an alarm and a credit factor of 0.96 if it
initiates a shutdown.

APPENDIX B LOSS CONTROL CREDIT FACTORS
FOR EXPERIMENTAL SETUPS
EMERGENCY POWER CREDIT FACTOR
The criteria for choosing the emergency power credit factor
are unchanged from those stated in the Dow Guide (1994).
This credit, 0.98, is given for the provision of emergency
power for essential services (instrument air, control
instrumentation, agitators, pumps, etc.) with automatic
changeover from normal power to emergency power. The
emergency power credit should be taken only if it is relevant
to the control of an incident in the specific setup being
evaluated. For example, maintaining agitation in certain
chemical process reactors is a critical factor in avoiding a
runaway reaction, and emergency power supply to such
agitators is clearly a protective feature which justifies
the credit.
In other cases, such as agitation in a rubber slurry tank in
the polystyrene process, availability of emergency power is
not needed either to prevent or to control possible fire/
explosion incident. However, it may be a desirable feature
because it permits continued operation when the normal
power supply is unreliable. In such cases, no credit should
be claimed for the availability of emergency power.
A credit factor of 0.98 is to be given if applicable and
else a factor of 1.00 is to be used, which indicates no credit.

COMPUTER CONTROL CREDIT FACTOR
The criteria for choosing the computer control credit factor
are unchanged from those stated in the Dow Guide (1994).
When an on-line computer functions as an aid to operators
and is not directly in control of key operations, or where
the plant is frequently operated without the computer, use
a credit factor of 0.99.
When a computer with “fail-safe” logic is in direct
control of a process, a credit factor of 0.97 is used. If any
one of the following options are used, the credit factor
will be 0.93:
1.
2.
3.

Redundant critical field inputs.
Abort feature on critical inputs.
Backup capability for control system.

INERT GAS CREDIT FACTOR
The criteria for choosing the inert gas credit factor are
unchanged from those stated in the Dow Guide (1994).
When equipment containing flammable vapors is continuously padded with an inert gas, use a credit factor of 0.96.
If the inert gas has sufficient capacity to purge the
total volume of the setup automatically, use a credit factor
of 0.94. This credit is not applicable if there is an inert
purge connection that must be turned on or controlled
manually.

COOLING CREDIT FACTOR
The criteria for choosing the cooling credit factor are
unchanged from those stated in the Dow Guide (1994). If
process cooling systems are designed with the capability
of maintaining normal cooling for at least 10 minutes
during an abnormal condition, use a credit of 0.99. If a
backup cooling system is designed to provide 150% of the
cooling requirement for at least 10 minutes, use a credit
of 0.97.

OPERATING PROCEDURES CREDIT FACTOR
The criteria for choosing the operating procedures credit
factor are changed from those stated in the Dow Guide
(1994). Adequate written operating procedures and/or
fully documented operating discipline are an important
part of maintaining satisfactory control of a unit. The following procedures listed with point ratings, are considered
to be the most important:

EXPLOSION CONTROL CREDIT FACTOR
The criteria for choosing the explosion control credit factor
are unchanged from those stated in the Dow Guide (1994).
For explosion suppression systems installed on dust or
vapor handling equipment or equipment designed to
contain a deflagration, use a credit factor of 0.84.
For over pressure relief systems using rupture diaphragms
or explosion-relieving vents designed to protect the equipment from possible abnormal conditions, use a credit of
0.98. The credit is applied for any relief device that protects
the equipment or building from damage due to rapid over
pressure, such as deflagration. This credit is not intended to
be applied for typical over pressure relief systems such as
safety relief valves that are required for all pressure vessels
or emergency relief vents on storage tanks.

1.
2.
3.
4.
5.
6.
7.
8.
9.

EMERGENCY SHUTDOWN CREDIT FACTOR
The criteria for choosing the emergency shutdown credit
factor are unchanged from those stated in the Dow Guide
(1994). For a redundancy system that activates when

10.

Startup – 0.5
Routine shutdown – 0.5
Normal operating conditions – 0.5
Standby running conditions – 0.5
Restarting shortly after a shutdown – 1.0
Restarting from a post-maintenance condition – 1.0
Maintenance procedures – 1.5
Emergency shutdown – 1.5
Setup equipment/piping modifications and additions
– 2.0
Foreseeable abnormal fault conditions – 3.0

To obtain a credit factor, add all the points for the
conditions that have operating procedures and divide by
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150, then subtract result from one, i.e. credit factor is 1 –
(Sum of points/150).
Alternatively, engineering judgment may be used to
select the value in the range of 0.92 to 0.99, that best represents the completeness and accuracy of operating
instruction.

receive the contents of the setup safety with adequate
quenching and venting, use a credit factor of 0.98. If the
dump tank is located outside the setup area, use a credit
factor of 0.96.
For emergency venting, if gas/vapor material is piped
to a flare system or to a closed vent receiver, use a credit
factor of 0.96.
Credit is given for a normal venting system that
reduces the exposure of surrounding equipment to released
gases or liquids. A vent tied into a flare system or receiver
would receive a credit of 0.98. An example would be a
lowdown from a polystyrene reactor to a tank or receiver.

REACTIVE CHEMICAL REVIEW CREDIT FACTOR
The criteria for choosing the inert gas credit factor are
changed from those stated in the Dow Guide (1994). The
documented use of a total reactive chemical program for
reviewing existing and new processes, including process
changes and storage and handling of chemicals, is an
important loss control function.
When the reactive chemical program is a continuing part
of the operations, a credit factor of 0.91 is used. If the review is
done only on an occasional basis, use a credit factor of 0.98.
Unless regular orientation in reactive chemicals is
provided, no credit can be taken.

DRAINAGE CREDIT FACTOR
The criteria for choosing the drainage credit factor are
unchanged from those in the Dow Guide (1994). To
remove a large spill from setup or storage area, it is considered necessary to provide a slope of at least 2% (1% on
a hard surface) leading to a drainage trench of adequate
size, assuming that 100% of the contents of largest vessel
plus 10% of the next largest vessel could be released plus
1 hour of sprinkler fire water. Where this requirement is
met, use a credit factor of 0.91.
If drainage conditions are good such as to drain contents away from under or near tanks and equipment, a credit
factor of 0.91 can also be used.
If the drainage design would allow a pooling of a large
spill but could handle small spills (about 50% of the largest
tanks contents), use a credit factor of 0.97. Many drains are
capable of handling moderate spills, and many areas would
quality for a credit factor of 0.95.
Storage tanks that are diked on four sides to retain
spills receive no credit. It the dike design directs the spill
to an impounding basin located at least 15 meters away
and capable of receiving the contents of the largest diked
tank plus 10% of the next largest tank plus sprinkler
water, a credit factor of 0.95 is used. If the slope is doubtful,
or if the impounding basin is closer than 15 meter away, no
credit is given for drainage.

OTHER PROCESS HAZARD ANALYSIS
CREDIT FACTOR
The criteria for choosing the other process hazard analysis
credit factor are unchanged from those stated in the Dow
Guide (1994). Several other process hazard analysis tools
can be used in addition to the F&EI evaluation. These
include quantitative risk assessment (QRA) – credit factor
0.91, detailed consequence analysis – credit factor 0.93,
fault tree analysis (FTA) – credit factor 0.93, hazard and
operability (HAZOP) studies – credit factor 0.94, failure
modes and effects analysis (FMEA) – credit factor 0.94,
environmental-health-safety and loss prevention reviews –
credit factor 0.96, “what-if” studies – credit factor 0.96,
check list evaluations – credit factor 0.98 and management
of change reviews – credit factor 0.98.
When any of these process hazard risk analysis programs are done on a regular part of operations the full
credit factor is to be used. If these analysis are only done
on an occasional basis, a higher factor is to be used based
on good engineering judgment. For full credit the results
should be shared with employees as appropriate.

INTERLOCK CREDIT FACTOR
The criteria for choosing the interlock credit factor are
unchanged from those in the Dow Guide (1994). If a setup
is provided with an interlock system which prevents incorrect material flow that could produce undesirable reactions,
used a credit factor of 0.98. This credit can also be taken for
a burner management system that meets the loss prevention
principles and code requirements.

REMOTE CONTROL VALVE CREDIT FACTOR
The criteria for choosing the remote control valve credit
factor are changed from those stated in the Dow Guide
(1994). If the setup is provided with remotely operated
isolation valves so that storage tanks, process vessels or
major sections of transfer lines can be quickly isolated in
an emergency, use a credit factor of 0.98. If such valves
are fully stroked at least annually, use a credit factor of
0.96. If partial stroking is used, use a credit factor of 0.97.

LEAK DETECTION CREDIT FACTOR
The criteria for choosing the leak detection credit factor are
unchanged from those in the Dow Guide (1994). If gas
detectors have been installed that alarm only and identify
a zone in the setup area, use a credit factor of 0.98. When
a gas detector both alarms and activates protective
systems before the lower flammability limit is reached,
use a credit factor of 0.94.

DUMP OR BLOW DOWN CREDIT FACTOR
The criteria for choosing the dump or lowdown credit factor
are unchanged from those in the Dow Guide (1994). Where
an emergency process dump tank can be used directly to
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STRUCTURAL STEEL CREDIT FACTOR
The criteria for choosing the structural steel credit factor
are unchanged from those in the Dow Guide (1994). The
time duration rating of a fireproof coating application is
related to the quantity of fuel in the area and the drainage
design.
Where fireproofing is used, it should be applied to all
load-bearing steel to a minimum height of 5 meter. Where
this has been done, use a credit factor of 0.98. If
fireproofing extends above 5 meter but less than 10 meter,
use a credit factor of 0.97. For fireproofing above 10
meter used a credit factor of 0.95, but only if such fireproofing is necessary. Fireproofing systems must be in sound
repair, or no credit is to be taken.
Reinforced concrete construction qualifies for the
fireproofing credit and is the preferred method for fireproofing. Another approach is to install a sprinkler system for
cooling the structure only. This should receive a credit
factor of 0.98 under this section (although water spray
cooling of a structure is not specifically mentioned), rather
than a credit factor of 0.97 under sprinkler systems.

However, double wall tanks are usually not cost effective
and additional integrity in the primary wall is often a
better answer to minimizing risk.
Formerly, a credit was given for underground buried
and double walled tanks. There is no doubt that from the
standpoint of fire protection that a buried tank is
safer; however, a more important concern is the possibility
for leakage of buried tanks and the difficulty of being able
to detect and control leakage. Du to this environmental
concern, the construction of new buried tanks is
discouraged.
SPRINKLER SYSTEM CREDIT FACTOR
The criteria for choosing the sprinkler system credit factor
are changed from those in the Dow Guide (1994). Deluge
systems receive a credit factor of 0.97. A deluge system
(open head) gets the minimum credit because such
systems have many components, any one of which could
fail completely or partially, producing a negative effect
on the operation and effectiveness of the system. Also
the deluge system is used in combination with other loss
control features on relatively hazardous operations so its
individual benefit is less.
Credit factors for wet pipe or dry pipe systems used in
indoor manufacturing areas and warehouses are defined
from the following table:

FIRE WATER SUPPLY CREDIT FACTOR
The criteria for choosing the fire water supply credit factor
are unchanged from those in the Dow Guide (1994).
When the water delivery pressure is 690 kPa (approx. 7
atmospheres) or more, use a credit factor of 0.94. If the
delivery pressure is less than 690 kPa, use a credit factor
of 0.97.
A setups supply of fire fighting water should be
capable of delivering the maximum calculated demand for
a period of four hours. Less than four hours of fire water
may be appropriate for low hazard operations. If this
requirement is satisfied use a credit factor of 0.97.
Unless the fire water supply can be provided by
alternative power sources which are independent of
normal electric service and capable of delivering the
maximum calculated demand, no credit factor can be
applied. A diesel driven fire pump is an example of an
alternative power source.

Penalty Factor
Occupancy
Light
Ordinary
Extra Hazard

Design
liters/min./m3

Wet Pipe

Dry Pipe

6.1 to 8.5
8.5 to 14.0
.14.0

0.87
0.81
0.74

0.87
0.84
0.81

Wet and dry pipe sprinkler systems (closed head) are
99.9%-plus reliable, with very few of the variables encountered with deluge systems, which are subject to failure.
Multiply the above credit factors by the following
penalty factors, which are based on the size of the floor
area confined within fire walls:
.
.
.

SPECIAL SYSTEMS CREDIT FACTOR
The criteria for choosing the special systems credit factor
are unchanged from those in the Dow Guide (1994).
Special systems include carbon dioxide, halon, smoke and
flame detectors and blast walls or cubicles. The installation
of new halon systems is not allowed because of potential
harm to the environment. Credit can be given to existing
halon system if deemed appropriate for life safety or other
special situations.
It is important to be certain that the loss control
credits taken for the setup being studied are those that
truly apply to that particular setup. A credit factor of 0.91
can be used for special systems.
If a double wall, above ground tank is designed so that
the outer wall will contain the total contents after a leak in
the primary wall, a credit factor of 0.91 can be used.

Area . 100 m2 – use penalty factor 1.06
Area . 200 m2 – use penalty factor 1.09
Area . 300 m2 – use penalty factor 1.12

Note that as the possible fire area is increased, e.g. a
warehouse, the credit factor is increased by a penalty
factor, which increases the loss control credit factor and
increases the MPPD, as it should. Large fire areas offer
greater exposure to fire loss than small fire areas.
WATER CURTAINS CREDIT FACTOR
The criteria for choosing the water curtain credit factor are
unchanged from those in the Dow Guide (1994). The use of
automatic water spray curtains between a source of ignition
and a potential vapor release can be effective in reducing the
vapor cloud ignition potential.
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To be effective, the curtain should be located at least
23 meter from the vapor release point to allow time for
detection of the release and automatic activation of the
water curtain. A single tier of nozzles at a maximum
elevation of 5 meters will receive a credit factor of 0.98.
A second tier of nozzles, not exceeding 2 meter above the
first tier, will receive a credit of 0.97.

If there is an adequate supply available of hand and portable
fire extinguishers suitable for the fire risk involved, use a
credit factor of 0.98. In a laboratory an adequate supply is
at least one extinguisher at each entrance/exit to/from the
laboratory. Where there is a potential for a large spill of
flammable material that, if ignited, could not be controlled
effectively with hand extinguishers, do not take a credit.
Hand extinguisher credit is not appropriate for areas
where large quantities of flammable or combustible liquids
can be spilled.
If monitor guns have also been installed, use a credit
factor of 0.97. Monitor guns that can be remotely operated
from a safe vantage point receive a credit factor of 0.95.
Monitors equipped with foam injection capability receive
a credit factor of 0.93. Monitors are normally not installed
in laboratories and pilot plants.

FOAM CREDIT FACTOR
The criteria for choosing the foam credit factor are
unchanged from those in the Dow Guide (1994). If the
area protection system includes the capability of injecting
foam liquid into a standard deluge sprinkler system from a
remote manual control station, use a credit factor of 0.94.
This credit is in addition to the credit taken for the deluge
system itself. A totally automatic foam system receives a
credit of 0.92. Totally automatic means the foam valve is
automatically actuated when fire is detected.
Manual foam applications systems for the protection
of seal rings on open-top floating roof tanks receive a
credit of 0.97. Use a credit factor of 0.94 when fire
devices are used for actuating the foam system.
Subsurface foam systems and foam chambers on cone
roof tanks receive a credit of 0.95. Foam application around
the outer shell of a flammable liquid tank receive a credit
factor of 0.97 if manually applied, and 0.94 if automatic.

CABLE PROTECTION CREDIT FACTOR
The criteria for choosing the cable protection credit factor are
unchanged from those in the Dow Guide (1994). Instrument
and electrical cable trays are very vulnerable to damage
from fire exposure when installed in pipe ways and operating
structures. The use of 14 or 16 gauge metal sheet below the
tray with a water spray directed onto the top side will
provide reasonable protection which justifies a credit of
0.98. The use of fireproofing material on the metal sheet in
lieu of the water spray also receives a credit of 0.98. If the
cable raceway is buried below grade in a trench (either
flooded or dry), use a credit factor of 0.94.

HAND EXTINGUISHERS CREDIT FACTOR
The criteria for choosing the hand extinguisher credit
factor are changed from those in the Dow Guide (1994).
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and drying of the precipitate. Isopropanol is added to the
extract after it has been allowed to cool.
There is no exothermic or endothermic reaction
involved in the pectine extration process. However, the
process does involve the connection and disconnection
of transfer lines for isopropanol, which is a class IB flammable liquid, and this according to gives a 0.50 Transfer
and Material Handling Penalty Factor. The setup is
indoor in a large laboratory hall with a room temperature
around 20 deg C, which is higher than the flash point of
isopropanol, and hence gives a 0.30 Indoor or otherwise
Enclosed Area Penalty Factor. There is access to the
area, where this experimental setup is located from two

APPENDIX C APPLICATIONS OF MODIFIED DOW
F&EI TO LABORATORY SETUP
The following pages contain the Dow F&EI forms for application of the modified F&EI to laboratory setups at the
Department of Chemical Engineering at Technical University of Denmark.

MODIFIED F&EI FOR PECTINE EXTRACTION
EXERCISE
The pectine extraction exercise involve a number of batch
operations to extract pectine from fruit peel into warm
water, precipitation of the pectine by addition of isopropanol
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independent escape routes as well as from adjacent laboratory and a workshop, and hence to Access Penalty
Factor is given. The floor in the laboratoy hall will allow
a spill to spread to other experimental setups, and
hence gives a 0.50 Drainage and Spill Control Penalty
Factor. This results in a General Process Hazards Factor
of 2.30.
Isopropanol has an NFPA Health rating of 1, which
results in a Toxic Material Penalty Factor of 0.20. Since
operation is not performed at sub-atmospheric pressure no
penalty is applied. The extraction step during which a
mixture of water and isopropanol is airerated with compressed air is the closest this experiment comes to operations
in or near flammable range. The LEL and UEL for isopropanol are respectively 2% and 12.7%. During normal operation the airflow is sufficient to keep the amount of
isopropanol in the vent stream from the precipitation
vessel below the LEL. In the event of failure of the compressed air supply concentrations of isopropanol above the
LEL in the airspace above the precipitation mixture
cannot be ruled out, and hence a 0.30 Operations In or
Near Flammable Range Penalty Factor is assessed. A
penalty factor for the quantity of flammable material in
the process need to be applied, since isopropanol is a flammable liquid with flash point below 60 C. A standard value
of the Corrosion and Erosion Penalty factor is also applied.
The handout for the pectine extration setup has several references to leakage problems, and therefore a 0.30 Joints and
Packing Penalty Factor is also applied. The special
process hazards factor is thus 3.29.
The process unit hazards factor for the pectine extraction setup is 7.57, and hence the modified fire and explosion
index is 121, corresponding to an intermediate degree of
hazard.
The loss crontrol credit factor calculations for this
experimental setup is rather simple. The setup has no emergency power systems, no special cooling systems, no
explosion control systems, no computer control systems,
no inert gas systems and no reactive chemicals review.
However, there is an experimental procedure, which
describe pre-startup and normal operations, thus giving a
credit for operating instructions and procedures of
1 2 (0.5 þ 0.5/150) ¼ 0.99. A simple analysis of deviations from normal operations have also been performed
using a what-if type of study, thus giving a credit for other
process hazard analysis of 0.96, and hence a Process
Control Credit C1 of 0.95.
Since there is no remote control valves, no dump /
blowdown system, no special drainage system and no interlock system the Materials Isolation Credit Factor C2 is 1.00.
Furthermore there is no leak detection systems, no structural
steel protection, no special systems, no sprinkler system, no
water curtains, no foam system and no cable protection
systems, the only factors to be considered in calculation of
the fire protection credit factor is fire water supply and
hand extinguishers. The fire water supply system of the
building in which the experimental setup is located is independent of normal electrical service, but the water supply

pressure is uncertain, and hence the Fire Water Credit
Factor is 0.97. There is an adequate supply of hand extinguishers available near this experimental setup, and hence
the Hand Extinguishers Credit Factor is 0.98. Thus the
Fire Protection Credit Factor C3 is 0.95, and the Loss
Control Credit Factor is C1  C2  C3 ¼ 0.91.
Since the value of the equipment is difficult to assess
the Likely Loss-Fire & Explosion Index, LLF&EI (Jensen
and Jørgensen, 2006) is applied to determine the level of
risk associated with the pectine extraction experimental
setup. Based on this work the damage factor is calculated
from the process unit hazards factor using a polynomial of
the form
DF ¼ a0 þ a1  F3 þ a2  F23 þ a3  F33
where the coefficients depends on the material factor, MF.
This gives a damage factor MF ¼ 0.66. Then the LLF&EI is calculated according to the following equation
LL-F&EI ¼ 0:453806  SQRT(DF  LCCF)  M-F&EI
which gives LL-F&EI ¼ 43, which corresponds to a moderate degree of risk according to Jensen and Jørgensen (2006).
MODIFIED F&EI FOR AMMONIA
ABSORPTION SETUP
The ammonia absorpton setup involves the adsorption of
ammonia into a counter-current stream of water in a
packed bed column. The ammonia is evaporated from a
pressurized gas cylinder and mixed with to a stream containing approximately 3% ammonia. The LEL and UEL for
ammonia are respectively 15% and 28%. Under normal
operating conditions the stream of water, into which the
ammonia is absorbed is approximately 30 times what is
needed to absorp all the ammonia. Nonetheless and afterabsorper is used to avoid the release of ammonia gas to
the room, which is the largest risk of this experiment. The
absorption of ammonia in water at the experimental conditions have very limited influence on the temperature of
the streams. Since the students don’t change the cylinder
with liquified ammonia no transfer and handling of material
penalty factor is assessed, but since ammonia is used above
its boiling point an indoor or otherwise enclosed area
penalty factor of 0.30 is given. Access to the ammonia
adsorption setup is adequate, and hence no access penalty
factor is assessed. However, a drainage and spill control
penalty factor is given. This results in a general process
hazards factor of 1.80.
The only penalties assessed in the special hazards
penalty factor is for toxicity, corrosion and leakage resulting
the a special process hazards factor of 1.80, and unit process
hazards factor of 3.24. Thus the modified fire and explosion
index for the ammonia absorption setup is 13, corresonding
to a light hazard.
The calculation of the loss control credits for this
setup is very simple. The setup has no emergency power
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system, no special cooling system, no explosion control
protection, no emergency shutdown system, no computer
control system and no reactive chemical review. However,
written instruction for normal experimental procedures do
exist, and a what-if type hazard analysis has been conducted
by the responsible teacher. This gives a process control

credit of 0.95. None of features relevant for material isolation credit apply to this setup, and hence the material isolation credit is 1.00. As far as the features relevant for fire
proctection credit none apply to this setup, and hence the
fire proctection credit factor is 1.00. The overall loss
control credit factor is therefore 0.95.

19

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153

A NATIONAL PROGRAM FOR IMPROVING SEVESO II PERFORMANCE IN THE
NETHERLANDS: OVERVIEW, RESULTS, INITIAL EXPERIENCES
Jacques van Steen1 and Robbert Plarina2
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þ31.10.2468288, Fax: þ31.10.2468283, e-mail: JFJ@dcmr.nl
2
Senior Project Leader, Ministry of Housing, Spatial Planning and the Environment, P.O. Box 20951, 2500 EZ Den Haag,
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European Council Directive 96/82/EC (“Seveso II”) was implemented in the Netherlands in July
1999 through the so-called BRZO ’99 (where BRZO is the Dutch acronym of Risks of Major Accidents Decree). BRZO ’99 is based on environmental, occupational safety, disaster, and fire brigade
regulation. Important characteristics of this decree are:
– cooperation between the competent authorities involved, in particular the competent authority
for environmental regulation, the Labour Inspectorate, and the fire brigade;
– explicit deadlines for safety report assessment by the competent authorities; and
– the necessity of performing an inspection as part of safety report assessment.
In 2003, a nation-wide evaluation of BRZO ’99 execution during the first round of safety reports
was carried out by the ministries involved. Whereas this evaluation revealed positive effects, many
shortcomings were found, such as deadlines not being met in the majority of cases, lack of manpower, insufficient supporting material being available, lack of training, and substantial differences
in approach over the country. Perceptions concerning the underlying causes for certain findings differed, but there was unanimity about the need for developing and implementing improvements. A
national workshop with wide participation from the authorities and industry was organized to
discuss the conclusions of the evaluation, and this resulted in defining a national program which
would eventually improve performance. Six projects were initiated, to be carried out in the
period 2004 – 2006. These projects involved: (1) specifying authorities’ responsibilities and developing operational procedures, in order to improve the required cooperation, (2) specifying the
relationship between the authorities and industry, in order to allow for more formally differentiating
between companies with different levels of safety performance, (3) establishing a national coordination structure, (4) improving the available supporting instruments and developing new ones as
necessary, including a new joint inspection method, (5) specifying quality standards for governmental bodies involved with BRZO ’99 execution, and (6) developing a joint training program
for authority employees. The year 2006 shows conclusion of the national program, transferal of
results, and start of implementation. It serves as a transition year, and improvements are expected
to increase gradually for the period 2006 – 2010. The next nation-wide evaluation of BRZO ’99
execution will be carried out in 2011.
This paper discusses the Dutch national program for improving Seveso II performance. It will
address:
.
.
.
.

Key characteristics of Seveso II implementation in the Netherlands and a
summary of the conclusions of the 2003 evaluation, in order to set the scene.
The program, by describing its projects in terms of objectives and results.
The overall results of the program.
Initial experiences with implementing the program’s results.

competent authorities, and the necessity of performing an
inspection as part of safety report assessment.
The first round of safety reports in 2001 involved an
enormous effort for industry as well as for the competent
authorities – most of the 170 upper-tier companies had to
submit a safety report that year. In 2003, a nation-wide evaluation of BRZO ’99 execution during the first round of safety
reports was carried out by the ministries involved. Whereas
this evaluation revealed positive effects, many shortcomings

INTRODUCTION
European Council Directive 96/82/EC (“Seveso II”) was
implemented in the Netherlands in July 1999 through the
so-called BRZO ’99 (where BRZO is the Dutch acronym
of Risks of Major Accidents Decree). BRZO ’99 is based
on environmental, occupational safety, disaster, and fire
brigade regulation. Important characteristics of this decree
are cooperation between the competent authorities involved,
explicit deadlines for safety report assessment by the
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were found. Perceptions concerning the underlying causes
for certain findings differed, but there was unanimity about
the need for developing and implementing improvements.
Given the circumstances, governmental performance had
not at all been that bad, but future performance would definitely have to be at a higher level.
Following a first discussion of the evaluation, which
led to carrying out an additional analysis, a national workshop with wide participation from the authorities and industry was organized in order to discuss the conclusions of
evaluation and additional analysis. This workshop resulted
in defining a national program in order to eventually
improve performance. A number of projects were initiated
which have been carried out in the period 2004 –2006. The
year 2006 shows conclusion of the national program, transferral of results, and start of implementation. Together with
the year 2007, it serves as a phase of transition, and improvements are expected to increase gradually for the period
2006– 2010. The next nation-wide evaluation of BRZO
’99 execution will be carried out in 2011.
This paper discusses the Dutch national program for
improving Seveso II performance. It starts with addressing
key characteristics of BRZO ’99 and giving a summary of
the conclusions of the 2003 evaluation and additional analysis, in order to set the scene (sections 2 and 3). Next, the
national program is presented, by describing its projects in
terms of objectives and results (section 4). The overall
results of the program are summarized in section 5. An
impression of initial experiences with implementing the program’s results is given in section 6, followed by some concluding remarks in section 7.

whereat the competent authority for water quality has an
advisory role. Evaluation of the safety report requires
cooperation by the competent authorities involved, with
the competent authority for environmental regulation
acting as coordinator. The degree of cooperation is not prescribed: it may vary from the coordinator serving as mailbox
(minimum level) to operating jointly as a team (optimal situation). It should be noted that the legal responsibilities of the
various authorities involved remain unchanged.
Whereas the Seveso II Directive requires evaluation
of the safety report to be performed and communicated
“within a reasonable period of receipt of the report”, explicit
deadlines are contained in BRZO ’99. Completeness has to
be assessed within eight weeks after safety report submission. If necessary, additional information has to be submitted by the operator within six weeks after receiving the
request for it. Total evaluation of the safety report has to
be completed within six months after submission, which
period may be extended once with a maximum of three
months. As a result of evaluating the safety report, the operator has to be informed about the acceptability of the risks
which are described in the safety report. Simultaneously,
the safety report and the authorities’ judgments have to be
made available to the public.
The Seveso II Directive requires a system of inspections which “shall not be dependent upon receipt of the
safety report or any other report submitted”. In addition to
the corresponding system of inspections as required by
BRZO ’99, it is stated explicitly that an inspection which
is based on the safety report must be part of the evaluation
of the safety report before the acceptability statement may
be given.

SEVESO II IMPLEMENTATION IN THE
NETHERLANDS: KEY CHARACTERISTICS
The BRZO ’99 safety report is an integrated report in which
three reports are combined which were previously, under
Seveso I, submitted separately: the external safety report,
the occupational safety report, and the company fire
brigade report. Requirements for the safety report, which
are set out in an annex to BRZO ’99, are more elaborate
and extensive than those included in the Seveso II Directive.
For example, a quantitative risk analysis and an environmental risk analysis have to be performed according to prescribed methods and using prescribed tools, and
documented in the safety report. Supporting instruments
have been made available at the national level. These
include a report which elaborates the various information
requirements (notification, safety report, scenario descriptions, etc.), a manual for governmental agencies involved
with carrying out BRZO ’99, a manual for carrying out
the quantitative risk analysis, and software for carrying
out the environmental risk analysis.
The integrated safety report is evaluated by the competent authority for environmental regulation (a province or
a municipality), the Labour Inspectorate (which is a national
agency), the regional fire brigade, and the municipality
(in its quality as competent authority for disaster regulation),

SUMMARY OF 2003 EVALUATION AND
ADDITIONAL ANALYSIS
In 2003, the ministries involved decided to carry out a
nation-wide evaluation of BRZO ’99 execution during the
first round of safety reports. To this end, many individuals
involved were interviewed and also an extensive questionnaire was distributed on a large scale. Firstly, it was concluded from this evaluation that BRZO ’99 had positive
effects on occupational safety, external safety and emergency response, and this conclusion was shared by governmental bodies as well as industry. There was increased
safety consciousness and thus more attention for safety.
Organizational and technical measures had been taken in
order to further improve risk control. Moreover, communication between government and industry appeared to be
improved, and there was also improved cooperation and
exchange of knowledge between the various governmental
bodies involved. However, many operational shortcomings
were found as well: prescribed deadlines had not been met
in many cases, quality as well as quantity of inspections
and enforcement showed room for improvement, quality
and completeness of a substantial number of safety reports
had been assessed insufficient, and substantial differences
in approach existed over the country.
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Early 2004, these findings were discussed in a couple
of informal meetings between government and industry.
There was unanimity about the necessity of improvement,
although it appeared that there were varying perceptions
as to the underlying causes. Thus, it was decided to
perform an additional problem analysis which would then
serve as input for a national workshop.
The additional problem analysis was carried out in the
summer of 2004 by a small working group which consisted of
key representatives from the governmental bodies involved.
The working group defined BRZO ’99 execution in terms of a
number of specific processes and identified associated operational problems on the basis of own experience. This
resulted in approximately 100 problems, 50 of which had
been derived from the national evaluation. Next, the analysis
focused on determining and categorising underlying causes,
and to this end two dimensions were distinguished: operation
and structure. This led to the following picture:

performance had not been perfect, but had also not been
inadequate, in particular given the conditions under which
the process had to be carried out, such as time pressure,
lack of manpower, insufficient supporting material being
available, and lack of training. The problems which had
been experienced were considered to be characteristic for
the first phase of implementing new regulation. Completion
of the first cycle provided the opportunity to collect lessons
learned and improve performance in the second cycle – an
improvement which was certainly considered necessary.
End of summer 2004, a national two-day workshop
was organized for which the 2003 evaluation and the
additional problem analysis served as input. There was
wide participation from government (ministries as well
as operational agencies) and industry. This workshop
identified the following overall directions for solving the
problems identified:
.
.

. Aspects concerned with operation
– Lack of clarity. BRZO ’99 execution was insufficiently supported by standards to be applied.
– Insufficient knowledge and experience. Many competent authorities do cover only a small number of
Seveso companies and thus have too little opportunity to build up and maintain experience.
– Insufficient manpower. Much more manpower
appeared to be required than was available.
. Aspects concerned with structure
– Tension between centralized and decentralized government bodies. Provinces, municipalities and the
regional fire brigades are decentralized bodies,
whereas the Labour Inspectorate is a national
agency. This leads, among other things, to differences in freedom of policy and operation.
– Differences in view on the relationship between
industry and government. These differences
concern responsibilities of government and industry,
and may lead to different attitudes of government
bodies towards industry (e.g. fulfilling an advisory
role or not).
– Insufficient balance between tasks and responsibilities. BRZO ’99 requires cooperation between competent authorities and also coordination by the
competent authority for environmental regulation.
This demands for more clarity in the assignment of
tasks than is experienced.
– Insufficient coordination (horizontally as well as
vertically). There does not exist a well-developed
mechanism for deciding in case of differences in
judgment, for example.
– Unclear balance between goal and means. Some
tasks, such as the analysis of domino effects, are
experienced as much more time-consuming than is
justified by the relevance of the results.

.

Sharpening responsibilities.
Developing process descriptions, operational instruments, quality criteria and a coordination structure, in
order to establish national uniformity on criteria and
approach as well as joint regional operation.
Defining (or redefining) the relationship between
industry and government.

In addition, it was agreed that possibilities would be
investigated for achieving more spread in submitting the
2006 safety reports, in order to reduce the peak in the
required evaluation capacity. An important condition for
agreement on the subsequent process was that any changes
and modifications should be realized within the existing
structure of administrative responsibilities. Thus, the workshop initiated a process in which a national improvement
program would be carried out.

NATIONAL IMPROVEMENT PROGRAM:
OVERVIEW
In total, six specific projects were defined to constitute the
national improvement program. These projects were
aimed at:
–
–
–
–
–
–

developing quality criteria for governmental bodies
redefining responsibilities/making process descriptions
for cooperation
reviewing existing and developing new operational
instruments
specifying the relationship government – industry
establishing a national coordination structure
developing a joint training program

A solid program structure was set up, with a steering
committee, a program committee, and project groups. The
project groups were involved with actually carrying out
the projects. Mostly, an external consultant was hired for
performing the work, whereas project group members
provided input and discussed intermediate results. The
program committee consisted of a general program coordinator and the various consultants. The steering committee

The overall conclusion of the working group was
that governmental agencies and industry had achieved a
lot during the first round of safety reports. Governmental
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approved project plans and final results, and also decided on
discussion points. Industry participated in the steering
committee, and in project groups as appropriate.

primarily focused on a 2001 document which elaborated
the various information requirements (notification, safety
report, scenario descriptions, etc.). The project group, in
which also industry participated, delivered a new document
in the course of 2006. An intermediate task of the project
group, in the first half of 2005, had been to compose an
addendum to the 2001 document, in order to provide companies with the necessary information to prepare the 2006
safety report. This addendum concentrated on specifying
criteria for scenarios.
A separate, but associated activity concerned the
development of a new inspection method. This was aimed
at standardizing the way in which inspections are being
carried out, including preparation and reporting. The
project group delivered a comprehensive methodology,
consisting of a number of distinct modules. It is supported
by an automated system which is accessible through a
website. This automated system also contains a joint
working space for each individual inspection which may
be used by the inspection team for storing data that are
helpful in preparing the inspection, gathered during the
inspection, or relevant for reporting it. In addition, the automated system provides the possibility of monitoring and
evaluation.

QUALITY CRITERIA FOR GOVERNMENTAL BODIES
The main objective of this project was to establish quality
criteria for governmental agencies as well as inspectors,
in order to achieve that operational tasks are executed by
qualified agencies only. At the organizational level, criteria
were formulated for guaranteeing continuity of available
knowledge and experience. These were, among other
things, translated into a minimum number of Seveso
companies within the competent authority. As far as the
individual inspectors are concerned, qualifications were
developed for education and experience, and also criteria
for the number of BRZO ’99 inspections they are required
to carry out yearly. These qualifications for individuals
have been elaborated in criteria for the composition of an
inspection team.

PROCESS DESCRIPTIONS FOR COOPERATION
The main objective of this project was to establish process
descriptions that together constitute a quality management
system for cooperation between the various governmental
agencies. An initial idea had been to redefine operational
responsibilities in order to reduce overlap between tasks,
for example in safety management system assessment, but
it was concluded by the project group that such overlap
could be explained and was even desirable. Thus, the key
result of this project consisted of process descriptions for
the various BRZO ’99 tasks, with emphasis on cooperation
aspects. In addition, it involved formulating definitions for
insufficiently clear concepts, such as inspection program,
and defining a cooperation model which covered various
aspects of cooperation (inspections, enforcement, incident
investigation).
This project also addressed the question of how to
reduce the peak in the required safety report evaluation
capacity as well as some aspects of BRZO ’99 that had
been experienced as problematic (in particular the need to
evaluate acceptability of the risks as described in the
safety report). As a result, BRZO ’99 was amended in the
course of 2006. Major changes were:

RELATIONSHIP GOVERNMENT – INDUSTRY
The main objective of this project was to review and possibly adapt the relationship government – industry, from
the perspective of industry’s own responsibility. This was
elaborated by investigating the possibilities of differentiating between individual companies as to the extent of government supervision. The project group, in which industry
participated, developed a model which calculates the
number of inspection days on-site on the basis of scores
for three groups of variables:
–

–

–

Factors which determine the magnitude of the risks,
such as the number of installations, the type of
processes, and the type of hazardous materials.
Factors which determine the level of organizational and
technical measures, such as the quality of the safety
management system.
Factors which are output-oriented, such as the occurrence of incidents.

A separate, but associated activity, in which industry
also participated, concerned the development of criteria for
safety management systems. This resulted in a formal document which specifies a safety management system for major
accident hazards. It indicates how the legal requirements
may be fulfilled by establishing or adapting a management
system which is based on the plan-do-check-act cycle. It
may be applied on a voluntary basis, and there will not be
an associated certification system.

– Evaluation of the safety report does no longer require a
mandatory inspection.
– The requirement of the acceptability statement is
deleted. The new formulation reads that the operator
has to be informed about the competent authorities’
conclusions concerning the safety report.
OPERATIONAL INSTRUMENTS
The main objective of this project was to review existing
supporting documents and revise these as necessary, in
order to achieve more uniformity and less room for
interpretation in the requirements which companies have
to meet regarding information and implementation. It was

NATIONAL COORDINATION STRUCTURE
The main objective of this project was to establish a national
coordination structure, as permanent follow-up to the tempor-
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ary program structure. This permanent structure is aimed at
such matters as realizing uniformity in executing BRZO ’99,
solving problems, defining assessment criteria, updating documents as necessary, and monitoring execution. A structure was
developed which consists of a steering committee, a working
group, and a support team.

ingredients were available. Together, the two volumes
constitute a solid basis for industry as well as the competent
authorities to carry out BRZO ’99 more effectively and
efficiently, and also in a more uniform manner.

IMPLEMENTING THE PROGRAM’S RESULTS
The national improvement program was finished in the
summer of 2006, and implementation of its results
could then begin. The national coordination structure was
initiated, and regional conferences were organized in the
fall of 2006 in order to transfer results. Separate conferences
were held for managers/coordinators and for inspectors.
The first training sessions on the new inspection method
were given, and these will continue until early 2007.
Thus, all inspectors will be sufficiently qualified in the
course of 2007. In general, the initial impression is that a
lot of enthusiasm exists in implementing and applying
the results of the program. Implementation involves a
demanding process, however, and 2006 –2007 is considered
to be a period of transition.
As regards the quality criteria for governmental bodies,
an analysis of the existing situation showed that many of the
agencies involved do not meet the criteria which have been
formulated. Mostly, this is due to an insufficient number of
Seveso companies under the supervision of these agencies.
Solutions which are being pursued include organizing structural cooperation in order to create a package of a sufficient
number of companies or seeking additional assistance from
qualified professional units. Whichever solution is chosen, it
has to be documented in the inspection program for which
March 2007 is the final date.

JOINT TRAINING
The main objective of this project was to create a common
level of knowledge and understanding between all those
involved in executing BRZO ’99. Within the timeframe of
the improvement program, joint training was developed
concerning the new inspection method. Other training
subjects will be addressed by the national coordination
structure.
NATIONAL IMPROVEMENT PROGRAM:
OVERALL RESULTS
Two categories of results may be distinguished: results from
an operational point of view and results from an organizational point of view. The latter are concerned with the
national coordination structure and the quality criteria for
governmental bodies. These stand by themselves and will
return in Section 6. There are a number of operationoriented results, and these are collected in a BRZO ’99
manual. This manual consists of two separate volumes:
. A handbook for governmental bodies.
. Information requirements for companies.
The handbook for governmental bodies consists of
three parts:
A.

B.

C.

General. The legal framework is described, coordination aspects (both on a national and a regional
scale) are discussed, and the quality criteria for
governmental bodies are summarized.
Process descriptions for joint tasks. Each of the
processes is elaborated in terms of its goal, scope, products and quality criteria, and steps to be performed,
and described graphically in a flow diagram.
Inspections and incident investigation. This part contains the supervision model and the new inspection
method, and also a preliminary elaboration of the way
in which to deal with incidents at Seveso companies.

IN CONCLUSION
Although governmental performance during the first round
of safety reports in 2001 was assessed as sufficiently adequate, given the conditions under which the process had to
be carried out, it was also concluded from a national evaluation and subsequent discussion of its findings that future
performance would have to be at a higher level. A number
of directions for improving future performance were
addressed in a national improvement program. Key characteristics of this program are that it was comprehensive and
integrated, in terms of issues as well as participants.
Among the issues tackled are qualifications of inspectors,
operational instruments, and coordination aspects, whereas
not only government agencies participated in the program,
but also industry.
Carrying out the national improvement program
involved an enormous effort, and implementing the program’s results will also require substantial effort from all
parties involved. The enthusiasm with which this implementation started creates sufficient optimism as to achieving
eventual success. Finally, it is hoped that competent authorities in other EU countries will benefit from the approach
which was taken in the Netherlands for improving Seveso
performance.

The information requirements for companies consist
of two parts:
A.

B.

Instructions for implementing BRZO ’99. This is the
document in which the various information requirements connected with implementing BRZO ’99 are
elaborated.
Specification of a safety management system for major
accident hazards.

The handbook for governmental bodies was completed
in the first half of 2006. It is available as hard copy and on a
website. At the end of 2006, the information requirements
for companies were not yet formally published, although its
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National steering committee BRZO, 2006a, Model for
determining planned governmental supervision at BRZO
companies. (in Dutch; English version to appear).
National steering committee BRZO, 2006b, New Inspection
Method. (in Dutch; English version considered).
National steering committee BRZO, 2006c, Quality criteria for
BRZO agencies. (in Dutch; English version to appear).
National steering committee BRZO, 2006d, Requirements for a
BRZO inspection team. (in Dutch; English version to
appear).
Netherlands Standardization Institute, 2006, Netherlands
Technical Agreement NTA 8620 (uk): Specification
of a safety management system for major accident
hazards.
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The authors have developed the quantitative risk assessment method of the check list, giving added
weight to their check clauses individually. The check lists are composed of two volumes of risk
management and technical safety for the processing industries of petroleum refinery, petroleum
storing tank industry, petrochemical industry, steel industry, rubber tire industry, plastics manufacturing industry, and waste-disposal industry. The risk management volume is commonly applied to
the seven industries, and the technical safety volume consists of the component parts specified for
individual industries. In order to build the system of the quantified check list, firstly, the investigation reports of the whole fire and explosion accidents in Japan were collected into the industries
for the limited period of recent ten or more years. Secondary, the physical risk and the human risk
for each accident were quantitatively calculated. Thirdly, based on the accident causes, approximately ten check clauses were extracted from each accident as the safety measures to avoid the
causes in principle. The above-calculated value of the risk was equally allocated among the
clauses. Consequently, every clause was expressed in numerical value. And, several hundreds
check clauses in total were deduced from the collected accidents for each industry. And finally,
the importance was simplistically classified into three magnitudes, taking both the above evaluated
value and experience into consideration.

KEYWORDS: risk, assessment, check list, safety, management, accident, process

could put to practical use readily and popularly. The practical use must be really the self-imposed safety in itself.
The check list is the most approved and simplest
method available for executing the risk assessment. However,
there is something suspicious about its practical effect, if it was
not quantitative and could not follow the risk circumstances to
be applied. In this paper, how to quantify the system of the
check list and how to introduce the unique characteristics of
following the risk circumstances are described.

INTRODUCTION
The large fires and the big explosions have occurred in the
process industries in Japan exceptionally for 2003. The
gasoline tank under cleaning for remodeling flashed and
then fired in Nagoya on 29 Aug 2003. Triggered by the
2003 Tokachi-oki earthquake, a ring tank-fire of crude-oil
happened first at Tomakomai on 26 Sept 2003 and a
naphtha tank fire was followed at the same storage tank
area on 28 Sept 2003. The latest tank fire was full-scale
pool fire and had furiously burnt for forty-four hours. A
tire manufacturing firm caught fire at Tochigi on 8 Sept
2003, and 165,000 tires burned out. 5000 residents were forcibly evacuated. The rubber fire fell under control two days
after. A 40,000 m3 gas holder exploded and caught big fire at
Aichi on 3 Sept 2003. The injured were fifteen people. An
auto-ignition occurred in a RDF (refuse derived fuel) tank
of an electric power plant at Mie on 27 Jul 2003 and the
RDF smoldered continuously in spite of fire fighters’
efforts. This lax fire fighting produced an explosion at the
tank on 19 Aug 2003. Two fire fighters were killed and
one fire fighter was injured then.
These big fires and explosions in a year made not only
the local residents but also Japanese people nervous about
an accident in the process industries. Against these social
and political backgrounds, it was planed to build the risk
assessment method of the check list which an enterprise

PRINCIPAL PROCEDURE
The authors have developed the quantitative risk assessment
method of the check list, giving added weight to their check
clauses individually. The check lists are composed of two
volumes of risk management and technical safety for the
processing industries of petroleum refinery, petroleum
storing tank industry, petrochemical industry, steel industry,
rubber tire industry, plastics manufacturing industry, and
waste-disposal industry. The risk management volume is
commonly applied to the seven industries, and the technical
safety volume consists of the component parts specified for
individual industries.
In order to build the system of the quantified check list,
firstly, the whole investigation reports of the fire and explosion
accidents in Japan are collected into the industries for the
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limited period of recent ten or more years by referring the
data-base of the accidents related to hazardous materials [1],
the data-base of general fires, and material on the near-miss
accidents gathered by the federation of a certain industry. Secondary, the physical risk and the human risk for each accident
are quantitatively calculated by multiplying its amount of loss
and its number of the injured to the relative frequency of the
accident respectively. Thirdly, based on the accident causes
identified in the reports, approximately ten check clauses are
extracted from each accident as the safety measures to
avoid, escape and seal the causes in principle. The above-calculated value of the risk is equally allocated among the
clauses. Consequently, every clause is weighted with numerical value. And, several hundreds check clauses in total are
deduced from the collected accidents for each industry.
Fourthly, on the other hand, the causes can be classified into
two divisions of risk management factors and technical
safety factors which compose largely the contents of the risk
management volume and the technical safety volume respectively. The management factors contain top management
including declaration of a safety idea, action of risk assessment, safety planning, rules and manuals, audit and review,
educations and so on as shown in Table 1. The technical
factors contain human and physical factors, installations,
equipment, processes, ignition sources, kind of works and so
on. These factors are divided into three graded items of
which the high graded items are shown in Table 2. And
then, the above deducted check clauses are distributed to the
groups, that is, the middle or the low graded items, corresponding to their meanings of the clauses. Fifthly, the individual importance of the items and the check clauses is evaluated
by summing up the risk values of the collected clauses quantitatively. And finally, the importance is simplistically classified into three magnitudes, taking both the above evaluated
value and experience into consideration.

Table 2. High graded items in the technical safety volume
Industries
Petroleum refinery

Petroleum storing
tank industry
Petrochemical industry

Steel industry

Rubber tire industry

Plastics
manufacturing industry

Waste-disposal industry

High graded items
1.
2.
3.
4.
1.
2.
1.
2.
3.
1.
2.
3.
4.
5.
6.
1.
2.
3.
4.
5.
6.
7.
8.
1.
2.
3.
4.
5.
1.

Desulfurization equipment
Distilling equipment
Operation management
Care of works
Care of works
Outdoor storage tank
Towers and vessels
Operation management
Care of works
Raw material yard
Pig iron making process
Steel making process
Steel rolling process
Operation management
Care of works
Storage management
Mixing process
Cord process
Molding process
Vulcantization process
Utilities
Care of works
Operation management
Storage management
Molding process
Operation management
Control of ignition source
Safety control system
General/industrial
waste disposal
2. RDF/RPF manufacture

Note:  RDF: Refuse Derived Fuel, RPF: Refuse Paper & Plastic Fuel.

QUANTIFICATION
The three-graded items and the check clauses in both the
risk management volume and the technical safety volume

are quantitatively given weights, primarily based on the
factor analysis on the causes of the collected accidents.

Table 1. High graded items in the risk management volume
Code
1
2
3
4
5
6
7
8
9
10
11
12
13

CASE ANALYSIS
The case analysis is to consider seriously the sequence of the
accident and to determine carefully its own factors, based on
its accident report, in order to arrange every accident into a
prearranged format. Table 3, in which the sequences are
analyzed into many kinds of factors expressed in the code
numbers, shows some examples of the case analysis in the
petroleum refinery.

High graded items
Policy for safety
Identification and evaluation of hazards
Target and planning
Regulations
Care of works
Operation management
Control of ignition source
Change management
Control of hazardous materials
Plant engineering and management
Periodical audit and assessment
Safety control system
Education and training

RISK MANAGEMENT VOLUME
The three-graded items and their grouping are organized by
referring to the items of laws, regulations and guide lines as
well as special books, papers and cause investigation reports
related to the industrial safety and the risk assessment.
Especially, the high-graded items are selected and arranged
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Table 3. Some examples of case analysis in the petroleum refinery
Accident factors

Some results of case analysis

Accidents No.

Technical safety

Installations/process
State
Working state
Ignition sources
Physical or human factors

Risk management

Management factors

Casualties

Death
Serious injury
Slight injury
Total casualties

96
1
26
412
5
12
13
3
2
7
7

Primary
Secondary
Primary
Secondary

State:
Working state:

Ignition sources:

Physical or human
factors:
Management factors:

96
1
30
404
1
2
14
3
3
9
9

96
1
33
409
2
15
11
3
3
6
6

97
1
1
409
1
18
14
2
2
6
6

97
1
7
404
5
–
13
2
2
5
5

1
2
2
269

Loss(10, 000yen)
Note Code No.
Installation/process:

96
1
27
404
2
17
17
5
5
5
5

0
1

1
1

97. . .
1. . .
18. . .
404
2
18
17
5
5
6
6

97
1
16
404
2
12
17
3
2
6
6
1

0
18,550

0
3,496

0
17

4
9

0
3

401, Seaberth; 402, Tank yard; 403, Pipe lines and pumps; 404, Distilling equipment; 405, Gas-cleaning and recovery apparatus;
406, Hydrogenator; 407, FCC; 408, Reformer; 409, Desulfurization equipment; 410, Oil separator; 411,Utiliyies; 412, Other.
1, Start-up; 2, On working; 3, Emergency shutdoen; 4, Shutdoen; 5, Prescribed maintenance; 6, Stillness.
1, Feeding; 2, Facilities-cleanning; 3, Reparing; 4, Refilling or subdividing; 5, Discharge; 6, Mixing; 7, Dissolution;
8, Unattended; 9, Reacting; 10, Storing; 11, Charging; 12, Check and preparation; 13, Fractionating; 14, Measuring; 15,
Heating and cooling; 16, Agitating; 21, Conversions; 22, Sampling; 23, Cleanning up the site.
11, Fire; 12, Hot surface; 13, Welding spark; 14, Electrostatic spark; 15, Electric spark; 16, Impact; 17, Auto-ignition;
18, Exthothermic chemical reaction; 19, Friction; 20, HEated ignition; 21, Radiation; 30, Other; 88, Under investigation;
90, Unknown.
1, Lack of knowledge; 2, Desultoriness; 3, No intent to make an accident; 4, Arson/terrorism; 5, Poor equipment; 6, Illegal
equipment; 7, Under investigation; 8, Unknown.
See Table 1.

Table 4. Relative risks calculated for management factors in the petroleum refinery

Code
2
3
5
6
7
8
9
10
12
13

Management
factor (causes)
Identification and
Evaluation of hazards
Target and planning
Care of works
Operation management
Control of ignition source
Change management
Control of hazardous
materials
Plant engineering and
management
Safety control system
Education and training
Others

Relatively
physical
risk
(a)(b)

Accidents

Ratio
(a)
(%)

Total
loss
(10,000
yen)

Mean
loss (b)
(10,000
yen)

3.5

5.4

52,738

15,068

811

0.0
16.0
18.0
1.0
2.0
3.0

0.0
24.6
27.7
1.5
3.1
4.6

0
54,370
36,464
269
10,872
7,141

–
3,398
2,026
269
5,436
2,380

0.0

0.0

0

0.0
0.0
21.0

0.0
0.0
32.3

0
0
265,940

Mean
casualties
(c)

Relatively
human risk
(a)(c)

5.5

1.57

0.08

–
836
561
4
167
110

0.0
16.0
28.0
2.0
15.5
16.0

–
1.00
1.56
2.00
7.75
5.33

–
0.25
0.43
0.03
0.24
0.25

–

–

0.0

–

–

–
–
12,664

–
–
4,091

0.0
0.0
119.0

–
–
5.67

–
–
1.83

Total
Casualties

Note:  It is too difficult to analyse quantitatively the management factors of 1 policy for safety, 4 regulations, and 11 periodical audit and assessment as
a cause.

The casualties of a death, a serious injury and a slight injury are converted into 10, 5 and 1 respectively.

3

4

Identification
and
Evaluation
of hazards
Target and
planning
Care of works
Operation
management
Control of
ignition
source
Change
management
Control of
hazardous
materials
Plant
engineering
and
management
Safety control
system
Education
and training
0

0

0

110

167

4

836
561

0

811

Relatively
physical
risk

0.00

0.00

0.00

0.25

0.24

0.03

0.25
0.43

0.00

0.08

Relatively
physical
risk

45

0

135

246

0

112

315
53

0

785

Relatively
physical
risk

0.27

0.00

0.01

0.54

0.00

0.19

0.87
0.08

0.00

0.51

Relatively
physical
risk

0

0

0

27

34

13

57
837

0

448

Relatively
physical
risk

0.00

0.00

0.00

0.15

0.12

0.00

0.18
0.99

0.00

0.33

Relatively
physical
risk

Petrochemical
industry

2

0

10

1

0

7

320
574

0

73

Relatively
physical
risk

0.33

0.00

0.00

0.01

0.12

0.00

0.16
0.27

0.0

0.33

Relatively
physical
risk

Steel
industry

3.0

0.0

5.0

3.0

0.0

0.0

11.0
34.5

0.0

19.5

Number
of
accidents

Rubber
tire
industry

83

1,074

524

858

0

640

87
1,689

0

707

Relatively
physical
risk

0.06

0.02

0.05

0.07

0.00

0.05

0.00
0.17

0.00

0.04

Relatively
physical
risk

Plastics
manufacturing
industry

Note:  It is too difficult to quantitatively the management factors of 1 policy for safety, 4 regulation, and 11 periodical audit and assessment as a cause.
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Code

High
graded
items

Petroleum
refinery

Petroleum
storing
tank
industry

Table 5. Relative risks calculated for management factors in the seven industries

451

1

727

1,876

0

304

27
612

0

808

Relatively
physical
risk

0.01

0.00

0.09

0.47

0.00

0.27

0.00
0.12

0.00

0.02

Relatively
physical
risk

General/industrial
waste
disposal

0.0

0.0

22.5

17.5

0.0

2.0

0.0
21.0

0.0

3.0

Number of
accidents

RDF/RPF
manufacture

Waste-disposal industry
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that the conditions of PDCA (plan-do-check-act) cycle will
be fulfill for application to the industries, as shown in
Table 1.
Based on the accident causes identified in an investigation report, two management factors are given one accident as a primary factor and a secondary factor at most as
shown in Table 3. Summing up a number of accidents for
every management factor, the sums are shown, counting
two accidents for one, in the accidents row of Table 4. In
case of the petroleum refinery, the numbers of accidents
assigned to the management factors are shown in the
Table 4. Risk is the product of an incidence and the size
of damage. Therefore, the physical risk and the human
risk for each management factor are relatively calculated
by multiplying its amount of loss and the number of the
injured to the ratio of the accidents respectively. As shown
in Table 5, the relative risks are calculated for the management factors as to the seven industries, that is, this means
quantitative importance to the high graded items. The importance calculated for each high graded item is distributed to the
middle graded items in the same way. The same goes for the
low graded items. Finally, the importance was simplified,
taking both the calculated value and experience into consideration. However, the importance of the codes of 1
policy for safety, 4 regulations, and 11 periodical audit and
assessment is evaluated from an empirical perspective and
referring many references, since it is too difficult to analyze
quantitatively the management factors of them.
Figure 1 shows a real assessment of the risk management volume applied to some petroleum refinery. In case of
the petroleum refinery, it means that 5 care of works is the
most important among the high-graded items in risk management in general, since its prescribed value (full marks)
is highest. In this petroleum refinery industry, as the difference between the prescribed value (full marks) and the

assessed value (score) of 5 care of works is remarkably
large in comparison with other high-graded items, the care
of works should be improved prior to all other things. The
practical details of the improvement must be made
altogether clear from the contents of its lower graded
items and non-checked clauses.

TECHNICAL SAFETY VOLUME
In order to estimate risk on every accident, its own incidence
must be introduced at first. And then, the risk can be calculated by multiplying the incidence by its own accident size,
that is, loss and/or casualty. In case of petroleum refinery,
74 case histories were collected as all accidents for the
limited years, among which the frequencies, corresponding
to the relative incidences, are connected with the amount of
loss and with the casualties as shown in Figures 2 and 3
respectively. From these regression lines, a relative incidence can be calculated for each accident. So, the physical
risk and the human risk for each accident are quantitatively
calculated by multiplying its amount of loss and its number
of the casualties to the relative incidence respectively.
On the basis of the causes identified in the reports, ten
or more than ten check clauses can be extracted from one
accident as the safety measures to avoid, escape and seal
the causes in principle. The above-calculated risk on an
accident is divided by the number of the extracted clauses
and is equally allocated among the clauses. The larger the
calculated risk on the accident is, the larger the value allocated to the clause is. And, the value of the clause increases
step by step whenever the clause is extracted from the accidents. Consequently, every clause possesses its own numerical value, namely, the importance. This procedure is
schematically shown in Figure 4. The procedure is separately applied to both the physical risk and the human risk.

1 Policy for safety
200

Identification and Evaluation of
hazards

Education andtraining
150
Safety control system

Target and planning

100
50

Regulations

Periodical auditand assessment
0

Plant engineering and
management

Care of works

Operation management

Control of hazardous materials
Change management
Prescribed values
(Full marks)

Control of ignition source
Assessed values
(Score)

Figure 1.
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0.3500
0.3108
0.3000

Risk evaluation

Check clauses
Importance

0.2568
Frqeeucny ratio

0.2500

Risk
0.2027

0.2000

(RA/nA+RC/nC+

=W1)

(RA/nA+RB/nB+

=W4)

Accident A (RA)

0.1622

nA

0.1500

Accident B (RB)

0.1000

nB

0.0500

0.0270

0.0405

0.0000
1

2

3

4

5

6

Log(amount of loss/10,000 yen)

Figure 2.
Figure 4.

On the other hand, the case history of an accident is
analyzed into such the accident factors of technical safety
as installations/process, states, working states, ignition
sources and physical or human factors, as shown in
Table 3. All the accidents are indicated with the factors
what the accident is. In order to evaluate the ratio of
every factor in the total, the statistical treatment is
applied to the whole accidents, that is, the factor analysis.
Based on the results of the factor analysis, the high- and
middle-graded items, which are the notably predominant
factors related with many accidents, are constructed in
the technical safety volume in principle, as shown in
Table 6. A lot of check clauses above-mentioned are distributed to the middle-graded items according to their
meanings. Then, the distributed check clauses are
rearranged and grouped into the low-graded items. Therefore, applying this volume to a real case, the value of
every item can be quantitatively calculated by summing
up the values of checked clauses both on the physical
risk and on the human risk.

CHARACTERISTICS
The check list composed of the risk management volume
and the technical safety volume bears all the characteristics
of the following:

AN EXECUTION OF PDCA
The high-graded items shown in Table 1 are arranged with
the utmost care and attention in order of the PDCA (plando-check-act) which is the most effective methodology in
realizing the risk management. Therefore, the repetition of
this check list is the execution of PDCA cycle itself.

GENERALITY AND ORIGINALITY
The items and the check clauses in the risk management
volume are mostly made from referring many references
of the books on risk assessment, the standards, the
manuals, the regulations and so on. And, the part of the
check clauses is what is selected among the check clauses
deduced from the collected accidents as the check clauses
suitable for the risk management. So, the risk management
volume deals in generality, having the function of a
memorandum.
On the other hand, the items and the check clauses in
the technical safety volume are constructed from the check
clauses deduced from the accidents so that the risks could be
reduced. The check clauses deduced from an accident are
how to prevent physically and humanly the accident and
how to reduce its risk. It is this building method that gives
the technical safety volume the originality in the construction of the items and in wording the check clauses.

Log(converted number of cusualties+1.0)+1.0
0.0000

1

2

3

4

Log(frequency ratio)

-0.1210
-0.5000

-1.0000

-0.7231

-1.5000

-1.3921

-2.0000

-1.8692

-2.5000

QUANTITATIVE ASSESSMENT
The three graded-items and the check clauses are
given importance quantitatively or semi-quantitatively.
So, the scores can be calculated for the low-graded, the

Note: The casualties of a death, a serious injury and a slight injury
are converted into 10, 5 and 1 respectively.

Figure 3.
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Table 6. High- and middle-graded items in the technical safety volume of the petroleum refinery
High graded
items
1 Desulfurization
equipmer

2 Distilling
equipment

3 Operation
management
4 Care of works

Ratio (no.
accidents
related to)
41/74

22/74

19/74
18/74

Middle
graded items
1.1 Pipe lines and pumps
1.12
1.3
1.4
2.1

Ratio (no. accidents
related to)
18/41

Corrosion and brittleness
Improper/faulty installation
Operation safety management
Pipe lines and pumps

12/41
33/41
35/41
15/22

2.2 Operation safety management
2.3 Corrosion and brittleness
3.1 Human error

16/22
–
10/19

4.1
4.2
4.3
4.4

9/18
11/18
6/18
6/18

Improper/faulty installation
On working
Prescribed maintenance
Inspection and maintenance

middle-graded, high-graded items individually and the
total. Therefore, the hazardous matters are not only found
out, but also the order of priority of action to them can
be obtained. Moreover, the total score makes the relative
comparison with other company as to safety possible.

Consequently, the check clauses were extracted from the
accidents as the safety measures to remove and eliminate
their causes. Namely, the risk assessment of check list is
correspondent with risk circumstances in Japan.
CONCLUSIONS
The quantitative risk assessment method of the check list
having practical advantages has been rationally developed
for the promotion of the self-imposed safety management
and technical safety in the chemical processing industries.

INDEPENDENCE IN SAFETY PRACTICE
The safety practice could be a voluntary task, since a check
clause asks a question on the concept of safety sometimes
and its understanding is dependent on a personal view. In
case a question gives a detailed or highly developed technology, its application may be not always suitable for all
enterprises.

LITERATURES
[1] Kazutoshi Hasegawa: “Data-base of Hazardous
Materials Accidents in Japan and its Applications,” The Proceedings of the 3rd NRIFD Symposium International Symposium on Safety in the Manufacture, Storage, Use,
Transport, and Disposal of Hazardous Materials, Tokyo,
Japan, pp. 105– 111, March 10-12 [2004].

CORRESPONDENCE TO RISK CIRCUMSTANCES
An accident should not repeat itself. The chief purpose of
this check list, especially the technical safety volume, is
to reduce the similar risk to the experienced accidents.
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MAIN DIFFERENCES ON EUROPEAN REGULATIONS IN THE FRAME
OF THE SEVESO DIRECTIVE
Alexis Pey, Pablo Lerena, Jordi Campos and Georg Suter
Swiss Safety Institute. WRO-1093.3.39, CH-4002 Basel, Switzerland; e-mail: alexis.pey@swissi.ch; pablo.lerena@swissi.ch;
jordi.campos@swissi.ch; georg.suter@swissi.ch
In the European Community, there is one directive commonly named Seveso (I, II and III) clearly
stating what should be done in the field of major accidents, but not defining how to do it. Therefore,
each Member State developed own regulations to define practical issues in this field. Differences in
regulations between States or even between regions within a State imply a significant different
impact on social, technical and financial aspects for the companies falling under the field of application of the Seveso Directive.
In Switzerland there is an equivalent legislation, however the federal structure of the state and the
competences of the Cantons in this field allow some differences.
As well, it must be taken into account that the subject is not only a technical issue, other factors,
i.e. the industrial background, accidental history, actual land use, social attitude towards risk, economical and political structures play an important role in how the decisions about hazardous activities are taken.
Traditionally, the Swiss Safety Institute worked on two areas on this field: an active participation
on the development and application of the Swiss legislation on major accidents and the definition of
guidelines of worldwide application in the sites of the former Sandoz and Ciba-Geigy. More
recently, starting in 2001 the Institute is performing risk analysis of major accidents in Spain
and France. This practical experience implies the understanding of the local requirements and
the practical application of different approaches.
Answering the question: “Is there a right methodology for the assessment of the risk of major
accidents?” may be sterile, many tools are appropriate and the main concern is to use them properly.
Technically, the causes and consequences of e.g. a fire in a port in Spain on the Mediterranean Sea
or in the port of Basel (Switzerland) in the Rhine river could be assessed using the same tools, but
this is not usually the case. Recently, a European Research Project named ARAMIS proposed an
interesting unified approach but its application is not mandatory.

KEYWORDS: major accidents, risk assessment, scenario definition

and consequently different methods are used to identify
major accident scenarios, different criteria are used to
define the scenarios, different thresholds are used to
evaluate the consequences of those scenarios and finaly
different risk acceptance criteria are used to determine
whether an industrial activity generates an acceptable or
unacceptable risk for the population and environment in
the surroundings.
Those final legal regulations cause a completely
different impact on the existing industries that fall under
the scope of the Seveso Directive, the so-called Seveso
sites: required documentation, responsibility on the surrounding area, land-use-planning, etc. But as well, the
difference in legal regulations causes some States or
Regions to be more attractive for new sites to be established
or for existing sites to grow concentrating certain fields of
activity that will not be possible to further develop in existing sites on other States or Regions.
The aim of this work is to make a contribution to a
critical analysis of the main factors introducing differences
and uncertainties on the way the risk of major accidents is
assessed.

INTRODUCTION
The Seveso II Directive enforced in the European Community, clearly points on its Article 1 to the aim of preventing
“major accidents which involve dangerous substances, and
the limitation of their consequences for man and the
environment, with a view to ensuring high levels of protection throughout the Community in a consistent and effective
manner.” [Directive 96/82/EEC, 1996]
As well, a major accident is clearly defined in
Article 3.5 as “an occurrence such as a major emission,
fire, or explosion resulting from uncontrolled developments in the course of the operation of any establishment
covered by this Directive, and leading to serious danger to
human health and/or the environment, immediate or
delayed, inside or outside the establishment, and involving
one or more dangerous substances” [Directive 96/82/
EEC, 1996]
From this point on, the lack of definition of a clear
methodology and european-wide thresholds for risk and/
or consequence acceptance, lead to a broad number of
final legal regulations under which the Directive is
applied in each Member State or Region within States
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and technical safety measures, equipment, procedures,
design, sabotage, etc. i.e., a tank will collapse, a reactor will
explode, a pipe will leak, a BLEVE will be triggered, no
matter the technical and/or organisational safety measures
adopted. As long as the potential hazard is there it will
sooner or later develop.
Main problem is that this type of approach is frequently criticised because it does not show the safety
measures adopted to prevent those scenarios to happen.
Therefore scenarios are judged as non-realistic, too
remote, non-plausible, etc.
The way out from an extremely apocalyptic deterministic approach is the introduction to a certain extend of
probabilistic considerations while posing the scenarios.
But then the problem turns out to be the data available to
estimate the probability of failure of vessels, pipes, control
systems, people, etc. Industrial experience, even if very
long is usually too short to estimate on a technical basis frequencies down to one, ten or hundred million years, and that
it is sometimes the scale of time where an scenario must lay
in order to be considered as remote enough to be discarded.
As well, it is very difficult to estimate the effect that may
have on probability an increase on safety factors.
Experience shows that most of the times, scenarios
with large consequences outside the plant can be easily discarded by terms of probability and a certain realistic perception of hazards. As well, they are usually not accepted by
operators since most of the times they need to consider in
the definition graves failures on safety management
systems, equipments or procedures in order to be defined.
On the other hand, scenarios that fall in the field of
realistic perception of hazards, having a medium to high
probability of occurrence, do usually show low or no consequences outside the establishment.
In most accident scenarios a balance is finally agreed
between the failures triggering the scenarios and the safety
measures that will be in place and will not fail once the scenario starts to develop.
At this point the question arises on whether accidental
scenarios like the ones occurred in Seveso, Flixborough,
Toulouse, etc. would have been accepted as credible by
operators and authorities and effectively appear on major
accidents reports with the consequences they would have
according regulations and land-use-planning.
Finally, it is common that regulations focus the attention on accidental scenarios that may cause dangerous
effects to people or environment outside an industrial site.
Scenarios whose effects are limited to an area inside the
establishment do not usually cause any risk acceptance
problem according most of regulations.
But what would happen if, for instance, the ATEX
Directive was taken into account from a point of view of
major accidents?
Quite frequently accidents regarding ATEX risks
involve small amounts of dangerous substances (flammable
or highly flammable), but even those small amounts may
cause a serious danger to human health inside the establishment, i.e. explosion of a drum or a centrifuge, small fires,

SCENARIO IDENTIFICATION: DETERMINISTIC
VS PROBABILISTIC
The most practical outcome of a safety report in the frame of
the Seveso II Directive are the accidental scenarios.
Through the scenario definition the operator states the
most representative accidental situations that may lead to
a major accident.
Regarding the preparation of a safety report and while
identifying hazards derived from industrial activities, the use
of a recognized risk analysis technique is a common requirement on all regulations. It is clearly difficult to define through
regulations the use of a specific technique or methodology
since its choice may correspond to operator’s know-how,
organizational procedures, safety management system, etc.
On the “Guidance on the preparation of a Safety
Report to meet the Requirements of Council Directive 96/
82/EC” [Papadakis, 1997], an extense reference list can
be found regarding:
.
.
.
.
.

Process Safety in the frame of Hazardous Reactions
General Hazard Analysis Procedures
Operational Hazard Identification Methodologies
Procedures for Risk Analysis and Reliability Techniques
Identification of External Hazard Sources

Usually, if well applied in terms of suitability to the
installations and processes, different techniques may well
identify the hazards. Therefore, it is usually not an issue discussing the most appropiate technique or methodology in
this field.
But then, hazards must be expressed in terms of accidental scenarios and it is common to find in regulations
statements such as:
. realistic worst case scenario
. the danger study shall be commensurate with the scale of
the dangers threatened by the installation and their foreseeable consequences
. accidental hypothesis showing a highly remote probability may be discarded
. plausible explanation on the selection of hazardous
scenarios
But at the same time, while defining accidental scenarios regulations ask to consider issues on:
. consequences arising from unauthorized actions at the
site
. failure of containment
. malfunctions and technical failures of equipment and
systems
. errors on the work permit system
It is then, when deterministic vs probabilistic scenario
formulations may cause big differences in safety reports
between different States or Regions as a consequence accidental history, evaluation procedures, state of art of such
reports in terms of tradition, etc.
Usually a deterministic approach is adopted to start
posing accidental scenarios. A deterministic approach can
well represent and take into account failures on organisational
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etc. Those accidents will usually cause dangerous effects
only to a rather small area inside the establishment. Therefore, according the definition of major accident those scenarios should be taken into consideration in a safety report
and prevented according the Seveso Directive, but then
again, experience shows that most of the times they will
not be specifically taken into account in a safety report
as scenarios leading to calculations since the amount of
substance involved is too low.

different values having a significant influence on final distances of concern. Values defined for such parameters are
influence by considerations made on type of failure, detection of the event and triggered safety measures.
It can be assumed that calculation programs available show, generally, quite similar results. But even in
the cases where they notably differ, the validation of the
results is most of the times not possible. Therefore it is difficult that a regulation require the use of a certain model or
software. As well, it is not worthwhile to discuss in this
paper particular cases and to compare calculations on
specific scenarios.
Notwithstanding this fact, it is important to make a
remark on main limitations of applicability of these software
programs. Dispersion behaviour of clouds is highly influenced by geographical circumstances; the non-consideration
of such conditions in the dispersion models clearly introduces an important uncertainty in results. Another fact that
introduces uncertainty is the difficulty of considering the
effect that safety measures as water curtains may have
while defining, for instance, the source of a toxic or flammable dispersion or in the shielding they represent in front
of heat radiation. Other measures, as emergency ventilation
or covering a pool with foam are as well difficult to be taken
into account while performing calculations.

PHYSICAL EFFECTS: PARAMETERS
The Seveso Directive and accordingly all State and Local
regulations require assessing the consequences of scenarios.
Overpressure, heat radiation, flammable and/or toxic cloud
dispersion are usually the most significant consequences of
interest, especially if those effects are triggered at a dangerous level outside the establishment.
With this aim, software programs are generally used
for the calculation of physical effects. These programs
require well defined parameters in order to perform calculations; therefore considerations on scenario definition
approach have, as well, a high influence on the calculations
developed.
Depending on the scenario definition, parameters as
flow, leak duration, evaporation time or surface may have

Table 1. Representative reference thresholds for ammonia
Country
France
[Tissot, 2003]

Germany
[VDI 3783 Blatt 4, 2006]
[EPA, 2003]

Italy
[Protezione civile, 1994]
United Kingdom
[HSE, 2006]

Spain
[DGPC, 2003]

Reference thresholds and zones
SEI
SEL
Seuils d’effets irréversibles
Seuils d’effets létaux
1 min: 1500 ppm
1 min: 25300 ppm
3 min: 1000 ppm
3 min: 14700 ppm
10 min: 866 ppm
10 min: 8200 ppm
20 min: 612 ppm
20 min: 5833 ppm
30 min: 500 ppm
30 min: 4767 ppm
60 min: 354 ppm
60 min: 3400 ppm
AEGL-3
AEGL-2
10 min: 2700 ppm
10 min: 220 ppm
30 min: 1600 ppm
30 min: 220 ppm
60 min: 1100 ppm
60 min: 160 ppm
4 hr: 550 ppm
4 hr: 110 ppm
8 hr: 390 ppm
8 hr: 110 ppm
Elevata probabilità di letalità
LC50 (30 min) ¼ 7754 ppm
(from TNO Probit value)
SLOD DTL
Significant Likelihood of Dead
Dangerous Toxic Load
1,03  109 ppm2 x min
Zona de Intervención. AEGL-2
10 min: 270 ppm
30 min: 160 ppm
60 min: 110 ppm
4 hr: 110 ppm
8 hr: 110 ppm

3

SER
Seuils d’effets réversibles
1 min: 280 ppm
3 min: 200 ppm
10 min: 150 ppm
20 min: 120 ppm
30 min: 110 ppm
60 min: 80 ppm
AEGL-1
10 min: 30 ppm
30 min: 30 ppm
60 min: 30 ppm
4 hr: 30 ppm
8 hr: 30 ppm
Danni gravi a popolazione sana
IDLH ¼ 300 ppm
SLOT DTL
Specified Level of Toxicity
Dangerous Toxic Load
3,78  108 ppm2  min
Zona de alerta. AEGL-1
10 min: 25 ppm
30 min: 25 ppm
60 min: 25 ppm
4 hr: 25 ppm
8 hr: 25 ppm
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In any case, the results of those programs showed to
be conservative, thus helping the local authorities to really
protect people to an extend large enough. But at the same
time, as more pressure is put on establishments the overestimation of effects may have important consequences
in terms of responsibility and possibilities to expand the
processes or activities developed.

According to the directive the competent authorities are
in duty to harmonize the implementation the directive. Otherwise the inequalities will lead to risk transfer within Europe to
those countries/regions where practice for the implementation
of SEVESO II is less restrictive than elsewhere.
The actual trend shows that probabilistic techniques
can be hardly avoided while deterministic methods are difficult to apply in Europe because industial activities are
often located in dense populated or environmental sensitive
areas. In this sense, use of probabilistic techniques helps
showing the results of investments in safety measures
since the final risk contours will be lowered as new safety
measures are introduced to prevent accidental scenarios.

TOXIC EFFECTS: THRESHOLDS
In the European Union and in the field of calculation of
physical effects, there is no common definition of methodology nor thresholds of concern of physical effects. Therefore, each Member State defined its own methodology and
thresholds through which systematically define the extent
of the areas affected in front of different physical consequences. Several studies [Nihan, 2006] [Kaiser, 1999]
proved that the lack of a common definition causes great
differences in the assessment of a reference scenario
between State Members.
Next table shows some different thresholds of interest
that are used in order to define the area of concern in case of
a toxic cloud dispersion of Ammonia.
In the case of Switzerland, it is difficult to define a
threshold, since the methodology used [Störfallverordnung,
StFV, 2005] is based on the dose absorbed by the population
around the site and considers the population density in order
to calculate the total impact on population, then the scenario
is classified according a table criterion and the risk is finally
assessed through a matrix where probability is also taken
into account.
As can be seen, differences are quite significant. As
the lower the threshold is the longer the distance, if a
threshold is particularly low, distances obtained by calculation may reach several thousands of meters.
Finally it has to be taken into account that changing
the thresholds of reference on local regulations, or even
changing the reference value due to new information available, may cause an scenario to apparently have all of a
sudden much larger consequences than before. Since the
information on Seveso reports is public, this fact may
cause a important societal impact from the point of view
of risk perception while the company has not decreased or
has even increased its safety measures.
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Famille et des Personnes Handicapées.
VDI-Richtlinie: VDI 3783 Blatt 4, 2004, Umweltmeteorologie Akute Stofffreisetzungen in die Atmosphäre – Anforderungen

CONCLUSIONS
The SEVESO Directive has failed to create or even to
impose a uniform methodology for the assessment of
majors hazards.
As a consequence the methods applied are different in:
. Complexity and quality
. Time required to generate results
. Costs
The methods used yield different results regarding
risk contours and as a consequence also regarding landuse planning.
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COMPUTATIONAL FLUID DYNAMICS (CFD) MODELLING OF TOXIC GAS DISPERSION IN
THE VICINITY OF COMPLEX BUILDINGS, STRUCTURES, AND TOPOGRAPHY
S. Dharmavaram1 and S. R. Hanna2
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E. I. du Pont de Nemours & Co., DuPont Engineering Research & Technology, Wilmington, DE 19898, U.S.A.;
e-mail: seshu.dharmavaram@usa.dupont.com
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Computational fluid dynamics (CFD) methods have typically been used for modelling the behaviour
of instantaneous releases of flammable materials and predicting the resulting impact of potential
explosions usually within or around buildings. CFD technology that has been validated is now
available for doing detailed atmospheric dispersion modelling accounting for topography and
complex fluid flow patterns around buildings up to distances of several kilometres. Reliable predictions of concentrations can be obtained in the near-field and far-field. Common simple models such as
Gaussian plume models or 2D slab models that are used for dispersion modelling do not account for
topography, buildings, and obstructions. Hence the results from them tend to be overly conservative
in the far-field and unreliable in the near-field. Such predictions could lead to expensive decisions for
reducing risks. CFD modelling is expected to provide a more realistic estimate of consequences. This
paper will present results of consequence analysis case studies related to releases of toxic materials in
the vicinity of buildings and complex topography, prediction of concentrations at locations of
concern, and improvements made to reduce risks.

KEYWORDS: atmospheric dispersion modelling, computational fluid dynamics (CFD), consequence
analysis

for safety reports. However, the basic formulation of the
logarithmic wind profile (i.e. variability of wind speed with
height) and the atmospheric stability correlations, used in
these models, is identical to the traditional Gaussian
models. Surface roughness is the only parameter that
accounts for the presence of buildings & obstructions, and
is used to adjust only the wind profile. These tools, which
have very small computational times on modern computers,
are essentially two-dimensional (2D) models designed for a
flat terrain and tend to overestimate instantaneous and
mean concentrations far from the release location. The concentrations that could result in fatal injuries are typically predicted to extend for many kilometres, which is inconsistent
with data on several catastrophic incidents (CSB, 2006)
that indicate that most of the fatalities are clustered in the
near vicinity of the releases.
General purpose Computational Fluid Dynamics
(CFD) tools such as Fluentw and CFXw have been available
for many years for modelling complex flows in three dimensions (3D) (Fluent, 2006; and CFX, 2006). They have been
used successfully for dealing with problems related to
material design, reaction engineering, solid mechanics,
wind models, ocean and weather analysis, and liquid
flows in channels and pipelines. Provided the predictions
are validated with appropriate experimental data, the CFD
methodology is attractive because it can provide results in
a faster, cheaper, and safer way than with laboratory or
field experiments. However, the utility of the general
purpose CFD codes is limited for analyzing atmospheric
dispersion problems because of the large scale and
tremendous complexity. The turbulence intensities in the

INTRODUCTION
Modelling the dispersion of chemicals released accidentally
or as a result of a terrorist incident is challenging because of
the complexity of the surrounding environment in terms of
buildings, obstructions, and topography that would be in
the path of a plume. In addition, such features would
affect the weather patterns (in terms of turbulence) near
the ground surface and are important to characterize correctly for the atmospheric dispersion of chemicals that are
heavier than air.
For dispersion of neutral or buoyant gases, Gaussian
dispersion models have been used to obtain long term
average concentrations in air pollution modelling. Tools
such as AERMOD in the U.S., and ADMS in the U.K. are
“regulatory” models that are used for permitting purposes
(Lee, et al., 1996, and Carruthers, et al., 1994). These
models have been updated to deal with effects of buildings,
topography, and street-canyons in the urban environment.
They are efficient, and entirely appropriate for obtaining
long term average concentrations and for chronic exposure
estimates.
For dispersion of heavy gases (e.g. chlorine), resulting
from accidental releases, a number of other tools such as
HGSYSTEM, ALOHA, SCIPUFF, PHASTw, SLAB, and
TRACEw, are used to determine short-term acute effects on
people resulting in potential injuries and/or fatalities
(Witlox and Holt, 1999; NOAA and EPA, 1992; Sykes,
et al., 2004; Witlox and Holt, 1999; Ermak, 1990; and
SAFER Systems, 1996). They are typically used to comply
with regulatory requirements (e.g. EPA-RMP in the U.S.
and COMAH in the U.K.) and to develop information

1

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153

atmosphere are much greater than those in the small scale
situations (e.g. flow in a pipe or vessel) typically tackled
by such codes. Also the generation of grids and the
associated complexity, which is an important aspect of
CFD modelling, is much simpler for the small scale situations than it would be for the atmospheric dispersion
scenarios. As a result, the computational times required
for a single simulation for a large complex environment
are huge (period of weeks to months) and, therefore, not
very useful or cost-effective.
One commercially available CFD model that has been
developed with the specific intent of analyzing atmospheric
dispersion problems is FLACS (FLACS, 2006). It has been
found to be very efficient (short simulation times) and
reasonably accurate in predicting concentration in
complex domains. FLACS was originally developed for
modelling vapour cloud explosions in off-shore oil platforms. The 2D models, mentioned above, tend to underestimate flammable concentrations or generate inconsistent
results on explosion impacts in the near field particularly
in the vicinity of buildings and obstructions. Most other
commercially available vapour cloud explosion CFD modelling tools (e.g. CEBAM, AutoReaGas) do not account
for gas dispersion (Ledin, 2006; TNO, 2006). CFD modelling has been used widely in the industry and by government
agencies worldwide for analysis of explosion impacts. There
is a need for more research and continued development
(Hanna, et al., 2006; Huq, et al., 2006) of efficient CFD
tools for modelling atmospheric dispersion in larger and
complex domains particularly to understand the toxic
impacts of catastrophic accidents and/or terrorist incidents.
A commercial CFD tool such as FLACS can be used
now to obtain a realistic estimate of consequences of
accidents or incidents in a complex environment. Additional
details about FLACS, types of applications, and case studies
are presented this paper.

has been designed to work on a workstation or a laptop personal computer (PC).
A distributed porosity concept has been developed
and applied in FLACS, where all objects are mapped to
the grid using porosities (opposite of solid blockages).
Larger objects will fully block grid cells, while smaller
objects may lead to partly blocked volumes. This concept
was developed with the requirement that repeatable results
should be obtained when changing the grid size, translating
the grid, and other geometric modifications. The use of this
distributed porosity method avoids the need for detailed resolution of grids around objects and sharp corners, that is
required by most other CFD codes, and improves the efficiency in terms of minimizing the computational time
required for simulations. Even though LES models have
the potential to be more accurate in terms of predicting
the variability of fluid flow in time and space, they are computationally intensive and expensive. The RANS modelling
approach in FLACS with the implementation of the distributed porosity concept at the sub-grid level provides
improved computational efficiency and an accurate prediction of the mean flow field within a control volume. Detailed
validation studies (Hansen, et al., 1999; Savvides, et al.,
2001) have been conducted to compare FLACS model predictions to dispersion of gases in confined and congested
geometries.
The atmospheric boundary layer turbulence input to the
FLACS model has been improved (Hansen 2003). Methods to
properly parameterize the turbulence parameters based on
input of Pasquill stability class or based on the MoninObukhov similarity theory for atmospheric boundary layers
are included in FLACS. In atmospheric flows, fluctuations
in flow direction and speed are seen with periods ranging
from several seconds to several minutes. Periodic fluctuations
are included to the wind profile to represent “on-grid turbulence”. The fluctuations are modelled as periodic variations
with two frequencies applied (about 10–15 s and about
60–70 s). The amplitudes have a standard deviation of
2.4u , 1.9u and 1.3u in the along, across and vertical direction, consistent with well-known boundary layer relations.
FLACS has been evaluated with extensive near and
far-field observations involving tracer gas releases in three
independent field experiments (Kit Fox, MUST, and
Prairie Grass) and wind tunnel data from an L-shaped building (Dharmavaram, et al., 2005; Hanna, et al., 2004). Most
simulations during validation study were carried out in a
matter of 2–12 hours simulation time on an ordinary PC,
where the typical simulated experimental time was of the
order 10 –20 minutes. The strength of the distributed porosity concept is that simulations are not slowed down as a
result of increasing level of detail in the geometry model.

FLACS CFD MODEL
FLACS is a 3D CFD tool in which the compressible NavierStokes equations for conservation of mass, momentum,
enthalpy. turbulent kinetic energy, and dissipation of turbulence are solved on a numerical Cartesian grid. It uses a
Reynolds Average Navier-Stokes (RANS) approach rather
than the Large Eddy Simulation (LES) approach used by a
few other CFD models. The turbulence equations are
closed using the k-e closure scheme. The development of
FLACS (named originally the Flame Acceleration Simulator) started in 1980 as a result of an increasing focus on
gas explosion hazards in the oil and gas exploration platforms in the North Sea. Through the 1990s, improvement
of the explosion models took place (Hansen et al. 1999
and 2001). Around 2000, a development program was
begun to improve dispersion capabilities, as it was realized
that it would be useful to be able to simulate realistic gas
cloud dispersion from a leak. Recent development programs
include the inclusion of physics of liquid particles (aerosols
or sprays) in a research version of FLACS (Hansen 2003). It

TYPES OF APPLICATIONS
The primary value of 3D modelling of atmospheric dispersion using a CFD tool versus the simple 2D tools (e.g.
Gaussian plume models or dense gas slab models) is the
ability to represent buildings, obstructions, and topography
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and to obtain realistic predictions of concentrations in the
near-field and far-field for a range of releases. Provided
below is a discussion of the types of applications where
the use of CFD tools, such as FLACS, can lead
to cost-effective decisions for emergency preparedness in
different localities and minimizing risks at an industrial
facility.

chemical process that can help with the detection in addition
to ambient sensors that may be located around a process
area. However, there are situations when very small (e.g.
pinhole) leaks can go undetected for a long period of time.
Such a leak may have no effect on the upstream flow,
pressure, or temperature typically monitored by instruments,
thereby not triggering any alarms. The major effect resulting
from such a scenario would be the dispersion of a plume in
the vicinity of a building that if not detected can be sucked
into breathing air intakes around a building. As a result,
there would be an accumulation of chemicals inside
occupied areas that can injure people.
In many cases, ambient sensors/analyzers may be
installed near the air intakes or around buildings.
However, the plume may completely bypass the analyzers
and thus be undetected. Also the detection limits on the
sensors may be such that the concentrations are too low
for detection. It is difficult to place ambient monitors in a
process area so that they can provide sufficient warning in
case of a leak. Typically, in most cases, a general wind
rose and some plume dispersion data for small leaks
estimated by 2D modelling are used to make a judgement
on placement of such analyzers.
With the availability of CFD modelling tool such as
FLACS, a better assessment can be made of the behaviour
of plumes for a range of releases in and around a building.
Estimates can be made of concentration profiles for different
weather conditions (e.g. wind speed, atmospheric stability,
wind direction, etc.) at different locations. Such data can
then be used to determine optimum locations for ambient
monitors and also to design “breathing” air handling
systems to minimize risks in occupied buildings.

GROUND-LEVEL AND ELEVATED RELEASES AND
EFFECTS OF BUILDINGS/OBSTRUCTIONS IN THE
NEAR-FIELD AT CHEMICAL PLANTS
In a typical chemical plant, there are many buildings, open
and closed structures with vessels, piping, etc. Accidental
releases could potentially occur from any of the equipment
from any elevation, including stack discharges. The wind
flow field and patterns are influenced and affected by the
obstacles. For a plume of any chemical, the obstructions
affect the dispersion behaviour because of the local turbulence even under nearly-calm conditions (i.e. stable
atmosphere with low wind speeds) in the atmospheric boundary layer. For elevated releases, a plume could be sucked to
the ground level in the wake of a building resulting in high
concentrations. Far-field concentrations may be low but
higher concentrations could occur at ground level under
windy conditions (i.e. neutral atmosphere with high wind
speeds). If a chemical is flammable and ignition was to
occur, any congestion and confinement would cause the
acceleration of a flame front leading to a vapour cloud
explosion.
Standard 2D models do not account for obstacles in
the path of a plume and could therefore underestimate the
concentrations in the near-field particularly at groundlevel. A model like FLACS can be used to obtain a better
estimate of plume behaviour and concentrations. This is particularly important for determining concentrations of chemicals near buildings that are occupied for any length of time
during the day or night. For toxic chemicals, the concern
would be the potential for the chemical to be sucked into
a building through an air intake resulting in high concentrations inside a building and possibly any shelters or
toxic refuges. For flammable chemicals, it is important to
determine the extent of the flash fire zone and any potential
for vapour cloud explosions that can damage buildings
and structures that are occupied.
A model like FLACS can be used to determine concentrations at specific locations in and around a structure
or set of buildings for a range of weather conditions and
release scenarios. A realistic determination of impacts can
be made to minimize the risk to population near the
release locations.

COMPLEX TERRAIN EFFECTS ON PLUME
DISPERSION
The 2D models for determining acute concentrations are
designed for modelling the dispersion of chemicals in a
flat terrain or terrain with simple slopes. In reality, the topography in an area has a significant effect on the transport and
dispersion of a chemical plume. This is particularly important for releases of flashing liquids and gases that are heavier
than air such as chlorine. They tend to hug the ground, possibly accumulate in certain areas, and follow the terrain.
There could be significant upwind dispersion for such
releases that are typically not accounted for in most traditional 2D models.
In CFD models, such as FLACS, terrain and building
data can be imported to create a 3D geometry that can be
used for dispersion modelling. By specifying initial and
boundary conditions for simulation, the wind flow patterns
are allowed to develop in such a complex environment.
The dispersion of releases can then be studied in any
location within the domain. For industrial facilities that
handle hazardous chemicals, such an analysis will provide
a realistic assessment of the dispersion of the chemicals following an incident, and possible impacts on workers on-site
and community off-site.

SMALL RELEASES ON OR AROUND A SINGLE
BUILDING, LOCATION OF AIR INTAKES AND
LOCATION OF AMBIENT MONITORS
Most “medium” to “large” releases at a chemical plant are
likely to be detected and isolated in a fairly short period
of time. There are instruments, alarms, and interlocks in a
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DISPERSION IN URBAN AREAS FROM POTENTIAL
ACCIDENTS & TERRORIST EVENTS
There are many industrial facilities that are located in the
middle of large urban areas. In addition, many hazardous
chemicals are transported by rail or truck through such
urban areas where the population tends to be higher when
compared to rural communities. If either an accident or a
deliberate terrorist incident were to occur then the impact
on the population can be significant.
In using 2D models, the only parameter that is available to account for differences when compared to rural areas
is the surface roughness. However, surface roughness is
used only to adjust the logarithmic wind profile and does
not in any way directly impact the dispersion behaviour.
The arrangement of the buildings and their widths and
heights play a significant role in the wind flow patterns
that develop. The street canyon effects that are observed
may lead to higher concentrations of released chemicals in
certain locations (e.g. building wakes).
Much research is currently underway in many urban
areas to understand the effects of chemical releases
(Hanna, et al., 2006). Only 3D CFD models can be used
for accurate analysis of dispersion behaviour in such a
complex environment. For example, FLACS has recently
been tested for releases of tracer gases near street level in
Manhattan during an extensive multi-day field experiment.

from a vent stack located on the side of a building that
could have an effect on breathing air intakes located on
another part of the same building shown in Figure 1. Such
a release could occur from an uncontrolled reaction from a
pilot plant process within the building and the maximum
possible duration is 60 seconds. The air intake provides
breathing air to offices and laboratories that are occupied
mostly during the day time. The question asked was
whether such a pilot test could be conducted in a safe
manner without affecting the occupants of the building on
the other end.
As illustrated in Figure 1, under “D” Pasquill atmospheric stability, 5.0 m/s wind speed, and 208C temperature
(D5.0) the plume stays aloft and disperses very rapidly. The
following two other weather conditions were also analyzed:
“F” stability, 1.5 m/s wind speed, and 208C temperature
(F1.5); and “D” stability, 3.0 m/s wind speed and 208C
temperature; to represent the wide gamut of conditions
that could occur. The winds were assumed to blow directly
towards the air intake, which in reality occurs very rarely.
Figure 2 illustrates the plume behaviour under F1.5
conditions. The plume stays elevated and the concentration
at the air intake is relatively small. Figure 3 illustrates the
plume behaviour under D3.0. Again the concentration at
the air intake is small. However, the flow patterns on the
lee side of the building lead to a suction of the plume into
the building wake. The concentration on the roof and at
ground level, therefore, could be higher than what might
be expected.
Figure 4 is a chart that shows the concentration profiles
above the release location and at the air intake location. Both
the instantaneous and 60 second average concentrations are

CASE STUDIES
CASE 1: L SHAPED BUILDING – AIR INTAKE
The scenario of concern is the potential release of 1.3 kg/s
of a toxic mixture with a molecular weight of 30 kg/mol

Figure 1. An L-Shaped building with a 1.3 kg/s release of a chemical mixture (MW ¼ 30 kg/mol) occurring from a stack and
dispersion under D stability and 5.0 m/s windspeed. The concentration of concern is 4167 ppm
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Figure 2. An L-Shaped building with a 1.3 kg/s release of a chemical mixture (MW ¼ 30 kg/mol) occurring from a stack and
dispersion under F stability and 1.5 m/s windspeed. The concentration of concern is 4167 ppm

shown for all three weather conditions. The concentrations
expected for the short duration of the release is found to be
about a factor of four less than the level of concern. As a
result of this analysis the business was allowed to proceed
with the pilot testing of the process.

CASE 2: LARGE LIQUID CHLORINE RELEASE
IN A COMPLEX TERRAIN
Many accidents have occurred involving the release of
chlorine from a rail or tank car in locations worldwide.
Such releases have resulted in injuries and fatalities but

Figure 3. An L-Shaped building with a 1.3 kg/s release of a chemical mixture (MW ¼ 30 kg/mol) occurring from a stack and
dispersion under D stability and 3.0 m/s windspeed. The concentration of concern is 4167 ppm
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Figure 4. Summary of concentration versus time at the air intake location on the L-Shaped building for a 1.3 kg/s release of a
chemical mixture (MW ¼ 39 kg/mol) occurring from a stack

are limited to a relatively smaller area around the release
point. The area is less than that estimated by 2D models
and submitted to the government agencies and in safety
reports.
An effort was undertaken to determine the effects of a
hypothetical release of a very large amount of liquid chlorine
(1500 kg/s for 35 seconds) from a rail car derailment
(.250 mm hole) in a complex valley. Chlorine is normally
transported under pressure (8 to 10 bar) in a liquefied form
in rail cars. When liquid chlorine is released from containment, the flashing phenomenon results in a fluid that is in
the form of 20% vapour and 80% liquid as it exits the hole.
For this work, it was assumed that all the liquid remains
entrained along with the vapour in form of tiny droplets,

with the fluid being much heavier than air. The fluid has a
density of 22 kg/m3 which is about 20 times that of air.
Within a short distance the liquid in the plume vaporizes
resulting in a sub-cooled gas (below NBP of 2348C).
Figure 5 shows a three dimensional representation of
a location for modelling of the hypothetical chlorine release.
Modelling was first done using several 2D models identified
in the introduction section. That was followed by modelling
with FLACS for comparison purposes. FLACS was initially
run utilizing a flat terrain. Then it was rerun using a 3D geometry as illustrated in Figure 6, with the wind blowing along
the X axis. The atmospheric conditions assumed in all the
analyses are as follows: “E” stability, 3.0 m/s wind speed,
and 138C temperature.

Figure 5. A complex terrain used for evaluating a hypothetical release of a large amount of liquid chlorine from a rail car
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Figure 6. A representation of the modelling domain (2 km  2 km  500 m) for the CFD modelling

Figure 7 illustrates the behaviour of the plume in the
valley and the way it spreads and follows the terrain as it disperses. The 3D modelling clearly shows that the plume hugs
the ground and bifurcates along the valley, as shown in

Figure 8. There is a significant amount of upwind dispersion,
as well. Figure 9 shows the comparison of peak concentration
results predicted, for the short duration release, for the 2D
models and FLACS. The peak concentrations last for a short

Figure 7. Cross-sectional views in the X-Y (at Z ¼ 33 & 48 m) and Z-X planes (at Y ¼ 1203 & 1208 m) after a simulation time of
150 seconds. The concentration of concern shown is 1000 ppm
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Figure 8. Dispersion of a large chlorine release (1500 kg/s for 35 s) in a complex terrain under E stability and 3 m/s wind speed. The
concentration of concern shown is 1000 ppm

duration as the puff passes by a receptor. The results from
FLACS utilizing a flat terrain are quite consistent with the
results predicted by the 2D models. However, it can be seen
that with the complex terrain there is a significant reduction

in the centreline peak concentration with distance. According
to the FLACS simulations, the number of people that might be
fatally injured is a lot less in reality than would be suggested by
the concentration predictions made by traditional 2D models.

Figure 9. Comparison of concentration versus distance predictions for a very large (1500 kg/s) short duration (35 seconds)
hypothetical release of liquified chlorine from a large hole in a rail car located in a valley
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The realistic results such as those generated by
FLACS can be used for emergency preparedness and protecting people who might be in the path of a chlorine
plume or a short duration puff discussed above. Decisions
can be made on protecting the population that may be
more vulnerable (i.e. in low lying areas) versus those that
are located further away in terms of evacuation. Sheltering
in place especially at higher elevations with the ventilation
turned off can protect many of the people in case of a
release of a heavy gas such as chlorine.
SUMMARY
CFD modelling of atmospheric dispersion of chemicals
released into a complex environment is a viable option
currently available that can provide results that are more realistic when compared to predictions made by 2D models that
are widely used.
FLACS is a commercial CFD model designed specifically for simulating atmospheric dispersion behaviour and is
much more effective and efficient than general purpose commercial CFD codes such as FLUENT and CFX primarily
because of the implementation of the distributed porosity
concept for solution of Navier – Stokes equations on a Cartesian grid. The performance of FLACS has been tested and
validated against a large number of experimental and field
data sets.
Tools such as FLACS can be used to develop an
understanding of the dispersion behaviour of toxic and flammable chemicals in the vicinity of buildings, obstructions,
and topography. Two case studies have been presented in
this paper that show the value of the CFD modelling in
making cost-effective risk reduction and emergency preparedness decisions.
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A PROGRESSIVE RISK ASSESSMENT PROCESS FOR A TYPICAL CHEMICAL
COMPANY: HOW TO AVOID THE RUSH TO QRA
R. Gowland
European Process Safety Centre, U.K.
The Seveso Directive and the Establishment operators own internal Safety Management Systems
require a risk assessment, management and reduction element. There are many good methods
of identifying hazards but there is still much debate about the quick methods of assigning a severity
or importance to each of them. Clearly, this will remain an area where a qualitative judgement must
be made in many cases. This may be sufficient for low to medium severity events. However more
severe potential consequences will require more work of an analytical and modelling nature. The
paper sets out the process used by a major company which has generally outperformed the industry
average incident rate and severity consistently. It gives a clear means of screening risks to allow the
more severe to be studied in great depth by the use if semi- quantified risk indexes which
are adjusted to the circumstances such as process type, environment, land use and sensitivity of
the local conditions. The key areas addressed are Fire, Explosion and Toxic Vapour release. The
paper describes a structured approach and the simple calculation tools which can be used to
screen out the lower level risks so that the higher level risks can be examined efficiently. One
of the significant advantages of such a system is that the initial screening and much of the intermediate risk assessment (and thus its management) can now be done by the staff directly supervising the process itself. This allows them to take a much more direct ownership of the risk and thus
understand and more fully carry out their responsibilities.

Safety Management Systems are a requirement for compliance with the Seveso 2 Directive. A very important part of
any Safety Management System for a chemical company
is the Process Safety Management System. Most companies
have constructed their own approach to the task and in some
cases these pre-dated any regulatory requirements. A fundamental part of the process Safety Management System is the
risk management process and this in turn requires a risk
assessment to determine the scale and likelihood of the operational risks of an establishment. Once this has been accomplished, decisions need to be made about acceptance,
reduction or cessation on the basis of some risk tolerance
criteria set by the operator or by the regulator. Figure 1
illustrates the risk management ‘process’.
The assessment part of the process can range from
the simple to the complex. As time goes by and technology
advances, we seem to be moving in the direction of the
complex. For small and medium enterprises and even for
larger companies, this increasing complexity may not
always bring a benefit in managing risk. Drawbacks include:

be selective and consistent. In the past three years, several
risk management systems have been observed where:
.

.

Risk Assessments (including QRAs) have been done and
no one was quite sure why they were done, what the
results really meant and what was done with them. In
extreme cases it appeared that little had been done to
address risks which could have been reduced easily
and economically. Furthermore, obvious risks had
been overlooked.
Several studies at European and National levels have
shown that the consistency issue remains unresolved.

We do not need to be reminded that it would be bad practice
reject a method simply because we did not understand it. It
would also be irresponsible to seek an assessment system
which gives us the least provocative answer, or to manipulate the inputs or assumptions used in a given method to
achieve the same thing. Whilst examples of this are rare,
they do exist and are not always inspired by the establishment operator.
The following demonstrates a progressive approach
which allows the use of simple tools to approximate the
risk so that comparison with ‘tolerance criteria’ or ‘risk
review elevation criteria’ can be made. Those cases which
exceed these criteria are then taken to a deeper, more
complex level of study. The example approach gives 4
levels of study, starting simple and progressing to
complex. Each of these levels requires the use of tools,
many of which are well known industry generic best practice and therefore allow some comparison establishment to
establishment. Furthermore, some specific tools have
appeared as examples in regulatory guidance from some

. A lack of full understanding of methods.
. Reliance on experts who may be remote from the operation.
. Undue reliance on third parties to evaluate risk.
. Key operations staff being vaguely aware of the true
risks of the production process and potential deviations.
. A lack of appreciation of the impact of changes to the
manufacturing process on the level of risk.
. Illusory ‘precision’ in methods which use elegant
models and mathematical expressions.
There is no doubt that the complex models are needed and
have brought real benefits, but their application needs to

1
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member states in the European Union and other countries
such as Thailand and Australia.
How it can be done:
Starting from the design phase of a plant it is normal
to be able to identify the process materials and their physical
and hazard properties

SIMPLIFIED RISK
MANAGEMENT PROCESS

DETERMINE
RISK REVIEW
REQUIREMENTS

WHEN

.
.
.

WHO

IDENTIFY
HAZARDS

REDUCE
RISK

In the case of existing facilities, all these are well
known and documented.
With such basic information it should be possible to
make an estimate, at least in relative terms and in some
cases in quantitative terms the consequences of major
process deviations. In the case of Fire and Toxic releases,
there are well established methods such as the Dow Fire
and Explosion Index and the Dow Chemical Exposure Index.
For the case of vapour cloud explosion, there are simplified methods which can apply the TNO Multi Energy
approach in a conservative way. These can all be used to
quickly estimate the hazard consequences of deviations. A
further resource is provided for worst case toxic release
scenarios by the Environmental Protection Agency in the
United States which supports the RMP plan.
It may help to have a standardised group of scenarios
for the estimates being made. The ARAMIS project of the
European Commission devotes some time to this topic.
The referenced Dow methods include suggested scenarios
and the explosion case is well covered in papers from
Martin Goose of the United Kingdom Health and Safety
Executive.
The whole risk management ‘process’ can be
described graphically in Figure 2.

Analyse/Assess
RISK

WHAT
YES

HOW
CAN
RISK BE
REDUCED
?
NO

DISCONTINUE
ACTIVITY

NO

process steps
process conditions (temperature, phase, pressure etc.)
basic reactive chemical issues (Thermal runaway potential etc.)

IS
RISK
TOLERABLE
?
YES

MANAGE
RESIDUAL RISK

Figure 1.

LEVEL 1: PROCESS HAZARDS ANALYSIS
– Triggers : All plants, significant projects and changes
• Fire & Explosion Index (FEI)
• Chemical Exposure Index (CEI)
• Credible case scenarios and lines of defence (with
frequency or LOPA target factors).
• Worst case scenarios and relationship to Emergency Plan
(EPA RMPtool)
• Explosion Impact (Building Overpressure) evaluation*
• PHA Questionnaire
LEVEL 2: RISK REVIEW
– Triggers: F&EI >=110 or CEI = ERPG2 at fence line ,
LOPA Target Factor to be defined (check output from
Level 1) e.g. fatality at freq > KNR governance criteria
• Cause-Consequence pair Identification* e.g. ‘bow tie’
• HAZOP
• LOPA and Triggers: LOPA Target >= 5 or LOPA
inappropriate.
•Structured Hazard Analysis
(Fault Tree analysis*, FMEA, Checklist, etc.)

Level 1: RISK REVIEW
PROCESS HAZARD ANALYSIS

Level 2:
RISK REVIEW
Level 3

LEVEL 3: ENHANCED RISK REVIEW
– Triggers: LOPA Protection Gap > 0 i.e. we are not meeting
governance criteria
• More accurate Dose considerations e.g. AEGLs or AETLs
• Screen for QRA*

LEVEL 4: QUANTITATIVE RISK ASSESSMENT
– Triggers: Individual Risk contours in off-site population exceeds
Business Governance Elevation Criteria
• Combination of Consequence Analysis, Frequency of Impact
• Focuses on highest risk activities

RISK
REVIEW

L4:
QRA

Figure 2. Summary diagram of a progressive system
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At each stage the work is done and the outcome compared with the elevation criteria to decide if the next level
risk review needs to be done. The effect is that only the
risks which have a high severity or about which there is
most doubt reach the stage of Quantitative Risk Assessment.
Furthermore, the scope of work for QRA will probably be
narrowed because of all the knowledge gained from the
lower level reviews.
The tools used range from the simple to the complex:
Stage 1 (simple)

seems logical that if the toxic release travels a distance
which is less than the distance to the company’s fence line
it should be possible to protect site based persons from
adverse effects. Various methods play a role from detection
and response to Personal Protective Equipment and ‘shelter
in place’ etc. These measures are not practical for application outside the site. In the scheme presented, it is
suggested that any scenario which develops a toxic concentration of ERPG2 or greater outside the fence line should be
subjected to deeper study.
The same approach can be made using the EPA dispersion model for catastrophic worst case scenarios. If
these demonstrate a potential for ERPG3 concentrations at
the fence line, it could be assumed that extra studies
would be needed. These would be used to refine the on
and off site emergency plans and any possible scale
reduction or mitigation measures. The principle of Inherently Safer Design might be intensified or in extreme
cases, the process changed. An example is shown in
APPENDIX 1. The software is demonstrated in the presentation of the paper.
2) The worst case toxic release scenarios are
studied via the EPA RMP approach: This assumes the catastrophic failure scenario with all inventory discharged in 10
minutes. This is available from the EPA website http://
yosemite.epa.gov.
3) For Fire Cases, the Dow Fire and Explosion Index
can be used to assess fire effects: In this case the criteria for
deeper study would be based on the criteria used by some
companies and some legal authorities. For example – Fire
and Explosion Index exceeds 110. An example is shown
in APPENDIX 2.
4) Occupied Buildings close to plants where flammable materials present an explosion risk: This is
studied with the use of TNO Multi Energy Methodology.
An example is illustrated in APPENDIX 3.

. Formal Review to demonstrate operator knowledge of
the production process
. Questionnaires designed to extract all process deviations
and hazardous scenarios
. Semi Quantified Screening tools for Consequences of
Fire, Explosion and Toxic substance releases. Examples
are shown in Appendix 1,2 and 3
. Comparison of results with screening criteria set by the
company
All these activities are carried out by plant based production personnel who have been trained by Process Safety
expertise. The results are communicated to Process Safety
Expertise for validation.
Stage 2 (intermediate)
. Detailed Hazard Identification (HAZOP)
. Layer of Protection Analysis
. Comparison of results with screening criteria set by the
company
These activities are carried out by plant based production personnel under the facilitation of Process Safety
expertise for the technology being used.
Stage 3 (Technology based Process Safety expertise)
Confirmation of severity and frequency of potential
consequence by use of more complex modelling including
. Dispersion models e.g. DNV PHAST
. Potential exposure e.g. AEGLs, AETLs, for each predicted event
. Screening and scoping for QRA

APPLICATION
The Dow Chemical Company has based its approach on
using these kind of criteria, its trigger criteria are developed,
but the system may be used with user defined numbers.

These activities are carried out by Process Safety
expertise for the technology being used with assistance of
Technology Leaders and plant based production personnel.
Stage 4 (Corporate Process Safety Expertise/3rd party
provider)

CONCLUSION
The work of process risk assessment is aided by many tools.
It seems reasonable that the greatest hazards should receive
the deepest studies, possibly involving greater expense. The
combining of simple publicly available indexing tools with
screening or trigger criteria offers a way of adding efficiency
to the activity. Most importantly, it ensures that the people
closest to the risk and whose responsibility in managing it
daily, understand their process and its hazards and the role
they must carry out in preventing or responding to unsafe
deviations.

. Quantitative Risk Assessment
The simple tools explained:
1) Toxic release from standardised credible case
scenarios: First taking the case for toxic release, the Chemical Exposure Index can quickly provide the distance which
is travelled by a specified toxic release. Criteria are based on
Emergency Response Planning Guidelines. The estimate of
‘hazard distances’ from each case are made available. It
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APPENDIX 1 EXAMPLES:
Chemical Exposure Index Calculation
Plant:
Unit of Process Plant:
Calculation by:
Material in case studied
Date: January 4 2006

Make Entries in yellow cells only
Chlorination
store V101
Gowland
Chlorine in pressurised store

Piping release or vessel nozzle release

Level 2 Risk Analysis is triggered

(Liquid
Release)
(Gas
Release)

Distance travel by ERPG2 concentration Metres
(Liquid Release)

16932

Distance travel by ERPG2 concentration Metres
(Gas Release)

3571

Level 2 Risk Analysis is triggered

The software also allows the cases of hoses, overflows and relief systems to be
studied.
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APPENDIX 2: FIRE AND EXPLOSION INDEX
Solids pesticides warehouse
Fire and Explosion Index
Material Factor (see Material Data)
NFPA Health rating (Nh)
(NFPA Flammability rating (Nf)
NFPA Instability rating (Ni)

1A
1B
1C
1D
1E
1F

2A
2B
2C
2D
2E
2F
2G1
2G2
2G3
2H
2I
2J
2K
2L

41.78
14.00
1
2
1

General Process Hazards
Base
Exothermic Reaction (range of input 0.3 - 1.25)
Endothermic Reaction (input range 0.2 - 0.4)
Material Handling and Transfer (input range 0.25 - 0.8)
Enclosed or Indoor Process or storage Units handling Flammable
materials
Ease of Access for Emergency Responders
Drainage and Spill Control
General Process Hazards Factor
Base
Toxicity of the material handled.
Process or Storage operates at vacuum (<500mmHg) - penalty 0.5
Operation in or near the flammable range (input range 0.0 - 0.8)
Dust Explosion (input range 0.0 - 2.0)
Pressure Penalty
Low Temperature Operation
Combustible and Flammable materials in Process
Liquids or gases in Storage
Solids in Storage or Process
Corrosion and Erosion (input range 0.0 - 0.75)
Leakage, Joints, packing, flexible joints
Use of Fired Equipment (fig 6)
Hot Oil Heat Exchange Equipment (table 5)
Rotating Equipment
Special Process Hazards Factor
Fire and Explosion Index
Level 2 Risk Analysis is not triggered

1
0.00
0.00
0.00
0.00
0.35
0.50
1.85
1
0.20
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.41
0.00
0.00
0.00
0.00
0.00
1.61
41.78

Software calculation demonstration is included in the oral presentation
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APPENDIX 3: OCCUPIED BUILDING VULNERABILITY
Vapour Cloud Explosion Screening for:
Date:
By
Dimensions of the confined or semi-confined Zone which can be filled by a
leak of flammable vapour above its flash point.
Standoff
distance
between
source and
Calculated
Width
Depth
Height
Volume
potentially
(metres)
(metres)
(metres)
Fuel mass
affected
building
(metres)
INPUTS
in this row

Approxima
te
Predicted
Side on
Overpress
ure at
building
(mBar)
Standard
Brick or
block
constructio
n without
independe
nt roof
support
Conventio
nal
Windows
allowed?

15

15

5

1125

20

91.575

Curve 1
Y

Curve 2
Y

Curve 3
Y

Curve 4 Y

Curve 5 Y

Curve 6 Y

Curve
7Y

Curve
8Y

10.00

20.00

52.10

109.25

201.70

612.93

1000.0
0

1641.2
9

O.K.

O.K.

O.K.

Not
Suitable

Not
Suitable

Not
Suitable

YES

NO

NO

NO

NO

NO

Kg

Not
Not
Suitable Suitable

NO

NO

In this case, the screening criteria suggested is a peak side on overpressure of 70mBar. If this pressure is exceeded, the building
is vulnerable to major damage and consequent serious injury to occupants. When these criteria are met, the procedure outlined
by HSE (Martin Goose) is very helpful. It proposes a system of estimating cumulative frequency of these events and assessing
the result against ALARP (As Low As Reasonably Practicable) criteria frequency (e.g. frequency of serious injury meets tolerability criteria).
Software calculation demonstration is included in the oral presentation.

Location and Design of Occupied Buildings at Chemical
Plants – Assessment Step by Step. Martin Goose – U.K.
Health and Safety Executive.

REFERENCES
The Dow Chemical Company Fire and Explosion Index Hazard
Classification Guide Ed 7 1994.
The Dow Chemical Company Chemical Exposure Index Guide
Ed 2 1993.
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APPOLO 2 PROJECT – RISK ASSESSMENT OF CAMAÇARI INDUSTRIAL COMPLEX
Mariana Bahadian Bardy, M.Sc.1, Jaime Eduardo Pinto Lima, M.Sc.2 and Aurinézio Calheira, M.Sc.3
1
Chemical Engineer, Det Norske Veritas Ltda.
2
Mechanical Engineer, Det Norske Veritas Ltda.
3
Mechanical Engineer, Industrial Committee of Camaçari
The operational license of the Camaçari Industrial Complex, located in the state of Bahia, is
renewed every five years, involving all 52 companies associated to the Industrial Committee of
Camaçari (COFIC). In 2000, in order to receive the new license, it was developed a risk analysis
study, named APPOLO 2 Project, in which the companies located in the complex have participated,
enclosing chemical, petrochemical, beverage, cupper and other sectors. Also the transport of
dangerous goods (by pipelines, road and railway) across the complex was analyzed. The study
has started with a qualitative phase, using the Process Hazard Analysis (PHA) technique, being
identified more than 21,000 risk scenarios and the consequences calculated for the most critical
scenarios. A great number of 570 recommendation and 1390 suggestions for improvement were
proposed during the study. For 30% of the companies, it was necessary to develop the risk analysis
until a quantitative risk assessment, whenever the PHA and consequence analysis were not detailed
enough to guarantee the risk acceptability. For all companies, risk measures have been proposed, in
order to improve the safety of the complex, with focus on inventory reduction, improvement of
safety instrumented systems and automatic blockage of releases. Finally, process safety management programs have been developed and are in implementation phases for the complex, improving
the risk conditions in place today.

The transportation of dangerous goods by pipelines,
railway and roads, between the physical limits of the
complex, was also included in the analysis.
The methodology used for the assessment was
divided in four phases, from qualitative to quantitative risk
analysis, finalizing with the development of process safety
management programs for all companies.

INTRODUCTION
In order to extend the operational license of the Camaçari
Industrial Complex, located in the State of Bahia, in
Brazil, it was requested by the local environmental agency
to present a risk assessment study involving the 52 companies installed in the area.
The Camaçari Industrial Complex began its operation
in 1978. It is the first planned petrochemical complex of the
Country and it is located in the city of Camaçari, 50 kilometers far from Salvador, capital of the State of Bahia.
The largest integrated industrial complex in the
southern hemisphere, the majority of the Complex companies
is connected through a piping network to a raw material unit.
The largest company of the Camaçari Industrial Complex and
one of the five major private enterprises of the country,
BRASKEM raw material unit receives petroleum-by-products
from PETROBRAS, mainly naphtha, and processes them
into primary petrochemicals (ethylene, propylene, benzene,
toluene, butadiene, xylene, solvents and others).
All of these products plus utilities such as electric
power, steam and instrument air are supplied from a
central production facility and to the neighboring second
generation industries, for manufacturing intermediate and
some final petrochemicals, as represented in Figure 1.
The Complex has today an installed capacity of over
11.5 million tons/year of primary, intermediate and final
chemical and petrochemical products, being responsible
for more than half of the country’s demand.
The risk assessment, named APPOLO 2 Project
was conducted by Det Norske Veritas (DNV) from
2000 to 2003, including companies in the following
main sectors: chemicals, petrochemicals, beverage and
cupper.

METHODOLOGY
The methodology applied in the study was developed by a
Technical Steering Committee created by the Industrial
Committee of Camaçari (COFIC) that is responsible to
facilitate, coordinate and stimulate collective actions to
full fill common interests of its associated companies.
Representatives of the main companies in the complex,
with large experience in process safety, as Braskem,
Deten, Petrobras, Du Pont, Monsanto and Dow have participate in the committee and elaborated a technical specification to be followed in the analysis. This specification is
based on Brazilian regulations, establish by the States of
Rio de Janeiro and São Paulo, and also international regulations from OSHA, EPA, the Council of the European
Union (Seveso II) and International Labour Organization
(ILO 174).
Through a bidding process, Det Norske Veritas (DNV)
was selected among other companies to conduct the study,
called APPOLO 2 Project, being an update of a similar
study conducted from 1992 to 1994 (APPOLO Project).
As established in the technical specification,
APPOLO 2 Project was structured in four phases:
.
.

1

Phase 1: Preliminary Hazard Analysis (PHA)
Phase 2: Consequence Analysis
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Figure 1. Camaçari industrial complex

. Phase 3: Quantitative Risk Assessment (QRA)
. Phase 4: Process Safety Management Program

APPOLO 2 Project. Six risk categories were established,
as presented below:

The methodology and results of each phase are going to be
detailed in the following sections.

.

PHASE 1: PRELIMINARY HAZARD ANALYSIS (PHA)
The Preliminary Hazard Analysis (PHA) is a structured
methodology to identify the hazards that could happen due
to undesirable events occurrence. This methodology can
be used for early stages systems development or in design
phase, as general assessment of safety systems in operational conditions and for assessing risks in relation to
removal, assembly and commissioning operations of
systems/equipments. The spreadsheet in Figure 2 represents
the model used for the study.
Possible accidental events and its respective consequences are raised in PHA and a qualitative risk evaluation
for each accidental scenario is performed by evaluating their
frequency and severity. Therefore, the obtained results are
qualitative.
Also according to the PHA methodology used in the
study, the consequences of each accident scenarios were
classified, using the categories presented in Table 2.
Combining the likelihood and severity categories a
Risk Matrix was created, as shown in Figure 3, which represent the qualitative acceptability risk criteria for

.

.

.

.
.

2

Acceptable Risk: scenarios classified in this category are
considered in acceptable condition, not being necessary
risk reduction. The measures identified for them are
classified as suggestions, without obligation to be
implemented.
Global Analysis: scenarios classified in this category have
as characteristics high likelihood and low consequences,
the actions normally are related to inspection and maintenance activities. All measures proposed are considered
Recommendations, with obligation of implementation;
Confirm Risk: in the category, complementary studies
(Consequence Analysis and Quantitative Risk Assessment) need to be performed, in order to confirm the
risk acceptability;
Acceptable with Consequence Analysis: for these scenarios, even thought they are considered accepted, a consequence analysis needs to be performed to confirm the
severity of the consequences;
Pre-Analysis: as the category Confirm Risk, for PreAnalysis, complementary studies are to be performed;
Not Acceptable Risk: scenarios classified as not acceptable
need to have immediate attention and the risk measures
have to be implemented in order to eliminate the hazardous condition or to reduce it to an acceptable risk.
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Preliminary Hazard Analysis (PHA)
System/Installation:

Date:

References:
Hazard

Team:
Cause

Effects

Likelihood

Severity

Risk

Revision:
Recommendation/Suggestion

#
1

Figure 2. PHA spreadsheet

The PHA has identified more than 21,000 accidental scenarios that can occur on Camaçari Complex. These
scenarios, classified according to likelihood and severity,
are distributed in the six different risk categories, as
show in Figure 4. Approximately 95% of the scenarios
identified were classified as Acceptable Risk and none
has been considered Not Acceptable.
Also, during the assessment, around 570 recommendations were proposed, to reduce the risk in the industry
sites and transportation routes. These recommendations
have the implementation status followed by the local
environmental agency, according to annual reports presented by COFIC. Besides that, 1,390 suggestions were

identified, with the aim to increase the safety on the operations, but without obligation of implementation.
PHASE 2: CONSEQUENCE ANALYSIS
The methodology of Consequence Analysis consist in use of a
range of techniques and modeling tools to evaluate effects of
accidents and the impact on personnel, equipment, structures
and the environment. The consequences calculated are related
to the size and duration of the release, the dispersion of the
cloud, and the quantification of the hazardous effects that
the release and the cloud can produce, as fires (by thermal radiation), explosions (by overpressures and impulses), or toxic
effects (by concentration and toxic doses).
According to the results from the PHA, all scenarios
with consequences classified as critical or catastrophic
were included in the Consequence Analysis. Their effects
were quantified, using the software PHAST – Process
Hazard Analysis Software Tool, developed by DNV
Software.

Table 1. Likelihood categories
Likelihood
category
Frequent (FR)

Probable (PR)

Occasional (OC)

Remote (RE)

Improbable (IMP)

Description
Historically happens several times
during the year; human error during
execution of activity, without
procedure and training, with
degraded work conditions.
Historically has happened once or twice
during the site life; human error
during execution of activity, without
procedure and training, with good
work conditions.
Single failure of component; human
error in eventual activity, with
procedure and training.
Failure of two components; human
errors in independent actions; failure
of equipment, with inspection plan;
failure of electronic equipment.
Multiple failures of protection or safety
instrumented systems; mechanical
failure of storage vessel.

Table 2. Severity categories
Severity category
Low (BA)

Moderate (MO)

Critical (CR)

Catastrophic (CA)

3

Description
Accident without loss of time; no
damage or minimum damage to the
environment.
Accident with loss of time; Evacuation
of isolated sites; medium
environment damage.
Fatality or serial injury in at least one
person; complete evacuation of the
complex; impact that paralyze the
waste treatment facility; large
environment damage, with impact
against pre-degraded or non-sensitive
area.
Above 10 fatalities; large environment
damage, with impact against
sensitive area.
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Likelihood
RiskMatriz
FR

PR

OC

RE

IMP

BA
MO
Severity

CR
CA
RiksNot Acceptable

Confirm Risk

Pre-Analysis

Acceptable with Consequence Analysis

Global Analysis

Acceptable

Figure 3. Risk matrix

A total of 1,100 simulations were developed, including process units, storage and transportation, and the distribution of results are presented in Figure 5. As shown, only
1% of the accidental scenarios have more than 2,000 m of
hazardous distance, with the possibility of reaching the
nearby communities, located around Camaçari Industrial
Complex. All the remained scenarios, 99%, have their
effects limited to the industrial sites in Camaçari.

study the criteria presented in Figure 6 was applied for
30% of the 52 companies initially analyzed by the
preliminary hazard analysis (PHA) and also road transportation and pipe ways between the Complex sites. The F-N
curve, that represents the cumulative frequency of events
causing N or more fatalities versus the number of fatalities,
was the risk measure used in the study.
The criteria is divided in three regions, being the first
one Acceptable, where the risk is considered be negligible
risk and mitigation is not needed; when the risk is situated
in the ALARP (As Low As Reasonably Possible) region,
risk had to be reduced according to cost benefit analysis or
technical limitation; the Not Acceptable region where mitigation was necessary, until risk level is at least in the
ALARP region.
The results for the QRA showed that, among the 90
process units, storage areas and transportation systems evaluated, 77% of them were classified as acceptable, 16% as
ALARP and 7% as not acceptable. Due to these results,
for the 23% of the analysis with risk different from completely acceptable, reduction measures were proposed and the
risk was review to consider the implementation of them.
Finally, 86% of the units were considered with acceptable
risk (increase of 9% after risk mitigation) and the remaining

PHASE 3: QUANTITATIVE RISK ASSESSMENT (QRA)
Quantitative Risk Assessment consist in identifying and
quantifying likelihood and severity of all accidental scenarios that can occur in an industrial site of during transportation of dangerous goods. Combining likelihood and
severity, the risk is calculated and compared to acceptability criteria, proposing risk reduction measures, when
needed.
The software SAFETI – Suite for the Assessment of
Flammable, Explosive and Toxic Impact, was used for the
calculations performed in the project.
For APPOLO 2 Project, according to its risk matrix,
all scenarios classified as Pre-Analysis and Confirm Risk,
have to be assessed using QRA methodology. For the

Likelihood
Riskmatrix

Total
FR

PR

OC

RE

IMP

BA

0,3%

3,9%

12,8%

6,9%

2,3%

26,1%

MO

0%

0,5%

6,8%

28,2%

13,3%

48,8%

CR

0%

0%

0,5%

15,4%

5,3%

21,2%

CA

0%

0%

<0,1%

3,2%

0,7%

3,9%

0,3%

4,3%

20,1%

53,6%

21,6%

100,0%

Severity
Severity

Total

Not Acceptable

Confirm Risk –1%

Pre-Analysis –3%

Acceptable with Conseq. Analysis–21%

Global Analysis –1%

Acceptable –74%

Figure 4. Scenarios distribution according to risk matrix
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250m a 500m
19%

500m a 1000m 1000m a 2000m > 2000m
3%
1%
7%

< 250m
70%

Figure 5. Distribution of results from consequence analysis

Figure 6. Quantitative risk assessment acceptable criteria

14% as ALARP. No unit has remain with no acceptable risk,
after the evaluation of mitigation, that was based on
reduction of inventory, installation of new blockage
systems and interlocks and improvement of the reliability
of safety instrumented systems. All recommendation from
the QRA were reported to the local environmental agency
and included in the status report, issued annually by the
companies.

8. Incidents and Accidents Investigation
9. Emergency Planning/Evacuation and Emergency
Response Procedures
10. Auditing Process
On these elements focus is given to goals, objectives, documents or procedures related to the implementation of each of
the aspects the protection of safety and environment. The
development of the PSM Program was established in order
to have the conclusion of the process in a five-year period.
Annually, each company has to present to the local environmental agency an update from the status of the implementation of the program, as a requirement of its operational
license.

PHASE 4: PROCESS SAFETY MANAGEMENT
PROGRAM
Complementing the results from the qualitative and quantitative risk assessment, each company located at Camaçari
Industrial Complex, has developed a Process Safety Management (PSM) Program, based on 10 critical elements, as
following:
1.
2.
3.
4.
5.
6.
7.

FINAL COMMENTS
APPOLO 2 Project has to be considered as one of the most
relevant risk assessment studies, due to its centralized
approach and coordination that has implied in the use of
common methodology for all 52 companies included in
the study. As a summary of results, over 21,000 accidental
scenarios were evaluated and 570 recommendations and
1,390 suggestions were proposed.

Process Safety Information
Risk Assessment
Operational Procedures
Training
Sub-contractors
Integrity and Maintenance
Management of Changes
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A few relevant conclusions can be extracted from the

APPOLO 2 Project can be considered as a first
initiative in Brazil, letting all companies involved in
getting permanent and systematic control of their risks,
using the Process Safety Management Program as a
standard.

study:
. Proximity of each site in the complex leading to a high
probability of dangerous effects from one company
reaching neighboring ones, increasing the necessity of
constant reviews of the Emergency Plan of each site;
. Considerable distance of 2,000 m, from most of the
facilities to the community and the urgent need of
actions to preserve the dense vegetation located around
the complex, due to its importance in maintaining the
gap between industrial and residential areas;
. Centralize management of pipe ways located in the
complex, that connect the several companies, with the
coordination of raw material unit, and establishment of
technical committee to ensure that all safety measures
are being take care by;
. New technologies and revision of inspections plans, in
order to increase the integrity of process equipments
and storage vessels and tanks, considering the 28 years
of operation of Camaçari Industrial Complex;
. Increase of the use of risk analysis as a support for the
management of process changes; support from all companies, including administration level and technical professionals;
. Increase of safeguards to avoid soil contamination and
reduction of existing passive.
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THE APPLICATION OF RISK ASSESSMENT TO ROUTING ISSUES FOR GAS
TRANSMISSION PIPELINES
M. R. Acton, P. J. Baldwin and K. Dimitriadis
Advantica Ltd, Ashby Road, Loughborough, Leics. LE11 3GR, U.K.;
e-mail: michael.acton@advanticagroup.com
Background
With increasing demand for gas, and structural changes taking place in the gas industry in many
countries, there is often a need to reinforce and extend the existing gas transmission pipeline infrastructure. However, particularly in densely populated countries, it can be difficult to identify routes
for new high pressure pipelines, which are sufficiently remote from centres of population and transport networks to guarantee that no interaction would occur in the unlikely event of a pipeline failure.
Although the pipeline industry in general has a very good safety record, incidents have occasionally
occurred, and there can be fierce resistance to new pipeline developments on safety grounds from
those living in the vicinity of a proposed route. Quantified risk assessment (QRA) techniques for
gas transmission pipelines have been developed and refined over a number of years, and, coupled
with existing guidelines for the acceptability of risk, provide an objective means of informing
decisions on pipeline safety issues. This paper describes the PIPESAFE package for gas transmission
pipeline risk assessment (developed on behalf of an international collaboration) and the practical
application of the package to support decisions on pipeline routing, illustrated by case studies.
Methods
The logical structure of the PIPESAFE package provides a framework to assess risks for different
pipeline routing options, taking account of site-specific factors and allowing a full probabilistic treatment of those factors that are unknown in advance of an incident (such as crater geometry, pipeline
orientation following failure, wind speed and direction, time of ignition) to be undertaken. However,
it is generally impractical to undertake a full probabilistic and site-specific assessment for every pipeline section. Therefore, a screening approach is adopted, to focus quickly on those locations where
risk levels are likely to be an issue. Those locations are then analysed in more detail, with increasing
sophistication in the risk calculations.
The paper provides an overview of the risk methodology adopted in PIPESAFE, including the individual mathematical models and how they are applied, and the assumptions made in assessing risks
from pipelines. The paper also describes the overall process applied in assessing pipeline routes, from
initial identification of the credible causes of failure and practical risk mitigation options available,
through screening of the pipeline route to identify key locations for more detailed assessment, the criteria used to determine when detailed assessment is appropriate and the methodology used in detailed
assessments, and comparison of the results with risk criteria.
Summary
Quantified risk assessment (QRA) techniques have been found to be valuable tools to support
decisions on pipeline routing, complementing the application of relevant design codes and providing
a framework to inform decisions on what can be emotional safety issues. The paper describes the
application of the PIPESAFE package to pipeline routing, illustrated by case studies, demonstrating
when a quick and cautious assessment is sufficient, and where a full and detailed site specific assessment is required.

KEYWORDS: hazard, risk, fire, QRA, transmission, pipeline, routing

guarantee that no interaction would occur in the unlikely
event of a pipeline failure. Although the pipeline industry
in general has a very good safety record, incidents have
occasionally occurred, and there can be fierce resistance to
new pipeline developments on safety grounds from those
living in the vicinity of a proposed route. Quantified risk
assessment (QRA) techniques for gas transmission pipelines
have been developed and refined over a number of years,

INTRODUCTION
With increasing demand for gas, and structural changes
taking place in the gas industry in many countries, there is
often a need to reinforce and extend the existing gas transmission pipeline infrastructure. However, particularly in
densely populated countries, it can be difficult to identify
routes for new high pressure pipelines, which are sufficiently
remote from centres of population and transport networks to
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and, coupled with existing guidelines for the acceptability of
risk, provide an objective means of informing decisions on
pipeline safety issues. This paper describes the PIPESAFE
package for gas transmission pipeline risk assessment
(developed on behalf of an international collaboration)
and the practical application of the package to support
decisions on pipeline routing, illustrated by case studies.
For a high pressure gas transmission pipeline, a
failure may take the form of a puncture or a complete
rupture of the pipeline. If the escaping gas is ignited, this
may give rise to a large fire. Figure 1 shows a simplified
event tree for the failure of an underground high pressure
transmission pipeline carrying a typical natural gas (i.e. predominantly methane and lighter-than-air). A number of high
pressure pipeline failure incidents have occurred around the
world. These highlight the potential for damage that such
failures can cause to the surrounding population, property
and the environment. Experience shows that pipeline failures can occur due to a range of potential causes, including
accidental damage, corrosion, fatigue and ground movement. Regarding the consequences of failure, it is primarily
the thermal radiation from the fire produced if the release
ignites that presents the major threat to people and property.
The extent of possible damage is greatest for ruptures, which
typically dominate the risks.
The PIPESAFE package is a flexible software tool for
undertaking fully quantified risk assessments of buried pipelines, transporting natural gas at high pressures, which
allows the user to carry out hazard analysis, generic risk
analysis or detailed site-specific analysis. In general terms,
a quantified risk assessment of a pipeline consists of four
stages:
1. Evaluation of Failure Frequency
2. Probability of Ignition
3. Determination of Consequences
4. Calculation of Risk
Rupture?

The risk to the population can be expressed either as
Individual Risk (IR), that is the frequency at which an individual at a specified location is predicted to become a
casualty; or societal risk, defined as the relationship
between the frequency of an incident and the number of
casualties that may result. This latter risk is usually
expressed in the form of a graph of the frequency, F, with
which N or more casualties are produced, plotted against
N (an “FN curve”). Both types of risk are calculated from
the consequences of each of the possible scenarios that are
considered in a particular assessment and the predicted frequency of occurrence of each.

PHYSICAL PHENOMENA
Due to the high pressure at which transmission pipelines are
operated, a failure leads to a turbulent gas release into the
atmosphere. For buried pipelines, the overlying soil will
be ejected, forming a crater of a size and shape that influences the behaviour of the released gas. Depending on the
alignment of the pipe ends in the case of a rupture, the gas
will escape to the atmosphere in the form of a single jet,
or, infrequently as multiple jets, the geometry and spatial
position of which are influenced by the atmospheric conditions. Following a rupture, the pipeline will depressurise
rapidly. Initially, gas flow rates from each side will be
balanced. However, at later stages the flows decay with
time independently on each side, at rates determined by
the pipeline system, typically becoming increasingly unbalanced in the course of the event.
As for any turbulent flow, the outcome is largely dependent on the momentum and buoyancy forces that act on the
release. The source momentum from a high-pressure pipeline
release may be reduced or re-directed as a result of interaction
with the crater walls or base, but it will always be significant
close to the release point. The buoyancy forces acting on an

Ignition?

Immediate
ignition?

YES

FIREBALL AND CRATER FIRE

YES
CRATER FIRE
NO

YES

NO
PIPELINE
FAILURE
Impacted?

YES

IMPACTED JET FIRE

YES
FREE JET FIRE
NO

NO
(puncture)
NO

Figure 1. Event tree for a pipeline failure
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unignited release arise as a result of the natural gas being
lighter than the surrounding air. In contrast to the momentum
forces, they are usually not significant close to the release.
However, buoyancy is a body force that continues to act on
the release. As more air is entrained into the emerging flow,
the momentum forces become relatively less important and
the buoyancy effects become more significant, combining
with the influence of atmospheric conditions to determine
the geometry and spatial position of the release.
Ignition can occur at any time during the release. If
ignition occurs immediately on, or shortly after, a rupture,
a transient fireball could occur (Figure 2). The fireball,
which is the result of combustion of the mushroom-shaped
cap that is fed from below by the established part of the
fire, lasts, typically, for up to thirty seconds (depending on
the pipeline size and initial pressure), and then burns out
leaving a quasi-steady state fire. If ignition occurs after
the initial highly transient phase, it is possible that a
quasi-steady fire only will result. In all ignited releases,
the buoyancy forces are enhanced, as the hot combustion
products are considerably lighter than air, increasing the tendency for the release to rise upwards.
For pipeline ruptures, the levels of thermal radiation,
incident on the area surrounding the ignited release, vary
with the time after rupture and with distance from the
release point. They depend on the shape, nature and extent
of the fire (determined by the source and atmospheric conditions), and the atmospheric transmissivity between the
fire and the receiver (determined by the humidity). The incident thermal radiation from an ignited pipeline release can
affect both people and the surrounding property. People
can be killed or seriously injured as a result of receiving
large thermal radiation doses, and buildings can be ignited
by thermal radiation directly from the fire or from secondary
fires (e.g. from burning vegetation). The time variation of
the radiation field is an important aspect of the behaviour
of an ignited rupture release. The damage that a pipeline
rupture could produce would be significantly overestimated
if based on the initial outflow rate alone.
In summary, the physical aspects that must be considered in assessing the potential consequences of a pipeline
failure are:

Figure 2. Fireball produced following immediate ignition in a
pipeline rupture release experiment

PIPESAFE METHODOLOGY
PIPESAFE is a knowledge-based, integrated risk assessment package for gas transmission pipelines comprising a
linked series of mathematical models of the above phenomena, designed to take the time-dependent nature of the event
into account (Acton, 1998 and Acton, 2002). Risk assessments can be carried out following different sets of rules
(methodologies), depending on company practices and/or
the regulatory environment in which the pipeline is operated. Irrespective of the adopted methodology, a PIPESAFE
risk assessment can be considered as having the following
main elements:
.

. Outflow as a function of time (influenced by failure
location and upstream and downstream boundary conditions)
. The likelihood of ignition and time of ignition following
a failure
. The thermal radiation produced by a fire in the initial
highly transient phase of flow establishment if the
release is ignited immediately
. Thermal radiation from the quasi-steady phase of an
ignited release, during which the fire size and associated
thermal radiation levels decrease gradually in response to
the decaying release rates, influenced by the shape of the
crater that is formed following the release, the alignment
of the pipe ends following a rupture (or the location of the
hole for a puncture), and the atmospheric conditions.

.
.

.

Input of general data (pipeline and its location, meteorological conditions, physical properties of gas)
Determination of failure mode and frequency
Prediction of release consequences
W
Calculation of release flow rate
W
Determination of ignition probability
W
Calculation of thermal radiation emitted by fire in
an ignited release
W
Quantification of the effects of thermal radiation
on the surrounding population
Calculation of risks

The above list defines the logical order in which
PIPESAFE carries out the operations required for a risk
assessment (illustrated schematically in Figure 3).
Steel transmission pipelines can fail due to various
causes including material or construction defects, fatigue,
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Input
Parameters

Failure cause?

External
interference

Fatigue

Ground
movement
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Causes

Risk Transect
Individual
Calculation of
Failure Frequency
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FN curve (PLL, EV)

Failure mode?

Rupture or
Puncture?

Outflow

Dispersion

Ignition

Thermal
radiation

Radiation
effects

Consequence calculations

Figure 3. PIPESAFE risk calculation flowchart

and corrosion or ground movement. However, on most
modern pipeline systems, the corrosion protection measures,
pipeline design and construction methods, and inspection
procedures do much to eliminate the possibility of failure
due to these causes. Consequently, external interference
damage is generally considered as the most significant
cause of pipeline failure. The failure mode (i.e. rupture or
puncture) is determined by the length, depth and type of
defect, and is primarily dependent on the pipe diameter,
wall thickness, material properties and the operating
pressure. In a risk assessment, the likelihood of each relevant failure mode can be evaluated by summing
the contribution from each of the credible failure causes;
this is normally expressed as a failure frequency per year
and pipeline unit length. Failure frequencies can be
derived directly from historical data, from databases such
as those published by EGIG (European Gas pipeline Incident data Group, covering gas transmission pipelines
mainly in Western Europe) and UKOPA (UK Onshore Pipeline operators’ Association, covering major hazard pipelines
in the UK). However, because failures of high pressure gas
pipelines are extremely rare events, the available historical
data is limited for statistical purposes. PIPESAFE includes
a suite of structural reliability analysis (SRA) models to
predict the frequency of pipeline failure, which combine historical data (for example hit rates and damage distributions)
with a fracture mechanics treatment to predict failure frequencies for pipeline-specific parameters such as diameter,
pressure, wall thickness and material properties.
The consequences of a gas release depend critically
on whether ignition occurs and, for an ignited release, on
the time of ignition. The direct prediction of whether a

particular release will ignite or not in specific circumstances
is difficult, and therefore generic values for ignition probability are usually obtained by analysing historical incident
data. PIPESAFE provides default values of ignition probability, related to the pipeline diameter and pressure,
which have been derived from historical experience of transmission pipeline operation. Data were analysed and a trend
identified for rupture incidents where ignition probability
increases linearly with (pd2), where p is the pipeline operating pressure (bar, gauge pressure) and d is the pipeline diameter (m). The relationship incorporated in PIPESAFE is used
up to a (pd2) value of 48.2 bar m2; above this value a limiting
ignition probability of 0.8 is used.
Many of the phenomena described in Section 2 are
scale dependent. This arises as the governing forces, momentum and buoyancy, change at different rates with the size of a
release. Hence, which of the forces dominates may differ at
different scales. Thus, it is not easy to infer how a release at
one scale will behave simply from observations at a different
scale. However, this is not to say that small-scale studies
have no place or value in the development of a mathematical
model. It is usual in the process of developing a mathematical model for major accident hazards to split the complicated problem into its constituent steps. For example,
predicting the radiation from a jet fire can be tackled by
firstly determining the jet trajectory and temperature field
within the combusting jet and then by predicting the
thermal radiation from that temperature field. The temperature field can be predicted from a separate combustion submodel, if the amount of air entering the jet can be predicted.
This in turn relies on predicting how much air is entrained
into a jet flow as a result of its relative motion through the
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Figure 4. Example FN curve

surrounding medium. This process continues until eventually
a number of discrete, manageable modelling challenges are
posed. Each of these may then be amenable to study at
small scale, as perhaps only one force dominates. In the
example above of the jet fire, the entrainment of air into a
jet due to its source momentum can be studied at laboratory
scale and appropriate models formulated. As the above
description indicates, it is vital that when the constituent
sub-models are combined to produce the working model
for the full-scale situation, it is tested against full or
large-scale data. This data is used to check that there are
no unexpected interactions or governing processes that
have been overlooked in the model formulation.
In developing the models within the PIPESAFE
package, the above approach has been adopted. Sub-models
have been formulated, generally based on reduced scale experiments and the composite model has been tested and checked
against large-scale data. This has included testing the model
against two full-scale experiments that were carried out on
a specially instrumented section of 36-inch diameter
pipeline operating at a pressure of 60 bar (Acton, 2000).

radiation hazard is modelled and consequences are combined with predictions in order to predict risk levels.
Gas transmission pipelines in the UK are generally
routed in accordance with guidance published by the Institute of Gas Engineers and Managers (IGEM) in IGE/TD/
1 Edition 4, which specifies minimum proximity distances
based on pipeline size and pressure. However, IR levels
can also be used to determine minimum separation distances
of buildings to proposed new transmission pipelines. The
PIPESAFE package can be used to calculate the distance
from a pipeline to a specified IR contour and therefore to
demonstrate that populations in the region of pipelines are
not subject to intolerable IR levels when compared to
accepted risk criteria.
A societal risk assessment can be performed with
different levels of detail. An approximate approach is to
perform a generic societal risk calculation in which the
details of the population surrounding the pipeline are specified by a number density. This can be a useful approach for a
simple assessment of possible alternative route options;
however, a site-specific assessment, in which the location
of the pipeline and populations can be defined and multiple
residency values can be used, is a more accurate way of
modelling realistic situations. In both assessment types,
the package has the ability to use different casualty criteria
representing the chance that a person would exceed a certain
threshold thermal dosage.
Following a site-specific societal risk assessment generates both an FN curve and an Expectation Value (EV). The
EV is essentially the statistically expected average number
of casualties that result per year for a given length of pipeline. It is then possible to use PIPESAFE and the results of a
risk assessment to perform a Cost Benefit Analysis (CBA).
This involves investigating the effects of various risk
reduction measures (e.g., relaying the pipeline in increased
wall thickness, laying slabbing over the pipeline, increasing
surveillance frequency, etc.) in terms of safety benefits and
comparing these with the associated costs to determine if the

APPLICATION TO PIPELINE DESIGN AND
ROUTING
The PIPESAFE package has a wide range of applications
because of the flexibility it provides in the extent of any
analysis. At the simplest level a generic assessment may
be performed, based on the known pipeline parameters, to
predict consequences in terms of hazard ranges. For
example, a PIPESAFE consequence assessment can be
used to support initial pipeline route evaluation by comparing calculated hazard ranges with the separation distance
between the pipeline and the surrounding population, providing a form of screening that can be used to identify
sites where there is the possibility for impact on people.
The facility to perform a more detailed analysis is also
available, whereby the response of people to the thermal
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risk levels are As Low As Reasonably Practicable
(ALARP). ALARP is demonstrated where there is gross
disproportion between the cost of a mitigation measure
and the benefit it provides.
The use of PIPESAFE to support decisions on different aspects of pipeline design and routing issues for
proposed new pipeline developments is illustrated in the
following three case studies:

the pipeline route. This identified a number of locations
where the societal risk levels were expected to be generally
higher than would be typical for the particular pipeline
location, due to the relatively high populations.
Phase 3 – Detailed Risk Assessment and Identification of
Risk Reduction Measures: Field visits were carried out along
the proposed pipeline route at the selected locations to
gather detailed information on building locations and population densities. This information was then used to carry out
detailed risk assessments at specific locations. The calculated
levels of risk were compared with international criteria, to
identify areas where the level of risk would not be acceptable.
The effects of physical protective measures to reduce risks
were also identified and assessed, in order to establish
whether the use of such measures was justified.

CASE STUDY 1 – PIPELINE ROUTE SELECTION
A pipeline company had identified a requirement for a new
large diameter pipeline in Western Europe, in an area of existing infrastructure including high pressure gas pipelines, and
significant population. Two possible route options had been
identified; the first option was shorter, but closer to population
and existing pipelines, whilst the second option was substantially longer. The objectives of the study were to assess the
level of risk using PIPESAFE for both routes for comparison
with criteria for risk acceptability, and to allow the risk levels
for the two alternative route options to be compared.
A threat analysis was undertaken to consider the
range of possible threats to the integrity of the proposed
pipeline. Based on the output from the threat analysis,
failure frequency values were derived including values for
the threat from escalation from a failure of a nearby parallel
pipeline. Consequence analysis was undertaken using the
models in PIPESAFE. Risk calculations were performed
to predict Individual Risk at selected locations near to the
pipeline route, and Societal Risk for the two routes,
expressed as an F-N curve, based on the available information for the residential population density, numbers of
workers at industrial facilities, and major roads. The
results provided a valuable input to support an informed
decision on the available route options.

The results of the study provided information to
demonstrate that the proposed pipeline route and design
met international standards for the acceptability of risk, in
order to reassure potential investors that pipeline safety is
managed in an appropriate manner. The results also
helped to minimise the future risk both of casualties and
of loss of supply, using the most cost-effective methods,
and to Identify opportunities for cost savings in pipeline
construction and operation without compromising safety.
CASE STUDY 3 – INDEPENDENT SAFETY REVIEW
Advantica were awarded a contract by the Irish Government
to undertake an independent safety review of the proposed
Corrib gas pipeline in County Mayo, Ireland. The Corrib
gas pipeline is being constructed by Shell E&P Ireland to
bring gas onshore from the Corrib gas field off the west
coast of Ireland to a terminal 9 km inland. The proposed
pipeline has encountered strong local opposition, and
aroused national interest and controversy. Key concerns
expressed by members of the public regarding the safety
of the pipeline included the very high design pressure
(345 bar, much higher than conventional onshore gas transmission pipelines), and the proximity of the pipeline to
housing and the consequences of a pipeline failure.
A small team visited the site to gain first hand information and participated in two days of oral hearings in
Mayo to ensure that issues of concern within the scope of
the review were addressed in the report. The scope of the
review included a critical examination of the relevant documentation relating to the design, construction and operation
of the onshore, upstream section of the Corrib gas pipeline
and associated facilities and assessing whether the pipeline
will be designed, constructed, installed and operated to
appropriate standards, codes of practice, regulations and
operating procedures.
As part of this review, a detailed assessment was carried
out using PIPESAFE to assess the level of individual and
societal risk associated with the proposed pipeline route.
The assessment included an analysis of the effect on risk
levels of limiting the pressure in the onshore section of the
pipeline. One of the key conclusions of the review was that
limiting the pressure in the onshore section to pressures no

CASE STUDY 2 – ASSURANCE
PIPESAFE was used to provide risk assessment support for
a major transmission pipeline project in Asia. The conditions along the route of the new pipeline are extreme,
and in particular it was proposed to pass through areas of
unusually high population density, with the potential for
large numbers of casualties in the unlikely event of a
failure of the pipeline. The study addressed this issue by
assessing the level of risk associated with those sections
of the proposed pipeline route that will pass through
densely populated areas, and by providing support during
the design review stages to evaluate mitigation options to
minimise the future risk to people living in the vicinity.
A three-stage approach was adopted:
Phase 1 – Preliminary Assessment: Advantica first visited
the client’s offices in Asia and undertook an information
gathering exercise with the company’s personnel and to
identify the credible threats to the integrity of the pipeline.
Following this, a first phase of work was carried out to
assess the overall risks of the pipeline.
Phase 2 – Identification of High Risk Areas: The results of
Phase 1 were employed to perform a screening analysis of
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greater than 144 bar (equivalent to a design factor of 0.3, consistent with the design of pipelines passing through more
densely populated suburban areas) was believed to be both
practical and an effective measure to reduce risk. In view of
the societal concerns, the level of uncertainty in the risk analysis, the extent of extrapolation of onshore pipeline design
codes beyond their normal range of application and mindful
that the results of risk analysis are only one factor in the
decision-making process, the review recommended that the
pressure in the onshore pipeline should be limited to no
greater than 144 bar, with a design factor not exceeding 0.3,
and the pipeline design revised accordingly.
The draft safety review was presented to the community in Mayo, and published on the same day. The final
report, addressing comments received, was published by
the Minister for Communications, Marine and Natural
Resources, Mr Noel Dempsey, TD, in May 2006.
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PROCESS SAFETY CHALLENGES WHEN WORKING WITH DIVERSE CUSTOMERS
H Railton and D Hurst
Air Products Plc, Hersham Place, Molesey Rd, Walton on Thames, KT12 4RZ;
e-mail: railtohm@airproducts.com
For companies working with wider geographic and culturally diverse clients, it is becoming
increasingly difficult to adapt their work processes, procedures and approach in an effective way
to the changing challenges. Client’s come in all shapes and sizes and with very different levels
of experience and attitude. How should a company planning to work in this potential minefield
set about it? What are the issues that need to be thought through and when does this need to be
done? How much of this is something that develops during the project and how much is set in
stone once the contract is signed? What role do the Business and Project Development areas
play in getting to a satisfactory Process Safety approach?
The challenges may be in design collaboration with a client or in sharing the responsibilities in
starting up a process or working in existing operating facilities. Without setting off with a clear
understanding of the issues and pitfalls and without a contract structure and project execution strategy that will support your chosen approach, both Client and Contractor may be doomed to a project
which fails to achieve the best outcome. This paper sets out principals and good practice in dealing
with EHS and Process safety issues from the initial enquiry through to handover. It will discuss the
issues to do with identifying and understanding where the client’s experience and approach may lie
and how the various interactions may be managed to best effect to deliver a world class level of
safety and execution.

INTRODUCTION
There is a wide variety of opportunities in the global
chemicals industry today. The key variables in assessing
these opportunities are the nature of the client and the nature
of the work to be performed. Properly assessing these variables
is critical to success. This paper discusses the issues of process
safety in the context of these global opportunities.

TYPE OF CONTRACT – WHAT ARE YOU BEING
ASKED TO DO?
The potential opportunities will present differing challenges
depending on the scope of the contract and particularly the
division of responsibilities between the client and contractor. The risk profile of collaborating by sharing responsibilities for design, equipment supply or construction will vary
depending on what is being proposed. The complexity of the
risk profile (rather than the finite magnitude of risk)
increases with the complexity of collaboration as shown in
Table 1. It might be viewed as a set of traffic lights.
As the complexity of the opportunity increases, so
does the need to carefully analyse the division of responsibilities and the interface between the different parties.
OSHA Regulations define the requirements for process
safety management of highly-hazardous chemicals in the
USA. There is a useful check-list in these standards (see
Table 2).
Management becomes more complex where execution
responsibility is divided. For example the case where the technology supplier is responsible for “basic design” and the client
is to complete the detailed design. The understanding of the
scope that is represented by the term “basic design” should
be tested against the check-list given in Table 2. On any
project where the client is to operate the facility, careful attention must be paid to the elements that cover the transition from
the construction/commissioning phase through handover to
the operating phase.

TYPE OF CLIENT
In the West, it is accepted that it is possible to pursue economic activity without having to pay a toll of human suffering
in the form of industrial injuries. It is an article of faith that
all accidents are preventable and is something that is rooted
in western thinking and reflected in the legal codes of the
USA and Western Europe.
While the concern for human wellbeing is a feature of
business culture globally, the perspective on the risk can be
markedly different depending on the religious, cultural,
political and legal framework in the country where a
project is to be carried out. Considering organisations with
which you may wish to do business, it will be found that
levels of competence, expertise, resources and expectations
in the field of process safety will vary considerably. It is
common to find operating companies that have policies
and procedure in place but have relatively low expectations
of safety performance. A range of attitudes may be encountered within these client organisations. At one extreme, it is
possible to encounter people who resent the adoption of
safety measures because they perceive them as a limit to
their own individual freedom of action. At the other
extreme, there are willing partners who wish to jointly
explore ways of improving safety performance.

NEGOTIATING A CONTRACT
The discussions that are held before contract award are the
prime opportunity to address the process safety management

1
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Table 1. Project scope division
Turnkey scope entire facility
Turnkey scope part of a facility
Collaborative scope entire facility
Collaborative scope part of facility

–
–
–
–

Green
Amber
Amber
Red

Table 2. Process Safety Management Elements Ref: OSHA
Regulation 29 CFR 1910.119

–
–
–
–

Lowest complexity
Increasing complexity
Increasing complexity
Highest complexity

is a need to invest in getting someone to provide them. If
the enquiry documents do not spell out the requirements
clearly, it becomes a serious problem for the contractor
who wants to manage the safety process properly. Does
the contractor price for what is requested in the enquiry
documents or for what is known to be required? Will the
competent contractor become uncompetitive? These questions lead to the second opportunity.
This is the opportunity to shape the client’s thinking and
approach to give the best possible safety outcome. There are
many directions that this might take but here are three options:

Process safety information
Process hazard analysis
Operating procedures
Employee participation
Training
Contractors
Pre-startup safety review
Mechanical integrity
Work permit
Management of change
Incident investigation
Emergency planning and response
Compliance audits
Security

.

for the project. The contract should provide a clear
division of risks and responsibilities for loss, damage or
injury. The contract specifications and procedures must
also lay out a workable basis for an execution strategy that
can ensure that the risks are reduced to a level acceptable
to all parties. In this context, the legal liability for problems
is not the only issue. The general public are not always well
informed about the precise legal liability for accidents. They
are inclined to associate the negative effects of an accident
with the better known companies who may be involved,
no matter how innocently.
Contract discussions must include a review of the
process safety issues and the development of a proposal
that can adequately address all of the elements (see
Table 2). The outcome of negotiations is a realistic execution
strategy that is thoroughly understood by all parties and that is
recorded in detail. If this cannot be attained, the work will at
least allow a comprehensive gap-analysis of the risks of proceeding with the project.

.

.

HOW DO YOU TURN THIS INTO AN
OPPORTUNITY?
At its simplest, executing projects offers the potential for
experienced contractors to provide their services and generate revenue. Clearly the client needs to recognise the
requirement for these services and needs to be willing to
pay for them. This is the conundrum that professional contractors must face: if the client lacks the experience to
understand the safety and operating issues, will there be
any recognition that these things are lacking and that there

Development of a mutual understanding of the safety
objectives for the project and a set of Critical Success
Factors (CSFs). There will rarely be an issue with the
client’s willingness to discuss the project safety objectives. CSFs may be represented by a bland target of
“zero accidents” or a set of more detailed objectives.
These may include forming a joint client-contractor
safety committee to regularly review safety issues, or
establishing a common basis for safety reporting and
incident investigation. The conscientious contractor
can use this to develop a contractual framework that
will ensure that the issues are dealt with fairly across
all the bidders.
Pre-award explanation of the Project Safety Plan. One of
the key deliverables for the proposal should be a Project
Safety Plan. Whether or not this is requested by the
client, this document will define how safety will be
managed throughout the project. It must address the
necessary process safety steps, the way in which reviews
will be done and the roles of all of the interested parties
e.g. how will systems be handed over, how will work on
systems be controlled and who will be responsible for
safety at any stage of the construction and commissioning?
Alignment with the client on safety. Having agreed the
scope of safety and risk management, and having agreed
on what will be deemed successful safety management
through the CSFs, the contractor and client will be able
to continue to align their approach to EHS on the
project. Both client and contractor should have the
highest aspirations for safety performance. An effective
working relationship will offer them the ability to mutually
develop the thinking within each organisation on how this
may be achieved.

EXECUTION SHAPED BY THE CLIENT’S PROFILE
The way in which the contractor and client work together,
what issues need to be defined and by whom, will largely

2
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be dictated by what might be called the profile of the client.
Clearly, it is recognised that in some parts of the world,
clients may be less aware of safety management and have a
less developed way of managing safety. Where this is particularly extreme, it will be obvious to the contractor that there is
an issue. The contractor must then decide how to manage this.
However, it will be equally possible that the client gives the
impression of having a well developed safety culture. It may
be harder to recognise whether this is actually representative
of how the client really works or not.
It may be helpful to assess where the client’s organisation fits in this matrix:

B

development of a project execution basis that allows the
organisation to build on what has been done during the
project for the future development of the business.
It is essential that in preparing the project execution
strategy for the proposal, the type of client is understood.
It may even affect whether a contractor wishes to execute
a project at all.

ISSUES TO BE ADDRESSED WITH PROBLEM
CLIENTS
So what are some of the issues that need to be addressed
with these problem clients? These are divided into issues
related to the contract terms and conditions and those to
do with project procedures.

A

Increasing EHS
Competence and
Experience

C

THE CONTRACT TERMS AND CONDITIONS
Success in the project will begin with agreement on an
appropriate contract. Some of the things that need to be
addressed during the discussions with the client are:

D

.
Increasing EHS Commitment

.

Client A is an organisation with a well developed capability
in EHS management. This organisation has the work processes, procedures and standards to deliver a high level of
safety and has the relevant experience of doing what is
necessary. Importantly, such an organisation also has a corporate culture that reflects a high level of commitment to
safety standards, probably over a prolonged period of
time, at both the executive management and worker levels.
Client B is the most worrying type of client. This organisation might be described as a danger to itself. This organisation has a set of procedures and work processes but these
may not be fully understood. However, there is no real commitment to safety within the culture of the company. This
sort of client will go through the motions of managing
safety without understanding why and will lack commitment at the most senior levels. Here the mantra will be
“Nothing is more important than safety, apart from finishing
the job on time and on budget”.
Client C is probably the easiest to recognise. This client
might be described as “Obi-Wan Kenobi, only you can
save us”. Here the client has no safety process, no experience of safety management but most importantly, has no
interest in developing any capability in this area or in
doing the right thing. The senior management of the organisation will view expenditure on safety as a waste of money
and will view accidents as just accidents.
Client D offers the best chance of making a useful and beneficial difference. Here the client does not have a sophisticated safety process but recognises that one is required for
the project. The senior management of the organisation is
committed to improve and to learn from more experienced
organisations. People working for this type of organisation
will be receptive to ideas, training potential and the

.

.
.

.

What can the client instruct the contractor to do or
change and how are these instructions to be issued? If
the request is unsafe, is it contractually enforceable?
Does the contractor have the right to withdraw personnel
from the project site if the conditions are unsafe and
people are at personal risk?
In relation to the safety of the contractor’s personnel the
national or local security situation needs to be considered. What should constitute Force Majeure under
the proposed contract?
What rights does the client have to over-ride design
review or hazard review decisions?
There must be a method provided in the contract to
resolve issues. In the context of EHS issues, it is particularly useful to have a mechanism that allows the executive management of the organisations to solve problems
before a dispute must be referred to independent
arbitration.
What rights does the client have to approve the selection
of materials or suppliers? It is common for a contract to
include a clause giving the client the right to approve the
technical appraisal of equipment that is to be procured
by the contractor. Does this give the client the right to
effectively select the equipment?

PROJECT PROCEDURES
Some of the things worth considering in the Project
Procedures include:
.

.

3

The schedule that is agreed when selling the job must be
appropriate for the scope of the work and must be based
on a reasonable and achievable level of resources.
More safety issues will arise from a short and unrealistic
schedule than any other single cause.
Which permit to work system will be used to control
work on energised systems? With Types B clients,
there may well be a permit to work process, however,
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.

.

.

.

is it any good and will it be effectively managed. Client
Type C often has a Permit to Work process that is
focused on protecting the plant from the workers
rather than the workers from the plant. If the client’s
permit system is not going to be adequate, does the
contractor need to run parallel risk assessments and
independent process isolation checks?
The way in which the client is going to participate in the
hazard review process and constructability review
process needs to be clearly defined.
Are there breaks in the responsibility chain where the
client can cause a problem, outside the contractor’s
control but affecting the performance of the plant?
This is discussed in more detailed later.
If the plant is being constructed by the client, what provisions are there for the contractor to check the quality
of the work performed by the client? At key stages, is
the client contractually required to have a contractor’s
representative on site? An inspection at the end of construction may only detect problems when it is too late.
What are the procedures for handing over the plant?
What Operational Readiness Inspections (ORI) will be
done and who will take part in the ORI? What steps
will control the handover of systems between construction and commissioning? It is common to use a Safe to
Commission Certificate (STCC) and a Safe to Operate
Certificate (STOC) to control handing over and energising systems.

completion and effectiveness of the previous and subsequent
links. Where those links are shared with another organisation, work must be done to maintain the chain. Break the
chain and there is a real risk that the safety process will
fail. Break enough links and there will be a serious risk of
a catastrophic incident.
Where a project is wholly within the contractor’s
responsibility, the work processes are under the contractor’s sole control. The work processes should all join up
and the contractor’s management and auditing functions
should ensure that the processes are followed and that
there are no breaks in the safety chain. It is worth
bearing in mind that even in the best organisations
breaks do occur. The diagram above shows examples of
the processes that link together throughout the life of a
project to make up the safety chain.
It is important to recognise that in each of the four
phases of a project there is a potential for a break in this
safety process. Examples of how this can occur are shown
below.
Management of change during design, construction,
commissioning and when running the plant is absolutely
essential. Making uncontrolled changes that are not
reviewed properly, can result in very significant risk.

Client Opportunities to Break the Safety Chain
Design

CLIENTS AND CONTINUOUS RESPONSIBILITY
An issue with culturally diverse clients, with varying levels
of experience, is that they inject a degree of uncertainty into
the safety process. It may be helpful to think of the safety
management process as a chain stretching throughout the
length of the project. Each of the links in the chain is a
safety work process that has been developed over the
years. The effectiveness of each link will depend on the

Construction
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and Start Up
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Poor QC

Poor QC
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Permit
issues
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Anything in the client’s scope has the potential to be altered
without the contractor knowing. It is therefore essential
that there are agreed procedures for how changes will be
identified and controlled.

of the division of responsibilities between client and contractor. This can only be done with a proper understanding of
how the profile of the client and scope of the work will
determine the nature of the risks that will arise and how
these may be dealt with as the project work proceeds.
A successful project requires continuity between
those developing the project and those executing it; a well
understood and balanced contract; a clear understanding of
the nature of the client; and an unbroken safety process
throughout. These conditions will only be created if
efforts begin at the very start of the process of bidding for
the opportunity and are followed through during the
execution of the project.

CONCLUSION
Air Products believes that being a company that understands
its customers is a powerful differentiator in the marketplace.
No project ever has a perfect system of process safety management. However, the objective at the inception of any new
opportunity is to ensure that the process safety risk will be
controlled at a level that is acceptable within the context
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IDENTIFICATION OF PROCESS SAFETY RISKS AT NEWLY ACQUIRED FACILITIES
Martin A. Dennehy1 CEng, FIChemE and Brian R. Dunbobbin2 CEng, CSci, FIChemE
1
Air Products plc., Hersham Place, Molesey Road, Walton on Thames, England KT12 4RZ; e-mail: dennehma@apci.com
2
Air Products & Chemicals Inc., 7201 Hamilton Blvd., Allentown, PA 18051 USA; e-mail: dunbobbr@apci.com
The large number of acquisitions taking place in the process industries has increased the need to
rapidly identify the process safety risks at such facilities so that they meet the requirements of
the acquiring company. This identification process can be difficult if the technology issues are
not fully disclosed or identified during the “Due Diligence” phase of an acquisition.
This paper outlines a tiered approach to ensuring that the acquiring company identifies as quickly
as possible key process safety risks so that employee, community and company interests can be
adequately protected. In particular, three aspects of the work process for identifying process
safety risks at an acquired facility are shown to be important:
. The first is the method used to identify process safety risks during the “Due Diligence” phase.
This involves the selection of appropriate team members, and development of comprehensive
checklists that the acquisition team can use to identify potential risks at an early stage.
. The second is the ability of the acquiring company to focus its own technical and process safety
experience on the technologies being acquired; this experience is often in the form of industry
and company codes and standards that are used in the design and operation of similar facilities.
Whether or not to retrofit these codes and standards becomes an important issue when the new
company operates the newly acquired facility.
. Finally, a Process Safety Assessment work process, with defined protocols, has been developed
so that senior Process Safety, Operations and Engineering personnel can assess the potential
process safety risks at a facility quickly and consistently in the first few months of operation
following an acquisition.

risks may not be fully identified until the new owner has
taken over the facility and reviewed the details of the technology and the hazards that may be present. It can then be an
expensive task to bring the acquired facility into compliance
with the process safety standards of the new owner.
Air Products utilizes a tiered approach to ensure that
potential key process safety risks are identified as quickly
as possible. In particular, three aspects of the work
process for identifying process safety risks at an acquired
facility are considered to be important:

INTRODUCTION
Following acquisition of a chemical facility it is important
that the acquiring company quickly understand the potential
hazards and risks that the facility may present. This ensures
that employee, community and company interests are
adequately protected. In particular, there are three issues
that should be understood by the acquiring company:
1. Are there major hazards present in the facility that could
cause a serious incident?
2. Are the management systems at the facility adequate to
ensure safe operation? Are these management systems
compatible with existing systems of the acquiring
company?
3. Do the standards and practices utilized at the newly
acquired facility meet those of the acquiring company?

1.

Pre-Purchase Assessment (sometimes referred to as the
due diligence phase). A consistent work process and
methodology must be used to identify process safety
risks during the pre-purchase phase. This involves
a. the selection of appropriate pre-purchase assessment team members, including experienced
process safety practitioners, and
b. the development of comprehensive checklists that
the acquisition team can use to identify potential
risks at an early stage. This checklist must be efficiently prioritized so that it can be used quickly in
the normally brief pre-purchase period.
c. Also, at this stage of the acquisition a transition
plan is put in place. This transition plan identifies
key elements that must be in place on the first
day of ownership.
2. Technology Issues. The ability to focus technical and
process safety experience on the technologies being

Unfortunately getting answers to these questions can
be a difficult task, especially if the technology issues are
not fully disclosed during the pre-purchase, or initial due
diligence, phase of an acquisition.
Environmental issues are often easily identified
during the pre-purchase phase of an acquisition since regulations in many countries require disclosure and public
reporting. Process safety issues, on the other hand, are
often tied closely with the technology of the processes
being acquired and the selling company has little incentive
to give full disclosure of technology “trade secrets” prior
to finalization of the sale. The process safety hazards and
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acquired is important; this experience is often in the
form of standards that are used in the design and operation of similar facilities. Whether or not to retrofit
these standards becomes an important issue which can
often be complicated by the fact that the newly acquired
facility safety record may be excellent, but operates to
different standards and work processes.
3. Post Purchase Assessment. A process safety assessment
work process, with defined protocols that build upon the
checklists used in the pre-purchase phase, has been
developed so experienced process safety, operations
and engineering personnel can assess the potential
process safety risks at a facility quickly and consistently
in the first few months of operation following an acquisition.

To assist the process safety member of the pre-purchase assessment team we have developed a checklist that
can be followed to ensure that the “right” questions are
asked both prior to and during the site visit.
The major sections of the checklist include elements
of any good process safety management system and are
given below:
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.

In the following sections of this paper we will
describe in more detail the major elements of each of
these three aspects of the work process.
PRE-PURCHASE ASSESSMENT PHASE OF AN
ACQUISITION
After the business areas have determined that a potential
acquisition is feasible, it is usual to form a small team to
review documentation and visit the potential acquisition
candidate for a pre-purchase assessment to identify potential environmental, health and safety impacts. This is often
done in secret by a small, two or three person team, so
employees and stakeholders are not alarmed at the prospect of a potential sale of their facility. During the
usually brief site visits, sometimes lasting for only
several hours, the team will usually walk around the facility and get an overview of the technology, equipment and
operating capabilities of the facility. It is normally not
meant to give a detailed assessment of the technology
since this often remains confidential until later in the
acquisition process. Obtaining as much documentation as
possible prior to the site visit can be extremely helpful.
Documentation normally needed at this early stage
includes plot plans, permits, lists of chemicals on-site,
chemical inventories, etc.
It is at this stage of a potential acquisition that the
acquiring company would like to identify key issues that
could impact the economic viability of the acquisition.
Within the process safety area these would include major
hazards that could cause serious incidents and the possible
costs necessary to provide an acceptable level of risk. The
pre-purchase assessment team also develops a transition
plan that summarizes actions for management and identifies
items that must be in place on day one of the transfer of
ownership.
It is extremely important that the team contains representatives from the correct functional areas. We will not get
into the full team composition here, but rather we will concentrate on the need for adequate experienced process safety
representation. This process safety representative must have
a level of experience and prestige so representations on the
safety of the facility are heard by senior management.

Determination of Regulatory Applicability
Process Safety Information
Process Hazard Reviews
Operating Procedures
Training
Pre-startup Safety Reviews (PSSR)
Hot Work
Management of Change (MOC)
Mechanical Integrity
Incident Investigation
Emergency Planning and Response Procedures
Compliance Audits (Internal & External)
Trade Secrets
Facility Public Risks
Transportation Risk
Site Security
Safety Systems and Standards
Technology Specific Items

Items in the checklist marked by an asterisk are often
not addressed fully, if at all, during this pre-purchase phase
due to time constraints and a lack of information, therefore
these are usually treated as low priority items and are only
addressed if time allows. In particular, the last two items,
Safety Systems and Standards, and Technology Specific
Items, may be extremely difficult to assess at this stage if
the technology is new to the acquiring company. Also, the
site visit assessment team is often limited to two or three
team members and having all the necessary technology
skills on the team can be difficult. All of the items not completely covered in this pre-purchase assessment will be
reviewed in detail as part of the transition plan and during
the post purchase assessment.
Each section of the checklist contains detailed questions that can be answered by the process safety pre-purchase assessment team member after discussing the
questions with facility management.
In the Mechanical Integrity section of the checklist,
for instance, the following would be addressed:
a.

b.

2

Determine whether there is a mechanical integrity
system/procedures for the following equipment:
. Relief devices
. Major process equipment like reactors and distillation columns
. Storage tanks
. Piping
. Pumps and compressors
. Safety instrumented systems (critical interlocks)
Determine if initial thickness baselines for tanks have
been completed.
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c.
d.

e.

f.
g.

Determine the current plant test or inspection frequencies for this equipment.
Review previous and current year maintenance budgets
to identify any significant planned expenditure for
equipment replacement.
Review mechanical integrity (MI) test records for large
equipment (reactors, distillation columns, large rotating machinery, storage tanks, etc.) to determine if significant useful life is still available and whether the
need for replacement is imminent.
Identify what organisation performs the MI inspections
(contractor, corporate group, etc.)
Determine expenditures for MI inspections for the previous year and budget allocation for current year.

2.

tinue providing these services until the acquiring
company personnel are adequately trained.
Regulatory notifications such as European Seveso
Safety reports or equivalents in other countries.

TECHNOLOGY & STANDARDS EVALUATION
During and after the pre-purchase phase of an acquisition it
is important to focus technical and process safety experience
on the technologies being acquired. This experience is often
in the form of standards that are used in the design and operation of similar facilities. For example Air Products has
many standards covering the safe operation of air separation
plants. When we acquire such a technology, we can quickly
assess whether or not the facility in question conforms to our
standards.
Whether or not to retrofit these standards onto a newly
acquired facility becomes an important issue, but is not
always straight forward. Just because a facility operates to
different standards does not mean that it is unsafe.
To assess whether or not to retrofit standards onto
facilities we utilize a work process that ensures that senior
process safety, technology and operational input is given.
A list of standards that have required retrofitting in the
past has been developed and this is given to the process
safety assessment teams when looking at new acquisitions.
When questions arise related to the need to retrofit standards, senior management is consulted to ensure that adequate technical resources are dedicated to answering the
question.

Answers to these questions give good insight into how
well maintained the facility is how close to its expected life
the equipment is, and whether or not relief devices
have been identified and serviced. If a facility cannot
produce a list of relief devices, it is extremely unlikely
that relief device testing and inspection is being performed
on a routine basis.
After completing as much of the checklist as possible,
the pre-purchase assessment team will be in a better position
to assess what is known and what is not known about a facility in respect to its hazards and risks. Unfortunately not all of
the information required will be freely given to the team
during these initial phases of the acquisition. However, one
has to determine if there is enough information available to
assess the potential costs to perform any necessary upgrades
to bring a facility into compliance with the safety requirements of the acquiring corporation as a whole.
The types of problems that can show up during
pre-purchase assessment include:

PROCESS SAFETY ASSESSMENT
Shortly after the transfer of the assets, a process safety
assessment is performed by experienced process safety,
operations and engineering personnel to assess the potential
process safety risks at a facility in detail. The assessment
will generate an integration plan that outlines how the facility will meet the acquiring company safety and technology
standards and how the facility plans to resolve any potential
safety risks. This plan should be agreed to by all parties.
This assessment typically takes about 2–3 days for a large
facility and utilizes an assessment protocol that ensures consistency. This assessment protocol is similar to the pre-purchase checklist referred to earlier. It contains the same
elements as the pre-purchase checklist, but since more
time is available to conduct this assessment, it has more
in-depth questions and more guidance for the assessors.
Figure 1 is an extract of questions from the hazard
review element of the protocol. These protocol questions
range from the basic, “Has a hazard review been conducted
for the processes at the site?” to “Are sufficient funds budgeted to correct the deficiencies and complete the action
items?” and “Has a system been established to promptly
address the team’s findings and recommendations?” Note
that if documentation cannot be found to support each question then it is assumed that the work hasn’t been done. Guidance notes are also included to assist the process safety

1. Facility siting issues caused by local population centers
being too close to the storage of hazardous materials.
2. Chemical reactivity problems with materials being used
at the facility e.g. pump seal fluid compatibility with
main process fluids.
3. Inadequate documentation on the maintenance and
design of relief devices.
4. Lack of process safety information and corresponding
inadequate hazard reviews.
Some of these issues are readily handled by putting
a contingency on the value of the facility. It is the
responsibility of the pre-purchase assessment team to recommend to management which issues require significant
contingencies.

TRANSITION PLAN
The major element of the transition plan is the identification
of items that must be in place on day one of the transfer of
ownership. These may include:
1. Emergency response issues such as emergency contact
numbers on documentation. Sometimes these will
involve contracting with the selling company to con-
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PROCESS SAFETY ASSESSMENT for
ACQUISITIONS/JOINT VENTURES
Hazard Reviews
PSM-3

Has a hazard review been conducted for the processes at the Y N
site?

NA

DK

NA

DK

NA

DK

Y N

NA

DK

Y N

NA

DK

Assessor Guidance:
Assessor should verify a list of the various processes exists for the
site and confirm that a hazard review has been conducted for the
specific process.

PSM-4

Determine which of the methodologies listed below were Y N
used for the hazard reviews;
What-if/Checklist;
Hazard and Operability Study (HAZOP);
Failure Mode and Effects Analysis (FMEA);
Fault Tree Analysis; or
An appropriate, equivalent methodology.

PSM-5

Does the hazard review address the areas listed below Y N
(Assessor should assess the quality of the hazard review)?

a) The hazards of the process
b) The identification of any previous incident which had a

c)

d)
e)
f)

likely potential for catastrophic consequences in the
workplace
Engineering and administrative controls applicable to
the hazards and their interrelationships, such as
appropriate application of detection methodologies to
provide early warning of release
Consequences of failure of engineering and
administrative controls
Facility siting
Human factors

Assessor Guidance:
Confirm that the hazard review documentation includes a discussion
of facility siting, human factors, and previous incidents.
Assessor should review the hazard review to assess the quality of the
hazard review.
Facility siting means considering the location of covered processes
within the plant property. Facility siting issues can include location
of vessels containing HHCs and their proximity to other equipment,
control rooms, maintenance shops, and administration buildings
Human factors involve issues and techniques with the functional
relationship between human operators and engineered systems.
Human factor considerations include potential human error causes
of accidents; examining the location of and access to critical safety
instruments, alarms, and equipment; or reviewing critical
procedures used by operators and maintenance personnel

PSM-6

Was the hazard review performed by a team with expertise
in engineering and process operations, including at least one
employee with experience and knowledge specific to the
process and one member knowledgeable in the specific
hazard review methodology used?
Assessor Guidance:
Hazard review must identify through documentation who these
individuals are. Also, determine what organization(s) performed the
hazard reviews (plant only, support from corporate, contractor, etc.)

PSM-7

Has a system been established to promptly address the
team's findings and recommendations? Does each resolved
hazard review recommendation have documentation to
support resolution of the items?
Assessor Guidance:
Assessor should determine if any high-risk action items are not
complete. How many action items are beyond their due date?

Figure 1. Excerpt from the Process Safety Assessment Protocol
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PSM-8

Has a written schedule been established of when the Y N
findings and recommendations are to be resolved?

NA

DK

NA

DK

NA

DK

NA

DK

Assessor Guidance:
Each item requiring resolution must have a planned completion date
and individual responsible for implementing the corrective action. A
single completion date for the entire hazard review does not qualify
as a "system" to address the recommendations as required above.

PSM-9

Are sufficient funds budgeted to correct the deficiencies and Y N
complete the action items?
Assessor Guidance:
The assessor should review hazard review recommendations and
identify any items that will require significant capital to implement

PSM-10

Are the hazard reviews updated and revalidated periodically Y N
by a qualified team? (Assessor should record the date of the
last hazard review).
Assessor Guidance:
US PSM regulations require a 5-year revalidation frequency for
covered sites.
Air Products requires all sites receive a minimum 10-year
revalidation frequency when not governed by regulation.

PSM-11

Has the site identified fatal accident rate (FAR) events and
estimated capital required to upgrade systems to meet this
target, as appropriate?

Y N

Figure 1. Continued

assessor in the task. These are important since they help to
ensure consistency between assessors.
The work process for the process safety assessments
consists of three distinct phases:

occur, and who will be participating. As part of pre-planning, the team leader will prepare a draft daily schedule
showing specific areas the team will review and the
morning or afternoon the specific area will be reviewed.
This schedule is sent to the site with a request that names
of appropriate site people are assigned to review a particular
area with the assessor on a particular day. This allows the
site manager to ensure sufficient resources are available
during the assessment for an adequate review, and gives
the assessor a point of contact once on-site. A copy of the
Process Safety Assessment Protocol questions is also sent
to the site so that they can begin gathering the documentation required to answer the protocol questions.
This pre-planning phase has been shown to be extremely important since it ensures an efficient on-site assessment process, facility buy-in with the assessment process
and leads to true team building once on-site. This team
building is important since the assessment is not intended
as a simple audit of the site. It is intended as a mechanism
to identify potential process safety issues and to develop
an integration plan that the newly acquired facility can
practically achieve using resources from the site and the
acquiring company.

1. Assessment Pre-Planning
2. On-Site Activities
3. Post Assessment Follow-Up
A brief look at each of these areas gives the major
considerations for each phase:

ASSESSMENT PRE-PLANNING
This phase is probably the most significant since it includes
communication with the site, team selection and definition of
the protocols to be used. It sets the ground rules for the
assessment and ensures that all required documentation is
available for review by the assessment team. Several
weeks prior to the site visit the team leader will identify
the appropriate personnel to conduct the assessment. Key
employees will include experienced process safety specialists, operations and engineering personnel. Ideally the
people selected should have experience and knowledge of
the processes being reviewed at the acquired facility. For
example, we utilize persons knowledgeable in air separation
technology (operations and engineering) when conducting
an assessment of an air separation facility. These knowledgeable persons can quickly ascertain potential design
and operations hazards of the acquired facility based on a
review of company engineering standards.
Communication with the site will allow the site to
understand exactly what will be reviewed, when it will

ON-SITE ACTIVITIES
Having communicated the intent of the assessment during
the pre-planning phase, the first thing that the assessment
team does after arriving on site is to conduct an opening
meeting with the site team. This opening meeting allows
the team leader to introduce the assessment team, communicate the activities to be completed on-site, as well as the
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ACTION PLAN
With Responsible Person

Action
A complete P&ID was not available nor a
hazard review for Process A.
Develop P&ID’s for Process A.
Conduct hazard review for Process
A.

Estimated
Comp. Date

Complete P&ID’s update for
Process A (Facility Manager)
Ensure that adequate process
safety information is available
for the hazard review (Facility
Manager)
Complete the hazard review for
Process A. (Facility Manager)

Actual Comp.
Date

STATUS

Mar. 31 2004

June 30 2004

Sept 31 2004

Figure 2. Extract from an Integration Plan

post assessment follow-up activities. The team leader also
reviews the daily schedule agreed upon prior to coming on
site to ensure the appropriate people are still available and
no emergencies, either plant- or people-wise, will cause
interference with the assessment.
At the completion of the opening meeting, the assessment team takes a site tour to familiarize the team with
site layout and conditions. Once the tour is completed
each individual from the assessment team meets with the
assigned site contact to begin the assessment. At the end
of each day the assessment team meets with the site team
to communicate the areas reviewed, and discuss findings
and items that may need more detailed follow-up. This
daily debriefing is very important. It informs the site team
of the actions identified during the assessment, and it
avoids surprises at the closing meeting.
At the completion of the on-site assessment, the
assessment team prepares written actions and communicates
these actions to the site team and facility management at a
closing conference. The site should have previously been
informed of all actions at the daily site debriefings, and
only agreement on the wording of each item is usually
necessary.
While performing this assessment one quickly determines the adequacy of the process safety management
systems in place at the facility and a determination can
then be made as to areas that require attention. In some
cases this can mean implementing, for example, a whole
new mechanical integrity program, while in other cases
only small adjustments may be necessary to bring the facility into compliance with corporate requirements. It is
important that the assessment team contain experienced
process safety and technology members since they have to
be able to assess the hazards and recommend to management whether or not a facility is safe to operate.

plan is entered into a database for follow-up until all items
are completed.
An extract from an integration plan is shown in
Figure 2. Each item has a corresponding action plan, with
the responsible person identified. The plan should also
contain an expected and an actual completion date.
Where necessary, a plan for gathering necessary
process safety information and for performing hazard
reviews should be part of the integration plan. These
hazard reviews are performed in addition to the process
safety assessments since a hazard review is much more
detailed and can take a significant amount of time to
prepare and execute, especially if a facility has little in the
way of process safety information documented.

CONCLUSION
A multi-tier approach to assessing the hazards and risks
associated with newly acquired facilities has been used successfully to ensure that employee, community and company
interests are quickly addressed and adequately protected.
Adequate process safety representation on the teams
working on the early stages of new acquisitions is essential
and a checklist outlining key issues to be addressed simplifies the process and ensures consistency. This checklist has
to be concise since the pre-purchase phase of an acquisition
has to be completed by a small multi-functional team in a
very short time period. Identification of all potential
hazards and risks is not always possible in these early
stages due to confidentiality concerns, but early identification of potential issues can be very beneficial and can
ensure a smooth transition of ownership. A transition plan,
outlining items that need to be in place on day one of transfer of ownership, is prepared by the pre-purchase team if the
acquisition is finalized.
Where the technology is known, and existing standards exist within the acquiring company, a determination
of whether or not to retrofit these standards onto the newly
acquired facility has to be made. This can be a difficult
decision since the existing operating procedures and
design may be perfectly safe. A list of standards that
should be considered for retrofit should be developed for
such technologies so that process safety and technology
management can determine the retrofit requirements. In
general, process safety standards that are not technology
specific are usually retrofitted.

POST-ASSESSMENT FOLLOW-UP AND
INTEGRATION PLAN
Within 30 days of the on-site assessment, facility management, in conjunction with the assessment team, prepares
an integration plan that addresses assessment actions and
puts forth an action plan for resolving them. The assessment
team reviews the plan and recommends modifications as
necessary to ensure that it is adequate to close out all of
the assessment findings. Once finalized, the integration
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After taking over operation of the facility, a more
detailed process safety assessment should be performed to
obtain a thorough evaluation of the hazards and risks associated with a facility. Since more time is available to conduct
this post purchase assessment than is available for the prepurchase assessment, an assessment protocol containing

more guidance and detail is used as a tool to ensure thoroughness. An integration plan is developed showing how and
when the newly acquired facility will comply with corporate
requirements. The team performing this assessment should
be experienced and senior enough to ensure that management gets a good picture of the true risks to the corporation.

7

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153

CONSIDERATION OF HUMAN FACTORS IN THE GENERAL SAFETY ANALYSIS
Dr.- Ing. Katharina Löwe
Technische Universität Berlin, Institute of Process and Plant Technology, Sekr. TK0-1,
Straße des 17. Juni 135, 10623 Berlin, Germany; e-mail: katharina.loewe@tu-berlin.de
Although most accidents are activated by Human Factors, common safety analysis methods do not
address human related issues systematically. The most significant reasons for this problem are the
lack of knowledge on Human Factors as well as the lack of approaches and systematic methods to
solve these issues. This paper outlines an overview of results of different own research projects with
the overall aim of considering Human Factors in the general safety analysis. Different aspects and
approaches are taken into account within the different projects. New methods and tools are presented
for systematic qualitative Human Factor analysis. These tools can be used both for existing plants as
well as for projects in design phase. Furthermore a new method is shown to integrate Human Factors
into the quantitative risk analysis.

KEYWORDS: human factors, operator action analysis, safety analysis, operator error, risk analysis

This paper presents new methods and tools for systematic qualitative Human Factor analysis. These tools
can be used both for existing plants as well as for projects
in design phase. Furthermore a new method is shown to integrate Human Factors into the quantitative risk analysis. The
advantage of this methodology is that it concentrates on the
factors behind the occurrence of human failure. The paper
outlines an overview of the results of different own research
projects. The overall aim of these projects is the consideration of Human Factors in the general safety analysis,
with different aspects and approaches within the different
projects. Due to the dimension of this research area, the proceedings, the solutions and the results can not be explained
in detail here. Therefore this paper refers to published
papers, going into detail.

INTRODUCTION
Investigations have shown that most accidents are caused by
operator error particularly in highly automated systems.
Most of these human errors are caused by design and management errors, which are contained in the system latently.
Consequently to increase the safety and reliability in process
industry, it is crucial to consider Human Factors in the
overall safety analysis. The Seveso II directive that aims
at preventing major hazards involving dangerous substances
requires operating companies to demonstrate that Human
Factors have adequately been addressed during the design
and considered during the safety analysis of the plant. But
the common safety analysis methods do not address
human related issues with as much rigour as engineering
issues, so only very few companies include Human
Factors in the overall safety analysis systematically. The
most significant reasons for this problem are the lack of
knowledge on Human Factors as well as the lack of
approaches and systematic methods to solve these issues.
For the consideration of human beings when planning
and operating process engineering systems, a systematic
identification and analysis of the possible sources of error
must be executed. On the other hand solutions in the
design and in the organisation must be made available to
support engineers to consider the operator in the design,
the installation, commissioning and the operation of
process engineering systems. Potential error causes in the
system can be worked out by a suitable method known as
Operator Action Analysis. Thus engineers can ensure that
the system is designed for more effective and safer operation
and that manuals, operating procedures and job organisations are optimized.
The existing human reliability methods concentrate
on the symptoms rather than the root causes of human
errors. No matter the type of human failure the underlying
causes play a very important role. In order to fully analyze
specific erroneous acts, Human Factors analysis techniques
are required.

STATE OF THE ART
Human Factors are workplace and personal factors that
effect either positively or negatively the performance of
the operator. The study of Human Factors can help identify
operations susceptible to human error and improve working
conditions to reduce fatigue and inattention. A Human
Factors analysis should answer the question “why did the
accident happen?” The analysis helps to unearth the role
that insufficient design and management failures have in
human error occurrence and in equipment failure. Figure 1
shows a simple framework to undertake such an analysis.
An undesired event is caused by equipment failure,
human error, external impact (not included in figure 1) or a
combination thereof. These are referred to as direct causes.
Inadequate design implies that the physical and cognitive
capabilities and limitations of human beings are not incorporated into design and operation of a system, process, or
equipment. In this case technical design refers to Human
Factors engineering. This branch of engineering is concerned
with the design of products and processes and equipment
used in manufacturing so as to maximise their ability to be
used comfortably, safely and effectively by human beings.
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Figure 1. A simplified model of interaction of factors that lead to an accident (Kariuki 2006)

It can be seen that management faults directly influence both
the equipment failure and Human Factors engineering.
Equipment failure can be analysed with respect to plant condition or maintenance and inspection management.

conditions and efficiency of the user, must be integrated into
this analysis (Dalijono 2005, Dalijono 2006).
OPERATOR ACTION ANALYSIS
Many techniques have been developed to analyse the safety of
a plant. But only few or none of these techniques take into
consideration Human Factor aspects. In the process industry,
three methods to analyse operator actions are known but due
to their limitations they are not widely used. These existing
methods of Operator Action Analysis were examined for
their sufficiency and practical applicability on an industrial
plant (Dalijono 2005).
In all of the methods of Operator Action Analysis that
have been analyzed, the distance between the equipment
that must be operated at the same time or successively are
not shown. The presentation of the distance is a significant
factor for the Operator Action Analysis. The description
of the task in the instruction manual is sometimes not
optimal. It is caused by the negligence in defining the distance between equipments that are operated simultaneously.
The definition of such distances could help to determine the
operator workload. The optimization of operator tasks and
jobs on such equipment or component could solve this
problem. If this is achieved it could improve plant safety
and as well operator’s efficiency. The existing methods
examine either normal operation or abnormal operation.
This is insufficient because sometimes when the operator
has to overcome an abnormal condition he still has to
accomplish the normal operation. Due to these facts a new
method for consideration of operator’s action is needed.

TASK ANALYSIS
For systematic consideration of the operator in the design and
operation of a process engineering plant, task analysis must be
accomplished as the first step. Task analysis is defined as a
systematic and structured method, used to identify and
analyze tasks, which are relevant for safe operations
(Kirwan 2001). In a complex plant this would become very
extensive and time consuming. Thus, only particular safetyrelevant operations are included in the scope. Additionally,
for these safety-relevant operations a time frame must be
assigned. In the entire analysis, the normal operation and the
abnormal operation must be differentiated. Since the investigation of the abnormal operation is very complex, only
selected disturbance scenarios are thoroughly examined. For
realization of a task analysis, technical information (P&ID,
flow-charts, etc.), operating manuals (manuals, work instructions, etc.), documents of the local conditions (plan arrangements, photos, descriptions of way, way times, etc.) as well
as personnel information (training, qualification, training conditions, etc.) can be used. The implementation of task analysis
can be divided into several steps:
. Identification of place and point in time of the control
actions.
. Identification of the particularly relevant operator
actions.
. Collection of task data.
. Identification of possible operator error.

HUMAN RELIABILITY ANALYSIS
Human Reliability Analysis (HRA) started at the beginning
of the 50s in military domain. At the end of the 50s these

Additionally performance influencing factors (PIFs) such as
complexity and time requirement of the task, organisational
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analysing methods were also used in the nuclear industry,
where most methods were developed. The aim of all
methods is the quantitative assessment of human error.
The operator is regarded as a subsystem with two
potential states, either the operator successfully fulfils the
task or the operator fails to do the task.
Currently there are several HRA methods in use
worldwide. Some of them were developed during the early
applications of HRA in nuclear power plants. The most
widely used are THERP -Technique for Human Error Rate
Prediction- (Swain 1983) and SLIM -Success Likelihood
Index Method- (Embrey 1984). There are other recent
developments known as second generation HRA methods
like CREAM -Cognitive Reliability and Error Analysis
Method- (Hollnagel 1998) and ATHEANA -A Technique
for Human Event Analysis- (NRC 2000), which mostly
focus on cognitive error causes and mechanisms (Jung
2001). All these methods aim at transforming human error
events into human error probabilities. The limitations of
the current HRA related to this study could be summarised
as follows:

assessment tool called PIHFAT (Process Industries Human
Factors Assessment Tool) was developed which offers a
first rating of Human Factors Quality of a plant. On the
other hand a new and comprehensive method for Operator
Action Analysis called PITOPA (Process Industry Tool for
Operator Action Analysis), was created. This chapter
describes the structures, the areas of application and the
benefit of these two new tools.
CLASSIFICATION OF HUMAN FACTORS
Before carrying out a qualitative Human Factor analysis, the
relevant factors must be defined and classified first. There
are many Human Factors that have to be considered and it
is not always very clear in which group they should be
classified or how important each factor’s contribution to
enabling accidents is. There is probably not only one
perfect and right description and classification of the
Human Factors, but the challenge is to achieve one, that
allows the best and most complete description of the
Human Factors, without forgetting any or covering them
twice. Table 1 shows areas that need to be considered for
a comprehensive Human Factors analysis (Löwe 2005,
Kariuki 2006).

. HRA methodologies are not able to effectively identify
various causes of human errors. The observable results
of human actions are the main point of focus.
. Inadequacy of data for human error analysis.
. Effects of organisational, managerial and safety cultures
are not adequately considered in HRA.
. There is no guidance on how to handle the performance
influencing factors (PIFs) associated with each human
error event.

HUMAN FACTORS ASSESSMENT TOOL – PIHFAT
For an easy and systematic Human Factors analysis of an
industrial plant a Human Factors Assessment Tool called
PIHFAT (Process Industries Human Factors Assessment
Tool), was developed. The approach considers as many
Human Factors as possible separated into different categories in order to determine the overall quality of Human
Factors in the plant under assessment. The output of the
technique is a qualitative and quantitative value for the
overall quality of the Human Factors of the plant, as well
as a detailed report of the state of each human factor and
what could be done to improve or maintain their actual
status. The developed computer interface makes the technique especially easy to use, even for non Human Factors
experts. The quality of each factor as shown in table 1
affects the overall quality of the domain in a specific way.
Moreover, the quality of each domain affects the overall
quality of the Human Factors.

It has been noted that the HRA in the nuclear industry is
more mature than in the chemical process industry. Some
of the methods have been tested in the nuclear domain but
we cannot borrow this on a one to one basis because the
operating conditions and demands in both industries are
different (Kariuki 2007).

NEW APPROACHES FOR QUALITATIVE HUMAN
FACTORS ANALYSIS
An overview of the new approaches for qualitative Human
Factors analysis is shown in figure 2. On one hand an

Figure 2. New approaches for qualitative human factors analysis
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Table 1. Areas of assessing the quality of human and organisational factors in a process plant
Human factors domains
A. Organisation

B. Information

C. Job Design

D. Human System Interface

E. Task Environment

F. Workplace design

G. Operator characteristics

Topics to be considered
A.1
A.2
A.3
A.4
A.5
B.1
B.2
B.3
B.4
B.5
C.1
C.2
C.3
D.1
D.2
D.3
D.4
D.5
E.1
E.2
E.3
E.4
E.5
F.1
F.2
F.3
F.4
G.1
G.2
G.3

Human Factor Policy
Organisational and Safety Culture
Management of Change
Organisational Learning (Audits and Reviews)
Line Management and Supervision
Training
Procedures
Communication
Labels and Signs
Documentation
Staffing
Work Schedules, shifts and overtime
Manual Handling
Design of controls
Displays
Field of the control panels
Tools
Equipment and valves
Lighting
Temperature, humidity and wind chill
Noise
Vibration
Toxicity and air quality
Facility layout
Workstation configuration
Accessibility
Control room
Skills and knowledge
Attention and motivation
Fitness for duty and competence

The contribution of each human factor to the overall
quality of the Human Factors can be calculated using
Saaty’s Analytical Hierarchy process (AHP) (Saaty 1980),
which is a mathematical technique for multicriteria decision
making. It involves building a hierarchy or ranking of
decision elements and then making comparisons between
each possible pair in each group as a matrix. This gives a
weighting for each element within a level of the hierarchy
and also a consistency ratio, which is useful for checking
the consistency of the data. AHP is especially suitable for
complex decisions, which involve the comparison of decision
elements, which are difficult to quantify. The structure of the
assessment questions consists of one general question that
has to be answered for each of the 30 attributes, which had
the standard form: “How would you rate the . . .?” Each
general question is accompanied by a set of additional questions to ensure that all the important issues for each attribute
are covered. Questions can be rated with one of the following
values: poor, fair, average, good and excellent. The descriptions of the five possible levels of the quality of the Human
Factors attributes are supposed to provide orientation and

guiding help while assessing. Furthermore this rating help
ensures independency of the results from the investigator.
The computer interface guides the user through the
assessment and enables analysing chemical plants in a very
short period of time. The output of the assessment tool is a
percentage value from 0 to 100%, which shows at which
level the overall quality of the Human Factors is. Together
with the numerical value, a qualitative explanation is provided, not only to the overall quality of the Human
Factors, but also to each particular human factor and what
could be done to improve or maintain the status. The tool
can be used to help detecting Human Factors safety gaps
in chemical plants, although further industrial validation is
recommended in plants in which manual handling is
required.

NEW METHOD FOR OPERATOR ACTION
ANALYSIS – PITOPA
Due to lack of suitable methods to identify the causes of
errors a new method called Process Industry Tool for Oper-
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ator Action Analysis (PITOPA) was created. It was developed with the aim of evaluating what would happen if the
operator actions are executed wrongly or not executed at
all during normal and/or abnormal operation. This method
will not only be used as an analysing method but also as a
foundation of a new software- tool that can be utilized to
analyse Human Factors aspects in process industry plants.
Evaluation of the operator workload in normal plant
operating conditions is essential, especially in batch-processes. Because here, the operator could be overloaded
even during normal operation conditions. In general, this
new method examines the tasks accomplished by an operator and checks if the tasks could lead to overloading. The
results can be used to undertake purposeful improvements
in normal operation so that disturbances, which are caused
by operator load can be minimised.
To apply PITOPA, task analysis must first be accomplished. Realisation of task analysis requires several steps
(see chapter 2.1). In one of these steps, factors that influence
operator error must be determined. These factors are commonly known as Performance Influencing Factors (PIFs).
All Human Factors aspects must be considered to determine
the underlying PIFs. Generally, PIFs are divided into two
areas, external PIFs and internal PIFs. The external PIFs
come from outside of the human environment while the
internal PIFs come from inside of human environment
itself. The internal PIFs depend on the characteristics of
each operator. Therefore it is impossible to measure these
factors (VDI, 2002). External PIFs consist of technical and
organisational conditions. The technical conditions can
often be measured by physical scales (e.g. temperature,
noise, time, etc) while the organisational conditions are
described verbally. From this model, a checklist that contains all elements of PIFs was created. This checklist is
divided into three elements. The first element is Facility.
Here all parts, which directly influence the operator conditions (e.g. vibration, temperature, etc), must be notable.

The second element is Human. All internal influenced
factors (e.g. training, communication, etc) are classified in
this element. The last element is Organisation. An
example of this element is control (feedback) from the operator’s task performance. With the use of this checklist, all
information about PIFs for one task will be collected. The
completion of this checklist is done by conducting an interview with the operators and through direct observation of
the operator’s work situation. To find out how PIFs influence the task performance, it is meaningful to know their
degree of influence. This is a decision process; therefore
the evaluation of the PIFs is based on a multi-criteria analysis (Dalijono 2006).
The structure of PITOPA is shown in Figure 3. The
base of the tool is the new Human Factors Oprator Action
Analysis method, which was validated on four industrial
plants. Beyond this the tool consists of a mathematical
model for evaluation of PIF’s, database and a program.
Figure 4 presents the structure of the underlying
method for normal operation. The x-axis represents time,
while the distances of the equipments that have to be
simultaneously operated are on the y-axis. The horizontal
lines that are parallel to the time-axis represent the level
or floor, on which the operator must accomplish the task.
Each sub-task which has been identified during task analysis
is represented by a rectangle on the diagram. With this presentation technique the operator load caused by inappropriate
equipment distance can be easily identified. From Figure 4 it
can be seen that the operator is overloaded while performing
tasks 3 and 4.
The next step is to determine those subtasks that are
safety-relevant (Figure 5). The possibility and consequence
of error from this subtask are also described in the diagram.
Each manual countermeasure corresponds to the error above
it. The manual countermeasure is drawn at the bottom end of
the diagram, parallel to the normal operation subtasks and
thus, below the normal operation section. Shown in the

Figure 3. Structure of PITOPA
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Figure 4. Operator action analysis for normal operation

representation, the operator load at the time of countermeasure action can therefore be evaluated.
When an operator is performing the countermeasure,
potential error could occur. Such a countermeasure could be
referred to as ‘wrong countermeasure’. The potential error
and its consequences are also shown in the diagram. The
wrong countermeasure is then highlighted to show the contributing factors. The highlighting colours correspond to
contributing factors. A wrong countermeasure due to the
contributing factor ‘design error’ is assigned red while due
to ‘organizational error’ is assigned blue. Using this type
of representation the source of error can be detected more
accurately. A detailed description of the new analytical
method can be found in (Dalijono 2005).
The applicability of this method was tested and validated on four different industrial plants. The results show
that this new method is very well applicable in industry
and generally accepted for different types of plants in
process industry. PITOPA enables both, engineers with or
without a thorough understanding in Human Factors to do

an easy and systematic analysis of operator load in normal
and/or abnormal conditions and focuses on consequences
when the operator actions are executed wrongly or not executed at all. With PITOPA, the potential error during
implementation of the normal and emergency operation
can be identified and suitable countermeasures can be taken.
PITOPA aims to reduce the outcome of operator
errors through an improvement of the design and/or organisation. In both cases, to make an improvement, an identification of operator tasks and Performance Influencing
Factors must be carried out. This information is processed
with a new method to determine which PIF most influences
the performance of the task under study. This method is
based on a multi-criteria analysis where the evaluation of
the perceived degree of importance is made by a pair wise
comparison and a points system to help valuate the total
influence. With this knowledge it is possible to make a
logical conclusion on whether to change the design or the
organisation (Dalijono 2006). The development of software,
containing the analysis method, a database and the

Figure 5. Operator action analysis for abnormal operation
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Figure 6. Hierarchical decomposition of human factors

user-interface, enables an easy use of the method also for
non-experts.

Each of the factors, described in chapter 3.1, has attributes, which will be rated on a scale from very poor to excellent. The management will have a clear picture of the areas,
which need more improvement. If the entire plant is rated as
excellent, the possibility of operator error is reduced.

INTEGRATING HUMAN FACTORS INTO
QUANTITATIVE SAFETY ANALYSIS
A risk analysis is carried out to identify and model accident
sequence and scenarios. A good analysis method should be
able to identify if not all, the major contributors of an
event. But most stop when the immediate or direct cause
has been identified e.g. operator fails to close the valve
(CCPS 1994). The question is why the operator actually
failed to close the valve. Was he able to identify the right
valve? Was he at that particular workplace when he was
required to close the valve? In this work fault tree analysis
(FTA) is chosen as the tool to model accidents. This is a
powerful technique that is able to present complex interrelations of events that lead to unwanted events. It is able
to capture equipment failures, human failures or external
impacts. The basic events are then analyzed to find those
that have human error elements in them. For the integration
of Human Factors into quantitative safety analysis the following proceeding was chosen (Kariuki 2007).

DEVELOPMENT OF A WEIGHTING SYSTEM
The factors affecting the quality of Human Factors are multidimensional and therefore need to be ranked to determine
how they affect the outcome. The AHP method is used. It
uses a hierarchical structure to decompose a problem into
attributes and then guide decision makers through a series
of pair-wise comparison judgements to express relative
strength of impact of the attributes in the hierarchy. These
judgements are translated into numbers. The first step of
AHP is to identify attributes that influence decision or
system behaviour.
Each of the factors/attributes has a different weight of
influence. A survey to experts from industry and research
institutes was designed. 24 judges were selected. The
judges were asked to rate the factors according to the perceived importance towards human error causation. A five
point likert skale was chosen for the purpose with “least
important¼1” being the lowest and “extremely
important ¼ 5” being the highest. Matrices of pair wise
comparison were developed for the factors and their,
respective attributes using AHP. These factors and attributes
are compared against each other to determine the relative
importance.
Giving a percentage degree of compliance sets a
target that the analyst will strive to achieve. It is able to
address these factors in details that may be otherwise
missed out during the normal brainstorming in process
hazard analysis. It orders the factors influencing the performance of the operator in a systematic way and therefore
allows a detailed assessment to take place. Areas that could
be termed as lacking are clearly visible and therefore the

CLASSIFICATION OF HUMAN FACTORS
The classification (chapter 3.1) can be used for stand alone
assessment as well as for the first step for quantitative analysis, to find out the factors that influence the quality of
Human Factors in a given plant and to achieve a clear
picture of the areas that need more improvement.
DECOMPOSITION OF HUMAN FACTORS INTO A
STRUCTURAL HIERARCHY
This step is needed to find out the factors that influence the
quality of Human Factors in a given plant. Each basic event
is then analyzed to find the underlying Human Factors with
the aim to decrease the rate of human error probability.
Figure 6 shows the structure of the decomposition.
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management will know where to focus more resources on. It
transforms qualitative analysis into quantitative analysis. A
survey in the chemical process industry was used to help to
quantify factors that affect human performance.
CONCLUSION
This paper describes a new approach for the consideration of
Human Factors in the overall safety analysis. Thereby
different methods are explained for the use for different
common safety analysis methods. How to integrate
Human Factor into the quantitative risk analysis (Kariuki
2007) is shown as well as how to integrate it into qualitative
safety analysis. For qualitative analysis a new Human Factor
assessment tool can be used to detect those areas where
implementation of Human Factors has to be improved. Furthermore it is of special interest in the safety relevant analysis of a process engineering system to identify possible
operator errors and their consequences for normal and
abnormal situations. For these purposes a new module for
Operator Action Analysis to evaluate the operator load
and/or to optimize the plant design is demonstrated (Dalijono 2006). Furthermore this paper describes an approach
for quantitative analysis that systematically identifies
human error in process design and the human factors that
influence its production and propagation. It is deductive in
nature and therefore considers human error as a top event.
It is qualitative in nature and is used in combination with
other process hazard analysis methods. It transforms qualitative analysis into quantitative analysis.The method has
an advantage because it does not look at the operator error
as the sole contributor to the human failure within a
system but a combination of all underlying factors.
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FUNCTIONAL SAFETY MANAGEMENT – THE NEXT CHALLENGES FOR INDUSTRY
Clive Charnock BEng, CEng, FIET
Costain Oil, Gas & Process Ltd, Costain House, Styal Road, Wythenshawe M22 5WN; e-mail: clive.charnock@cogap.com
The international Functional Safety standard IEC 61508 its process industry sector specific standard
IEC 61511 have been published for some time and many organizations are now successfully
undertaking the specific requirements defined within these complex risk-based standards, such
as; SIL Determination, Systems Design, SIL Verification, etc.
A key element of the standards is the concept of the structured safety lifecycle and Functional
Safety Management. These are the backbone of the standard and provide a framework and
process to address systematic failures through the project lifecycle through the application of a
systematic approach.
From the practical experience of the author it has been observed that although many organizations that are now experienced in executing the specific safety lifecycle activities, they could
improve the process of planning and managing the lifecycle activities in a structured and consistent
manner. This is the next step in the evolution of Functional Safety Management within industry.
The risk-based Functional Safety Management process creates new challenges and a requirement
for a different thought processes in project delivery and these should be reflected within an
Organization’s business processes. Through taking a pragmatic approach organizations can build
upon their existing good engineering practice to modify and enhance their current processes and
procedures to reflect the recognized best practice for Functional Safety Management.
The objectives of the paper are to review the concepts of Safety Lifecycle and Functional Safety
Management, to discuss the practical experience of the author in planning and executing a number
of projects using a systematic approach and the ways in which the key requirements of the standards
can be met in a practical and pragmatic manner. Additionally, the paper discusses the key
challenges and opportunities for organizations in effectively embracing the requirements of the
standards within their structure and business processes.
KEYWORDS: IEC 61508, IEC 61511, SIL, safety lifecycle, safety planning, verification, safety validation

standards, such as; Safety Integrity Level (SIL) Determination, System Design, SIL Verification, etc.
From the practical experience of the author it has been
observed that although many organizations are now experienced in executing the specific safety lifecycle activities,
they could significantly improve the holistic process of
planning and managing the lifecycle activities in a more
structured and consistent manner and improve effectiveness of the ongoing assurance activities of Verification/
Validation/Functional Safety Assessments.
Demonstrating full compliance with the standards,
which define international best practice, requires Functional
Safety to be clearly planned and formally managed, and it is
the view of the author that fully embracing the systematic
approach defined by the standards will be the next significant step forward in the evolution of Functional Safety
within the process industry.

INTRODUCTION
The international Functional Safety standard IEC 615081,
and its process industry sector specific variant IEC
615112, have now been published for a number of years.
These standards are highly complex and technically
demanding. They are also risk-based/performance-based
standards, which depart significantly in approach from the
traditional prescriptive/deterministic standards that existed
in this area (for example API RP 14C3). The nature of performance-based standards is that they define a framework, a
process and specific expectations/objectives. Within that
generic framework/process the user of those standards is
free to develop approaches, designs and solutions that can
be demonstrated to meet the defined expectations/objectives.
Although many associate the IEC 61508 / 61511
standards with the concept of SIL there is an equally important concept defined by the standards that is still not fully
appreciated. This concept is the formal structured Safety
Lifecycle and associated Functional Safety Management
execution. These are the backbone of the standards and
provide a framework and process to address systematic
failures through the project lifecycle via the application of
a systematic approach.
Many organizations are now successfully undertaking
the specific Safety Lifecycle activites defined within these

THE CONCEPT OF THE SAFETY LIFECYCLE
The concept of the safety lifecycle was borne from the findings resulting from a study undertaken by the Health &
Safety Executive (HSE) in the United Kingdom, published
in the “Out of Control” report4. Within this study the HSE
investigated in detail 34 incidents that were the direct
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From the above one can deduce that the application of
a formal framework utilising a systematic approach, and the
application of appropriate assurance measures, can improve
the level of Functional Safety achieved.
It is important to highlight that the concept of Safety
Integrity Level within the standard, for Low Demand
(process industry typical) protective functions the performance, is measured in terms of Probability of Failure on
Demand (PFD). Unfortunately, this probabilistic measure of
performance is based on random hardware failures. What
cannot usually be quantified numerically is the performance
of protective functions with respect to systematic failure
(typically due to human error), and to achieve a specified
level of systematic integrity, then specific defences in terms
of reviews, techniques, levels of independence and competence, etc. need to be applied to the through the lifecycle and
performed with a particular level of rigour.
To underpin a systematic approach the IEC 61508/
61511 standards are based upon a comprehensive and
structured Safety Lifecycle, and the Safety Lifecycle from
IEC 61511 is shown in Figure 1.
The diagram in Figure 1 represents a logical linear
process, but at any time during the life of a facility
changes may occur and these changes must be addressed
by appropriately re-applying the safety lifecycle. Additionally, as a facility is operated the performance of the
implemented protective systems and measures need to be
analysed and compared against the performance claimed
during the design phase and where there is a discrepancy
the design needs to be re-addressed.
In summary, the basic philosophy underpinning the
Safety Lifecycle is that of developing and formally
documenting a safety plan (Functional Safety Planning),
implementing and executing the plan (Functional Safety
Management) and providing documentary evidence
of the execution through the life of the asset/facility
(Verification/Validation/Functional Safety Audit), which
are discussed in detail within the following sections.

Table 1. Accidents caused by control and safety system
failures – “out of control” HSE
Cause of control & safety
system failure
Specification
Design & implementation
Installation & commissioning
Changes after commissioning
Operation & maintenance

Percentage
of total
44%
15%
6%
21%
15%

result of control and safety system failures across a variety of
industries.
The key findings from the study are detailed in
Table 1.
The majority of the accidents (44%) resulted from
incorrect or incomplete specification of the safety requirement and examples of this include; Significant hazards
and failure modes not actually being identified, incorrect/
inappropriate level of rigour/methodology applied to the
Hazard & Risk Analysis (SIL Determination) process,
over reliance on a particular protection layer, etc. These
errors can potentially lead to an incorrect Safety Requirements Specification in terms of Functional requirements
(what the system needs to do) and/or Integrity requirements
(the certainty with which the system will perform the
function).
The next highest proportion of accident causes (21%)
was due to actual changes implemented after commissioning. This has generally resulted from poor management of
change during the operational phase of the asset/facility,
where changes have been made without the formal application of a rigorous assessment and management structure
to a level commensurate to that applied during the initial
Engineering & Design phase.
Similarly, a notable proportion of accident causes
(15%) resulted from Operation & Maintenance and
examples of this include; inadequate or incorrect proof
testing, poor maintenance, incorrect understanding of the
function of the protective functions and associated response
procedures, lack of ongoing data collection/management
and assessment of actual system performance.
Design and Implementation errors account for 15% of
accident causes and typical examples of this include; incorrect interpretation of the process Safety Requirement
Specification, incorrect selection of system architectures/
specification of system components, incorrect verification
of Safety Availability (i.e. Integrity requirements) and/or
Functional Operation (Functional requirements).
Installation and Commissioning errors account for
only 6% of accident causes and typical examples of this
include; incorrect installation against the design requirements, damage caused to components and not detected by
inspection/testing, incomplete/incorrect commissioning
test procedures, commissioning overrides not removed
prior to operation.

FUNCTIONAL SAFETY PLANNING
First and foremost, with any complex task if you don’t plan
what you are going to do then you cannot effectively
manage that task. Therefore, to achieve the complex
task of managing Functional Safety a documented plan is
required that addresses the following:
.
.

.
.
.
.

2

Definition of the Safety Lifecycle Applicable to the
Project
Definition of the Functional Safety Management
Activities to be executed and associated Roles and
Responsibilities
Definition of the Inputs to, and Outputs from, each
Safety Lifecycle Activity
Definition of the documentation to be produced through
the Safety Lifecycle
Definition of the Tolerable Risk Criteria to be utilised
Definition of the Methodologies and Techniques to be
applied
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Figure 1. The IEC 61511 safety lifecycle diagram

. Definition of the Data Sets to be utilised (e.g. Failure
Rate data)
. Definition of the Software tools to be utilised
. Definition of the Verification, Validation and Functional
Safety Assessment reviews to be applied
. Definition of the Level of Independence to be applied
. Mapping of the Project Procedures to be applied against
the Functional Safety Plan and Management activities
. Definition of the Competence Management Framework
to be applied

By developing this plan early in the project lifecycle
all parties involved in the achievement of Functional
Safety (e.g. The Owner/Operator, Engineering Contractor,
System and Equipment suppliers and Installation Contractors) fully appreciate what is expected of them in terms
of; key responsibilities, activities, deliverables and provision of competent personnel. By having an early appreciation of the requirements, those involved can appropriately
prepare for the execution of their allocated Safety Lifecycle
activities and ensure the best possible result.
As the Safety Lifecycle spans from concept through
detail design, installation, commissioning, operation, maintenance and to eventual de-commissioning Engineering
Contractors may not see overall Functional Safety Planning
and Management as part of their role, assuming that it will
be carried out by others. It is important that, between the
Client and the Engineering Contractor, the requirement for
a Functional Safety Plan is established and the responsibility
for defining and managing the execution of the plan is
defined.
From the experience of the author a specific recurring
issue, in terms of lack of understanding of the specific roles
and responsibilities within the Safety Lifecycle, is that of
production of Instrumented Protective Function Proof Test
procedures. Often, the client (Owner/operator) assumes
the Contractor is completing development of the procedures,
whilst the Contractor assumes it is the role of the Client.
Where it is not specifically addressed by the Functional

The Functional Safety Plan can be a ‘living’ document developed at the outset of the project, even though
there is incomplete definition of the above requirements,
and then updated appropriately as the level of definition is
refined through the normal project lifecycle. Additionally,
the key Functional Safety Management activities should
then be represented on the formal project programme,
such that they can be progressed as part of the normal
project delivery process.
Wherever possible, Functional Safety planning/
management activities should be aligned to normal project
processes and procedures. Most organisations executing
projects have accredited quality management systems accredited under ISO9000, and the procedures can generally be
shown to meet the essential requirements of the standards
through clearly documented linkages within the Functional
Safety Plan.
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Safety Plan, the issue typically arises late in the project,
where the opportunity to refine the Engineering provisions
for Proof Testing is diminished and the whole exercise is
compressed/rushed, potentially compromising the quality
of the actual Proof Test procedures.

SAFETY LIFECYCLE ASSURANCE
ACTIVITIES
Formal Safety Lifecycle assurance activities can be broken
down into the following key areas:
.
.
.

FUNCTIONAL SAFETY MANAGEMENT
With a Functional Safety Plan in place the process of
Functional Safety Management against that plan must be
executed. The key question posed in this area is: “Who takes
responsibility for Functional Safety Management on a project?”
One of the ongoing issues with the IEC 61508/61511
standards is the view of many individuals that they are effectively “Instrument Standards” and therefore the default
answer from many would be the Responsible Instrument
Engineer. The reality of the situation is that IEC 61508/
61511 spans the full life of the asset from concept to decommissioning and there are a number of individuals and
discipline functions that take the lead responsibility in the
various Safety Lifecycle activities.
From the experience of the author, having undertaken
a number of independent Functional Safety Assessments,
there is an opportunity to improve the consistency of the
execution of the Safety Lifecycle activities and the resulting
Lifecycle documentation. One of the underlying reasons for
the Safety Lifecycle inconsistencies in terminology, data
values, presentation of engineering concepts was observed
to be due to a number of different individuals/functions
being responsible for executing and documenting the
various Lifecycle activities. These inconsistencies are
potential sources of systematic failure.
The appointment of an individual on a project having
a defined role of “Functional Safety Manager” would aid
significantly in terms of ownership of the overall Functional
Safety Plan development and the proactive execution of the
Safety Lifecycle and Functional Safety Management activities. By having a single point owner of Functional Safety
Management the individual can ensure that:

Verification
Validation
Functional Safety Assessment

Although the standards have clear definitions of the
above terms, in practice on “real-life” projects the practical interpretation of these terms is not clear. The following sections define the author’s understanding of the
above terms based on practical involvement with many
projects where IEC 61508 and 61511 have been
implemented.

VERIFICATION
Formal definition:
(IEC 61511)
Activity of demonstrating for each phase
of the relevant safety lifecycle by analysis
or tests, that, for specific inputs, the
outputs meet in all respects the objectives
and requirements set for the specific
phase.
In practical terms this is the actual checking the
outputs of safety lifecycle documentation or equipment
performance against defined inputs. Specific examples
include:
Verification of an Integrity Level assessment
calculation for an Instrumented Protective Function

. The Safety Lifecycle and Functional Safety Management activities are executed in a proactive manner by
ensuring all involved personnel clearly understand
their responsibilities
. There is a high level of consistency between the various
Safety Lifecycle documents
. There are clear threads through the Lifecycle documentation, in terms of; Identified Hazard – Process Safety
Requirements Specification (Given defined tolerable
risk criteria) – Realisation of the Protective Function –
Verification of the Protective Function – Proof
Testing Procedures
. That corrective actions resulting from Verification/
Validation and Functional Safety Assessment activities
are addressed and closed out.
. That there is a robust handover of Functional Safety
Management responsibilities at key points in the life
of the asset, e.g. Design & Construction into Commissioning, Operation & Maintenance.

Inputs: Assessment calculation
method and failure rate data
used are as per the Functional
Safety Plan. Target Integrity
Level/PFD and functional
model are as per the process
Safety Requirements Specification.
Outputs: Achieved Integrity
Level and PFD meet the
defined target and Architectural
constraints satisfied. Proof Test
period defined.

Verification of the Functional Operation of an
Instrumented Protective
Function within a Logic
Solver system.
Factory Acceptance Test

Inputs: Cause and Effect functional requirements for the Protective Function as defined by
the process Safety Requirements Specification. Simulated
inputs.
Outputs: Observed outputsCompleted Factory Acceptance
Test documentation for the
Protective Function with all
corrective actions closed out.
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VALIDATION
Formal definition: (IEC 61511) Activity of demonstrating that
the safety instrumented system functions and safety instrumented systems (SIS) under consideration after installation meet in
all respects the SIS process safety requirements specification.
In practical terms this is the completion of Site
Acceptance Testing/Commissioning of the complete
Safety Instrumented System Protective Functions to validate
that the functional operation of the as-installed system fully
complies with the Safety Requirements Specification.

appropriateness of the base requirements defined by the
Process Safety Requirements Specification.

FUNCTIONAL SAFETY ASSESSMENT
Formal definition: (IEC 61511) Investigation, based on
evidence, to judge the functional safety achieved by one or
more protection layers.
In practical terms Functional Safety Assessments are
independent Reviews/Audits that are undertaken at
strategic, pre-defined points in the Safety Lifecycle (key
points/stages are shown on the IEC 61511 Safety Lifecycle
diagram – Figure 1) with the objective of arriving at a conclusion as to whether Functional Safety has been achieved
for the defined Protection Layers and a systematic approach
is being executed.
Functional Safety Assessments span across multiple
safety lifecycle stages and are undertaken by an individual,
or team, who are independent from the project. The required
levels of independence are defined within the standards. The
number and scope of Functional Safety Assessments undertaken should be defined within the Functional Safety Plan,
and will depend upon key factors such as; project size,
assessed hazard consequence, complexity, etc. Examples
of Functional Safety Assessments the author has previously
undertaken are detailed below:

.

STAGE 3 FUNCTIONAL SAFETY ASSESSMENT
This assessment is undertaken prior to the actual start up of
the facility (i.e. prior to introducing the potential hazards).
The intent is to confirm that the systems not only meet the
requirements of the design, but also confirm that the
measures are in place during the subsequent Operation
and Maintenance phases to maintain Functional Safety:

.

.
.
.

.
.
.
.

A Stage 2 Functional Safety Assessment has been
completed and associated corrective actions closed out
The Systems have been installed, tested and commissioned and finally validated against the Safety Requirements Specification
‘As-Built’ documentation is in place
Testing and Maintenance procedures are in place and
reflect the key requirements of the design
A Maintenance Management System is in place to schedule testing and maintenance work and can capture
maintenance and failure data
Formal Management of Change processes are in place
Measures are in place to record the performance of
Safety Instrumented System protective functions
Plans are in place to complete subsequent Stage 4
Functional Safety Assessments
Competence is being addressed by all parties involved
(including Operation & Maintenance)

The Stage 3 Functional Safety Assessment is also
termed “Overall Safety Validation”. It is a key review
which not only confirms that the design, installation and
testing of the Safety Instrumented System protective functions (with the associated defined Protection Layers) will
achieve Functional Safety, but also verifies that the appropriate measures are in place for the life of the facility to
maintain the required level of Functional Safety that was
envisaged by the original design.

STAGE 2 FUNCTIONAL SAFETY ASSESSMENT
This assessment is undertaken at the completion of the
detailed design of the project. The intent is to confirm that:
. A Functional Safety Management Plan is in place
. Tolerable risk criteria are clearly defined and an appropriate Hazard & Risk Analysis process has been applied
. A Clear Process Safety Requirements Specification is
in place
. The design has been developed appropriately in accordance with the defined standards
. The design has been verified as defined accordance with
the Functional Safety Management Plan
. There are clear and consistent threads running through the
lifecycle documentation to clearly link a specific hazard
with defined Protection Layers and those Protection
Layers have been designed and verified appropriately
. Competence is being addressed by all parties involved

CONCLUSIONS
The International Standards IEC 61508 and 61511 define a
systematic approach to Functional Safety Management
across the complete Safety Lifecycle and increases focus
on important activities that may have been overseen or neglected previously.
The risk-based/performance-based nature of the standards allows the implementation of specifically tailored
approaches to meet the specific context/demands of projects
or application areas. Bespoke and tailored approaches have
the potential to deliver solutions that result in significant
safety, environmental and benefits. These bespoke approaches,
by their very nature, demand more rigorous planning, management and assurance measures. By applying a systematic
approach as discussed within this paper, it facilitates the focusing of efforts and resources throughout the Safety Lifecycle
on the real issues that affect Functional Safety and the net
result should be higher levels of achieved Functional Safety.

The Stage 2 Functional Safety Assessment is an
“Overall Design Verification” exercise. The intent is to
confirm that the Safety Instrumented System protective
functions, with the associated defined Protection Layers,
will achieve Functional Safety, but also to confirm the
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2. IEC 61511 International Electrotechnical Commission –
Functional Safety: Safety Instrumented Systems for the
Process Industry Sector.
3. API RP 14C American Petroleum Institute – Recommended
Practice for Analysis, Design, Installation, and Testing of
Basic Surface Safety Systems for Offshore Production
Platforms.
4. HSE HSG 238 Health & Safety Executive – Out of Control:
Why control systems go wrong and how to prevent failure.
ISBN 0717621928.

As stated in the introduction, it is the view of the author
that fully embracing the systematic approach defined by
the standards will be the next significant step forward in the
evolution of Functional Safety within the process industry.
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MINDFULNESS: REALISING THE BENEFITS
Phil Joyner1 and Ronny Lardner2
1
FIChemE, Human Factors Advisor, The Keil Centre, Edinburgh, UK; Tel.: 0131 667 8059, e-mail: phil@keilcentre.co.uk
2
CPsychol, Director, The Keil Centre Ltd, Edinburgh, UK; e-mail: ronny@keilcentre.co.uk
This paper discusses individual mindfulness1, and the qualities of those who exhibit it. Furthermore
it reflects on what needs to be provided by the organisation to ensure it is understood and applied
and how the organisation and those who work in it should react and respond to individuals who
demonstrate mindfulness to ensure its sustainability.
Employees who demonstrate mindfulness have heightened situational awareness of what is
currently happening around them, and they think ahead to possible consequences. They raise
their concerns regarding operations, maintenance, procedures, conditions, design and behaviours.
They are on the look-out for weak signals, asking themselves ‘what could go wrong’, and they
are wary of jumping into action without thinking things through first. Mindfulness is as much
about what people do with what they notice as it is about the activity of noticing itself 2.
Employees who are mindful at work are a highly desirable asset. They will enhance both
process and occupational safety, the environment and health but also productivity and commercial
performance. One of the first references to the term mindfulness in this context was research into
high reliability organisations (HROs) by Carl Weick et al1.
It is not simply that individuals are born mindful, or that when an organisation asks their workforce to act mindfully they will. Processes and tools need to be provided to encourage the sharing of
concerns or improvement ideas. Examples are near-miss or potential hazard reporting, suggestion
schemes, 2-way communications and on-the-job risk assessment. Safety representatives can often
be a conduit for mindful employees, as can a casual comment to a passing engineer, as these are less
confrontational approaches to raising concerns. Individuals are more likely to be mindful if there
are processes to support mindfulness at the organisational level2.
How people at all levels in the organisation react and respond is also crucial – they need to
demonstrate that mindfulness is of value and deal with all issues raised positively. If an individual
senses negativity, or feedback is weak or non-existent this will discourage future intervention.
The weaker the signal reported and acted on the more mindful the individual is. This also reflects
how effective the organisation has been at encouraging mindfulness.
When major accident reports of recent years are reviewed, it is evident that the lack of mindfulness, particularly where ill-considered practices had become routine, was a significant contributor
e.g. Texas City, Herald of Free Enterprise, Piper Alpha, Bhopal – the list goes on. There is no
doubt that mindfulness has saved the day on many many occasions, but these events are seldom
investigated or publicised. The precursors to the next major accident are already formed and are
sending out signals – mindfulness determines whether we see the signals and act.
Given the importance of mindfulness, the paper will allow the reader to identify
. whether they personally display the qualities of mindfulness.
. whether their organisation supports mindfulness.
. what needs to be done, individually and organisationally, to enhance the contribution of
mindfulness to loss prevention.
KEYWORDS: mindfulness, safety culture, high reliability organisations (HRO), risk awareness, situational
awareness, behaviour

RELEVANT THEMES
This paper is considered most relevant to the following
LP2007 themes.
.

.
.

Human Factors and Safety Management Systems.
Learning from Accidents and Knowledge Transfer - e.g.
The identification of root causes.

Risk Assessment and Control - e.g. Hazard Identification.
INTRODUCTION
How often does an incident investigation report conclude
that a person or a group did not think through the task in
hand, or that events or conditions prior to a catastrophe
signalled loud and clear the inevitable outcome? Mindfulness, demonstrated by individuals and supported by the

1
Weick, K.E., Sutcliffe, K.M., Obstfeld, D., 1999. Organising for High
Reliability: Processes of Collective Mindfulness. Research in Organisational Behaviour, vol 21, pp.81–123.
2
Hopkins, A. 2002. Safety Culture, Mindfulness and Safety Behaviour:
Converging Ideas. Working Paper 7. National Research Centre for
OHS. The Australian National University.
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organisation in which they work, would help to eliminate
these all too frequent events.
This paper discusses mindfulness, the benefits it can
bring and the qualities of those who exhibit it. Furthermore
it reflects on what needs to be provided by an organisation
to ensure it is understood and applied and how the organisation and those who work in it need to react and respond to
individuals who demonstrate mindfulness, ensuring its
sustainability.
There is a danger of oversimplifying mindfulness and
we need to recognise that we are dealing with complicated
systems in terms of organisations, their processes and
culture, and individuals, their beliefs and values. As a
discussion document this paper recognises these complexities, attempting to move the debate to a practical
operational level.

current status and recognise what might go wrong. Mindful
individuals and organisations focus on the possibility of
failure – they are not satisfied until proven safe. Even
then they are wary of the unexpected and have contingency
plans should something they have not foreseen go wrong,
beyond the immediate safeguards they already have in
place. They are suspicious of good news and welcome learning opportunities in whatever form. The poster (figure 1)
from Woodside Energy in Australia is an example of a
progressive industry campaign to heighten and maintain
workforce awareness of the need for mindfulness.
Currently the term mindfulness is not widely used in an
operational environment, but phrases such as situational
awareness or risk awareness, which are elements of mindfulness, are. If we consider defensive driver training – the
vehicle driver during his coaching is encouraged to talk
through in real time what he observes and the additional vigilance or corrective action necessary e.g. a cyclist ahead
wearing earphones, a tractor moving slowly and throwing
up mud or a stationary school bus ahead. The same coaching
could be applied to plant operation e.g. ice on a pipeline
which is normally clear, tower liquid level indicating low
but bottoms pump suction pressure high or ladders next to a
critical compressor noticeably vibrating. All these are
mindful observations which merit further investigation. If
unreported or ignored, they could lead to disaster.

WHAT IS MINDFULNESS?
One of the first references to the term mindfulness was in the
context of organisational studies. Research carried out into
high reliability organisations (HRO’s) by Weick (1999)
introduced it as ‘the capability to induce a rich awareness
of discriminatory detail and capacity for action’. In short,
it facilitates the identification and correction of potential
unsafe conditions and mistakes.
There are a number of aspects to mindfulness. It can
relate to identifying and mitigating the risks associated
with a task in hand or about to be carried out. Another
aspect is very similar, but is more future-focused on what
could go wrong rather than the immediate dangers. Both
are about what is observed, what is the persons past experience and about having sufficient knowledge to assimilate the

WHY DO WE NEED MINDFULNESS?
Employees who are mindful at work are a highly desirable
asset. They will enhance both process and occupational
safety, the environment and health along with reliability,
productivity and commercial performance. Vogus (2003),

Figure 1. A poster from Woodside Energy, Australia. One of the tools used in their mindful approach to operations
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following a study of 186 software firms, concluded that high
levels of mindful organising among front-line employees
improves innovation, quality and efficiency outcomes.
Mindfulness is particularly important where employees face high variability and uncertainty in their task
environment and are required to recognise and act on emerging and weak signals, which could necessitate the need to
identify and analyse often obscure interdependencies. As an
operational manager with BP the first author developed a
heightened awareness (mindfulness) of the complexities
of plant operation beyond the conventional engineering
and systems approach, by reading ‘Lessons from Longford –
the Esso gas plant explosion’ (Hopkins, 2000). The book
reviews a major accident in Australia in 1998 and, as
a result of ground-breaking analysis carried out by
Andrew Hopkins, demonstrates that the incident was
steeped in failures of mindfulness – valuable learning
for all those, at every level, associated with plant
operations.
The mindfulness existing within an organisation is a
reflection of its culture, demonstrated by the way its
business is conducted. In developing mindfulness the
safety culture of the organisation and the benefits which
come from that would be realised. Equally as the safety
culture develops so should mindfulness. The Health and
Safety Executives human factors guidance document
HS(G)48, (HSE, 1999), characterises the key elements of
a positive safety culture. These include open communications, a learning organisation, participation of staff, management commitment and leadership, and balancing
productivity and safety goals. Development in these areas
would lead to a rewarding and successful organisation
supporting mindfulness.

WHAT SHOULD ORGANISATIONS DO TO
SUPPORT MINDFULNESS?
It is not simply that individuals are born mindful, or that
when an organisation asks their workforce to act mindfully
they will. Processes, tools and support need to be provided
to encourage the sharing of concerns or improvement
ideas and any subsequent follow-up action. Andrew
Hopkins in his working paper (Hopkins, 2002) discussing
safety culture, mindfulness and safety behaviour asserts
that individuals are more likely to be mindful if there are processes to support mindfulness at the organisational level.
Support is in reality essential – an individual’s desire to be
mindful would be stifled and severely de-motivated
without organisational encouragement and support. How
people at all levels in the organisation react and respond to
each other is crucial – they need to demonstrate that mindfulness is of value and deal positively with all issues
raised. If an individual senses negativity, or feedback is
weak or non-existent this will discourage future intervention.
It is not difficult to argue that the weaker the signal reported
and acted on the more mindful the individual, nor that this
would also reflect how effective the organisation has been
at encouraging mindfulness.
As with human factors, an organisation needs a practical understanding of the subject in order to take a coherent
approach to mindfulness in order to determine current
reality, identify the gaps and prioritise opportunities
(Joyner, 2003). Some of the ‘mindfulness tools’ organisations use to varying degrees and with variable success
are described in section 6. It can be argued that the
degree of success realised is dependant on the culture of
the organisation, as described in section 3. As a trigger for
mindfulness Woodside Energy, Australia utilise a
pocket card shown in figure 2. As an organisation they
recognise that this type of campaign or communication
must be part of a number of tools and support activities to
be successful.

WHAT DO MINDFUL PEOPLE DO?
Employees who demonstrate mindfulness have a heightened
situational awareness of what is currently happening around
them, and they think ahead to possible consequences. They
raise their concerns regarding operations, maintenance, procedures, conditions, design and behaviours. They are on the
look-out for weak signals, asking themselves ‘what could go
wrong?’ and they are wary of jumping into action without
thinking things through first. A critical point illustrated by
Weick (1999), is that mindfulness is as much about what
people do with what they notice as it is about the activity of
noticing itself. Do they correct the situation, do they report
ensuring it has been understood, do they halt operations until
resolved? These actions require qualities of personal responsibility and ownership, fuelled by ‘what they stand for’.
Individuals can be tempted to allow themselves, often
subconsciously, to interpret situations and rationalise away
valid concerns that should be acted on. Mindfulness is not
simply concerned with situational awareness ‘outside’ the
person; it is also about the individual recognising their
own psychology: their values, beliefs, prejudices, experiences and desire for knowledge, and how if unchecked
will hinder their decision-making process.

TOOLS TO ENCOURAGE MINDFULNESS
There are a number of examples of ‘mindful’ tools being used
in the workplace. In the majority of cases the organisation
does not label them as such but rather as processes whose
purpose is to prevent accidents. In this section three topics,
with associated tools, have been chosen to illustrate the
type of effective ‘mindful supporting’ tools which have
been developed with workforce involvement. They could
be described as behaviour modification programmes
designed to prompt and encourage mindful behaviour
(HSE, 2001).
SAFETY OBSERVATIONS – NEAR MISS, UNSAFE
CONDITIONS AND UNSAFE BEHAVIOUR
As companies safety performance improves they may have
fewer accidents to investigate and learn from. They will
then progress into encouraging the reporting of unsafe
conditions, unsafe behaviours and near miss incidents in
order to act on the causation factors and weak signals that
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Figure 2. A pocket card from Woodside Energy, Australia. One of the tools used in their mindful approach to operations

these provide and learn from them. Woodside Energy,
Australia use the data they collect from such reports to
good effect. Paul McCormick HS&E Manager believes
that ‘(analysing reports) . . . has increased everyone’s
awareness that we will always have a chance to prevent
major incidents. It’s a question of being able to take the
warnings seriously and pursue a comprehensive solution.

Implementing simple processes and understanding the
naturally-occurring forms of denial that down play
warning signals is key’.
BP in Grangemouth, Scotland has provided all its
staff and contractors with coaching in safety observations
in addition to providing each of them with guidance and a
reporting booklet (figure 3). Everyone who completes a

Figure 3. The BP safety observation booklet cover
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Figure 4. The BP safety observation report form

report form (figure 4) receives prompt feedback and the
whole workforce is given a summary of the reports and
what the key learnings are for the site each month. The
trends and causation factors then support employee mindfulness when they complete their on-the-job risk assessments
(see next tool).

as individuals and in their team to do this. Called ‘Take 5’
its stated intention is to “think before you act”. It is based
on 5 prompts, shown in table 1, and a simple pocket
booklet (figure 5) with a series of questions and checks
which drive the process of hazard identification and mitigation and includes a section for any corrective actions to be
listed. This completed booklet is freely available to
anyone passing who may have a concern about the work
being carried out, along with the permit to work and the
formal pre-job risk assessment (where applicable).
Anne Sneddon, the INEOS Human Factors Specialist,
believes that employee involvement and awareness at the
workface are essential and this is one of the many tools

ON-THE-JOB RISK ASSESSMENT
Organisations are recognising that employees situational
awareness and risk evaluation needs to be improved just
prior to and during their work. INEOS Manufacturing
Scotland introduced a process to encourage the workforce

Table 1. The INEOS Take 5 steps of hazard identification
Task

Description

Step 1
Step 2

Stop, Step Back, Observe
Think Through Activity

Step 3

Identify Hazards

Step 4

Control Hazards

Step 5

Safety Complete Activity

Observe work area and surrounding location for actual or potential hazards.
Consider the sequence of steps involved in carrying out the activity from start to
finish.
Identify the hazards associated with the activity including any present within the
immediate and surrounding work area, and hazards generated by the activity.
Implement control measures to remove the hazards or reduce the risk of an accident
or incident, and communicate.
Once all control measures have been implement commence the activity.
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analysis, safety culture assessment and communications
feedback, provide critical information on where the next
accident could come from, providing an opportunity for
appropriate steps to be taken to prevent it. This warning
message would be amplified if all these inputs were collated
and analysed, looking for patterns and trends, by an individual or group, “the mindfulness centre”, who had accountability to do this.

CONCLUSIONS
When major accident reports of recent years are reviewed, it
is evident that the lack of mindfulness, particularly where
ill-considered practices had become routine, was a
significant contributor e.g. Texas City, Herald of Free
Enterprise, Piper Alpha, Bhopal – the list goes on. There
is no doubt that mindfulness has saved the day on many
many occasions, but these positive interventions are
seldom investigated or publicised. The precursors to the
next major accident are already formed and are sending
out signals – the level of mindfulness, as a corner stone
of an organisations safety culture, determines whether we
see and recognise these signals and then act.

Figure 5. The INEOS Take 5 booklet cover

available to help INEOS achieve that. Anne also believes it
is important to keep reviewing, refreshing and renewing
these tools.
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HANDLING DOWNSIZING IN THE PROCESS INDUSTRIES – EXPERIENCES
FROM THE SWEDISH PROCESS INDUSTRIES
Anders Jacobsson
Swedish Rescue Services Agency, NCO, Karlskoga; e-mail: aj.riskengineering@telia.com
“Downsizing” is a very “hot” topic.
Based on an inquiry made in the Swedish process industry one can conclude:
† “All” companies have carried out "downsizing" recently or are about to do it
† “Downsizing” is driven almost exclusively by economic reasons
† Most personnel categories are included
† The use of risk analyses is weak.
Downsizing is a general trend in many areas and is also common in the process industry. The
special feature with the process industry is that there is a strong connection to safety aspects.
Downsizing can be carried out in many different ways. In its best form it is a well planned, positive, pro-active action, which is used as a tool to accomplish a desired change in an organisation in a
long-term and strategic perspective, maybe even to accomplish a deeper change in the direction or
the culture of the enterprise.
In its poorer form downsizing is a measure used as a re-active action on acute economical problems simply to cut fixed costs and influence the economical result short term (and hopefully also
long term).
It is obvious that cut-downs in an organisation in most cases will lead to increased strain for the
reduced organisation to keep up a sufficient safety level. Normally, the same job tasks should be
distributed on fewer persons. The responsibility for each individual increases and the work load
and the stress also normally increases.
Thus, the cut-down can lead to increased probability for pure mistakes, and it could also lead to
an increased tendency to take deliberate short-cuts in order to get the time to perform all work tasks,
especially in situations when the main task is to keep the production going without delays, interruptions and disturbances.
The cut-down can also easily lead to a general deterioration of the safety culture and the organisation can lose focus on safety.
There will be given examples on effects of “downsizing” in some companies in the chemical
process industry.
Downsizing can be handled in various ways. Proper risk analyses of the change should be carried
out. In order to give companies involved in downsizing some assistance in how suitable risk analyses can be conducted, a model has been developed including specific risk analysis methods. This
will also be presented. In short it consists of
† Work load analysis for key categories of personnel, both to check whether the future work
load will be reasonable or too high, which could jeopardize the safety of the plant and also
damage the health of the individual.
† Emergency scenario analysis of certain serious disturbances of the production or emergency
situations to see whether the available personnel can be expected to cope with the situations.
† “Potential problem analysis” of the management system for safety, health and environment to
check whether this can work well also in the future situation.

KEYWORDS: Downsizing, work load analysis

INTRODUCTION
“Downsizing” is a very “hot” topic.
Based on an inquiry made in the Swedish process
industry one can conclude:

.

. “All” companies have carried out “downsizing” recently
or are about to do it

Downsizing is a general trend in many areas and is also
common in the process industry. The special feature with

.
.

1

“Downsizing” is driven almost exclusively by economic
reasons
Most personnel categories are included
The use of risk analyses is weak.
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. “Potential problem analysis” of the management
system for safety, health and environment to check
whether this can work well also in the future situation.
2. Examples of effects in companies where downsizing
was maybe treated with too little focus. There are a
number of accidents where one can suspect downsizing
as a contributing factor, having created weaknesses in
the defence barriers, giving rise to latent conditions.

the process industry is that there is a strong connection to
safety aspects.
Downsizing can be carried out in many different
ways. In its best form it is a well planned, positive,
pro-active action, which is used as a tool to accomplish a
desired change in an organisation in a long-term and strategic perspective, maybe even to accomplish a deeper
change in the direction or the culture of the enterprise.
In its poorer form downsizing is a measure used as a
re-active action on acute economical problems simply to cut
fixed costs and influence the economical result short term
(and hopefully also long term).
It is obvious that cut-downs in an organisation in most
cases will lead to increased strain for the reduced organisation to keep up a sufficient safety level. Normally, the
same job tasks should be distributed on fewer persons.
The responsibility for each individual often increases and
the work load and the stress also normally increases.
Thus, the cut-down can lead to increased probability
for pure mistakes, and it could also lead to an increased tendency to take deliberate short-cuts in order to get the time to
perform all work tasks, especially in situations when the
main task is to keep the production going without delays,
interruptions and disturbances.
The cut-down can also easily lead to a general
deterioration of the safety culture and the organisation can
lose focus on safety.
Often the focus is on the question whether it is possible to run a plant with a decreased number of operational
personnel, basically operators, and their inter-relationship
with the plants and equipment through the control systems
and automatic shut-down systems.
However, it is important to look at the whole picture,
to consider the inter-relationship between all parties in the
business, and that the safety issues are seen in a long term
perspective.
There are also connections to such issues as burn-out.
However in the following, this for each individual so
important question, is only considered in relation to how it
can influence the risks of the industrial activities.
Of all the important aspects of downsizing this presentation will focus upon

SOME GENERAL ASPECTS OF DOWNSIZING
Here some aspects of downsizing are listed. They may have
more or less impact on how the downsizing operation should
be carried out. They will be referred to, however not be
treated in detail further in this paper.

PHASES OF A DOWNSIZING PROJECT
Several phases can be distinguished in a downsizing project
Phase 1: Initiation phase (only a few people know).
Phase 2: The period from the point when it becomes known
that the management is planning a downsizing
until the point when it is decided about the size
and time plan of the cut-down.
Phase 3: The period after the decision of downsizing is
taken until the new organisation and the new
manning formally come into force.
Phase 4: Production with the new future organisation with
decreased manning.
all of which contain various issues regarding risks for
Safety/Health/Environment.
DIFFERENT TYPES OF AND REASONS
FOR DOWNSIZING
There are a number of types of downsizing, which will
sometimes need somewhat different treatment, but normally
includes similar key questions.
.
.
.
.
.
.

1. Ways of carrying out risk analyses of downsizing
situations. In order to give companies involved in
downsizing some assistance in how suitable risk
analyses can be conducted, a model has been developed
including specific risk analysis methods. This is
presented. In short it consists of
. Work load analysis for key categories of personnel,
both to check whether the future work load will be
reasonable or too high, which could jeopardize the
safety of the plant and also damage the health of
the individual.
. Emergency scenario analysis of certain serious
disturbances of the production or emergency situations to see whether the available personnel can
be expected to cope with the situations.

General reduction of the work force as a pure cost cut
Downsizing due to increased automation
Outsourcing of certain functions, e.g. maintenance,
specialist functions
Reduction of maintenance programs
Reduction of training
Indirect downsizing (normally in the form of assigning
extra job tasks to certain employees (special projects
etc), without adding resources).

EXPERIENCES OF DOWNSIZING FROM A
SELECTION OF SWEDISH CHEMICAL PROCESS
INDUSTRIES, AN ENQUIRY
The following refers to an investigation some years ago. It is
believed that the picture is still rather similar. To get an idea
of the status of downsizing in Swedish chemical process
industry companies and how the question is handled there,
an inquiry was sent out to the members of the Association
for Process Safety. All member companies with production
were asked about their experiences about downsizing.
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The following conclusions can be drawn from the
inquiry answers:

Inquiry answers and other information showed clearly that
we need tools and models for risk analysis of changes in
organisations and manning. This applies for all categories
of personnel and various situations for use in the process
industry.
It is obviously so that most companies have found it
difficult to find and apply suitable tools in order to carry
out risk analysis of this type of object.
It can be noted that according to the Swedish legislation (as in most other countries) it is mandatory to carry
out risk analysis of organisational changes and of changes
in manning.

1. All, except one, of the companies had performed downsizing during the last 5-year-period.
2. General cost cutting had been the totally dominating
reason for the downsizing.
3. In most cases the downsizing had been performed as a
general reduction of the work force.
. Only in a few cases the downsizing had been linked
to a significant change of the scope of the operations.
. In little less than half of the cases there were links
between increased automation of the process and
the reduction of personnel.
4. The downsizing of personnel had normally been done
among all categories of personnel.
. Operating personnel (operators and supervisors)
. Maintenance personnel
. Middle management (line managers)
. Support and specialist functions except in the site
management which had only been involved in two
cases.
. In half of the cases there had been “indirect downsizing” resulting in considerably increased work
load on many employees due to the fact that many
extra tasks had been performed (e.g. major projects)
without reinforcing the organisation.
5. A properly documented risk analysis of the proposed
downsizing had only been performed in one third of
the cases.
6. In the cases where a risk analysis had been performed,
the analysis had focused on
. the ability of the operating personnel to handle
emergency situations; and
. the general ability of the organisation to maintain a
certain safety level, mostly done by checking if the
organisation could fulfil the procedures of the safety
management system long term.
There were only a few cases where the work load of the
personnel had been analysed from a safety point of view.
7. Risk analysis methods that were used are
. for analysis of emergency scenarios mostly
company own free methods with elements of
What-if-analysis and Human Error analysis; and
. for analysis of long term safety level normally general
discussions with elements from audit methods.
In those cases where a formal risk analysis had been performed it had been conducted by a group with representatives both from the employees and from the company
(in a few cases with external guidance and expertise).
8. In no case had there been any risk analysis of the
important transition period from today into the anticipated permanent situation tomorrow.
9. In one third of the cases there were some systematic
attempt by the companies to follow up on the result of
the downsizing by various measurements (overtime,
sickness, incident statistics, opinion of the employees
through enquiries etc.).

EXAMPLES OF DISTURBANCES, ACCIDENTS AND
MAJOR COSTS, WHERE DOWNSIZING HAS
PLAYED A MAJOR ROLE (SWEDEN)
. Explosion/fire (fatality) in fine chemicals/pharmaceutical plant.
. Series of major process safety incidents, environmental
releases and plant shut-down in petrochemical plant 1
(early retirement of competent personnel, major investment project, neglected maintenance)
. Series of major process safety incidents, environmental
releases and plant shut-down in petrochemical plant 2
(big investment projects, administrative projects, loss
of competent personnel by early retirement)
. Series of major process safety incidents, environmental
releases and plant shut-down in petrochemical plant 3
(decreased maintenance, outsourcing, lost competence)
. Series of major process safety incidents, environmental
releases and plant shut-down in petrochemical plant 4
(neglected maintenance, loss of competent personnel
by early retirement, major investment project)
. Amalgamation of two production organisations with
slimming (inorganic chemicals plant) resulted in lack
of competence; re-hiring of personnel necessary.
MODEL FOR RISK ANALYSIS OF VARIOUS
PHASES OF DOWNSIZING
GENERAL
Risk analyses of changes of the organisation and/or the
manning must include both long term and short term
safety aspects – on one hand the issue about maintaining
the safety level, declared by the management, in a
sustainable way, and on the other hand the question of
being able to cope with acute emergency situations in a
satisfactory way.
Therefore a number of different risk analyses are normally needed to cover the whole concept. This is all covered
in a guideline by the Association of Process Safety.
Probably, it is very difficult to define clear criteria for
what is a tolerable risk in connection with the risk analyses
performed in downsizing situations. Normally one is left to
the judgement of the risk analysis group to say tolerable or
not for the identified situations in a rather subjective way.
An important principle for the group to have in mind
should be that the work to be done in the future should be
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on a sufficiently high quality level. The employee should be
well trained for his tasks, and it should be fully possible
for him to perform the tasks without having to rationalise
the work to be able to manage within time or to cope with
certain situations.
The risk analyses should also reflect the important
aspect that there should be time and resources in the organisation for long term and for development work.

The one that will be dimensioning, for the manning of
the shifts e.g. depends upon the type of industry we are
talking about. For a highly automated petrochemical plant
the emergency scenarios are often setting the size, while
for another more traditional chemical production unit it is
often the total work load that is dimensioning.
The analyses proper should be carried out as early as
possible when the back-ground material and the decision situation so allows. The analyses could include the following:
.

Work load analyses for the following categories of
personnel:
a. Operations personnel (operators þ supervisors)
b. “Middle management” (e.g. operations engineers,
maintenance engineers)
c. Support /specialist functions (e.g. process engineer,
SHE engineer),
It should be pointed out that the analyses regarding
the work load should take into consideration the
time needed for continuous training (repetition
and advanced training) in order for the personnel
to keep the competence, something which is often
underestimated.
. Emergency scenarios for
. Operations personnel (operators þ supervisors)
. Other emergency personnel (when applicable)

SURVEY TYPE ANALYSIS AT AN EARLY STAGE
At an early stage of a downsizing process a survey type of
risk analysis of the planned change should be done. This
should focus on the ability of the organisation to longterm fulfil the overall safety objectives that have been set
up. Will the organisation be able to keep or even improve
the desired safety culture?
The guideline points at some important aspects but
does not provide a detailed model for this first analysis.
If the anticipated change is considered as realistic to
perform, according to this analysis, one should be able to
outline
.
.
.
.
.

A general plan for implementation
Needs for competence improvement; training
Needs for technical measures
An information plan
A program for more detailed risk analyses

How many positions that should be analysed will have to be
decided from case to case depending upon the planned
changes. However, generally speaking, one can say that
the work situation and the work activities of many of the
categories of positions must be checked to show the total
risk picture.
A careful “potential problem analysis” of the ability
of the organisation to maintain the agreed safety level and
safety culture is important.
This risk analysis should identify potential weaknesses and shortcomings which can appear in the management system when the resources are being downsized. It
should give a possibility to raise the question of responsibility and authority, resources and competence in the light of
the new situation.

DETAILED RISK ANALYSES IN LATER STAGES
This guideline gives guidance on how to use a model for risk
analyses comprising
. Work load analysis for key categories of personnel. This
means, an analysis to judge whether the future work load
is going to be reasonable or not. If the work load is found
to be excessive the question will be: Can that lead to
omissions or mistakes that can jeopardize the safety of
the plant or can it harm the health of the individual?
. Emergency scenario analysis of certain serious disturbances or emergencies. This is to see whether the personnel can be expected to manage the difficult situations.
. “Potential problem analysis” of the safety (and often
also health and environment) management system, to
check whether this can work also in the future situation.

COMPOSITION OF THE ANALYSIS GROUP
As in all risk analyses the result is dependent on the total
competence of the group which conducts the analysis and
the creativity and the willingness of the group members to
go through the problems in a comprehensive and objective
way. To make risk analyses of organisations and manning
situations is more demanding on the ability of the group
members to reach consensus in these difficult questions
than in traditional technical risk analyses.
Therefore there is a need for the person(s) leading the
exercise to be able to take a neutral position to the work and
the result. There are very high demands especially on the
chairman to create a constructive and trustful atmosphere.
Generally seen, the group should consist of persons
who are both affected by the changes and who have good
competence for contributing to a fact-based analysis.

Long-term aspects for the personnel and the plant is taken
into account firstly by analysing the work load of most of
the positions in the organisation and thereby checking and
judging whether these will have the resources and skills
needed for performing all the tasks important for safety. Secondly long-term aspects are also covered by checking that
the procedures in the company management system will
work satisfactorily in the future situation.
For the operating personnel (operators and supervisors) this means that two types of risk analyses should be
done – one for the continuous work load and one for the
capability to cope with emergencies or other situations
with extremely high work load and other demands.
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A typical composition of an analysis group to analyse
operator positions both from work load aspects and from
emergency aspects could be:

members. This is normally a task for the chairman, who
therefore should have a neutral position and no own interests
in the results of the risk analyses.

. Chairman (neutral, possibly external resource)
. 2 operators (possibly simultaneously also safety representative(s))
. 1 supervisor
. 1 production engineer

EXAMPLE OF DETAILED RISK ANALYSIS
WORK LOAD ANALYSIS FOR OPERATING
PERSONNEL (OPERATORS þ SUPERVISORS)
General
This risk assessment model aims at mapping the future work
situation and work load of the operations personnel (operators and supervisors). The target is to check whether or
not it seems reasonable to work long-term in this manner
with maintained level of safety at the chosen production
level for the plant and with the health of the individuals at
good level.
If the work load is very high, one can suspect that this
could impact on the safety issues for the plant, and the
persons themselves can be affected physically and mentally
with stress factors and similar. If the result is that the personnel have the time necessary to carry out the normal
tasks under normal operation and there also is time available
for necessary training and other important activities, the
situation ought to be accepted.
The result of this exercise should be a general
mapping of the work situation for an employee under different work situations.
From this mapping one should also be able to read the
needs for defining responsibility and authority to a large
extent, to train and develop competence etc.

Such a group composition can also form the basis of a group
for analysing potential problem analysis of the administrative procedures which influences the safety in the longer
perspective. The group can then be amended with persons
with specialist competence, such as e.g. Safety/Health/
Environment manager or safety officer.
Persons who have strong roles as representatives either
of the company or the employees can have difficulties to stay
neutral under certain circumstances, and such persons should
preferably not be members of the risk analysis group proper.
They will play their roles in the formal negotiations about
changes of the organisation and the manning.
MATERIAL
There is normally not a full material available to base the
risk analysis on at the time when the analysis has to be
performed.
However, besides an organisation chart; and a
manning plan, the most important basic data that must be
available in reasonable detail are the job descriptions or
equivalent.
This material forms the basis for all the risk analyses
that can have to be performed.
Sometimes one can be forced to develop certain
material further in order to be able to perform the risk analysis. In that case, all assumptions have to be well
documented.
Material that describes what to do in situations of disturbances and emergencies is normally available already for
the existing conditions. This is normally sufficient as basis
for analysis also for the new manning situation.
The main material needed for the “Potential problem
analysis” are the procedures that normally form the management system (safety and often also health and environment).
They can normally be used in existing form.

Description of the model
The model implies making a mapping of all the tasks/
activities of for instance an operator, setting the time for
all these activities and summarising and finally comparing
with the available time. Many work tasks are carried out
every shift, others are done on a weekly or monthly basis
and further others even more seldom but still on a regular
basis. All these should of course be included and by standardising them to e.g. shift basis, and by assuming that they are
fairly evenly spread over time, one gets a good opinion
about the continuous, average load for every job.
In the case of continuous shift work 24 hours a day
it has turned out to be practical to look at two cases,
namely work load during day time (morning shift), which
normally has the highest work load, and night shift,
which normally has the lowest workload but which also
does not tolerate the same high pace.
High work load peaks which come under extreme
production disturbances, e.g. emergency scenarios, sometimes during bigger maintenance work, should not be
included in this analysis. These scenarios are instead
treated by preference under the next risk analysis method.
It is essential to define the job tasks and their time
with a reasonable amount of effort and within a reasonable
amount of time. This can be done either with a relatively
overall reasoning and assessment of time in broad categories – something that has proved itself to work reason-

PREPARATIONS AND IMPLEMENTATION
OF ANALYSIS
Besides normal preparations to nominate and invite the group
and to put together the necessary material, one should also
spend time in preparing the group members about the performance of the risk analysis. The reason is that there will
be new methods and new considerations for most of the participating persons, as compared to technical risk analyses.
The most important point about risk analyses regarding organisational and manning changes is to create an
atmosphere as open, trustful and objective as possible in
an often sensitive situation for many of the group
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ably well in many cases – or one can develop a very detailed
list of tasks and activities and from these summarise and
simplify into categories. Also this latter model has been
used in practice and been found to work well but needs a
lot more time. Which method to use will have to be
judged case by case, governed by the requirements of accuracy and the desires from the employees on how detailed to
proceed. Absolutely vital is that those people participating
in the risk assessment should feel that the result is representative and fair.
Because many job tasks are performed in parallel,
there is a big risk that the time needed will be exaggerated
at the risk assessment, especially if one works with a very
detailed basis of data. For instance, an operator during a
round in his area can perform several other tasks besides
the round, which therefore must not be double-counted. It
is important to correct for this fact when the summary
of all job tasks is made. Finally, there is often a need to
“subjectively” correct the first mathematical summary to a
picture which everyone in the group can accept as
reasonable.
Job positions that should be treated in this way are primarily operators plus supervisors (or equivalent) on shift.
Besides these some other can be of interest, e.g. day-time
service personnel, shipping personnel etc.
The presentation of the analysis can be done according to the example in attachment 1, backed-up with more
detailed lists with time consumption for individual
activities.
Especially if the result of this type of analysis shows
that the work load on a particular job is excessive, it is
natural to go back to the basis of data and challenge
whether the task can be rationalised or even eliminated,
either by technical or administrative actions or by working
“smarter”. Such an iterative working procedure should be
regarded as normal in this type of analysis.

the size of the shifts this type of assessment will take one
and up to a few days.
Experience of the method
Several assessments of this kind have been carried out in
various companies. In one case a very detailed exercise
was made to identify job tasks, and in all the others a
more general approach was used. In all cases the method
has been judged to be working satisfactorily.
In essence the analysis method for other types of job
positions is similar to the work load analysis for operations
personnel. The difference is of course that we have other
work tasks/activities and therefore other categories in the
tables. It is also often more difficult to estimate the time
for various tasks. However, experience has shown that it
is also feasible to carry out the same type of work load
analysis for most categories.
ACTION ERROR ANALYSIS/HUMAN RELIABILITY
ANALYSIS OF A SELECTION OF SCENARIOS
WITH HIGH LOAD ON PERSONNEL
(EMERGENCY SCENARIOS)
For reasons of limiting this paper in size this risk analysis is
only described very briefly.
The analysis of emergency scenarios aims at
mapping the conditions and possibilities for the operational
personnel (mainly operators and supervisors) to cope with
the extreme situations which can develop during severe
operational disturbances or emergency situations. The
question is: Is there in these situations an organisation
with enough persons with the right competence to be
able to take the plant to a safe state? Out of this analysis
one should also be able to draw conclusions of the need
to define responsibility and authority, need to train and
increase competence.
This exercise should be performed as a relatively classical action error analysis. Scenarios that could be selected
are on the one hand some typical emergency situations
such as a power failure, cooling water failure or a major
release possibly also involving a fire.
Also regularly recurring activities such as a start-up or
a shut-down of the plant can be chosen for analysis.
The classical action error analysis is done by following a step-by-step instruction on how an operation should be
performed, simultaneously generating possible human
errors or short-comings in the different steps or actions
(here e.g. “does not have the time”, “forgets”, “acts on the
wrong object”, “acts in a wrong way”). A prerequisite for
the method is that there is a good description/instruction
of how to perform the work.
As opposed to a typical action error analysis, where
normally only one job position at a time is analysed, this
analysis will most of the time have to include several job
positions simultaneously (in emergency situations) and the
inter-relationship between various job positions will be
very important.
The analysis starts with the instructions on how to
handle the actual situation. In most cases existing instructions

Basis of analysis and preparations
As basis for a risk assessment of this kind we need a model
of the future organisation, exact number of jobs and the split
of responsibilities between job positions. Even if the final
manning has not been decided, one ought to have a clear
organisation model to use for the sake of the analysis. Job
descriptions should be there as a basis.
In order to carry out the risk assessment proper in an
efficient way it is advantageous if the inventory of job tasks
can be performed in advance. It is suitable if the operations
personnel make an inventory of all the tasks, possibly also
with a rough time estimates.
The group session can then be concentrated on sorting
job tasks in categories (e.g. according to example above),
defining time consumption for the tasks and discussing
any rationalisation possibilities.
Time consumption for group session
This type of analysis should take in the order of 2 hours per
job position (a condition is then that there is a certain prework done, normally by shift personnel). Depending on
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are enough as a basis for the risk analysis even if the manning
situation will be different in the future analysed case.
In the risk analysis one has to question and judge for
every phase of the development of the scenario and for every
planned action according to the instruction whether there
is personnel with the necessary competence available to
perform the activities prescribed in order to be able to
stop a starting risky course of events to develop into an
uncontrolled course of events.
If the analysis shows that the tasks can not be performed satisfactorily with the planned manning one has to
consider if technical or other actions can be taken to
compensate for the short-comings in manning. Thus, it is
natural with an iterative way of working.
The presentation of this exercise can be done in a
traditional way according to the following:

judgement at any event than the well composed risk assessment group.
Provided that the group can create the open and creative atmosphere needed for this analysis and that the leader
and the group can make the scenarios and situations clear in
a dynamic and concrete way for all members of the group,
this risk analysis normally functions very well.
A reasonable assessment is that normally about five
(maximum ten) such scenarios have to be evaluated in a
typical process industry. Some of them would need 2
hours, others 0.5–1 hour. Totally we are talking of 1–1.5
days.
In the example above is written 10 % as an example
under “free time” during day-time and 30 % during nighttime. This has been done in order to reflect the fact that in
reality certain time has to be excluded from scheduled
time to allow the persons some flexibility, possibility to
relax somewhat, think ahead, and not be tied down all the
time with scheduled tasks.
In the example above there is also a line for training to
mark that also this important aspect must be taken care of.
The necessary further education/training for increased competence, increased flexibility etc must be secured one way or
another. Sometimes this can be outside normal shift time,
and should not influence this analysis, but if it is carried
out wholly or partly on shift time must be included in the
analysis for this.

Action Error Analysis
Scenario/Event: E.g. Cooling water failure
Step/
Activity

Possible error
or shortcoming

Consequence

Actions
taken/
barrier

Risk
evaluation
Prob. Cons.

Recommendation

Resp

The analysis will contain quite a few subjective judgements
(as it seems) on the probability of an operator making
mistakes, but there is probably no one better to make this
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Attachment 1
Jop Position: Operator 1
Activity

Time (or part of shift) Comment
Normal
operation,
daytime

Normal
operation, night

Supervision
Solution of
operational
problems
Protocol writing
Round
Sampling
Analysis
Co-ordination of
maintenance
Own
maintenance
work
Administrative
procedures
Special tasks
Training (if not
outside shift)
Room for other
tasks
”Free time”
(certain time
excluded from
scheduled time)
TOTAL

10 % (e.g.)

30 % (e.g.)

8

Peak load
(disturbances,
major
maintenance
work)
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OPEN CERTIFICATION OF SAFETY MANAGEMENT SYSTEMS PER IEC 61508
Dr. William M. Goble
Exida, Sellersville, PA 18960, USA; e-mail: wgoble@exida.com
IEC 61508, a performance based functional safety standard, has been in use for several years.
Although written from the perspective of a bespoke system, it is used for general product
certification as well. Product certification to the functional safety standard, IEC 61508, involves
the assessment of specific product design details as well as an assessment of the safety management
system of the product manufacturer and the personnel competency of those professionals involved
in the product creation.
A proper assessment of a product must completely cover all the requirements of the IEC 61508 standard including the safety management system and build a safety case. The safety case must list each
requirement, an argument as to how the product design or its creation process meets the requirement
and the necessary evidence to provide reasonable credibility for the argument. This safety case must
be available for inspection. Although the safety case typically contains manufacturer proprietary information, those who wish to review the full safety case should be able to do so, perhaps under confidentiality agreement. In addition, an open IEC 61508 certification must include a public certification
report that provides an overview of the assessment and the product limitations, if any.
This paper describes an assessment technique for safety management systems and product designs
that produces a full safety case as well as additional public documentation. This “open certification”
method has been used in dozens of instances on product design process and bespoke systems. The
assessment experiences to date show that most of the problems with conventional methods are
solved or at least improved.

KEYWORDS: safety management systems, IEC 61508 certification, safety case

or more standards. The methodology was established in
industries which deal with functional safety of computerized
automation in nuclear and avionics [DEF97, BIS98].
For each standard considered, all requirements from
that standard are compiled. Each requirement is precisely
documented along with the reasoning behind the requirement. This helps to make the requirement understandable.
The safety case method structures the requirements
(parent/child) and in some cases combines like requirements. “Arguments/Solutions” provide a description of
how each requirement is met by listing design arguments,
verification activities and test cases relevant to that requirement. For full traceability, each design argument and verification/test activity is linked with evidence documents
showing the results of the work (Figure 1).
When a safety case for IEC 61508 compliance of a
product is completed it must show all requirements along
with an argument for each requirement as to how the
product meets the requirement. A link to the evidence document that supports the argument (Figure 2) is also provided.
An additional field is provided for the independent assessor
to record the results of the assessment.
Overall, the safety case concept provides a single
place to store compliance information in an organized
manner. The use of a safety case provides a systematic
means to ensure completeness of any assessment. The
Safety Case method supports company learning over multiple projects by establishing a knowledge base consisting
of patterns of fundamental requirements and related design

INTRODUCTION
The functional safety standard, IEC 61508, has existed for
several years. This standard is written in the context of a
bespoke system. Therefore it provides requirements for a
full safety lifecycle including hazard and risk assessment
as well as operations and maintenance. The IEC 61508 standard provides functional safety requirements, requirements
to help a system either work properly or fail in a predictable
manner. These requirements can be used for many different
types of systems including those with mechanical, electrical,
electronic and programmable electronic components.
Requirements cover general safety management systems,
specific product design requirements and design process
requirements. The requirements provide coverage for both
random hardware failures and systematic design faults.
A set of experience has been building on how to use
this standard to help guide the design of bespoke systems
as well as standard products that can be certified compliant
to a particular SIL capability level. Product certification
involves the assessment of specific product design details
and also involves, even to a greater extent, an assessment
of the safety management system of the product manufacturer and the personnel competency of those professionals
involved in the product creation.

THE SAFETY CASE METHODOLOGY
The Safety Case/Safety Justification methodology provides
a systematic and complete way to show compliance to one
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Requirement –IEC 61508, Part 3:
(S/W) Safety requirements verification shall check for incompatibility between:
-System safety requirements;
-S/W safety requirements;
-(S/W) safety validation planning.
Argument:
The SIRS is peer reviewed where incompatibility is checked. This is specified in
DOP 416, 4.2.3.2, item 15.
Evidence:
DOP416 SIS Product Design and Development Process
Assessment:
DOP 416 was examined. Developers were interviewed and they stated this was
done. Minutes of the peer review meeting were stored in the project archives with
version number.

Figure 1. Requirement-argument-evidence and assessment relationship

arguments. Templates and previous examples of evidence
documents provide the ability to reduce effort on subsequent
projects.
Note: The term “Safety Case” is being used beyond
its original definition [DEF97] in the context of product certification to IEC 61508 and is based on concepts presented
and developed earlier [BIS98, WEA03].

THE OPEN CERTIFICATION ASSESSMENT
PROCESS
A typical assessment (Figure 3) begins with a complete
review of the written functional safety management plan.
This should be a document or set of documents that describe
the process by which a new product is to be developed or
modified. The information contained should include all

Figure 2. Linkage between argument and supporting evidence documents
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The documentation is given to an independent auditor to
verify. When the audit is complete, the certificate is issued.

Review SMS Procedures
Review Product Design
Documentation

PROBLEMS
PROBLEMS – ASSESSORS
In spite of the fact that IEC 61508 is one of the most detailed
and useful standards in the functional safety field, there are
always issues of different interpretation between assessors.
A significant number of additional issues exist when using
the IEC 61508 standard to certify standard products meant
for multiple applications. Some of the most significant of
these include:

On-site Meetings:
Procedures Used?
Actual Documents
Created?
Validation Testing
Create Safety Case

.

Problems?

.

Audit Certification
Documentation
Certification report and
Certificate

.
Figure 3. Assessment procedure

.
design steps (inputs required, processes to be performed and
outputs required), all verification activities, responsibilities
and all project documentation generated.
Product design documents are reviewed next. The
documents supplied should match those required in
the functional safety management plan. Evidence that the
required verification activities have been done should also
be included. Competency records must be in place and
show that those assigned to the project were competent to
perform their specific tasks. When the initial paper review
is complete, the assessment continues with detailed on-site
meetings.
When all relevant documents are reviewed, interviews with the responsible personnel must take place.
This is done by visiting the development and manufacturing control site(s). One of the key interview questions
is “What process was followed in the design of this
project?” It is surprising how often the answer varies
from the process described in the functional safety
management plan. Any discrepancies must be justified
and documented. This is often done in a “project
work plan” or “project specific functional safety
management plan”. The site visit must also include witnessed validation testing often including specific fault
injection tests.
If all documentation for both the process and the
product are complete and seem fit, a safety case document
is created. This step provides a systematic method to
ensure that no requirements of the standard(s) are missed.
Often missing requirements are identified and the assessment must return to a previous step to correct the
problem. When the safety case is judged to be accurate
and complete, the certification report describing all
assessment activities and their results is written.

the interpretation of which requirements apply to standard products versus bespoke systems,
the interpretation of which requirements apply to
complex logic solvers with multiple computer communications networks versus a simple programmable
device or simple electronic device without any programming,
the interpretation of which requirements apply to mechanical products (if the standard applies at all) and
the interpretation of which methods and solution combinations apply to which SIL level.

In the first few years of experience with IEC 61508, it is
clear from reading existing product certification reports
that different assessors have made those interpretations
quite differently.
The IEC 61508 standard was appropriately written
from the perspective of a bespoke system. As such there
are requirements for a full safety lifecycle compliment of
activities including hazard and risk analysis through ongoing operations and maintenance. Some of these requirements do not apply to a standard product designed to be
used as a component in a bespoke system. When performing
a certification assessment for a product the question must be
answered “Which requirements do not apply”?
The safety management system required for a
complex computer based device must be quite comprehensive and rigorous given the risk of systematic design faults
in such products. However since this risk is considered
lower in simple devices, do the same requirements apply?
The safety management system should match the risk of a
design fault. What are the requirements of a safety management system for a simple mechanical device like a solenoid
valve? Simple mechanical products have apparently been
certified only on the basis of “cycle test”. Is this sufficient?
PROBLEMS – PRODUCT MANUFACTURERS
Experience in product certification projects has shown that
the safety management system of a product manufacturer
is likely to be the biggest area of non-compliance in an
assessment to IEC 61508. The main problems are:
.
.
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. Designers not following procedures,
. Personnel competency records and
. Lack of documented verification activities.

important because it forces the assessor to review the
product design procedures in sufficient detail. The safety
case provides all requirements and rational behind
each requirement. When the assessor finds something
missing, it is easier to explain what is missing and why
it is needed. When an explanation is made clear, it is
more likely the product manufacturer will upgrade the
procedures and that the designers will actually follow the
procedures.

Even in the case of a simple mechanical product, assessment
experience has shown that design omissions (systematic
errors) exist. Some examples include cases where the
product functional specifications were written from the
perspective of continuous control and the constant cycling
of discrete manufacturing. When the same product
was used in a low demand safety related system, the
design weaknesses surfaced. This example also points
out the importance of personnel competency. Those
designing products to be used in safety related systems
must have an understanding of the application and its
environment.

DOCUMENTATION
The documentation produced by an open certification
scheme using a safety case consists of the safety case
report, a certification report which summarizes the effort
and a certificate. The safety case report is quite detailed
and actually provides all information listed above. Some
end users want to review this and some manufacturers
provide the report on a confidential basis. This provides
full visibility into the certification effort. The certification
report is a summary of that effort and usually provides
enough information for most end users.
As part of the certification effort, the manufacturer is
required to produce a “safety manual” which lists all restrictions and limitations of the certification. While the need to
produce a safety manual is not new, the items in that
manual now come from the safety case and include:

PROBLEMS – END USERS
Those who purchase IEC 61508 products are also having
problems with the methods in use today. The most
common problem is lack of visibility into the certification
process. Some end users want higher visibility so that they
can determine the scope of the certification effort and
make sure it applies to their specific application. End
users also want to completely understand any restrictions
and limitations. In one case, the certification depended
heavily on end user programming and that was not made
clear in the certification report.

Failure rate data or an alternative means to perform probabilistic SIL calculations,
Proof test recommendations,
Proof test effectiveness,
Maintenance procedures,
And other items rarely addressed by manufacturers.

EXPERIENCES WITH OPEN CERTIFICATION
USING A SAFETY CASE
An open certification scheme has been proposed and is
being used to help solve many of the problems listed
above. Overall, experiences to date indicate that this
approach is preferred over existing methods.

This more comprehensive document has been welcomed by
many end users.

WHICH REQUIREMENTS APPLY?
One potential solution to the issue of assessor interpretation
is an open certification scheme based on a detailed safety
case. Consider a simple mechanical device. Given that a
manufacturer would like to have this product certified to
applicable requirements of IEC 61508, a full safety case
showing all requirements of the standard can be produced.
For any requirement not applicable to a mechanical
product, the argument is simply “not applicable” with a justification for that statement. The value in this is the statement is the justification. It is clear what requirements were
considered and which requirements were not considered.
These declarations provide clear examples of interpretation
and allow for open debate if anyone disagrees with an
interpretation.

CONCLUSIONS
An open certification scheme based on a safety case will
help manufacturers design products with better safety
integrity because important requirements of the standard
are less likely to be missed in an assessment. The safety
case explanations have been used to more rapidly convince
manufacturers of the need and value of IEC 61508
requirements. Personnel are more likely to get proper training and competency records are more likely to be kept and
audited. The open scheme will help resolve issues of
interpretation by providing clear examples that can be
debated if disagreement exists. An open scheme based
on the use of a safety case will ensure that all needed
documents are prepared.
The primary disadvantage of the safety case approach
is a higher initial cost for the first project. Subsequent projects will benefit from any existing work and the overall
cost for several projects should be lower when compared
to conventional assessment techniques.

A COMPLETE SMS
It is almost impossible for an assessor to remember all
requirements of IEC 61508. The use of the safety case in
effect provides a checklist of all requirements that must be
met and assures a more thorough assessment. This is
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INCLUSION OF HUMAN FAILURE IN RISK ASSESSMENT†
Alan G King
ABB Engineering Services, Pavilion 9, Belasis Hall Technology Park, Billingham, Cleveland TS23 4YS, UK;
Tel.: þ44 (0) 1642 372252, Fax: þ44 (0) 1642 372111, e-mail: alan.g.king@gb.abb.com
Management of chemical sites and facilities has an obligation to conduct the operations on the site
in such a way as to ensure the safety of people and the environment. In many countries this obligation is a legal requirement. Within recent years a new standard IEC 61508 has been published.
This standard and its derivative standards are providing clear guidelines for the use of electrical,
electronic and programmable systems for functional safety. These standards are risk-based
standards and they require the user of the standards to undertake some form of risk assessment.
This risk assessment is to justify the choice of any instrumented protective functions and their
required performance or safety integrity level. Within such risk assessment it is important
to ensure that there is proper consideration of human factors and particularly the impact of
human failures.
This paper will address some of the aspects in which human factors impact upon the application
of instrumented functional safety systems. It will specifically consider the hazard and risk
analysis of event sequences leading to hazardous events and the ways for inclusion of human
factors elements within such analysis. It will help users of IEC 61508 and related standards with
the incorporation of human factors into their assessments and will conclude with some illustrative
cases to show ways in which this can be done.

In a similar vein, IEC 61511-1 states that the Hazard
and Risk Analysis shall result in, “. . . a description of each
identified hazardous event and the factors that contribute to
it (including human errors) . . .”3. Later it indicates, “. . . the
specification of any action necessary to achieve or maintain a
safe state in the event of fault(s) being detected in the Safety
Instrumented System (SIS). Any such action shall be determined taking account of all relevant human factors; . . .”4.
Whilst these standards require that human failure be
taken into account in their application, the standards do not
give much, if any, guidance on how this should be done.
This paper presents an outline of how human failure may
be taken into account when applying these standards
within the process sector, with specific focus on
the aspect of hazard and risk assessment. The approach
described in this paper though it targets use in the
process industry sector, the principles given may be
applied to the application of these standards and other
similar standards across all industry sectors.

BACKGROUND
In recent years, two international standards have been published that have made a significant impact on the use and
management of functional safety in the process industries.
In 1998 and 2000 the standard IEC 61508 “Functional
safety of electrical/electronic/programmable electronic
safety-related systems” [1] was published and in 2003 a
sector-specific version for the process industry, IEC 61511,
was published under the title, “Functional safety – Safety
instrumented systems for the process industry sector” [2].
These two standards require that the user conduct some
form of risk assessment and they represent the backdrop to
this paper.
The use of risk assessment is required for setting a
required target failure measure and safety integrity level
(SIL) for each safety instrumented function on a plant.
The safety integrity levels then have implications on the
design and ongoing management of the safety instrumented
functions. This will include demonstration that the required
safety integrity level is being achieved during the
operational life of the plant.
Both the standards quoted above require that human
factors and possibility of human failure is included in the
application of the standards. IEC 61508-1 states in relation
to the consideration of hazardous events and the factors
associated with them “This shall include all relevant
human factor issues”1. Also in IEC 61508 can be read
“For the preliminary hazard and risk analysis, the scope
will comprise the Equipment under Control, the Equipment
under Control control system and human factors”2.

SCOPE
This paper will begin by reviewing an appropriate model
for human action leading to success or failure and the
factors that influence the outcome. Provision of such a
model is thought important for understanding and application of the latter part of the paper.
This is followed by a review of the nature of hazardous event scenarios and the ways in which human
interaction occurs during the different stages through
which such scenarios progress. This provides a framework

1

Clause 7.4.2.3
3
Table 1 – Overall safety lifecycle: overview. See Scope statement for
Clause 8.2.1
4
Hazard and Risk Analysis.
Clause 10.3.1
†
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Figure 1. Task execution

for discussion of the pluses and minuses of human interactions with the system.
The paper concludes with a look at the specific issues
associated with the inclusion of human failure in both SIL
Determination (the setting of target failure measures and
SIL for each safety instrumented function) and SIL Verification (the demonstration that the target failure measure and
SIL are achieved).
Some of what is contained in this paper may be familiar to you; however, it is hoped that the way in which the
concepts are linked will provide fresh insight and understanding together with a robust approach to the issues
raised. The paper is intended, not for human factors
specialists, but for engineers who are involved in assessments for safety functions.

a decision to take the opportunity for action. The outcome of
the action, success or failure, then depends on (a) the nature
of the task and (b) the conditions under which the task is
carried out. There may be an opportunity for error recovery,
but this very much depends on the situation and is not to be
relied on. The key measure of interest is the Human Error
Probability (HEP), which is a measure of success or otherwise as the outcome of the task.

HUMAN RELIABILITY
Human Reliability is assessed as a probability. The human
error probability (HEP) is defined by the following
relationship:
HEP ¼

ASSESSMENT OF HUMAN FAILURE
The assessment of probability of human failure has been
carried out for in some industry sectors for many decades
as part of the creation of safety cases – most notably in
the nuclear sector; however, the process sector has been
slow in many areas to adopt a similar approach. One key
advantage of making assessment of human failure probability is that it allows some consideration of whether the
nature of a task and the conditions under which it is to be
carried out are sufficiently well thought through to allow
the person carrying out the task to have a high enough
probability of success.

Number of Errors
Number of Opportunities for Error

There are a large number of techniques5 for assessing
the magnitude of the error probability for a task, each claiming some benefits over previous techniques. It is not appropriate here to review the merits of the techniques but the
reader is invited to consult one of the many books on the
subject, such as that by Kirwan [3].
What is important to note, is that the nature of a
specific task will determine the best level of reliability
that might be achieved under ideal conditions with the
most experienced well-trained person to do the task. The
human error probability in this case may be referred to as
the generic error probability for that type of task. Simple
tasks are likely to have an inherently low error probability
whereas tasks with a lot of diagnostic features, such as
troubleshooting, will have a much higher inherent error
probability.

HUMAN ACTION MODEL
There are many ways of thinking about human tasks and the
actions taken by humans. For this paper, the model shown in
Figure 1 contains the main elements to be considered. The
first thing to notice is that the action is triggered by a combination of opportunity, recognition of that opportunity, and

5

2
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Tasks are not normally done under ideal conditions
and some consideration needs to be given to the effect of
what are referred to as Error Producing Conditions (EPCs)
or Performance Shaping Factors (PSFs). These incorporate
the effect of factors such as poor lighting, low temperatures,
noisy environment, shortage of time, etc. The result of these
is to change the human error probability to a larger value to
reflect the non-ideal conditions for the task. The impact of
these is also shown diagrammatically in Figure 1.
Dependency is also a consideration regarding the
error probability for a specific task context. If the task in
question follows another task, then the appropriate probability for error for the task in question may be influenced
significantly by error during the earlier task. This is an
important but difficult area – more discussion in Section 5.

HF1 Actions
causing a
demand on
the safety
function

Causal
Failures

Demand

Safety
Function

Failure

Safety
Function

Failure

HF4 Action to
mitigate the
escalation of
the hazardous
event

Hazardous
Event

factors. Over optimistic claims for the success of this type
of action often occurs in analysis.
The third type of interaction labelled HF3 is one that
is often overlooked entirely. It relates to those actions whose
success or failure determines the state of the safety function.
Typical examples would be repair and maintenance activities and include routine periodic testing and calibration.
The interaction shown as HF4 corresponds to those
mitigating actions which can occur after the failure of the
safety function but are able to reduce the impact of the
hazardous event. As with those labelled HF2, time available
and pre-planning are essential elements for successful action
at this stage.
Of these four types of human interaction, three (HF1,
HF2, HF4) are associated with SIL Determination and one
(HF3) is associated with SIL Verification.
SIL DETERMINATION & SIL VERIFICATION
This next section looks at the implications for both SIL
Determination and SIL Verification in terms of how to
include the impact of human interactions.
SIL DETERMINATION
SIL Determination is the task of setting a target safety integrity level and may include setting a target average probability of failure on demand (PFDavg) for the safety
function. It is essentially looking at the necessary risk
reduction required from the safety function in order to
achieve a sufficiently low or tolerable level of risk.
For SIL Determination, there is some guidance in
both IEC 61508 and in IEC 61511. In IEC 61508 it is
found in Part 5 and in IEC 61511 it is in Part 3. Within
each of these, there are examples of a number of different
methods for SIL Determination. This paper is not going to
describe each method in detail; all essentially follow the
same initial steps: (1) List Hazardous Events of concern
with their potential consequences, (2) Take each hazardous
event in turn and identify the initiating causes, (3) For each
initiating cause identify the specific protection features
against the hazardous event.
To include the aspects of human failure in the SIL
Determination, it is necessary to identify the key human
tasks where error would make the hazardous event more
likely. These form a critical task list. It must cover all the
modes of operation of the equipment or process, and each

Hazardous
Event

Figure 2. Hazardous event scenario

6

Demand

HF3 Testing and
Maintenance of
Safety Function
(E.g. Errors
increasing the
failure probability)

Figure 3. Sequence showing human interactions

HAZARDOUS EVENT SCENARIOS
In this paper, the scope of hazardous event scenarios will be
limited to those where safety instrumented functions are
operating in what is known as low demand mode. In
process industry terms, these safety instrumented functions
are trip functions not control functions. However, the
same principles can be applied to safety control functions.
A hazardous event scenario can be seen as a sequence
comprising of three features (Figure 2): (a) a hazardous
event, (b) an initiating cause(s) or causal failure(s) and (c)
the safety function. The safety function is defined as one
“which is intended to achieve or maintain a safe state for
the process, with respect to a specific hazardous event”6.
Four types of human interaction with this sequence are
shown in Figure 3. The safety function here represents a
safety instrumented function.
The first of these labelled HF1 is associated with
causal failures. These are the human actions or failures
that can lead to a demand on the safety function. It should
be remembered that in addition to the human sources of
demand, there are likely to be other causal failures, which
will be related to equipment or other hardware. However,
it is the human causal failures that are most easily
overlooked.
The second of these labelled HF2 is associated with
human actions that prevent a causal failure from creating
a demand on the safety function. The success of this form
of human interaction with the system is highly dependent
on the time available for action, as well as other critical

Causal
Failures

HF2 Action
to reduce
the demand
rate on the
safety
function
E.g. Alarms

IEC 61511-1 Clause 3.2.68
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of the types of interaction. This is represented systematically
in Table 1. Each box in the table is discussed by the SIL
Determination Team and all the critical tasks identified are
listed in the appropriate box.
For some tasks, the assessment of the human error
probability may be possible for the task as a whole. For
other tasks, it may be more appropriate to undertake some
form of task analysis or human Hazop to pinpoint the critical
step or steps in the task and assess the error probability for
those steps. For example, a control task may be described
as storage tank filling. However, the more detailed description resulting from task analysis may result in: (1) Start
transfer into a storage tank A when request received from
production, (2) Monitor the increase in level, and (3) Stop
the transfer when the tank level reaches 80%. In terms, of
a hazardous event of tank overflow, the third step is the critical one. Though in particular circumstances, there may be
features of the first two that could contribute to overflow.
It is then necessary, having identified a critical task or
key step within the task, to assess the probability of failure –
the human error probability (HEP). This will involve the
assignment of a generic task failure probability as well as
consideration of the performance shaping factors that
make the error more likely under the real conditions for
the task. For HF2 tasks and HF4 tasks, the human error probability is used directly. For HF1 tasks, it is necessary to
know the frequency of opportunity for the relevant error
and to combine this frequency with the error probability.
For example, if a storage transfer is carried out once a
week (52/yr) and the error probability has been assessed
as 0.01 then the frequency of demand on any relevant
safety instrumented protective function would be
52  0.01 ¼ 0.52/yr.
This approach can be used for any of the SIL Determination Methods7. However, the important aspect is to
ensure that in assessing the human error probability
account is taken of potential dependency between successive human tasks.
Consider the following example in Figure 4. The task
involves the control and monitoring of the level in the tank

during filling using the Level Indication (LI) in the control
room. Failure to stop the level at 80% would then place a
demand on the high-high level trip function. The human
task is an HF1 type of task and is essentially independent
from the trip function (ignoring in this discussion any
dependent failure between sensors or between valves).
The human failure may result from problems arising from
a conflict with other responsibilities in the control room
that distract the operator’s attention.
It may seem a good move to provide an additional
feature – a high level alarm (LAH) also in the control
room – see Figure 5. Though this may seem to be an
improvement, it is reliant on the operator to a similar
degree to the level monitoring task. Any assessment of the
probability of failure to respond to the alarm must take
into account that the situation in which it is needed is one
in which the operator has already failed to monitor the
level and stop the flow at a level in the tank of 80%. Such
an assessment opens up discussion of a number of important
features. The operator may have problems with the level
monitoring task because he is required to perform other
duties which take him away from the control display. If
these duties take him outside the control room area, then
the alarm may not be of much additional value. Indeed, if
the trip is regarded as part of the normal means of stopping
the flow at an appropriate level, then it could become custom
and practice to allow the level to be stopped at 95% by the
trip. The alarm would be merely an indication that the trip
would be imminent.
In terms of the operator action, the normal response to
reaching 80% level should be to close the control valve. If
the valve does not close, even though the operator has
performed the action, and the alarm operates at 90% level,
what is the operator to do? The action in response to the
alarm would be to close the control valve but this has
clearly not worked as the level has risen to 90%. Manual
triggering the high-high level trip would be the natural operator response in these circumstances. This would only be
effective if the trip action is in a working state and would
have been able to stop the flow at 95% anyway. Thus, it is
clear that the operator response to the alarm is either not
independent from the control function or not independent
from the trip function.
It is therefore quite demanding to make a good assessment of the probability of failure of a human action following the failure of some other action. It needs detailed
consideration of the scenario and asking the question as to
what of the equipment is working and what may have
failed, what deductions the operator may make as to the
actions to required.
Figure 6 shows two of the initiating causes for the
tank-overfilling event8 and the risk reduction from the
high level alarm and the high-high level trip. However, in
the light of the preceding discussion it is clear that, as
shown, this is likely to be optimistic if the probability of

7
Methods such as Fault Tree Analysis (FTA), Layer of Protection
Analysis (LOPA), Event Tree Analysis (ETA) etc.

8
Note: there are a number of other causal failures that give rise to the
same event and are not shown in the diagram for clarity.

Table 1. Critical task identification table
Safety
function
Mitigation
Control
Alarm
functions responses interactions measures
Normal
operation
Start-up
Shut-down
Abnormal
Emergency
Maintenance
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High-High
Level Trip
95%
LZHH

Manual
Control
Valve

LI

Indicator for
Monitoring Level

LI

Indicator for
Monitoring Level

Trip
Valve

Figure 4. Tank filling

High-High
Level Trip
95%

High Level
Alarm
90%

LZHH

LAH

Manual
Control
Valve

Trip
Valve

Figure 5. Tank filling with alarm function

no response to the alarm is assessed in isolation. A more
conservative and realistic approach would be to take no
credit for the human response to the alarm in relation to
the human failure, only claiming credit for the response to
the alarm when related to the failure of the level indicator.
This is shown in Figure 7. The same issues arise when considering risk reduction from HF4 actions.
It should be noted that there are ways of addressing
the issues of dependency between human tasks and assessing the conditional probability of failure of one task after
failure of another task, but this is a level of complexity
that is best avoided in SIL Determination, if possible.

equations for different types of architecture: single
channel, dual channel (1oo2 voting), dual channel (2oo2
voting) etc. In practice, many people use some simpler
equations for these calculations such as those in
TR84.0.02 Part 29 [4].
Whilst the complex equations in IEC 61508-6 take
many factors into account, they do not include direct consideration of human failure. The equations assume that all
repairs are perfect, all calibration and maintenance is error
free, and a safety function that is said to “pass” a proof
test is actually in a fully functional state at the end of the
testing task.
In most of these tasks, there will be only one or two
steps, which if omitted or done incorrectly would leave the

SIL VERIFICATION
In Part 6 of IEC 61508 there are a number of equations for
calculation of the average probability of failure on demand
for a safety instrumented function. There are different

9

ISA Technical Report: Safety Instrumented Systems – SIL Evaluation
Techniques – Part 2: Determining the Safety Integrity Level of a Safety
Instrumented System via Simplified Equations.
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Figure 6. Optimistic risk reduction measures involving human actions

Operator
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Failure of
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Overfilling

Figure 7. More conservative risk reduction involving human actions

safety function or part of it in a non-functioning state.
These are usually simple steps such as opening an isolation
valve between the sensor and the process. With good procedures and training, the human error probability for such
may be found in the range from 0.005 to 0.001. Consider
for the moment a single channel pressure trip safety instrumented function (Figure 8). This sort of safety function
would be expected to have a PFDavg in the range for
SIL 110, such as 0.05. It can be seen that the probability
of error in leaving the isolation valve closed at the end

of the test or calibration task is small compared with the
overall PFDavg for the safety function. Omitting consideration of human failure for SIL 1 functions is probably not
going to be significant.
However, for SIL 2 functions where the target
PFDavg may be of the order of 0.003 then the additional
probability of the safety function being in a non-functioning
state due to human failure, becomes highly significant. For
SIL 3 safety functions, the human failure element could,
in some situations, totally dominate over consideration of
the hardware failures. Without proper thought and design
of the arrangements for human interaction with the function,

10

Range of probability from 0.1 to 0.01
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Pressure
Switch
Sensor
PZH
Manual
Isolation
Valve

Logic
Solver

Trip
Valve

Figure 8. Single channel pressure trip

a site with what are claimed to be SIL 3 safety functions,
could be only achieving SIL 2.
In general, we have for a safety instrumented
function:

The benefit from consideration of human failure in
relation to functional safety is not only better management
of risk, but also a better understanding of the factors that
influence human performance on the site.

Probability that human
Calculated
Overall
failure has left the safety
¼ Hardware þ
PFDavg
function in a nonPFDavg
functioning state
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Design of human interactions with safety functions so
as to minimise the impact of human failure on the performance of the safety function becomes increasingly important
at the higher integrity levels. Without such, it is highly likely
that higher safety integrity levels will not be achieved.
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CONCLUSIONS
The impact of human failure is not well understood when it
comes to the management of safety instrumented functions
under IEC 61508 or IEC 61511.
The proper inclusion of human failure in risk assessment for SIL Determination and SIL Verification is important. Without it, the actual level of risk will be higher, in
many cases significantly higher, than the level intended by
those responsible for managing risk across the site.
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A KEY PERFORMANCE INDICATOR ON THE TECHNICAL SAFETY LEVEL
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The safety key performance indicators (KPIs) most widely used in industry focus on occupational
incidents. Although relatively frequent, these incidents normally have limited consequences. It is
important and necessary to focus on such incidents, yet this alone is not sufficient to control the
entire risk picture. Major incidents like fires, explosions, and falling objects have more severe consequences and the measures to control them are different. Incidents such as these are less frequent
than occupational incidents, and thus often receive less attention in daily work situations. Measures
to control major risks include technical safety barriers, worker competence in industrial processes
and hazards, as well as maintenance and inspection routines and emergency training.
This paper presents a KPI that measures the availability of the technical safety barriers, which are
installed in order to prevent or mitigate major incidents.

KEYWORDS: technical safety, key performance indicator (KPI), monitoring, performance, management
system, availability, safety barriers

DEFINITIONS
Technical safety barrier:

Override:

in turn is crucial to minimise the probability of major
accidents/disasters.
In the work to prepare such a tool, one complicating
factor has been the very diverse business areas Hydro operates
in, the main ones being aluminium and offshore oil and gas. In
many aspects, these two industries represent two opposite
poles, for example regarding their degree of automation
and use of technical as opposed to their administrative barriers.
Priority has been placed on developing a tool that applies and
performs equally well in both industries.
Safety barriers are designed and built into plants and
installations in order to prevent loss and injuries. The plant’s
safety relies upon these measures working and being intact.
Test and inspection programs should ideally be in place to
ensure their integrity, and routines should be implemented
so as not to inhibit or override the barrier. In reality, critical
safety barriers might be overlooked, their integrity taken for
granted, or their function inhibited for sake of convenience.
The challenge of management is to discover a possible backslide in the safety level resulting from such occurrences, and
implement corrective measures before an incident occurs.
Based on the aforementioned, and since no solution or
tool was found within the industry that would comply with
Hydro’s needs, Hydro initiated a project to develop a technical
safety KPI. An initial version was first presented at the last
Loss Prevention Symposium (Samdal et al., 2004), but the
concept has been significantly developed since then. The
work has been partly funded by the Research Council of
Norway, and Det Norske Veritas (DNV) has participated in
its development. The T-rate is the result of this work.
The T-rate will provide a management tool to maintain control of the technical safety standard, and will also
allow high-level management to have an indication of the
technical safety level.

A technical measure intended
to intervene in a sequence of
events in connection with an
incident, in order to prevent or
limit losses.
All actions and interventions
that cause an automatic safety
barrier in an operational plant
section to be completely or
partly inhibited.

INTRODUCTION
Over the past few decades, safety focus and achievements in
the industry have increased significantly. The iceberg theory
of avoiding the serious accidents by acting on minor ones
and near-misses has been the basis of much of the work,
and has proved successful. Systematic work related to accidents and near-misses has resulted in significantly improved
safety and reduced accident rates, typically measured by lost
time injury rates (LTI) and total recordable injury rates
(TRI). However, this approach often results in management
focus being directed mainly on occupational accidents
involving only minor to moderate consequences. Remedial
actions are then implemented to reduce the injury rate,
while more severe hazards do not get the same attention
because of the lack of recording instruments. It is commonly
perceived that all actions, which reduce the risk of a minor
incident, will also reduce the risk of a disaster. However,
since many incidents do not run the risk of resulting in an
accident with e.g. fatalities, this perception is wrong. Hydro
has therefore seen the need for a tool that brings attention
to the technical safety level of a plant or installation, which
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T - rate

3 CLASSES
LEVEL

Action needed

Barrier test
Indicator (B)

Inspection
Indicator (I)

Override
Indicator (O)

Calculation principle:

Calculation principle:

Calculation principle:

Number of critical failures
divided by the number of
tests

Number of safety critical
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(findings) divided by the
number of inspections

Number of overrides
divided by number of
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possible overrides)

Examples:
Safety valves
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Figure 1. The T-rate elements and calculation principles, and
examples of safety barriers

Figure 2. Categorisation of B, I and O

THE CONCEPT
The T-rate consists of three elements: the Barrier test
element (B), the Inspection element (I), and the Override
element (O). These elements are calculated based on
results stemming from tests, inspections and override monitoring during the last 12 months running. B, I and O are each
indicated as a percentage value, representing the availability
of the relevant safety barriers. See Figure 1.
The results of B, I and O are evaluated individually
with respect to trend (increasing, stable or decreasing) and
level (worse than standard, standard, or better than standard). This trend evaluation is based on a comparison with
the result achieved 12 months ago, and a certain threshold
level is defined to make it possible to determine whether
the indicator is increasing or decreasing. A default value
of 10% is applied to this threshold, meaning that differences
amounting to less than 10% are defined as stable. The level
evaluation is based on limit values for what is to be defined
as “standard”. These limit values shall be set every year as
part of the business planning process, in order to facilitate
continuous improvement, and shall be defined at an organisational level so that plants and installations that are comparable (that is to say the same “type”) have the same limit
values. Allowing each sector to define the standard level
prevents unfair comparison of units that are inherently
different in terms of hazards and operations.
As illustrated in Figure 2, each of the three elements
B, I and O are categorised based on the combination of

B

I

trend and level. Finally, these results are combined
through the application of a defined logic, to an overall
T-rate class for each site. These T-rate classes are defined
as green (target class), yellow (observe/assess) or red
(need for action), see Figure 3.
The T-rate as such gives one result: a colour.
However, in order to benefit from the work and process,
the collected data must be utilised. It is of vital importance
that the people involved in each unit have both access to and
ownership of the raw data. This will make it possible to
analyse the data, find contributing factors to a possible
decline in the T-rate, and to identify remedial actions.
THE REQUIREMENTS
Certain issues must be in place in order to be able to
implement the T-rate in a sensible way, and draw benefits
from it. The operation’s management must have a thorough
awareness of the hazards and risks represented in the plant.
Furthermore, they must understand what a safety barrier is,
which technical safety barriers are in place in the plant, and
which functional requirements each technical safety barrier
must fulfil. There must also be a preventive maintenance
and inspection program in place, including test and inspection intervals for all the technical safety barriers, and a
reporting system where results from the tests and inspections are documented, also indicating whether or not the

O
Logic:
If 3x green or (2x green + 1 yellow)
If (1 green + 2x yellow) or 3x yellow

T-rate

If at least 1 red

Figure 3. Combining the three elements into one indicator
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functional requirement of the barrier was fulfilled. Finally, a
system for override monitoring, either manual or electronic,
must be in place.
These requirements might appear to be simple and
straightforward, and should certainly be included in every
sound safety management system. However, our experience
has shown that accomplishing this is not as obvious as one
might think. Revealing shortcomings and facilitating
improvements in these areas are indeed considered one of
the main benefits of implementing the T-rate.

the condition after possible corrective action was documented. As a result, the equipment appeared to be in excellent
condition at all times, while in fact, the situation was quite
different. Poor documentation prevented proper action
from being taken.
The T-rate implementation process has thus led to
upgraded routines for inspection, maintenance and follow-up
of overrides at most of the pilot plants, and has thus reduced
the risk level. A clear additional benefit from the implementation process is an enhanced risk perception on the site. The
experience also shows that very few extra resources are
required for reporting and collecting T-rate data once the
implementation period is over.

THE IMPLEMENTATION PROCESS
The general process is described in the flow chart in the
Appendix. The main steps in the implementation process
are the following:
1.
2.
3.
4.
5.
6.

THE ROAD AHEAD
In August 2006, Hydro Corporate Management Board
ruled that the T-rate was to be implemented as a mandatory
KPI for technical safety barriers in all relevant plants/
installations in all business areas. Relevant units include
operating plants, storage facilities, workshops and other
units where industrial safety is an issue. Purely office
locations are excluded. This involves about 150 plants/
installations, of various types, sizes and complexity, on
all the continents.
All sector managers have now been asked to prepare
for the implementation of the T-rate in their business plans
for 2007. The aim is to have the T-rate fully implemented
in all relevant units within the second quarter of 2008,
with full reporting to the corporate board within the third
quarter.

Introduction/information at local plant/installation
Identification/account of major hazards
Identification/listing of technical safety barriers
Prioritisation of what is to be included in the T-rate
Review/establishment of a test and inspection program
Starting to measure and report the T-rate

The scope of the work needed in order to accomplish
these steps depends on a number of things, including the
complexity and standard of the plant, the level of personnel
competence, and the level of risk awareness and safety management. For example, in step 2, some units will have a
comprehensive hazard and risk description, while others
will need to start with a coarse risk analysis/rapid risk
ranking in order to identify the risks that need protection.
The latter type of units will benefit largely from this
process, as this may possibly lead them to identifying
missing barriers and thus provide them with major risk
reduction potentials.
To motivate and help units to get started, not all technical safety barriers need to be included from the start; the
unit can start with two to three in each element, and
expand gradually.
In order to evaluate the level of each barrier, compared to a certain “standard” level, this standard needs to
be defined. Each business sector will define this on a
yearly basis, as part of their business planning process.

DISCUSSION
The proposed KPI only covers technical safety barriers. In
a world and industry where it is common knowledge that
human factors contribute to the vast majority of accidents,
this work might seem to be a misplaced effort. Indeed, the
T-rate alone will not eliminate major accidents within
Hydro. However, we still believe that the T-rate will be
a major contributor towards this goal, for several
reasons. Firstly, the technical safety barriers are often in
place in order to prevent or mitigate the effect of a
human failure. Major accidents are usually a result of
several failures, involving people, equipment and organisation alike. Ensuring high availability of the technical
safety barriers can stop the course of events leading up
to an accident. Sadly, Hydro has witnessed that the unavailability of technical safety barriers has played a part
in several major accidents. Secondly, the override
element is to a large extent a “human factor” element,
since it is the decision of an operator to override a
safety barrier, in some cases for a much longer duration
than necessary. Lastly, the process involved in implementing the T-rate will in itself raise awareness and understanding of the hazards and risks involved and thereby
implicitly improve behaviour. Ideally, a parallel indicator
focusing on human factors should be in place, and this
aspect might need to be looked into in the future.

PILOT EXPERIENCE
The T-rate has been implemented in 10 pilot plants. The
general feedback from people involved in the implementation process has been positive. The T-rate is viewed as a
tool to get things in place; it provides a more holistic view
of tasks and routines and it makes it possible to analyse
results and prioritise improvement actions.
Experience from the pilot plants confirms that the
control with technical safety barriers needs to be improved.
For example, in one plant the systematic process conducted
revealed that emergency stop buttons had not been tested.
When a test program was initiated, four out of 32 buttons
did not work. In another plant, it was discovered that the
condition of inspected equipment was not recorded; only

3
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The T-rate also has limitations with respect to providing a complete, exhaustive picture of the technical safety
conditions. Priority has been given to making the T-rate
simple and manageable. The T-rate has the following
main limitations:

CONCLUSION
A key performance indicator for technical safety has been
developed. Hydro’s structure and industries, and an
overall priority to keep things simple, have been decisive
for the result achieved. Hydro management strongly
believe that this KPI will contribute towards preventing
major accidents in the company in the future, although management also recognises that this indicator only provides
part of the solution, and that other issues (i.e. human
factors) must also be addressed.

. The T-rate includes only the availability (functionality)
of the existing technical safety barrier, i.e. it does not
take into account good/bad design or good/bad operative procedures, knowledge etc. This is however partly
compensated for by the implementation process, where
clear deficiencies regarding technical safety barriers
will be identified.
. The T-rate does not take into account redundancy.
. The T-rate does not take into account compensating
measures for overridden safety barriers.
. The T-rate does not grade the potential consequences
that component/equipment failure may cause, as long
as the component/equipment is considered safety critical. Therefore, the T-rate does not produce a risk picture.
. The T-rate only includes failures identified in the testing
and inspection program and known overrides. Incidents
and failures which occur during normal operation will
normally not be included.
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T-rate introduction /
information.

Appoint a person
as the owner of Trate.

Facilitate and support as necessary.

Establish an overview of
technical safety barriers.
Major hazards identified in
risk analysis (RA) is a good
basis to identify technical
safety barriers. If an RA does
not exist, a rough RA should
be carried out.

Select barriers (both
to barrier test,
inspection and
override element to
be included in the Trate.

Review of test and inspection
program with defined criteria
for safety critical failure and
inspection observations.
Identify or establish a
registration system for
overrides. Update if
necessary.

Define standard level. New limit values
shall be decided each year.
The Business Unit must communicate
with several plants to set the level in
accordance with test and inspection
programs and definition of safety critical
failures/observations.

Business Unit

Plant/Installation

Corporate Trate team

APPENDIX

The implementation process
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ASSESSING OF SAFETY CULTURE AND ITS RELATIONSHIP TO SAFETY OF THE WORK
ENVIRONMENT AND RISK PERCEPTION IN FIVE PETROCHEMICAL PLANTS
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The purpose of this study was to develop and initially evaluate a survey to assess the level of
present safety culture within a petrochemical organization. Based on our through review of
safety culture research, we adapted the safety culture structure developed by the International
Atomic Energy Authority (IAEA) and constructed the evaluation questionnaires after reviewing
content of a number of related measures of safety culture. We identified eight global factors of
safety culture including Organizational Commitment & Support, Safety Attitude & Behavior,
Communication & Involvement, Safety Training & Competence, Safety Supervision & Audit,
Management System & Organization, Accident Investigation & Response, and Reward &
Promotion. The 73-item questionnaire was distributed in a self-administered survey to 604
workers in a wide variety of types of jobs and 533 surveys were returned with a high response
rate of 88.2%. Our goal was to allow employees throughout the organization to give their personal
assessment of these organizational safety culture factors. The case was selected from five petrochemical companies which belong to the same mother company in Taiwan. While each of them
has its own plant management, they have the same safety management structure and are regulated
by the same national safety and health legislation. Statistical methods were used to analyze the
collected data sets, including factor analysis, t-test, one-way ANOVA analysis of variance.
This study was interested in determining whether employee’s background and environment
variables affect differences, relation and calculation in safety culture level for different companies. The results of safety culture assessment surveys were represented on a radar plot graph.
These plots provided a visual representation of safety culture profiles in different parts of the
organization. The results from this survey indicated positive overall performance in relation to
organizational safety culture factors. The results also allowed us to refine our assessment instrument to improve its usability and validity. In addition, specific factors revealed areas in need of
organization attention for improvement and suggestions from this study were provided for senior
management’s in decision making on promoting the safety culture within the organization.

attitudes, perceptions, competencies and patterns of behaviour that determine the commitment to, and the style and proficiency of, an
organisation’s health and safety management.”

INTRODUCTION
Research on safety culture began in 1980s and the term safety
culture was first introduced in the International Atomic Energy
Agency’s initial report following the 1986 Chernobyl nuclear
power plant disaster (INSAG, 1986). Over the years a
number of definitions have been developed: Helmreich
(1999) defined safety culture as “the outcome that organizations
reach through a strong commitment to acquiring necessary data
and taking proactive steps to reduce the probability of errors
and the severity of those that occur”. Cox and Cheyne (2000)
demonstrated that culture in general, and safety culture in particular is often characterized as the enduring aspect of an organization clearly and not easily changed. Wiegmann et al. (2002)
defined as “the enduring value and priority placed on worker
and public safety by everyone in every group at every level
of an organization”. Perhaps the most widely used definition
is that developed by the Advisory Committee on the Safety
of Nuclear Installations in the UK (ACSNI, 1993):

Over the years several models and questionnaires
have been developed by various researchers in an attempt
to identify the key factors that comprise safety culture
(HSE, 2005), there has been little agreement concerning
which dimensions should be incorporated into safety
culture.
The purpose of this research was to develop a general
measurement instrument based on extensive literature
review that could be used to assess safety culture of a
petrochemical company. The objectives of this research
were as follows:
.
.
.

“The safety culture of an organisation is
the product of individual and group values,

1

To identify the safety culture dimensions
To measure the safety culture perceptions of workers
To investigate underlying trends in perceptions of
workers in different dimensions of safety culture

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153

tool (HSE, 1999, 2005; HSL, 2002), the evaluation questionnaire we developed contains 87 items requiring answers on a
five point Likert-type scale in eight dimensions (Lai, 2006)
shown in Table 1.
The survey form also contained personal background
information concerning the respondent’s age, gender, education, work experience, job position, injury experience,
etc. Respondents can remain anonymous and it allows for
quick turnaround without regard for bias.

Table 1. Summary of safety culture assessment questionnaire
Dimension

No. of item
10 (9 )
13 (10 )
12 (10 )
10 (9 )
11 (10 )
12 (10 )

Safety Commitment & Support (CS )
Safety Attitude & Behavior (AB)
Safety Communication & Involvement (CI)
Safety Training & Competence (TC)
Safety Supervision & Audit (SA)
Safety management System & Organization
(SO)
Accident Investigation and Emergency
Planning (AE)
Reward and Punishment & Benefits (RB)
Total

10 (8 )

FACTOR AND RELIABILITY ANALYSIS
Preliminary test with 87 items in a survey format including a
5-point Likert scale ranging from strongly agree (5) to
strongly disagree (1) was first conducted by a similar
plant. The center point of the rating scale, 3, was labeled
“neither agree nor disagree”. Negatively worded items
were recoded before averaging so that higher scores on
all items reflected a positive response. Of the 50 surveys,
43 were returned (86% response rate) and 42 were valid.
The Cronbach’s Alpha and cumulative of variance of each
dimension obtained from the factor and reliability statistic
analysis (principal components analysis with Varimax
rotation was applied) from the pilot test is shown in
Table 2. For deleting inappropriate items of each dimension,
several criteria have to meet: (1) the individual item factor
loading had to exceed 0.5; (2) the coefficient of corrected
item to total correlation had to exceed 0.3; (3) deleting
items such that Cronbach’s Alpha of each dimension
with remaining items could reach the highest value; (4)
the Cronbach’s Alpha for each dimension and the overall
should greater than 0.7. Finally, 74 items with a maximum
overall alpha value of 0.99 was obtained. The extremely
high Alpha values of all dimensions assured that the underlying structure of the dimension was appropriate to apply
the factor analytical technique.



9 (8 )
87 (74 )

Note:  : remained items after applying reliability analysis

. To highlight the areas most in need of management
attention for improvement.
SURVEY FORM AND QUESTIONNAIRE
DEVELOPMENT
Safety culture assessment can take on many forms, such as
safety audits, one-on-one interviews, behavioral observations,
case studies, safety records, or questionnaires distributed to all
related personnel. The survey approach, which allows access
to a large distribution of the population, is one of the most
commonly used methods to assess safety-critical factors of
high-risk organizations. Based on our through review of
safety culture research, we adapted the safety culture structure
developed by the International Atomic Energy Authority
(INSAG, 1991) with three general components, namely,
policy level commitment, managers’ commitment, and individuals’ commitment. After detailed reviewing contents of a
number of related safety culture questionnaire and assessment

Table 2. Factor and reliability analysis of the pilot test
Extraction sums of squared
loadings
Dimensions
Commitment & Support (CS)
Attitude & Behavior (AB)
Communication & Involvement
(CI)
Training & Competence (TC)
Supervision & Audit (SA)
Management System &
Organization (SO)
Accident Investigation &
Emergency (AE)
Reward and Punishment &
Benefits (RB)
Overall

Cronbach’s a coefficient

Variance

Cumulative

Validate items

0.90
0.91
0.87

5.13
5.63
4.60

57.00
56.34
46.06

9
10
10

0.92
0.93
0.94

5.57
6.23
6.71

61.87
62.28
67.11

9
10
10

0.93

5.34

66.76

8

0.84

4.33

54.12

8

0.99

–

–

74

2
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80% were married. More than one-thirds (33.3%) of the
responderts described their primary job position as
“Operating staff” Approximately three quarters of the
respondents (75%) indicated that they were not involved
in any accident and injury.

PARTICIPANTS
The case was selected from five petrochemical plants (A, B,
C, D, and E Plant) which belong to the same mother
company located in different towns of Taiwan. While each
of them has its own plant management, they have the
same safety management structure and are regulated by
the same national safety and health legislation. The five
sister-plants have the similar production lines and outputs
and have in total about 700 employees. Furthermore,
the workforces of the five plants are similar in terms of
demographics as indicated in Table 3. Most respondents
(over 95%) were male. The majority of the respondents
(over 70%) were between 35 and 55 years of age. Over

RESULTS AND DISCUSSION
604 safety culture surveys were distributed to the five sisterplants in the same mother company. A letter accompanied
the survey, explaining the research purpose of the survey
and encouraging employees to participate. Participants
returned surveys directly to the researcher. They were

Table 3. Summary of the five sister-plants sample data and demographics
Percent

Factors
Gender
Age

Education
Level

Marital Status
Job Position

Work Experience

Injury Experience
Work (Safety&Health)
Environment
Satisfaction

Injury Risk
Perception

Male
Female
,25
25 – 35
35 – 45
45 – 55
.55
Senior High &
Vocational and below
Junior College & College
Graduate School and above
Unmarried
Married
Management
Supervisor
Administrative Personnel
Maintenance Staff
Operating Staff
Safety and Health Staff
,5
5 – 15
15 – 20
20 – 25
.25
Never
Yes
Very Unsatisfactory
Unsatisfactory
Adequate
Satisfactory
Very Satisfactory
Extremely Low
Low
Moderate
High
Extremely High

A
Plant

B
Plant

C
Plant

D
Plant

E
Plant

Overall

98.5
1.5
1.5
20.6
33.8
44.1
0.0
67.7

97.8
2.2
0.0
24.4
42.2
28.9
4.4
47.8

93.7
6.3
0.0
18.3
41.5
31.7
8.5
39.5

97.1
2.9
0.5
17.7
23.9
46.4
11.5
35.9

94.9
5.1
0.0
18.6
40.7
35.6
5.1
37.9

96.5
3.5
0.4
19.0
32.4
40.4
7.8
42.5

30.8
1.5
13.2
86.8
5.9
25.0
2.9
8.8
55.9
1.5
5.9
33.8
36.8
13.2
10.3
75.0
25.0
4.4
35.3
45.6
10.3
4.4
0.0
19.1
44.1
17.6
19.1

52.2
0.0
18.6
81.4
11.9
21.4
4.8
21.4
40.5
0.0
10.9
28.3
45.7
4.3
10.9
78.3
21.7
4.3
13.0
43.5
26.1
13.0
8.9
46.7
33.3
11.1
0.0

60.5
0.0
11.0
89.0
17.3
23.5
9.9
12.3
35.8
1.2
2.4
43.9
22.0
11.0
20.7
82.5
17.5
7.6
15.2
57.0
19.0
1.3
0.0
36.7
43.0
15.2
5.1

59.3
4.8
10.5
89.5
3.9
20.2
10.8
19.2
45.8
0.0
6.6
29.4
14.2
16.6
33.2
77.5
22.5
2.0
17.1
54.6
17.1
9.3
2.9
29.9
52.9
12.3
2.0

62.1
0.0
28.6
71.4
1.7
13.6
13.6
11.9
59.3
0.0
8.5
32.2
37.3
11.9
10.2
87.5
12.5
0.0
28.6
62.5
8.9
0.0
1.8
35.7
55.4
7.1
0.0

55.1
2.4
13.7
86.3
7.1
20.8
9.3
15.7
46.8
0.4
6.4
32.8
24.9
13.3
22.5
79.3
20.7
3.3
20.5
53.5
16.3
6.4
2.4
31.9
48.2
12.8
4.6
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Table 4. Safety culture survey return rate
Items

No. of employee

No. of respondents

No. of return

Response rate

Valid samples

Valid response rate

A Plant
B Plant
C Plant
D Plant
E Plant

122
53
130
303
99

104
46
111
258
85

71
46
98
248
70

68.3%
100.0%
88.3%
96.1%
82.4%

68
46
82
211
59

65.4%
100.0%
73.9%
81.8%
69.4%

Overall

707

604

533

88.2%

466

77.2%

DIMENSION SCORES
Performance scores for this petrochemical company on each
of the eight dimensions of safety culture were determined by
calculating the mean of the participants’ responses to the
items in each scale. Means for each dimension scale
appear in Table 5. The mean score for the petrochemical
company on all eight dimensions was above the neutral
point (value 3), indicating that respondents hold a generally
positive opinion of their company’s safety culture in regard
to each dimension. The data revealed that the overall safety
culture is a little strong, yet it also implies that there still has
room for improvement to achieve safety excellence.
More specifically, differences among the five sisterplants as well as the job positions can be visualized by
radar plots shown in Figures 1 and 2. In Figure 1 it can be
seen that B plant has the highest scores at all dimensions
and E plant has the lowest score. It could be seen that
Safety commitment & support (CS) along with Communication & Involvement (CI) have the lower scores that need
of further improvement. In regard to job position it is glad
to see that the “Management Group” turns out to have a
more positive belief at all dimensions of their company
safety culture. Therefore, it is their responsibility to
reinforce the positive behavior effects since the “Management Group” is the critical and vital few.

Table 5. Means and standard deivations of dimension scores
Dimension

Mean

Standard
deviation

Commitment & Support (CS)
Attitude & Behavior (AB)
Communication & Involvement
(CI)
Training & Competence (TC)
Supervision & Audit (SA)
Management System &
Organization (SO)
Accident Investigation &
Emergency (AE)
Reward and Punishment &
Benefits (RB)

3.061
3.797
3.139

0.404
0.707
0.487

3.611
3.548
3.499

0.715
0.718
0.651

3.354

0.607

3.149

0.729

3.395

0.536

Overall

assured that their responses would remain confidential and
no names were required on the questionnaires. Of the 604
surveys distributed, 533 were returned, where 466 were considered valid. This yielded a valid and high response rate of
77.2%, as shown in Table 4.

Commitment & Support
100
Reward and Punishment
& Benefits

90

Attitude & Behavior

80
70
60
50

Accident & Emergency

Communication & Involvement

Management System
& Organization

Training & Competence

Supervision & Audit
A Plant

B Plant

C Plant

D Plant

E Plant

Figure 1. Radar plot for the five sister-plants
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Commitment & Support
100
90

Reward and Punishment
& Benefits

Attitude & Behavior

80
70
60
50

Accident & Emergency

Communication & Involvement

Management System
& Organization

Training & Competence

Supervision & Audit
Management Group

Supervisor Group

Maintenance Group

Operator Group

Figure 2. Radar plot for different job positions

of ANOVA suggest valuable insights into worker safety
culture of this major petrochemical company and also give
management the opportunity to consider the different
background workers on how they perform on different
dimensions.

COMPARISON OF DIFFERENT BACKGROUNDS
WITH DIFFERENT DIMENSIONS
To see whether there are differences among personal background information of the respondents, t-test or one-way
Analyses of Variance (ANOVA) were performed for each
dimension of the safety culture. Results showing significant
difference are listed in Table 3. First of all there was no
significant difference in all dimensions for the “Education”
and “Injury Experience”. However in “Job Position”, management showed a significantly different perception from
the remaining job positions in almost all dimensions except
the “Safety Communication & Involvement” area. In
“Work Experience”, respondents who had worked under 5
years showed a significantly different perception from the
others. Workers with age above 45 perceived stronger
safety perception than other age groups. Overall, the results

CORRELATION ANALYSIS AND STEPWISE
MULTIPLE REGRESSION ANALYSIS
Pearson’s Correlation measured the strength of the relationship between the research variables and safety culture. For
example one issue maybe whether age and safety culture
perception “go” together or there is no connection
between the two variables. The Pearson’s correlation coefficient matrix was then evaluated to examine the complex
inter-relationships that exist between the research variables.
Table 7 shows that there are cross correlation between the

Table 6. Summary result of analyses of variance
Dimension
CS
AB
CI
TC
SA
SO
AE
RB
Overall Safety
Culture

Gender1

Age2

Marital
status1

Education1

Job
Position2

Work
Experience2

6.369
6.003
2.340

3.206

22.226



3.904
4.364
3.633

21.962

Note: 1:t value of T-Tests; 2:F value of One-Way ANOVA

:p , 0.05;  :p , 0.01;  :p , 0.001

5

5.324
6.429
6.969
5.632
6.577

2.800

7.477

2.954

2.917
3.232
5.101

Injury
Experience1
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Table 7. Summary result of the correlation analysis

Dimension
CS
AB
CI
TC
SA
SO
AE
RB
Overall Safety
Culture

Age

Marital
status

0.114
0.131
0.110
0.118
0.146
0.150
0.139

0.104

Job
position

Work
experience

0.178
0.183

0.104

0.168
0.200
0.202
0.181
0.197
0.208

0.094

0.124
0.128
0.111

Work S&H
environment
satisfaction

Injury
risk
perception

0.363
0.315
0.204
0.405
0.452
0.444
0.414
0.521
0.467

20.161
20.171
20.166
20.152
20.199
20.209
20.255
20.206

Note: value: Pearson Product-Moment correlation coefficient

:p , 0.05;  :p , 0.01;  :p , 0.001

variables at a significant level. Namely, “Job Position”,
Work Experience”, “Work Safety & Health Environment
Satisfaction”, and “Injury Risk Perception” are correlated
with the overall safety culture. It also indicates that “Work
S&H Environment Satisfaction” has the most influence on
all dimensions of the safety culture and the overall safety
culture as well. In other words this might be a good indicator
for the perception of the safety culture.
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CONCLUSIONS
In a positive culture, safety is regarded as important, is promoted and is not compromised. The case was selected from
five petrochemical companies which belong to the same
mother company in Taiwan. While each of them has its
own plant management, they have the same safety management structure and are regulated by the same national safety
and health legislation. The results from this survey indicated
positive overall performance in relation to organizational
safety culture factors. The results also allowed us to refine
our assessment instrument to improve its usability and validity. In addition, specific factors revealed areas in need of
organization attention for improvement and suggestions
from this study were provided for senior management’s in
decision making on promoting the safety culture within
the organization.
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IMPACT OF EXPECTATIONS AND CULTURE ON PROJECT SAFETY PERFORMANCE
Jamie C. Horwood and Paul R. Amyotte
Department of Process Engineering and Applied Science Dalhousie University, Halifax, NS, Canada B3J 2X4;
e-mail: paul.amyotte@dal.ca
Key elements of an effective safety culture are examined in the current work by reference to a
recently completed major fabrication project. This project involved the participation of three separate entities, each with varying expectations for a successful project. Each of the three companies
had an extensive history of fabrication projects, and also a unique safety culture reflective of their
project expectations. The attitude toward Safety, Health and Environment (SHE) differed among
the companies as a result of the varying SHE histories and safety culture maturities.
The current work provides a review of the outcome of project expectations in terms of an analysis
of safety-related incidents and the remedial actions taken to improve SHE performance. Emphasis is
placed on the lessons learned from the fabrication project, particularly in relation to the matching of
safety cultures among project partners and agreement on a common set of safety performance expectations. It is anticipated that this work will be of value to industry as a case study highlighting the
importance of safety culture as an integral component of an effective safety management system.

KEYWORDS: safety culture, safety management systems, case studies

functioning of the company, and (iv) a commitment to resilience in which companies respond to errors or crises in a
manner appropriate to deal with the difficulty, and a deference to expertise in which decisions are made by the
people in the company hierarchy who have the most appropriate knowledge and ability to deal with the difficulty.
Hopkins (2005) claims that risk-awareness is synonymous
with collective mindfulness (which is obviously closely
related to the concept of a safety culture). He also describes
a culture of risk-denial in which it is not simply a matter of
individuals and companies being unaware of risks, but
rather that there exist mechanisms that deny the existence
of risk.
Other researchers have come to conclusions similar
to those of Hopkins (2005) in terms of the factors critical
to the development of safety culture – or collective mindfulness, or risk-awareness. For example, Olive et al. (2006)
have identified several characteristics of a good safety
culture: (i) a commitment to the improvement of safety
behaviours and attitudes at all organizational levels,
(ii) open and clear communication brought about by an
appropriate organizational structure and atmosphere, such
that people are encouraged to ask questions and do not
feel intimidated or hesitant to raise issues for fear of retribution, (iii) a propensity for resilience and flexibility
in adapting effectively and safely to new situations, and
(iv) a prevailing attitude of constant vigilance. Similarly,
Kadri and Jones (2006) list five underlying themes of
an effective safety culture: (i) maintaining a sense of
vulnerability, (ii) combating normalization of deviance
(i.e. not sanctioning violations of established engineering
or operational constraints on the basis of previous violations
that did not result in negative consequences), (iii) performing appropriate and timely hazard/risk assessment, (iv)
establishing an independent and unassailable role for

INTRODUCTION
The fundamental issue of whether a company believes it is
possible to achieve a higher standard of safety – in essence
whether a company believes safety is “the right thing to
do” – has recently been addressed in the excellent book by
Andrew Hopkins. Hopkins (2005) describes three concepts
that address a company’s cultural approach to safety, and
makes the argument that the three are essentially alternative
ways of talking about the same phenomena: (i) safety culture,
(ii) collective mindfulness, and (iii) risk-awareness. He
further defines the concept of a safety culture as embodying
the following subcultures: (i) a reporting culture in which
people report errors, near-misses, and substandard conditions
and practices, (ii) a just culture in which blame and punishment are reserved for behaviour involving defiance, recklessness or malice, such that incident reporting is not
discouraged, (iii) a learning culture in which a company
learns from its reported incidents, processes information in
a conscientious manner, and makes changes accordingly,
and (iv) a flexible culture in which decision-making processes are not so rigid that they cannot be varied according
to the urgency of the decision and the expertise of the
people involved.
The concept of collective mindfulness (as described
by Hopkins, 2005) embodies the principle of mindful
organizing which incorporates the following processes:
(i) a preoccupation with failure so that a company is not
lulled into a false sense of security by periods of success,
(ii) a reluctance to simplify data that may at face-value
seem unimportant or irrelevant, but which may in fact
contain the information needed to reduce the likelihood of
a future surprise, (iii) a sensitivity to operations in which
frontline operators and managers strive to remain as aware
as possible of the current state of operations, and to understand the implications of the present situation for future

1

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153

.

safety, and (v) ensuring open and frank communications
across all levels.
Within the broader context of the organizational
culture from which a safety culture is derived, Killimett
(2006) has commented that high-performance organizations
consistently show high trust, good communication, management credibility, and organizational value for safety. As
noted by Glendon and Stanton (2000), safety culture is
often identified as a fundamental part of an organization’s
ability to manage the safety-related aspects of its operations.
Thus, a high-performance organization would be expected
to employ a safety management system just as it would
use a management system for other operational aspects
such as environmental protection, quality control and assurance, and attainment of productivity goals. There is therefore a strong link between a company’s safety culture and
its use of a safety management system appropriate for the
hazards and risks being managed (Amyotte et al., 2006).
For example, many of the safety culture features identified
above are directly addressed by the various elements of
Process Safety Management (CSChE, 2002) – elements
such as Accountability: Objectives and Goals, Process
Risk Management, and Incident Investigation.
Against this background overview of safety culture
and safety management, the following case study is presented. The central theme is that safety performance on
an engineering project is a reflection of a company’s
project expectations which are, in turn, directly related to
a company’s safety culture.

.

.

Company Y would provide knowledgeable project
supervisors who were committed to safety.
The project workforce would be given the opportunity
to participate in SHE policies, procedures and discussions.
A well-developed incident management system would
be implemented to permit appropriate incident classification and remedial/follow-up measures, with the ultimate goal of monitoring incident trends to identify
inadequacies in the project’s SHE plan. This point
in particular embodies the reporting, just and learning
subcultures identified by Hopkins (2005).

The prior safety record of Company Y (the project
contractor) reflects that of the specific industry sector in
which a production-oriented approach has historically
been the norm. Therefore, the primary expectation held
by Company Y was that its safety performance would be
significantly improved from previous projects. It was recognized that the ability of Company Y to meet this expectation
would ultimately decide the success of the project.
Company Z (the EPC company) has a strong safety
record reflective of its dedication to safe-work practices.
Company Z’s general safety expectations are similar to
those of Company X, but for the project under consideration
these expectations were redefined to be:
.

.
PROJECT AND COMPANIES INVOLVED
The engineering work was a 16-month, major fabrication
project involving three separate corporate entities (referred
to in this paper as Companies X, Y and Z). Their project
roles were: (i) Company X – owner of the fabrication
product, (ii) Company Y – project contractor, and (iii)
Company Z – engineering procurement and construction
(EPC) company. At the project outset, there was a shared
expectation that safe production would be the first priority
and a common understanding that the success of the
project would depend upon the Safety, Health and Environment (SHE) performance. Throughout the duration of the
project, however, the worksite experienced 193 incidents,
of which 112 resulted in personal injury. There was
clearly a mismatch between theory and practice.
Company X (the owner of the fabrication product) is
regarded as an industry leader in occupational safety and has
a safety performance record that is well-described as bestin-class. The company’s mature safety culture is typified
by its high project expectations that:

.

Project completion without serious injury to personnel
(a softening of Company X’s expectation of zero injuries).
An improved level of supervision, case management and
incident reporting over previous Company Y experience
(similar to Company Y’s own expectation for its performance).
Personnel in supervisory positions taking a proactive
approach to safety and leading by example to stress
the importance of incident prevention in ensuring a
safe and successful project (an enhancement of
Company X’s expectation in this regard).

OUTCOME OF PROJECT EXPECTATIONS
A thorough analysis of all safety-related incidents (193)
was undertaken for the duration of the project. This analysis incorporated all reported first-aid (83), near-miss (81),
medical-aid (10), restricted-work (10), and injurywithout-treatment (9) incidents; there were zero lost-time
injuries. Figure 1, which shows the number of incidents
for each project month, indicates an unacceptable incident
rate during the first half of the project with a peak in
number of incidents at the midpoint. These shortcomings
meant that most of the safety expectations of the project
stakeholders were either not met or were only partially satisfied:

. There would be zero injuries over the life of the project.
. Company Y (the project contractor) would provide leadership in safety principles and expectations from an
upper management level by emphasizing the importance of the SHE plan to its project supervisors in an
effort to develop a positive safety attitude among the
workforce.

.

2

Company X
W As evident in Figure 1, the expectation of zero injuries was not realized. As previously mentioned, the
project experienced 112 personal injury incidents;
this was regarded as a serious project shortcoming.
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Figure 1. Safety incidents as a function of project duration

The expectation that safety principles and performance would be driven by Company Y management
was only partially achieved. It was determined that
safety leadership within Company Y was strongest
at the site management level (project manager and
below), not at the senior company management level.
W Similarly, the expectation that Company Y would
provide knowledgeable project supervisors who
were committed to safety was only partially realized.
Through the work of an independent safety consultant, it was determined that while Company Z
supervisors were dedicated to safety, some of the
Company Y supervisors struggled to meet this
expectation. This is attributed to the safety culture
and priority differences between Companies Y and Z.
W As discussed in a subsequent section of the paper,
Company X intervened midway through the
project in response to the escalating occurrence of
safety incidents. A major outcome of this decision
was that the workforce was given increased opportunities to participate in safety discussions. Thus, the
expectation concerning worker involvement in
safety-related matters was achieved only during
the later stages of the project.
W A significant project achievement was the meeting
of incident management expectations for incident
reporting and follow-up.
. Company Y’s expectation of improving on its historic
safety performance was completely realized; the fabrication project was a major accomplishment for Company
Y. With the leadership and assistance of Companies X
and Z, Company Y attained a significant milestone in
terms of hours worked without a lost-time injury.
. Company Z
W Despite the high number of overall incidents
encountered during the project, there were no
serious (disabling) injuries – meaning that
Company Z’s expectation in this regard was met.
W

W

W

The expectation of improved supervision, case management and incident reporting over previous
Company Y experience was satisfied.
Company Y management personnel were not generally regarded as safety role models for the workforce; safety initiatives taken by Company Y
management were usually in response to pressure
exerted by Company X. Thus, the expectation of
Company Z concerning a proactive supervisory
approach to safety was not met.

FACTORS AFFECTING EXPECTATION
OUTCOMES
Many work- and safety-related factors influenced the
outcome of the project expectations. These factors are
briefly examined in the following sections before turning
to a discussion of the overall lessons learned from the
project.
EFFORTS TAKEN TO MEET EXPECTATIONS
In an effort to meet the project safety expectations, 14 significant actions were taken over the duration of the
project. Most of these actions were effective in improving
safety performance; the majority, however were reactive
as opposed to being proactive. A sequential listing of the
steps implemented is given below:
1. The first effort toward education was implementation
of a Company Z program on behavioural aspects of
safety. This was completed in the first quarter of the
project with the objective of engaging all supervisors.
2. Early efforts were made with regard to safety walkthroughs and inspections in an attempt to demonstrate
safety leadership. Participation included Companies X
and Z, and eventually the Joint Occupational Safety
and Health (JOSH) Committee.
3. An observation program was implemented during the
first quarter of the project; this program included

3
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4.
5.
6.
7.

8.

9.

10.

11.

12.
13.
14.

regular attendance of safety advisors at the Job Safety
Analysis (JSA)/Daily Planning Session (DPS) and
toolbox meetings. The SHE department created a schedule and initially scored supervisors based on their observations at these sessions. It was later determined that the
scoring program was too subjective to be implemented
fairly so this aspect was discontinued in month
8. However, safety advisors continued to observe the discussions and to offer safety-related advice to supervisors.
An assessment of worksite safety practices was
performed by Company X during a month-2 review.
An independent safety consultant was hired by
Company X in month 5.
A safety incentive program was funded in month 6;
this program was well-received by the workforce.
As the incident rate increased dramatically in month 7
(near-doubling over month 6), action was taken to
integrate the previously separate Company X and
Company Y SHE teams.
An audit of specific work practices was conducted
mid-month 7; this resulted in significant improvements to these practices.
In response to a high frequency of eye injuries, a joint
analysis among Companies X, Y and Z was conducted
in month 7; this resulted in an improved eye protection
policy.
In month 8, an extensive SHE assessment was conducted by Company X through an independent safety
consultant as well as its own safety management
system co-ordinator.
In response to the SHE assessment described in the previous item, a safety improvement management plan was
developed by Companies X and Z in late-month 8. This
was considered to be the reactive solution that regained
control of the rise in safety-related incidents and
saved the project from experiencing a serious, disabling
incident.
Additional safety training was conducted by an independent consultant during months 10 and 11.
In an effort to encourage industrial safety awareness, a
celebrity visit was arranged in month 11.
An audit of the permit-to-work system was completed
in month 14 by an independent consultant.

used interchangeably, culture can be thought of as the background influence on an organization whereas climate is
more in the foreground. As safety climate refers to workforce behaviours and attitudes at a point in time, climate
changes more quickly and more readily than safety culture
(Olive et al., 2006).]
POSITIVE FACTORS
Despite the disappointment of not meeting the majority of
expectations, some actions did improve the safety performance onsite – and hence, the safety climate – as described in
the previous section. Particularly important factors having a
positive influence on safety expectation outcomes included:
.

.

.

The safety improvement plan (item 11. in previous list)
that was developed in late-month 8 and implemented in
month 9 with an aggressive training program to reintroduce foremen and supervisors to the onsite safety
program. The positive effect of this factor is reflected by
the overall decline in number of incidents per month as
shown in Figure 1.
A field-level hazard identification program (pre-task
checklist) introduced early in the project and reinforced
with additional training in its use later in the project.
Excellent incident reporting by Company Y employees.
It was verified through various safety program audits
that few, if any, incidents went unreported.

NEGATIVE FACTORS
Numerous factors contributed to the deficiencies in meeting
project expectations (each of which are traceable to shortcomings in one or more of the safety culture characteristics
described in the Introduction):
.

.

One can clearly see the impact of a positive safety
culture at work in the above listing – particularly the
safety culture of Company X. The various items speak to
the elements of a learning culture (Hopkins, 2005), sensitivity to operations (Hopkins, 2005), commitment to the
improvement of safety behaviours and attitudes (Olive
et al., 2006), and performing appropriate and timely/
hazard risk assessment (Kadri and Jones, 2006). A question
perhaps open to debate is whether these items impacted the
safety culture of other project partners (particularly
Company Y), or whether their impact was greatest on the
safety climate at the worksite. [Olive et al., 2006 offer a
helpful explanation of the difference between safety
culture and safety climate. Although the terms are often

.

.
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Visual leadership from senior personnel within
Company Y was lacking. Because managers did not
stress the importance, in person, of working safely,
many members of the workforce did not view safety
as the top priority.
Project safety expectations were aimed higher than the
local workforce was capable of meeting. The expectations that were placed on supervisors were too
advanced for the safety maturity of both the workforce
and the supervisors themselves. The findings of the
month-8 SHE assessment indicated that many of the
supervisors did not have formal safety training; project
expectations should therefore have focused on ensuring
adequate safety education of supervisory personnel.
The belief system of the specific industry sector in which
Company Y works is that incidents will happen on every
project and are an unpreventable aspect of the job. This
factor was likely the greatest challenge in meeting the
expectations of Companies X and Z. A local culture of
production being the key to a successful project was
especially evident with some subcontractors who were
not committed to the safety goals of the project.
Building on the previous point, workforce unions and
subcontractors were not engaged in the development of
the SHE process soon enough. There was some resistance
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to safe-work practices such as the field-level hazard identification program mentioned in the previous section,
because the workforce was not included in safety-related
discussions early and often enough. This resistance made
refining of the SHE plan difficult and also created conflict
between the workforce and safety advisors.
. Safety was considered by Company Y to be an expense
to be managed like other cost centres. While it must be
well-understood that there are not unlimited resources to
devote to safety improvements, there are clearly
instances where safety must win out over other considerations. A case in point was the reluctance of Company Y
to provide appropriate and ergonomically-designed tools
to perform certain tasks (in spite of several injuries
arising in the course of using tools less fit for the task).

.

.

LESSONS LEARNED
Previous sections of this paper have emphasized safety
expectations and the challenges that prevented the full realization of these expectations. The ultimate purpose of defining
the project goals and analyzing the problems was to gain
insight into the lessons learned from this particular project.
These lessons have potentially wider application given that
each is, again, related in some way to the safety culture
characteristics described in the Introduction. Each of the following lessons was determined to be applicable to one or
more of the parties involved (Companies X, Y and Z):

.

. It is important to engage labour unions and the general
workforce early with regard to safety issues and the development of procedures. The basic premise is that workers
will take part in the safety program if they are included
in its design. This approach fosters an atmosphere of communication and will help to build a stronger relationship
between the SHE department and the workforce.
. Subcontractors selected via an invitation-to-tender (ITT)
process generally had more mature and effective safety
programs than those brought onsite under purchase
order. The ITT process itself offers the opportunity for
an in-depth review of the SHE performance of subcontractors and suppliers. Acceptance of subcontractors on
a sanctioned bidders list via purchase order may result
in a greater need for reactive remedial measures.
. Building on the previous lesson, audits of major subcontractors can be helpful in verifying their work practices
and safety program implementation. Such audits should
be conducted with a frequency proportional to the risks
subcontractors both pose and exhibit onsite.
. Individual awards for safety recognition were wellreceived and were found to be an effective incentive
for safe-work practices.
. To overcome the mentality of being reactive rather than
proactive in safety matters, an extensive safety orientation for all parties involved should be conducted
prior to project commencement. This orientation
session should deal with management expectations concerning safe production rather than focusing exclusively
on rules and penalties. Through better understanding

.

.

.

.

5

of the safety plan, supervisors will hopefully be better
prepared to identify hazards and prevent incidents.
Dedication and commitment of the entire workforce is
essential for improved safety performance. A partnership
approach with contractors would be more beneficial than
mandating safety procedures to them. Once the contractors
have been selected, it would be valuable to conduct a gap
analysis of their SHE programs in relation that of the
project lead/owner. The gaps should be addressed with a
bridging document to allow contractors to use their own
familiar procedures with necessary revisions. This
should be more acceptable to the contractors as opposed
to adopting a new SHE program, and should also shorten
the learning curve to make the required transition.
Safety stand-downs should be planned prior to conducting high-risk activities that have historically led to workplace incidents. This proactive approach has a positive
impact whereby workers reflect on their safety accomplishments and goals as opposed to a reactive, potentially
negative approach.
During the first half of the project, the SHE department
learned the significant lesson that its members should
act as advisors and not as enforcers. Traditionally,
safety advisors have been referred to as safety officers
and expected to function as such; with the modern
concept of line managers having primary responsibility
for safety performance, safety advisors should act as
mentors/coaches. With this approach, the possible friction between the workforce and safety advisors has a
better chance of giving way to a trusting relationship.
Personnel who have primary safety responsibility on a worksite (e.g. a site safety lead) must be unquestionably committed
to the safety of the workforce and completely receptive to
advice offered to improve overall safety performance. If this
does not appear to be the case across all parties involved in a
multi-partner project, then the merging of the partners’ SHE
site teams may prove to be valuable.
Case management – i.e. managing the reassignment of
injured workers – requires an appropriate focus.
During the project, efforts were directed primarily at
getting the injured person back to work to avoid a losttime incident. In some cases, this meant that people
were placed in positions peripheral to their expertise;
such action has the potential to leave employees discontent with their new role and with the safety program in
general. A case management program should therefore
facilitate meaningful alternate or slightly modified
work for an injured party, thus assisting in the healing
process and ensuring the worker remains an active
member of the workforce.
Safety performance should be measured not only by
number of incidents reported, but also by the severity of
incidents. This is a recognition that risk is a measure of
both incident frequency and consequence severity.
Comprehensive supervisor training during the later
stages of the project had an extremely positive effect
on safety performance; such training should be
implemented at the earliest possible stage. Management
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leadership in identifying the need for supervisory safety
training – and equally important, in allocating the
resources for such training – is critical to addressing
safety culture deficiencies.
CONCLUSION
In a multi-partner project such as the one described in this
paper, it is critical that all participating parties express the
same expectations toward safety and be dedicated to
meeting those expectations. It is entirely possible that
there will be a mismatch in safety cultures among the
parties involved; project safety expectations represent a
good means of identifying such differences in safety
culture. Remedial steps can then be taken to bridge the
gaps before the project commences.
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Richard Scaife CPsychol, MergS, Eur Erg and Chiara Amati CPsychol
The Keil Centre Ltd, 5 South Lauder Road, Edinburgh, EH9 2LJ, UK; e-mail: richard@keilcentre.co.uk
This paper describes a project carried out on behalf of the UK Health and Safety Executive (HSE)
and an industry partner to gain a deeper understanding of how psychological ill-health (e.g. anxiety
or depression) or state of mind (e.g. feeling anxious, feeling sad, feeling angry) could affect safety
at work. The aim of this project was to obtain evidence from incident reports that would illustrate
the ways in which psychological ill-health and state of mind could affect safety at work, and to
identify some practical implications for industry on reducing the risks associated with such
cases. Previous papers on this research by the same authors have gone into more depth on the
way in which psychological health and frames of mind affect safety performance and the implications of this for industry. In this paper, the authors will focus on the overlap of causes of psychological ill-health at work and causes of accidents and errors. The implications for incident and
accident investigations themselves are also outlined.
The project started with a review of literature into the links between psychological ill-health and
performance, where possible, isolating the effects in safety in particular. This review indicated that
there are significant effects of psychological ill-health on individual’s thinking and behaviour, with
clear consequences for safety.
The project then proceeded to an analysis of incidents from two main databases, our industry
partner’s incident database and a publicly available aviation accident database, and a number of
in-depth interviews. The analysis of the databases was conducted to gain an insight into
the mechanisms at work that could lead to someone experiencing symptoms of psychological illhealth behaving in an unsafe manner. This analysis did not seem to confirm the findings of the
review as expected: i.e. there was no strong evidence of accidents being caused by psychological
ill-health.
As is often the case with the output of incident investigations, however, the analyst is at the
mercy of original investigator’s data gathering and, in many cases, detailed information on state
of mind or psychological ill-health was not recorded or recorded in insufficient detail. This
would mean that, even in cases when this might be a significant factor, this element was not
explored in the investigation. To help add depth to the project’s analysis therefore, a series of interviews with those who had investigated or had been directly involved in incidents where someone’s
state of mind had been contributory or causal were also conducted. These interviewed specifically
probed about the effect of psychological ill-health on the incident. The project also investigated
whether there may be some overlap between the root causes of incidents, factors the could shape
a person’s performance, and potential sources of stress at work. Further analysis suggested that
this overlap is in fact significant with clear implications for the way that stress risk assessment
and incident investigations are conducted in most organisations. In particular, this research has
suggested that a more integrated approach to the analysis of human factors risks and human
factors causes of incidents has great potential in more proactively identifying potential accident
causes and potential sources of stress.
In conclusion, the research concluded that psychological ill-health and frame of mind do impact
on safety performance and that the factor that can cause the latter are often similar to those that
cause accidents or errors. However, the effect of psychological ill-health is not always clear investigated in investigations. Some recommendations are therefore outlined for improvement in
this area.

KEYWORDS: human factors; safety, stress, anxiety, depression, human error, human performance

A key part of the work was to review incident reports
and interview people who had been involved in incidents to
determine whether or not there was any evidence to suggest
that psychological ill-health could affect safety performance
and to identify the implications of the outcome of this
research for industry.

INTRODUCTION
A recent project jointly funded by the UK Health and
Safety Executive (HSE) and an industry partner from
the petrochemical industry has been carried out to identify
how psychological ill-health (stress, anxiety, depression)
could affect safety performance at work.
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There has been a great deal of research into the effect
of psychological ill-health on individual performance, providing strong evidence for the negative impact of mental
disorders such as clinical depression and anxiety. People
suffering from such conditions also tend to withdraw from
work, either voluntarily or on the advice of their doctor. In
such cases, there is limited opportunity for them to affect
safety performance in the workplace directly, although
their absence may impact on their team’s manning levels,
and potentially the workload of their team. Their performance will also be affected by the medication they are
taking; on the one hand, this will help to control and alleviate their symptoms, however, side-effects are often reported
which can also affect performance. It becomes impossible to
distinguish between the effects of the condition being
treated and the treatment for the condition.
Stronger evidence was found for the impact of ‘frame
of mind’ on safety performance. In this context, ‘frame of
mind’ was defined as the way that a person thinks or feels
at a particular point in time (e.g. feeling anxious but not
actually experiencing clinical anxiety). It was found that
there was evidence to suggest ‘frame of mind’ could be
linked to safety performance and that ‘frames of mind’
could be causal or contributory to people having accidents
at work. A number of specific frames of mind were isolated
and their effect on intentional behaviour and unintentional
behaviour described: for example, people reporting feeling
rushed or anxious where more likely to over-react or
commit action errors.

The research also turned to the following question:
How closely related are the conditions that can lead
to the experience of psychological ill-health and those that
can be root causes of incidents, or can lead to people
making errors? Answering this question would help to
determine whether greater emphasis should be placed on
psychological ill-health during incident investigations,
and would also help to determine also the feasibility of
such an approach.
To answer this question, it was necessary to compare
the framework used in incident investigation with that used
during the assessment of psychological health; i.e. comparing common work-related stressors (the conditions that can
lead to stress at work) with a list of typical root causes of
accidents and a list of factors that can lead to people
making errors at work (performance shaping factors).
The following sections of this paper describe the analyses
conducted in order to make these comparisons.

STRESSORS
To ensure rigour in this stage of the research, it was necessary to identify a comprehensive set of work-related stressors
from the range of frameworks available. The HSE’s Stress
Risk Factors, used as the framework for understanding stressors at work throughout the UK, was therefore used as the
starting point, and compared with the checklist used in the
HSE’s Indicator Tool (the questionnaire designed to assess
the presence of the HSE risk factors), a leading stress academic’s own framework of stressors, and the stress hazard
checklist used in the industry partner’s own Stress Risk
Assessment tool.
As would be expected, this comparison revealed a
high degree of overlap between these frameworks and
models; however, some differences were also identified,
indicating a need to expand the HSE’s stress risk factors
for the purpose of this research. The original set of HSE
risk factors covers the following:

LACK OF INFORMATION ON PSYCHOLOGICAL
ILL-HEALTH IN INVESTIGATIONS
When incident and accident investigations were reviewed in
the course of this research project, it was very rare to come
across a case where psychological ill-health had been cited
as contributing to or causing an incident or accident. A key
question for this part of the research was therefore: are investigations missing out on important learning if they are not
considering psychological ill-health in their investigations?
There are many possible explanations for a lack of
inclusion of information on ill-health in investigations
either the ill-health actually had no bearing on the incident
or, which is considered more likely, because this factor
was not explicitly investigated, for example due to the
stigma associated with psychological ill-health or the fear
of an adverse career impact of reporting psychological illhealth leading to those involved withholding information.
Another possibility is that incident investigators do not
have the training and tools to investigate psychological
health or the knowledge that this could be an important
factor in accidents; therefore psychological ill-health tends
not be considered in the root cause analysis of incidents or
accidents. Many organisations do have the tools and skills
to analyse cases psychological ill-health, but quite often
these skills and tools fall within the purview of the Human
Resources or Occupational Health departments rather than
with the incident investigation teams, and hence such analyses do not get incorporated into incident investigations.

–
–
–
–
–
–

Demands;
Control;
Support;
Role;
Relationships;
Change;

The analysis suggested that the HSE risk factor
‘Control’ covers both the control a person has over the
pace of work and the accessibility of training and development activities. In other frameworks, these two elements
are separated out explicitly, so it was decided that an
additional factor of ‘Training’ would be included.
Also, although the HSE’s risk factors refer to the
communication of change, they do not refer more
broadly to communications on issues other than change.
It was therefore decided that an additional factor of ‘Communication’, more generally and not only related to
change, would be also be added for the purpose of this
research project.
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include factors external to the person (e.g. workload,
equipment design, environmental conditions) as well as
factors internal to the person (e.g. interpersonal relationships, fatigue). Performance shaping factors are considered
when analysing the underlying causes of human error, and
hence potential causes of incidents.
It was therefore considered important as part of this
project, to determine whether any of these potential
human performance influences could also act as potential
sources of stress.
There are many different human error analysis
methods available, but this project focused on the tool
used by the industry partner, which used 8 categories of performance shaping factors, namely:

Table 1. Examples of personal and job factors
Accident factor

Example of content

Personal factors

Physical & mental capability/condition
Individual skill level
Training
Supervision and leadership
Design & engineering
Work planning, rules, procedures
Tools & equipment
communication

Job factors

The final list of stressor categories under consideration in the project were therefore:
–
–
–
–
–
–
–
–

–
–
–

Demands;
Control;
Training;
Support;
Role;
Relationships;
Change;
Communications (not about change).

–
–
–
–
–

STRESSORS AND ROOT CAUSES OF INCIDENTS
The industry partner in this research uses a rigorous system
of root cause analysis to investigate its incidents, and an
analysis was performed to determine the extent to which
this investigation tool included causes that could also be
considered stressors.
The root cause analysis tool includes both system
causes (e.g. conditions of work and working practices) and
immediate causes of incidents. Only the system causes of
accidents were included in this analysis, as these cover both
personal and job factors, and are therefore the most relevant
causes to this research. The following table provides some
examples of the content of these personal and job factors:
The results revealed a significant overlap between the
sources of stress at work and the causes of incidents.
The main areas of overlap are further described
below:

Task factors (e.g. number of tasks, workload);
Communication factors (e.g. quality of communication);
Procedures and documentation (e.g. clarity of procedures, complexity of procedures);
Ambient environment (e.g. noise, lighting, etc.);
Training and experience (e.g. recency of training,
quality of training);
Human machine interaction (e.g. workplace layout,
equipment design);
Personal factors (e.g. domestic issues, fitness);
Social and team factors (e.g. supervision, allocation of
responsibility).

An analysis of these factors against the list of stressor
categories revealed that there were several types of performance shaping factors that could also represent a source of
stress. In particular, the following areas were highlighted
as having the greatest overlap with performance shaping
factors and stressor categories:
–
–
–

Demands: closely related to task factors and environmental factors;
Communications: closely related to communication
factors, especially communications about the job or task;
Training: poor training quality or training that is not
recent.

Other stressors also overlapped partially with performance shaping factors:
–

– Role: (e.g. being unclear about role/responsibilities)
was closely related to job factors;
– Communications: (e.g. not having adequate information
about the job/task or poor communications between
teams/individuals etc) was closely related to job factors;
– Demands: (e.g. having too many tasks to do) was closely
related to personal factors;
– Training: (e.g. not being adequately trained to do the
task) was closely related to personal factors.

–

Change: performance shaping factors around procedural
changes relate well to this, but performance shaping
factors did not cover broader organisational change;
Support: performance shaping factors cover poor supervision, but do not cover support more generally.

This analysis therefore suggested that some aspects of
work can both lead to a greater likelihood of errors and also
have the potential to cause psychological ill-health at work.
In practice, this means that, if an investigation identified performance shaping factors that have influenced the likelihood
of someone making an error, then they may also be acting as
a source of stress. (I am not sure what you are trying to say
here. . . ..????) Conversely, if a stress risk assessment identified the presence of the aforementioned stressors, then consideration should be given to whether or not their presence

STRESSORS AND PERFORMANCE SHAPING
FACTORS
Performance shaping factors are conditions that can affect
how well a person performs when carrying out a task. They
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could also lead to human errors and mitigating actions taken
as appropriate.

integrated approach to incident investigation and the
analysis of psychological ill-health, where experts in both
fields contribute their understanding to produce more
comprehensive investigations.

CONCLUSIONS
The analyses reported above identified significant overlaps
between stressors, performance shaping factors and the
root causes of accidents. This means that there are some
characteristics of work and the working environment
that could lead to psychological ill-health, human error
or an incident or accident. This is particularly true of the
following:

IMPLICATIONS FOR SAFETY
The main implication for safety of this part of the research is
that significant benefits could be achieved by adopting a
more integrated approach to incident investigation and the
analysis and prevention of psychological ill-health at
work. This would involve an increased understanding of
the sources of psychological ill-health within incident investigation teams, with the potential to increase the effectiveness of accident prevention. For example:

– Demands: high levels of workload or task complexity;
– Role: role ambiguity or conflict;
– Support: lack of support and encouragement from line
management;
– Training: inadequate or ineffective training and skill
development;
– Communications: lack of or inadequate communication
of information.

–

–

As already discussed in the introduction to this paper,
the research did not uncover many examples of psychological ill-health had been cited in incident databases as causal
or contributory to incidents or accidents. However, research
and people’s own experience, analysed in the interviews,
would lead to conclude that the psychological ill-health
would have an effect. A number of reasons for this lack of
emphasis in investigations exist, including non-reporting
of the condition by those involved due to the stigma of
psychological ill-health. There is also the possibility that
investigators in general are ill-equipped to identify symptoms of psychological ill-health or to investigate the underlying causes of such conditions. Given the close
interrelationships between root causes, performance
shaping factors and stressors, then there is a case to
expand the level of competence in considering the role of
psychological ill-health in incident causation for investigation teams.
Root cause analysis tools, such as the one used by the
industry partner in this research project, do include categories of root causes covering psychological ill-health.
However, if the psychological health of an individual is
implicated in an incident, there seems to be a natural tendency for the analysis to stop at the point of identifying
this as a root cause, rather than conduct further analysis to
see if any characteristics of the job, organisation or
working environment had caused the identified psychological ill-health. Stopping at this stage of the analysis means
that opportunities for potential learning for the organisation
are being missed. Again, this suggests the need for a more

–

Information already exists (for example in the HSE’s
management standards) on how to reduce the impact
of potential stressors at work; this information could
also be applied to reducing the potential for human
error and accidents.
If incident investigators had a greater understanding of
the causes of psychological ill-health during investigations, they would be able to identify the likely
causes of psychological ill-health when it is relevant to
the investigation, which in turn would allow better recommendations to be made, which could be fed into the
results of stress risk assessments.
Opportunities also exist to use the outputs from stress
risk assessments to identify potential influences on
human performance, and root causes of incidents. If
such an assessment identified a series of stressors that
could also cause incidents, then mitigating action
could be taken to reduce the likelihood of an accident.

Achieving the aforementioned would require training
and education of incident investigators to impart the understanding of psychological ill-health necessary to be able to
ask the right questions, in the right way, during investigations to enable a thorough analysis of the situation and
produce appropriate and effective recommendations. It is
also likely that those involved in stress risk assessment
would need to have an enhanced understanding of the incident investigation process in order that they could effectively feed their findings into the process.
Some organisations have already embarked on programmes of training for incident investigators to provide
them with enhanced skills and tools to enable a more
thorough analysis of the human factors aspects of incidents.
The kind of skills required to consider aspects of psychological health in incident investigations could be a natural
extension of such training.
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PERSONALISING SAFETY CULTURE: WHAT DOES IT MEAN FOR ME?
Aidan Hayes1, Ronny Lardner2, Zoila Medina3 and Jan Smith4
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Director, The Keil Centre Ltd, UK; e-mail: ronny@keilcentre.co.uk
3
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This paper describes several linked projects which have a common theme – what do individuals
need to do to develop a strong and sustainable safety culture?
Many organizations have embraced the need for a strong safety culture, and recognize that excellent safety leadership, effective supervision, and high levels of workforce involvement are essential
safety culture ingredients. However, many safety culture models and tools don’t specify in clear,
behavioural terms what people need to do to play their part in developing safety culture. Furthermore, safety culture models are seldom integrated into the organisation’s safety management
systems, e.g. induction, selection, training & development, and appraisal.
This project began with a large UK offshore engineering contracting company, who wished to take
proactive steps to focus on human factors, enhance their safety culture, and take the lead rather than
being led by their clients. To identify and build acceptance of the behaviours necessary for excellent
HSE performance, a study was conducted of this company’s existing managers, supervisors and workforce to identify the HSE behaviours which contributed to excellent and poor HSE performance at each
level of the organisation. This study was led by an internal human factors advisor, with expert external
support, and was supplemented by existing research and industry experience. The resulting HSE
Behaviour Standard is now being implemented, and is being used to identify behavioural strengths
and weaknesses in separate parts of this company, and is also used for individual development. The
Standard is also being gradually built into the company’s safety management system.
The contracting company who pioneered this approach has been very willing to share their experience with others. Several international organizations have been impressed with the clarity, practicality
and simplicity of the HSE Behaviour Standard, and have developed their own versions support their
efforts to establish or develop their safety culture. For example, the Standard has been adapted and
translated to help establish the safety culture standard on a new Chinese petrochemicals complex,
and to support post-incident learning in a UK oil and gas processing plant.
The basic format and content of the Standard has remained unchanged, however it has been found
necessary to adapt and modify certain elements for use in different national cultures and type of
business.
The paper will be of interest to those who want a concise, description of the non-technical behavioural competencies necessary to achieve a strong safety culture, and excellent HSE performance.

includes a need for change in behaviours and practices at
different levels of the organization.

THE INDIVIDUAL’S ROLE IN DEVELOPING A
STRONG SAFETY CULTURE
This paper describes the development and deployment of
methods to promote the behaviours which support a strong
and sustainable safety culture. Most organizations in hazardous industries have embraced the need for a strong safety
culture, and recognize that excellent safety leadership,
effective supervision, and high levels of workforce involvement are essential safety culture ingredients (Flin, R et al.,
2002; HSE, 1999; HSE, 2001). To support the development
of a strong safety culture, various approaches have
been taken.

TOPIC-BASED APPROACHES
There are many different safety culture definitions and
models, however there is a degree of overlap between
them all. For example, most would agree on the importance
of excellent safety leadership, effective supervision, and
high levels of workforce involvement. These topics all
lend themselves to interventions to address that specific
aspect of safety culture – for example supervisor or safety
leadership development programmes, and practices
designed to encourage and promote workforce involvement
such as appointing workforce safety representatives, or
implementing a behavioural safety programme.

SITE-BASED APPROACHES
When developing safety culture, a typical approach is to
conduct some form of safety culture diagnosis at the site
or organization level, and develop and implement a plan
to address areas for improvement. The unit of analysis is
the site or organization. The improvement plan typically

AN ALTERNATIVE APPROACH
Whilst the site or topic-based approaches are appropriate in
some circumstances, they do not describe all the individual
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behaviours required to develop and support a strong safety
culture, or specify how these behaviours relate to each
other and are mutually supportive across different levels
of the organization. Furthermore, site or topic-based
approaches do not always lend themselves to integration
into the organisation’s existing safety management system
or human resources systems.
This project, which developed an alternative
approach, began with a desire by a UK offshore engineering
contractor to progress their current efforts to maintain and
develop a company focus on behavioural aspects of health
and safety. They wished to build upon their existing good
health and safety performance, and the recent issue of a
set of company HSE values. Their organisation presented
a number of unusual challenges, which any new initiative
would have to recognize and overcome, specifically:

2.

3.

Existing industry research conducted by the UK offshore sector’s cross-industry Step-Change in Safety
group, who developed a set of safety behaviours following a review of 11 offshore fatalities (Step-Change in
Safety, 2004).
In-company research, to identify specific positive and
negative HSE behaviours which had particular relevance
to the offshore engineering contractor’s organization and
operations.

To lead the competency development project, the
company appointed an experienced HSE professional into
an internal human factors advisor role. It was decided to
base the competency model on the behaviours which differentiate those who are more effective at managing health and
safety, from those who are less effective.
There is an important distinction between the technical competences necessary to do a job (i.e. the ability to
drive a fork-lift truck), and the personal competencies
which differentiate between those who are more or less
effective in a job. Although a group of fork-lift drivers
may all possess the same technical competence, individual
differences will exist in how effective they are in achieving
their overall job objectives (e.g. safety, housekeeping, efficiency). Table 1 below summarizes the differences
between behavioural competencies and technical competences, and how to analyse jobs to derive the behavioural
competencies which support superior job performance.
In this project, the first job analysis method used
was critical incident interviewing, (Flanagan, 1954)
which asks interviewees to identify “critical incidents”
they have personal knowledge of, which led to a good
or poor result. In this case the result referred to HSE performance. Incident does not mean accident or loss, it could
simply be someone’s behaviour in a meeting which supported or undermined health and safety.
The second method was repertory grid technique
(Kelly, 1955) which elicits the constructs or attributes
which experienced people use to differentiate between
good and poor job performers. The technique asked experienced people to think about managers, supervisors or others

– Their company was organized as a set of largely independent contracting businesses, each focused on supporting a major offshore operator
– As each offshore operator has their own existing safety
culture, and set of behavioural practices which they
expect their contractors to adopt and use, any contractor-led initiative had to complement the customer’s
culture, systems and practices
– There was little agreement in the contracting organization about who’s behaviour had to change, and why.
Many managers wanted improved workforce safety
behaviour, and vice versa.
For these reasons, it was decided to develop a competency model which described (a) the specific managerial,
supervisory and workforce behaviours which supported
excellent HSE performance and (b) those which detracted
from excellent performance.
DEVELOPING THE MODEL
Three main sources of data were used to develop this
competency model:1. Existing academic research, which identified leadership
behaviours which support workplace safety outcomes
(HSE, 2003).

Table 1. Differences between behavioural competencies and technical competences
Behavioural competencies

Technical competences

Focus
Level of Performance
Outputs

People who do the job
Superior performance
Behaviours which contribute
to superior performance

Appropriate job analysis
methods

† Critical incident technique

Jobs or tasks which people do
Minimum standard
Key roles and tasks.
Minimum knowledge,
skills and abilities required
† Studying documentation

† Repertory grids
† Studying documentation
† Structured job analysis
questionnaire
† Observation

2

† Observation
† Functional job analysis

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153

Figure 1. Overall scheme of HSE behaviour standard

who they know well, and who are (a) effective in managing
health and safety or (b) less effective or ineffective. By comparing those in groups (a) and (b), it is possible to define
the behaviour(s) which differentiate the effective and less
effective performers.
An additional input for the model was examination of
documentation about the organisation’s own HSE Vision
and Values, as they wished to make the behaviours required
to support the Vision and Values more explicit.
The internal company human factors advisor was
trained in the use of the two job analysis techniques, which
enabled them to extract the specific positive and negative
HSE behaviours from interviews and focus groups held
with their managers, supervisors and technicians.
The next steps in model development were to
examine the critical incident and repertory grid data, sort
the positive and negative behaviours into related groups,
and differentiate whether they were behaviours required of
everyone on the workforce, only supervisors, or only managers. The wording of behaviours was refined, to aid clarity.
Four sets of positive and negative behaviours were
identified for each level in the organization: everyone,

supervisors and managers. Each set of behaviours was
given a short descriptive label. The resulting overall
scheme is shown in Figure 1 below.
Figure 1 illustrates how it is only when the appropriate
behaviours are displayed by all people in the organization
that an excellent HSE result can be achieved. This approach
can be contrasted with many “behavioural safety” programmes, which focus largely on workforce behaviours.
The 12 sets of behaviours were further examined, and
it became apparent that four common topics ran through the
sets of behaviours: standards; communication; risk
management and involvement. These topics emerged from
the data gathered, and were not pre-determined. Figure 2
illustrates how the sets of behaviours relate to the four topics.
By reading across these topics, it is possible to see
the mutually-supportive inter-relationship between the
sets of behaviours for each group. Similarly, it is possible
to identify how a lack of the correct behaviours at any
level can undermine the overall result. For example, management efforts to set standards, and workforce efforts to
comply can be undermined by the wrong supervisor
behaviours.

Figure 2. How HSE behaviours relate to topics
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Figure 3. Manager’s “Set High Standards” behaviours, with positive and negative indicators

Figure 3 below is an example of the content of one of
the twelve sets of behaviours, and shows the positive and
negative behavioural indicators which were derived from
the job analysis.
The resulting competency model, known in this
company as the HSE Behaviour Standard, has the following
important features:
– research-based
– simple to understand
– defines the positive and negative behaviours which
contribute to excellent and poor HSE performance
– shows the inter-relationship between behaviours of
managers, supervisors and everyone in the workforce
– includes language and examples which are companyspecific
– can be used by individuals and teams to understand their
role in developing a strong safety culture
– format can be readily integrated into the organisation’s
safety management and human resource systems,
e.g. induction, selection, training & development, and
appraisal

.

.

.

.
DEPLOYMENT
In the offshore engineering contractor organization, the
model was deployed by the full-time corporate human
factors advisor. This person worked with individual contract
managers, and their largely autonomous businesses, and
planned how to deploy the model in each contract.
Examples of its use include:-

with the results being used to focus on improving
specific behaviours. For example, one contract found
that certain management safety communication behaviours were seldom displayed, so focused on improving
these. A year later they re-measured and saw a very significant positive change. In parallel, the numbers of incidents and injuries significantly reduced. Of course, this
reduction cannot be wholly attributed to the improvement in management safety communication behaviours.
The same contract focused on developing the supervisors’ behaviours, by recognising and rewarding when
the positive supervisor behaviours were displayed
Another contract worked jointly with their offshore
operator customer to (a) conduct a safety culture assessment, and (b) use the output of the safety culture assessment during workshops with 85% of their workforce to
develop their own installation-specific version of the
HSE Behaviour Standard, which will be deployed via
their 2007 HSE improvement plan
Sharing the HSE Behaviour Standard with key clients at
HSE away-days, and jointly working on improving
safety behaviour and safety culture
At a corporate level, the offshore engineering contractor
has worked to integrate the HSE behavior standard
into their HSE and human resources management
systems, including recruitment, selection, induction,
management, supervisor and workforce skills training
and development, appraisal, contractor selection, and
post-incident investigation.

USE ELSEWHERE
The offshore engineering contractor which pioneered
this novel approach has been very willing to share their

. Behavioural gap analysis in the contracts, involving
workshops with a large percentage of the workforce,
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to prepare a “self-service cafeteria” of behavioural practices
which could be used to strengthen key aspects of the site’s
safety culture, as diagnosed by the site assessment. A total
of 22 behavioural practices were prepared, including a
company-specific HSE Behaviour Standard. This is now
being deployed, and one site management team has used
their HSE Behaviour Standard to structure discussion
within the team on how they need to change their own
behaviour to influence their site safety culture more
effectively.

experience with others. Several international organizations
have been impressed with the clarity, practicality and simplicity of the HSE Behaviour Standard, and have developed
their own versions to support to their efforts to establish or
develop their safety culture. The basic format and content of
the Standard has remained largely unchanged, however it
has been essential to adapt and modify certain elements
for use in different national cultures and types of business.
The language has also been modified to fit each organisation’s style. Some of the behaviours have been changed
or modified to reflect current organizational HSE concerns.
The examples below illustrate how three of these organizations have adapted and used the generic model for their
own specific purposes.

AN AUSTRALIAN MULTINATIONAL
ENERGY COMPANY
This organization wanted a simple model to help structure
their efforts to improve their safety culture. They had
recently conducted a safety culture survey in their Operations division, which identified a need to improve. The
results of some recent incident investigations also supported
this view. This organization developed their own version of
the HSE Behaviour Standard, which they called “Our Safety
Culture”, and included organization-specific issues and
examples. They also ensured that key behaviours relevant
to helping them to become a high-reliability organization
(Weick, 1999) were integrated into their model.

A UK-OWNED MULTINATIONAL OIL
AND GAS COMPANY
This company experienced a very serious incident at one of
its non-UK sites during 2005. At one of the company’s UK
sites, an oil and gas separation plant, they wanted to encourage their entire workforce to consider whether various
behavioural shortcomings highlighted during the very
serious incident might also apply to their site. The HSE
Behaviour Standard was modified for this site, and a series
of half-day workshops were held for approx 50% of their
workforce. Each workshop included a vertical-slice of managers, supervisors, engineers and technicians, and also
included key contractors. Prior to the workshop, each delegate completed pre-reading of a summary of the incident
report. Within each workshop the delegates then used their
HSE Behaviour Standard to specify the managerial, supervisory and workforce behavioural shortcomings revealed by
the incident investigation. They then conducted a behavioural gap analysis of their own site, which revealed the
manager, supervisor and everyone HSE behaviours which
were regularly demonstrated, and where room for improvement existed. The results were collated and analysed, and
improvement actions were built into site HSE plans. At
the end of each workshop. each delegate also made a behavioural commitment specifying what they would personally
do to prevent a similar incident occurring on their site, and
sent their commitment on a postcard to the senior manager
of the business. This site has also built their HSE Behaviour
Standard into their employee and contractor induction
process and used the behaviours as a focus for monthly
HSE communications.

CONCLUSION
This paper described an alternative approach to developing
an organisation’s safety culture, which is based on the
mutual inter-dependence of the behaviours of managers,
supervisors and workforce. The HSE Behaviour Standard
which was developed for this purpose has proved to be
easy to understand, and practical to deploy by internal
company HSE specialists. Its flexible nature means it can
be integrated into existing management systems, and thus
exert a long-term influence over the maintenance and development of a strong safety culture.
Although the basic structure has remained largely
unchanged across several organizations, all those involved
consider it is essential to adapt and validate the model in
each organization, thus helping to ensure its adoption and
use as “our” HSE Behaviour Standard, rather than
someone else’s.
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AN INTERNATIONAL NUTRITIONAL
PRODUCTS MANUFACTURER
This Dutch-owned firm has a nutritional products division
based in Switzerland, with manufacturing sites around the
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1

Safety Culture Maturity is a Registered Trade Mark of The Keil
Centre Ltd.
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A PRACTICAL APPLICATION OF HUMAN RELIABILITY ASSESSMENT
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Safety performance in the Process Industry has improved in recent decades with better plant equipment and control systems that have mostly designed out human errors. There are however a number
of activities that still require operator involvement where human failures can lead to loss of containment events. An example is offloading road tankers into bulk storage tanks where operators must
ensure that the correct material is being offloading and that the quantity does not exceed the tank
capacity.
This paper describes a ‘Human Reliability Assessment’ carried out on a batch manufacturing
process in the UK. The site is top tier under the ‘Seveso II’ Directive and prepared a Safety
Report in 2002 detailing a number of major accident hazard scenarios. Many of these scenarios
involve equipment or control systems failures with risk reduction provided by engineered
systems such as instrumented trips or mechanical pressure relief. However, a number of scenarios
involve errors or omissions by operating staff. The company were asked by the Health and Safety
Executive to carry out a detailed risk assessment of human factors associated with major accident
hazards, in accordance with guidance in HSG48.
The first stage of the study involved selection of activities carried out by operators with the potential for major accident hazards. These include offloading bulk raw materials from road tankers and
activities on batch reactors such as charging raw materials. A team of experienced operations staff
carried out a hierarchical task analysis based on the operating instructions. The analysis considered
each step carried out by the operator and used a set of suitable guidewords to identify potential human
errors. For errors that could lead to a major accident the team assessed the likelihood using plant
experience backed by generic human error data. The team then identified opportunities for recovery
from the error such as: recovery at a later stage by operator, check by independent person or risk
reduction layer such as an engineered protective system.
The information on each human error scenario was used to carry out a semi-quantitative risk
assessment using a calibrated risk grid. The risk grid includes the event severity, likelihood of the
initiating human error and number of opportunities for recovery. The grid produces a risk level in
five categories from very high to very low. Further measures to reduce the likelihood for human
error are then assessed to a depth that is proportionate to the level of risk. For example, ‘very
high’ risk events require a quantitative assessment using a technique such as HEART in order to
demonstrate that the risk is as low as reasonably practicable.
The Human Reliability Assessment resulted in a number of recommendations for reducing the
likelihood of human error and proving further opportunities for recovery. The former were
mostly improvements to the task design, including; road tanker offloading checklist, different
road tanker connection types, better lighting at key identification labels, procedure for pressure
test of reactor following additions via man-way. The methodology provides a demonstration that
a structured risk assessment has been carried out for situations where human error can lead to a
major accident.

KEYWORDS: human, factors, failure, error, COMAH, risk, assessment

This paper describes a Human Reliability Assessment
carried out for a company based in the UK. The site manufactures speciality chemicals and is ‘top tier’ under the
‘Seveso II’ Directive. A Safety Report was submitted to
the UK Health and Safety Executive (HSE) in 2002, detailing a number of major accident hazard scenarios on the site.
Whilst most scenarios involve equipment or control system
failures there were some involving errors or omissions by
operating staff. The company were asked by the HSE to
carry out a detailed human factors assessment associated

INTRODUCTION
Safety performance in the Process Industry has improved in
recent decades with better plant equipment and control
systems that have mostly designed out human failures.
There remain a number of activities that still require operator involvement where human failures can lead to loss of
containment events. An example is offloading road tankers
into bulk storage tanks where operators must ensure that
the correct material is being offloaded and the quantity
does not exceed the storage tank capacity.
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with major accident hazard scenarios, in accordance with
their published guidance [HSE, 1999].
The first stage involved selection of activities carried
out by operators with the potential for major accident
hazards. These include offloading bulk raw materials from
road tankers and activities on batch reactors such as charging
raw materials. An assessment team was assembled with
experienced operations staff facilitated by a human reliability
specialist. The study involved a hierarchical task analysis of
the operating procedure, considering each step carried out by
the operator and applying a set of guidewords to identify
potential human failures. For failures that could lead to a
major accident hazard the team assessed the likelihood
using plant experience backed by generic human error data.
The team then identified mitigation factors such as opportunities for recovery by the operator, independent checks or
engineered safeguards such as a safety-instrumented system.
The information on each human failure scenario was
used to carry out a risk assessment using a calibrated risk
grid. The grid provides a risk level from ‘very high’ to
‘very low’. Further measures to reduce the likelihood for
human failure are then assessed to a depth proportionate
to the level of risk. For example, ‘very high’ risk events
require a quantitative assessment in order to demonstrate
that the risk has been reduced to ‘as low as reasonably
practicable’ (ALARP).
The Human Reliability Assessment resulted in a
number of recommendations for reducing the likelihood of
human error or providing further layers of protection.

Report, the HSE requested Baker Petrolite to provide further
demonstrations that the likelihood of Major Accident
Hazards linked with human errors have been reduced to
ALARP. A task analysis approach was recommended using
an independent consultant and based on their guidance document [HSE, 1999] as an example of relevant good practice.

HUMAN ERROR THEORY
The Process Industry has been successful in reducing the
frequency of major accidents by designing multiple layers
of protection using engineered systems. The reliability of
these systems can be estimated with some degree of confidence. By comparison, failures of humans involved in the
process are less easy to predict. Analysis of accidents and
near misses in the industry show that a large proportion
involve human failings, and it is suggested [HSE, 1999]
that “up to 80% of accidents may by attributed, at least in
part, to the actions or omissions of people.” This view is
supported by detailed investigations [Lees, 1996] following
major accidents such as the toxic release from the Union
Carbide plant in Bhopal and the Piper Alpha oil platform
fire and explosion. These investigations identified human
factors as a significant cause of the accident with failings
during design, operation, maintenance and management of
the facility.
The human failures that have the potential to lead to
catastrophic failures are similar to from those we make in
everyday life [Reason, 1982], the difference is whether the
mistakes are made in an environment that is forgiving. It
is considered less likely that human failures are due to
incompetence, poor motivation or carelessness [Swain,
1972], but rather as a result of the work situation in which
the error has been made. This has led to the view that
when trying to reduce the likelihood of human errors, it is
more effective to concentrate on improving the work
situation rather than trying to change the individual.
Human failures have been categorised [HSE, 1999] as
either unintentional errors or intentional breaking of the
rules, known as violations. It must be assumed that
workers will make unintentional errors despite being well
trained and motivated, as such failures are thought to be
an inevitable result of skilled based activities. Errors can
be further divided [Reason, 2002] into execution failures
known as slips or lapses or planning failures known as
mistakes.
The importance of defining the type of human failure
that could occur is to allow more suitable means of error
reduction to be specified. For violations or mistakes
further training of operators may be most appropriate
whereas for errors by skilled operators, improvement of
the work environment or design of the man-machine interface is more likely to be effective. Performance influencing
factors (PIF) are those factors [CCPS, 1994] that influence
the likelihood of error. When all the PIFs relevant to a
specific situation have been optimised it can be said that
the potential for human error has been minimised. Table 1
shows a guide diagram of PIFs that were used in this study.

BACKGROUND TO STUDY
The Baker Petrolite manufacturing facility is located in the
UK near Liverpool and employs approximately 160 people.
The site manufactures a range of specialist oil production
chemicals for markets in Europe, Africa, Middle East, Far
East and the former Soviet Union countries. The site
handles significant quantities of flammable, toxic and ecotoxic dangerous substances, including; Ammonia solution,
Epichlorhydrin, Ethylene oxide, Formaldehyde solution,
Methanol, Phenol and Propylene Oxide. The inventories
of dangerous substances make the site a “Seveso II” top
tier site and a Safety Report was submitted to the HSE in
2002 in compliance with the Control of Major Accident
Hazard (COMAH) Regulations.
The Safety Report describes a number of potential
Major Accident Hazard scenarios drawn from across the site
operations. A demonstration is made that all measures necessary have been implemented to reduce the risk to as low as
reasonably practicable (ALARP). Some of the scenarios
involve human failures, such as overfilling of the
Epichlorhydrin bulk storage tank during offloading from a
road tanker. In this case the offloading procedure followed
by the operator includes a number of critical checks. HSE guidance for the assessment of Safety Reports [HSE, 2002]
requires that human factors have been accounted for in the
design of systems, including consideration of how human
errors can be reduced. Following assessment of the Safety
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Table 1. Performance influencing factors
Factor
Operating Environment

Task Characteristics

Operator Characteristics

Organisation and Social

Table 2. Human failure guidewords

Sub-factor

Guideword

Chemical Process Environment
Physical Work Environment
Work Pattern
Equipment Design
Control Panel Design
Job Aids and Procedures
Training
Experience
Personality Factors
Physical condition and age
Teamwork and Communications
Management Policies

Human failure

Step omitted
Step repeated
More of/Less of
Sooner than/Later than
Other than
As well as

Omission
Repetition
Failure to complete task in time
Task out of sequence
Performing task incorrectly
Carrying out additional tasks

Having identified a credible human failure when carrying out a task, the team then assessed the worst credible
consequences of the failure. Any active protection systems
such trip systems were ignored at this stage with credit
only being taken for passive protection systems such as
tank bunds. If the worst credible consequences were
assessed as less severe than a major accident, the human
failing was screened from further study. For failings with
the potential to cause major accidents, the likelihood of
failure was estimated by the team using the word models
shown in Table 3. The estimate of frequency was based
on plant experience where available or alternatively using
generic human error data taking account of the frequency
at which the task was undertaken, the task complexity and
any factors increasing the likelihood of failure.
The next stage in the assessment involved determining the number of mitigation factors or layers of protection
that prevented the human failure from developing into a
major accident. The objective was to assess the criticality
of the human failures, where ‘critical’ is defined as a
human failure that could develop into a major accident
with little or no opportunity for recovery. The mitigation
factors typically fall into one of the following categories:

METHODOLOGY FOR ASSESSMENT
The objective for the Human Reliability Assessment was to
identify situations where operator failures could lead to
major accident hazards and to assess the criticality of these
failures. Based on the assessed criticality, a proportionate
approach was then used to assess whether the risks have
been reduced to ALARP or whether further improvements
are needed.
The first step involved reviewing the site COMAH
Safety Report to identify major accident hazard scenarios
linked with human failures. Scenarios linked to failures of
equipment such as control systems or pipes/vessels were
screened from further assessment. It is recognised that
such failures could be linked with the actions or omissions
of people involved in design or maintenance, but these
types of failure were not the focus of the assessment.
The next stage involved a form of Hierarchical Task
Analysis on the activities that could give rise to a major
accident hazard. That is a systematic method of describing
how work is organised [CCPS, 1994]. The analysis
involved a team of experienced staff consisting of the following; Human Reliability specialist, Process Safety
Advisor, Process Engineer, Operator directly involved in
the activity. The team focussed on activities carried out
by operators linked with major accident hazards, such as
road tanker offloading. This overall activity covering
receipt of the road tanker on site through to its departure
from site was then broken down into a number of discrete
steps. These steps were based on the written operating procedures with further details or clarifications provided by
the operator who was directly involved in the day-to-day
operations.
The team then carried out a form of Hazard and Operability (HAZOP) study on each step in the activity where
failures had the potential to cause major accidents. This
process differed from a standard HAZOP in that the nodes
for the study were steps in a procedure rather than process
lines on an engineering line diagram. Having described
the purpose of the step in detail, the team used the set of
guidewords on Table 2 to identify credible ways in which
the operator could fail to perform the task correctly.

.
.
.
.

Error detected by same operator at a later stage in the
activity
Error detected during an independent operator check
Protection provided by an independent system (e.g. trip
system)
External risk reduction factor (e.g. hazard in low occupancy area)

The risk associated with each human failure was then
estimated using the risk graph in Table 4. This risk grid is
linked to a specific severity level and is shown here for demonstration purposes. Before using a risk grid it is important
that it is calibrate against company risk criteria.
Table 3. Failure frequency guidewords
Failure frequency
Regular
Frequent
Probable
Occasional

3

Word model guide
Occurs a few times per year
Occurs every few years
Could occur in plant lifetime
Unlikely to occur in plant lifetime
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largely been ‘engineered out’ by designing systems with
automatic control systems. Some processes inevitably
involve an unavoidable degree of human involvement, such
as offloading bulk chemicals from road tankers. A number
of possible failures were identified that are typical of this
type of operation, such as; offloading the wrong material
causing a reaction hazard, insufficient space in the storage
tank leading to a tank overfill, or tanker drive-away in error
causing hose rupture. The assessment process for this activity
generated a number of recommendations to reduce the likelihood for error or provide extra mitigation factors to prevent
errors leading to major accidents.
A key recommendation was to develop a formal offloading checklist that is completed by the operator during
the offloading procedure, including signing off key checks
and providing a simple calculation tool to prevent tanks
being overfilled. An incompatibility matrix was developed
to identify chemicals with significant reaction hazards if
mixed in error, and this was used to ensure that offloading
connections between these chemicals were uniquely different. The PIF checklist was used to identify options to
reduce human error. For example the physical environment
guideword helped the team to identify poor lighting in the
bulk tank farm being a cause of error due to operators
not being able to read the chemical identity signs outside
of daylight hours.

Table 4. Human failure risk grid
Number of mitigation factors
Likelihood
of failure

0

1

2

3

Regular
Frequent
Probable
Occasional

Very High
Very High
High
Medium

Very High
High
Medium
Low

High
Medium
Low
Very Low

Medium
Low
Very Low
Very Low

The risk level estimated from the risk grid in Table 4
provides an indication of the criticality of the human failure.
Those with ‘low’ or ‘very low’ risk levels require no further
consideration other than whether there are simple improvements that could be made. For higher risk levels a proportionately more in-depth assessment is required to
identify potential improvement options. This should
follow a hierarchy of protective measures starting with
inherent safety, passive protection, active protection and
finally measures to reduce the likelihood of human failure.
This stage of the study resulted in a number of
improvement options to the engineering systems to reduce
the dependence on the operator. However, for some scenarios where it was not practical or cost effective for
further mitigation factors, options to reduce the likelihood
for human failure were considered. This was based on an
assessment of the PIFs on table 1, identifying those relevant
to the task under review and then considering improvements
required to reduce the likelihood. Although not required for
this study, an appropriate quantified human error analysis
technique should be carried out for human failures with a
high or very high risk level.
The results of the Human Reliability Assessment
were recorded on a form with headings as shown in Table 5.

SUMMARY
The Human Reliability Assessment methodology outlined
in this paper provides a structured risk assessment process
for human failures that have the potential to cause a major
accident. This meets HSE requirements under the
COMAH Regulations to demonstrate that ‘all measures
necessary’ have been taken to reduce the risks associated
with human factors to as low as reasonably practicable.
A team based approach involving operators was
effective in identifying how failures could occur during
routine operations, considering the likelihood of these failures and making recommendations to improve the job

RESULTS OF ASSESSMENT
For many processes on the Baker Petrolite site, the potential
for human failures leading to major accident hazards has

Table 5. Study record form
Task

Human
failure

Likelihood

Mitigation
factors

Consequence/
severity

4

Risk

Recommendations
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design in order to prevent failures. The risk based approach
allowed efforts to be focussed towards human failures
with the potential for serious consequences with little or
no mitigation of the risk. This approach also allowed weaknesses in the ‘defence in depth’ to be identified, allowing
recommendations for further layers of protection to be
proposed.
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SAFETY CULTURE: ‘BLACK ART’ OR ‘PARADIGM SHIFT’?
Cinzia De Santis, Patrick Hudson, Matthew Lawrie, Cory Shelton, Dave Rose, Ard van Bergen and Diane Chadwick-Jones
e-mail: santisc@bp.com
Catastrophic industrial accidents have been frequently associated with breakdowns in Safety Culture.
Statistical analysis performed in BP showed evidence of the relationship between Safety Culture and
incidents. In June 2005 a project was started in BP to identify a Safety Culture model applicable to all
activities and across the entire Group. The applicability and validity of the model was tested through
assessments in 5 pilot sites and the data analysed using basic statistical analysis (median, mode and
standard deviation). In parallel, best-in-class organizations were visited and an extensive review of
the theory was carried out. The knowledge acquired was the basis to construct the Safety Culture
model proposed for BP. In summary, an organization with outstanding Safety Culture needs to be:
informed (leaders know what is going on and are competent), mindful (everybody thinks of what
might go wrong), continuously learning (all events are seen as opportunities to learn), fair (everybody
knows the rules and are held accountable for their actions) and respectful (people feel included,
treated fairly and their personal circumstances are important). Some elements of the model are
innovative and emphasize the importance of inclusiveness and trust also with respect to Safety.

necessary to: determine the level at which the safety culture
currently operates, determine the ideal level to operate, and
then implement changes in order to reach that ideal level of
safety culture.
Researchers studying safety culture have classified
company cultures into several levels—based in part on
how they deal with safety-related information. Westrum
(1991) proposed a three-level classification scheme for communication flow in an organization (pathological, bureaucratic and generative). Based on this model, Hudson
(2001) expanded it and proposed a 5 level continuum:

INTRODUCTION
There are many different definitions of Safety Culture,
among which the following two are the clearest: “The
safety culture of an organization is the product of individual
and group values, attitudes, competencies, and patterns of
behaviour that determine the commitment to, and the style
and proficiency of an organization’s health and safety management” (UK HSE, 2002); and “Shared values (what is
important) and beliefs (how things work) that interact with
an organization’s structures and control systems to
produce behavioral norms” (Reason, 1998).
A strong Safety Culture per se is not enough to deliver
an outstanding performance, but needs to be in place though
to underpin Process Safety, Systems and Engineering. A
weak safety culture can be evident through the actions,
and inactions, of personnel at all levels of the organization
no matter how robust the systems and the engineering are
in that organization.
Academic research, the high-risk industries and governmental agencies have all identified Safety Culture as one
of the key root causes of incidents. In addition, major disasters in recent history (Chernobyl, 1986; Longford Gas Plant,
2000; Columbia Space Shuttle, 2003, amongst others (UK
HSE, 2002) have pointed to a poor safety culture as one
of the main causes of those events. The company widely
considered “best-in-class”, Dupont, considers Safety
Culture to be the basis of both outstanding safety and
business performance (Grubbe, 2006). In summary, both
research and industrial experience have shown that Safety
Culture is critical to drive Safety Performance.

.

.
.

.

.

Pathological Safety is regarded as a problem caused by
workers, the main driver is the business and a desire not
to get caught by the regulator. The organization cares
less about safety than about not being caught
Reactive The organization starts to take safety seriously
but there is action only after an incident has taken place
Calculative Safety is driven by management systems,
with much collection of data. The focus is on the collection and analysis of the data, rather than learning from it
Proactive There is the realisation that with improved
performance the unexpected is a challenge; workforce
involvement starts to move the initiative away from a
purely top-down approach
Generative in which safe behaviour is fully integrated
into everything the organisation does, there is active participation in safety at all levels, and safety is an integral
part of the business. Organisations at this level are
characterized by the term “Chronic Unease”

UNDERSTANDING THE CULTURE IN BP
BP has taken several steps to strengthen its organizational
Safety Culture, amongst those: implementation of behavioural safety observation programs for leaders and supervisors; implementation of Group Standards for Driving,
Integrity Management and Control of Work; a more
rigorous, uniform and consistent Safety and Operations

LEVELS OF SAFETY CULTURE
Many efforts have been made to understand and influence
Safety Culture due to its well-established relevance in the
overall performance of organizations.
Every organization has a safety culture, at one level of
development or another. To improve that safety culture, it is

1
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Management System across the whole group; addressing
the competencies of workforce; creating a robust Audit
process; and emphasizing the importance of Safety in the
reward system for high level leaders.

DEFINING THE IDEAL SAFETY CULTURE
With the information gathered from the pilot studies in
different parts of BP, the field visits, and the theory, it was
defined with more detail how the Generative level of the
safety culture ladder would look for a company such as
BP and this was considered as the way in which BP assets
want to operate.
In this ideal safety culture, the organization displays
the following characteristics:

THE OPPORTUNITY OF THE DATA IN BP
In specific relation to Safety Culture and behaviours, a study
was undertaken in 2005 using statistical analysis tools to
identify which were the most significant factors that drive
Safety performance. The data analysed was obtained from
different sources within BP: tr@ction (the BP global Incident
Reporting engine, which included: incidents, man hours,
safety observations, kms driven), Major Incident Announcements, High Potential incidents, People Assurance Survey,
Countries Culture, High Reliability Organization Assessments and a Safety Culture assessment using the Oil and
Gas Producers (OGP) Model.
Amongst all factors considered in the analysis, some
specific questions of the People Assurance Survey related
to the quality of Leadership and Safety Culture showed the
strongest significant correlation with Safety Performance.
This was not only the case for incidents related to personal
or behavioural safety but also for major incidents. These
findings were in concordance with the established theory,
and invited further enquiry.
To understand better the essence and the key
components of a strong safety culture, field visits were undertaken in high-risk organizations with exceptionally few
accidents and an extensive review of the literature was
carried out.

Informedness
Communications are fluid in both ways, so the workforce
tells management bad news and management is willing to
listen. Management knows what is going on and is prepared
to provide positive and/or negative feedback. Everybody is
prepared to report their errors and near-misses, and attention
is paid to details and small events. Managers know what
questions to ask because they are competent and they
make sure their workforce is competent as well. Managers
listen to those who know.
Mindfulness
Weak signals are reported and seen as opportunities to see
into the system. Information is not discarded or simplified.
Everyone thinks about what might go wrong. People can
deal with the unexpected, and they are well prepared to
deal with it. People listen to those with knowledge, and
decisions are delegated to the level in the organization
where the expertise resides.
Learning
There is learning from incidents which is acted upon
quickly. Organizations seek new ways of understanding
and working, and procedures are under constant scrutiny.
Training and more training creates competence, while
cross-training supports effective communication between
functions and specialists. There is a clear process for continuous improvement.

VISITS TO HIGH RELIABILITY ORGANIZATIONS
Recent studies of large, formal organizations that perform
complex, inherently hazardous, and highly technical tasks
under conditions of tight coupling and time pressure conclude that most will fail at some point, causing very
serious accidents to occur. There is a small group of organizations that appear to succeed under such testing circumstances with fewer than “normal” or expected accidents.
These are sometimes termed high reliability organizations
(HROs) (Weick & Sutcliffe, 2001; LaPorte 1996). The signature of an HRO is not that it is error free, rather that errors
do not disable it. HROs put a premium on expertise, and
look for personnel with extensive experience, skills and
training. Decisions are pushed down the line of command
to where expertise resides.
HROs do not operate in a command and control world
as this works only when there is a stable environment but not
when the unexpected happens. HROs cannot afford to be
wrong - an accident on an aircraft carrier or in air traffic
control can be catastrophic.
In order to understand better how HROs operate, field
visits included nuclear plants, flight operations aboard an air
craft carrier and a chemical plant. (See Figure 2 – Photo of
aircraft carrier flight deck)

Fairness
Everyone knows what is acceptable, as they helped define
the standard and it has been properly communicated. Everyone is aware of the consequences of their actions, both positive and negative, and communications are clear in this
sense. There is not a blanket no-blame approach, but
blame is reserved for truly egregious behavior, involving
recklessness or malice.
Respectfulness
The workforce is involved in all aspects related to safety
and they are encouraged to participate. People’s ideas are
listened to and taken into consideration. Workers are
treated with respect and safety messages take in consideration the local culture within which the organization is operating. Workers personal circumstances are taken in
consideration.

2
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Table 1. Example of questions and possible answers in the safety culture assessment tool relating to risk assessment and risk tolerance
How are risk
assessment
tools used?

Risk assessment
is done in
isolation by
the person
responsible
for safety.

The organisation
builds risk
assessment tools
around the
incidents that it
sees.

Many risk
assessment tools
are used in a
systematic way
with frontline
staff formally
involved but not
really engaged

How tolerant are
individuals of
risk?

They have to
tolerate the
risk if they
want to get
paid.

They don’t take
chances with
things they know
have hurt people
in the past.

They don’t take
chances with the
things that can
obviously hurt
them.

ASSESSING THE SAFETY CULTURE
Based on this model a Safety culture assessment tool has
been devised to:
(1)
(2)

(3)

People practise
day-to-day risk
assessment in
both formal and
informal ways to
effectively watch
out for each other
as well as for
themselves.
They think through
every activity
well in advance
and don’t take
chances with
their own or
others’ safety.

Russian, Arabic, German, Dutch, Danish and Spanish. The
tool is reviewed by the Business Unit, Asset or platform
before starting the assessment process to make sure that
the language is understandable and compatible with the
specific activity of the Business Unit (e.g. Marketing, Lubricants, Upstream, etc.) The full assessment cycle consists of a
12 Step process. Each step is described by a procedure and
all the procedures are available on an internal web site.
Although simply carrying out the safety culture
assessment helps raise the awareness and enables a conversation around the safety culture in the organization, the most
critical phase of the cycle is related to the improvement
plan. Once the gaps have been identified (see Figure 4:
Example of results from a safety culture assessment) the
leadership team of the unit agrees upon and commits to
implement the necessary changes to move to the next
level of safety culture.
The improvement program is based mostly on a
coaching framework where coaches are identified in the
business unit and trained to support their own leaders to
improve the safety culture of their organization. Best practices from other parts of BP and other organizations, training
programs and a continual support from the central organization are also made available to the business units where the
assessment and improvement process is taking place.
The importance of the global approach is emphasized
by having a cross culture – cross business operating model.

Assess safety culture strengths and weakness in the
Business Unit/site/platform,
Learn how perceptions vary among organizational
elements and hierarchical levels (including contractors), and
Identify areas of opportunity for material improvements in Safety Culture

The assessment tool covers 12 elements of Safety
Culture as follows:
.
.
.
.
.
.
.
.
.
.
.
.

There is an
understanding of
the need to
practise informal
risk assessments
on a day-to-day
basis in addition
to scheduled
ones.
They look at the job
ahead and don’t
take chances that
they think could
hurt them.

Management commitment
Two-way communication
Workforce behaviors
Learning culture
Production or cost vs. safety
Management systems
Attitudes towards procedures
Relationships with contractors
Local cultures
Team leader trust and respect
Major incidents
Attitudes towards risk

These are comparable with commonly cited important
elements of safety culture from academic and industrial literature, the regulator and include elements inspired by
internal BP studies. Two to three safety culture survey questions were devised for each element as listed above. For
each question, there were five responses relating to each
of the levels of safety culture. Table 1 shows examples of
the question and answers relating to risk assessment and
risk tolerance.
The assessment is completed on paper or in an electronic format and in the local language(s). As well as
English, the assessment tool has been translated to Azeri,

CONCLUSIONS
The project has raised awareness of the importance of group
and individual behaviours, social interactions at work,
values, beliefs and the relevance of local culture in the
way organizational safety is managed. In some cultures
the act of challenging one’s superior is more difficult than
in others and challenge is crucial when safety is being compromised. The project also helped to emphasise the importance of credibility and trust in being able to deliver an

3

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153

outstanding culture. These are “perishable goods” within an
organization, and as such they have to be continuously nurtured and renewed. Every day is a new day in forging and
maintaining these relationships; it never gets
institutionalized.
The assessments completed so far point toward both
barriers and enablers, on a local and organizational level,
to improving organisational safety. The assessment acts as
a “mirror” for the organizations involved in them, enabling
them to reflect in an objective way on how people at all
levels in the organization perceive their safety culture.
The understanding of what a safety culture is and how it
is experienced are used in the assessment tool and support
the coaching program. It takes such a difficult concept as
an organizational culture from the realms of the ‘Black
Arts’ into forms people can recognise in their everyday
activities.
The improvement tools and coaching program based
on the findings are helping business units/sites to develop
and enhance their Safety Culture. Additionally, some interventions have been made at organization level to support the
improvement of overall BP Safety Culture. The changes that
can be introduced form a paradigm shift as the organization
moves up the safety ladder.
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CRISIS MANAGEMENT: IMPROVEMENT OF KNOWLEDGE AND DEVELOPMENT OF A
DECISION AID PROCESS
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The catastrophic events of these last years such as the catastrophe of AZF in 2001 or the various terrorist
attacks lead to an evolution of the concept of risk by integrating dimensions of crisis and threat. The
damages which result from this are not present on a delimited area but impact the whole society.
The crisis organizations are destabilized by the unusual features of these situations. The managers
must anticipate these situations as soon as possible; react efficiently and in a fast way in order to
avoid the consequences of the crisis. However, the decision makers need a fast, clear and structured
expertise allowing a reduction of uncertainties related to the crisis and to increase the knowledge
about the situation. The objective of this paper is to present, after a state of the art on the crises, a methodology of decision-making aid to help the competent authorities through the assessment of a potential
of crisis usable in vigilance and during the emergency phase.

KEYWORDS: crisis management, industrial risk, lessons learnt, decision-making aid

as a simple emergency situation for others. Several definitions of the crisis exist and this notion is used and
abused (Shrivastava, 1993) in several domains. Some
characteristics reported in the literature allowing to
defined a crisis as a situation due to a sudden, surprising
and unexpected event (Boon, 2006), called also triggering
event that the probability of occurrence is low (Mitroff,
1988) and that causes severe consequences on human,
environment, properties, large economics and socials cost
(Shrivastava, 1993). But the main characteristic of a
crisis lies in the impact on an organization which presents
some difficulties to manage them. Indeed, the decisionmakers must face to negatives effects as the stress, the
lack of information, several uncertainties and a great complexity in the roots causes, in the consequences and in the
dynamic of the extreme situation.
A crisis can be understood as a process (Roux Dufort,
2005) that takes place in space and time. In this study, two
types of crisis can be defined as an abrupt crisis (1) versus
a cumulative crisis (2) in comparison with an accidental
situation (3) (Figure 1).

INTRODUCTION
The major risks which are caused by man made events or
natural events, are always inherent in our modern’s societies
but their apprehensions have changed at the beginning of the
eighties with the first researches on the subject. The catastrophic events of the last years such as the industrial disasters
in 2001 in France or the various terrorist’s attacks have brought
about some changes in the concept of risk by integrating
dimensions of crisis and threat in a more important way.
Nowadays, the European and French policies point out the
necessity of the improvement of crisis management in the
aim to deal correctly with these news and delicates situations
and to protect the populations. The objectives of this study is
to propose the development of an expertise usable in a continuous way, to anticipate on a trigger event while detecting the
warning signals but also to avoid a crisis of great scale by
taking into account the aggravating factors. This methodology
of decision making aid will help the decision-makers to anticipate a crisis but also to manage a crisis of great scale by the
assessment of a crisis potential index.
The paper is organized as follow. The first part,
through a state of the art, puts forward the characteristics
of a crisis in the aim to increase the knowledge about this
particular situation. Then, the paper presents the different
means to learn about a crisis and a case study to illustrate
this purpose and the last part will strive to provide the
principal phases of the methodology of decision-making aid.

1.

2.

CRISIS CHARACTERISTICS
As for the risk, the notion of crisis is a concept due to the
fact that each actor taking part in the crisis management
has a different vision according to their perception and
their domain of competencies. Indeed, a same situation
can be perceived as a crisis for some of them but also,

3.

1

The abrupt crisis results from a trigger event, of which
the kinetic is instantaneous and of which the hazard
potential is high, causing a crisis that develops under
the actions of aggravating factors.
A contrario, in the case of a cumulative crisis, the situation appeared in a gradual way (during several days or
months), after a trigger event, under also the action of
aggravating factors.
In the case of accidental situation, an immediate
response takes place. The management of the situation
is without main difficulties. This type corresponds to a
classical process of emergency.
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Figure 1. Conceptualization of dynamics process of major accidents and major crises

Various numbers of stages can be defined allowing
understanding the crisis process
. The warning signal or incubation period (Turner,
1978): This period corresponds to an accumulation of
little events or incidents that can be advertised if the
organization is able to detect the warning signals.
They correspond to indications that can inform about
the occurrence of a trigger event or a crisis. Two type
of signals are defined as the weak signal (information
imprecise and early that the quantity is poor but that
the time of anticipation is greater) and the high signal
(quantity of information is important but the time of
anticipation is reduced). Generally, various means of
detection or alert are set up to inform the population
but also the employees of industrial plants of the
occurrence of a trigger event. But several crises can
be preceded of warning signals but it is noted; after
an analysis of lessons learnt from past, that some
signals have not been detected or no take into
account in time.
. The trigger event: The nature, the intensity but also the
numbers of event can initiate an abrupt crisis or a cumulative crisis. As soon as possible, different emergency
plans are prompted. A command chain and a crisis organization are set up in order to deal with the situation and to
limit the consequences. An emergency phase takes place
(Cf. Figure 1).
. But, under the action of aggravating factors, the accidental situation can amplify in different steps of time
either in abrupt manner (1) or in a slower way (2).
They correspond to parameters that amplify (Gatot,
2000) an initial situation to lead to a crisis. They can
be many origins as, for example, technological (collapse
of communication), organizational origin (lack of
coordination). These parameters contribute to create a

.

complex situation and to affect the decision aid
process. The decision-makers have to implement
news actions and news plans according to these news
parameters in order to quickly get out of the crisis.
Other important phase corresponds to the resolution
and the end of management. During this transition
phase before the return to a normal situation, decision
makers should maintain their vigilance and even
should strive harder than ever in order to avoid the
occurrence of news events inducing a new crisis
situation (Lagadec, 1991).

For this reason, this study aims to develop a
decision-aid process in order to improve the crisis management but also to reduce the impact of the situation
on the decision process. The increase of performance
must be based on the lessons learnt because that allows
to determine and integrate the warning signals, the aggravating factors but also all the negatives and positives
parameters that contribute to create a crisis.

HOW LEARNING? LESSONS LEARNT,
EXERCISES AND SIMULATIONS
The risk management and particularly the industrial risk
assessment can be based on the lessons learnt after an
event but this practice is not systematic for natural hazards
(Ayral, 2004).
The lessons learnt after an accident or a crisis take
place in different step of time.
.

2

Immediately after the end of the event, generally one
week, a first study is conduced in order to collect the
first impressions, positives or negatives, of the actors
but also to list damages or indirect consequences
(Ayral, 2004). This step can be named the immediate
lessons learnt or lessons learnt on the spot.
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. The second step of learning takes place several months
later. These studies are more complete and have for
objectives to analyse the roots causes of the accidents,
to describe all the consequences, to try to find the aggravating factors and the warning signals, to highlight the
failures, in the aim to improve, in the future, the anticipation and the detection of a crisis, but also to put the
organizational failures, in an obvious, without trying to
seek responsible.

as 30 fatalities which 21 on the site and 9 off-site, about
9 000 peoples injured with hospitalization (about 860) or
medical care The sanitary consequences, in long term, on
the population were principally due to three effects:
toxicological – transient eyes effects and respiratory
effects for the people leaving nearby-, traumatic – blast
effects due to the overpressure causing three types of
lesion as body wounds (418 persons), eyes injuries and ear
traumatism (522 persons) – and physiologic – post-traumatic stress (5 600 persons), psychotropic treatment,
depression – (INVS, 2006).

Beyond the operational aspects that are generated by a
crisis, the lessons leant is essential in order to put forward
the factors which led to this situation. Indeed, lessons
learnt allows to highlight the positive and negative aspects
in order to capitalize the knowledge acquired during the
crisis, thus to prevent the occurrence of a forthcoming
crisis, to improve the vigilance by detecting warning
signals (Wybo, 2004) and trigger event of a crisis but also
the aggravating factors.
The learning can be made also through exercises or
simulations of accidental scenarios allowing to improve
the coordination between the varied actors via an increase
of knowledge of “With which I must work? How must I
work?”, to test the operational techniques, the emergency
plans and to prevent in fine individual error (Crichton,
2001).
So that the learning about crisis was efficiently, the
exercises and the lessons learnt must integrated the
various characteristics of the crisis that is a description of
the accident and the consequences but also the weak
signals and aggravating factors in the aim of not starting
again the last errors and to capitalize the knowledge as in
the following example.

Material effects
The extent of the materials damages in the city of Toulouse
was very important and was estimated of 1 500 million
Euros by (Dechy, 2004, b) with 75 000 notifications of disaster including about 30 000 housings and 12 000 families
have to be rehoused, several schools and universities were
damaged and required to be built again and about 1 300
companies were damaged causing about 7000 persons
unemployment.

THE CRISIS MANAGEMENT: EXAMPLES
OF AGGRAVATING FACTORS
FOR THE ACTORS
During the first days of the crisis, about 1500 persons were
mobilized to manage this extreme situation.
Several problems have emerged and have contributed to lead to a complex situation. In the aim to understand recurring problems in crisis management, some
examples of difficulties encountered by firemen, Mobile
Emergency Medical Service, policemen, are exposed
(INESC, 2002).

ILLUSTRATIVE CASES STUDIES
The 21st September, at 10h17, a terrible explosion occurred
in Toulouse generating the greater catastrophe in France of
the last years.

.

ACCIDENT DESCRIPTION
The explosion took place in a warehouse used for a temporary storage of “off-specifications” ammonium nitrate. The
mass of the substance was estimated by INERIS (Dechy,
2004, a) in a range of 20 –40 t of TNT that is the equivalence
of 20 –120 t of Ammonium nitrate involved as reactant. The
roots causes of the explosion haven’t found an agreement
among investigators and a controversy about the ignition
source of the ammonium nitrate stored.

.

.
.

CONSEQUENCES OF THE ACCIDENTS
The extent of the damages following this terrible explosion
is impressive principally on the population of Toulouse and
on the buildings.

.

.

Human effects
According to the different report (INVS, 2006; Dechy,
2004,a; INESC, 2002), the first conclusions have identified

Problem for the location of the accident area due to a
large scale of shock wave impacts and the several calls
for terrorist attacks in the centre of the city. Indeed,
the explosion has occurred one week after the World
Trate Center generating a climate of worries.
Collapse of the entire communication network during 10
minutes for the emergency call and during 8 hours for
the rest of the city cutting of Toulouse from the France.
No adequate protection for the first firemen and no gaz
detector for toxic cloud
Overloading of the radio networks leading to difficulties
for emergencies services to communicate, to transfer
information’s. This is created a slowdown and a nocoordination of the organization on site. The overloading of the communications ways has also aggravated
the management of the accident.
Imbalance between the means and the needs requiring
emergencies reinforcements that are arrived 12 hours
after.
Definition in emergency of a new strategy of injuries
management to deal with the extent of the accident.

What lessons can be learnt about this dramatic accident? This extent of this event has demonstrated a limited

3
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response capacity of the first aids (or rescuers) and has highlighted several gaps as a lack of preparation for crisis management when the risk is unknown, a lack of information
about the nature of the explosion, difficulties to identify
an unknown risk, difficulties to manage the flows of circulation, problem of transmission of information, the lack of
emergency-plan for the policeman and some difficulties in
hospital for managing a massive surge of victims.
Several lessons and news regulatory plans were created
after this greater catastrophe as:

that coming from their environment, in a continuous way,
24 h/24 h. This methodology will allow an anticipation of
changes caused by an event that potentially can produce a
crisis while reducing their vulnerability and the uncertainty
of the situation.
The general objective of this study is double:
.
.

. Reinforcement of emergency response and planning
. Reinforcement of risk assessment
. News regulation in European Union and in France

To anticipate, in vigilance, a trigger event that can
induce a crisis of great scale.
To mitigate an important crisis during the emergency
phase by detecting the aggravating factors that can
amplify the initial situation.

To be done, several indicators will be defined in the
aim to establish a level of crisis allowing informing in a
clear way, the manager.
This methodology allowing establishing a potential of
crisis, is composed of two stages (Figure 2):

This case allows defining several aggravating factors
can be proposed as for the communications: the default in
alert, the collapse or rupture of networks, the lack of communication being able to create a lack of coordination
between actors. This dramatic event allows to define and
to target the essentials information’s useful for the anticipation of various problems that an organization could face
during a crisis.
The lessons learnt after an accident are essential in
order to highlight the negatives and positives causes and
consequences of the crises but also to seek the warning
signals and the aggravating factors in the aim to
improve the management thought a decision-making aid
process.

Stage 1: The characterization of the crisis system.
Stage 2: The definition of indicators and the definition of the
potential of crisis. This stage corresponds to the organization of the information, to the definition of the indicators
used to assess the potential of crisis.
THE CHARACTERIZATION OF THE
CRISIS SYSTEM
The first step of the methodology corresponds to the targeting
of the information’s characterizing a crisis. For this, a systemic approach is used to structure the problem. A crisis
can be defined as a trigger event that impacts the stakes
(the humans and their activities, the natural and built environment), the actors who set up various actions, the whole in a
political and international context favourable for a crisis.
Several resources (cases study, lessons learnt) are used to
create different typologies (trigger events, stakes and the
potential consequences, actors, weak signals and aggravating
factors) that constituting the input data. These different

A SOLUTION TO ANTICIPATE AND MITIGATE
A CRISIS: THE DEFINITION OF A
DECISION-MAKING AID PROCESS
OBJECTIVES
The aim of this study is to propose a framework allowing to
the crisis manager, within the case of industrial, natural or
intentional crisis, to collect and analyse the information’s

Figure 2. The definition of the decision making process
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typologies allowed defining each indicator and finally the
potential of crisis.

Step 2: Construction of hierarchical structures
In order to answer to the potential of crisis problematic, the indicators, the criterions and the elements must
be organized. Therefore the step two consists to establish
several hierarchical structures.
The construction of a hierarchical structure requires
the creation or the identification of links between the
various levels of this structure (Tixier, 2006). Four levels
are defined. The upper level corresponds to the global objective i.e the assessment of the crisis potential (Figure 3).
Therefore, the quantification of each indicator (Level 2) is
assessed by a set of criterions (level 3) and elements (level
4). But other hierarchical structures take place at all the
levels. These structures allow then to compare the importance of each criterion with another one is evaluated by the
way of binary comparison.

THE DEFINITION OF INDICATORS AND CRISIS
POTENTIAL
The objective of the methodology is thus of to create a
potential of crisis based on the aggregation of indicators.
For these, the use of a multi-criteria decision method
proves to be adequate.
Indeed, the decision making process in crisis management is qualified as complex because several elements of
description and analyses of the process of crisis intervene in
an interactive and interdependent way. So, to take the right
decision in the right time, it’s necessary to organize the information’s. For this, a multi-criteria hierarchical method (Saaty,
1984) is used because it brings an organization of information
and appreciations which intervene in the process of decisionmaking (Tixier, 2006). Five main steps are defined:

Step 3: Construction of function describing each
hierarchical structures
From each hierarchical structure, the functions are
deduced. For example, the function for the crisis potential
could be defined in the following way (Eq. 1):

Step 1: Identification of criteria and elements qualifying
each indicator based on the characterisation of system
defined previously.
As underline previously, a crisis can be understood
through a systemic approach allowing defining several sub
system as the context, the trigger event, the crisis actors
and their actions, the consequences on the various stakes,
the weak signals and the aggravating factors. Each sub
system corresponds to a general indicator. Thus for each
indicator is defined according to several criterions and
elements. The objective being of to anticipate a crisis
through vigilance, the indicator weak signal could be
characterised, for example, by criterion that put in exergue
an increase of activities in different emergency services by
the use the criterion “call” and “activities” for a specific
event compared to a normal. The normal will be defined
regardless to the activity of the precedents months or years.
After the collect of information allowing the qualification of each indicator, the following step corresponds to
the organization of this information.

Potential of Crisis ¼ a  IContexte þ b  ITE þ g  IActors
þ d  ICq þ eIWS þ z IAF
(1)
With TE, trigger event; CQ, consequences; WS, weak
signals; AF, aggravating factors. The weight of each indicator will be assessing by expert judgement.
The indicator “weak signal” being composed of two
criterions “Call” and “Activities”, the function could be
defined (Eq. 2 and Eq. 3) as:
I Call ¼ a I call (F) þ b I call (MEMS)
þ g I call (Hl) þ d I call ( . . . )

(2)

I Activities ¼ a I action (Firemen) þ b I act (MEMS)
(3)
þ g I act (H) þ d I act ( . . . )

Figure 3. The global hierarchical structure of the potential of crisis
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With F, Firemen; MEMS, Mobile Emergency
Medical Service; H, Hospital,
Step 4: The collect of expert’s judgments
This step corresponds to the assessment of the priority
between each criterion based on pairwise comparisons of
elements. The experts assess the relative importance of an
element compared to other of the same hierarchical structure
through a numerical scale (Saaty, 1987). The expert judgement is collected through the use of questionnaires. At the
end of this step, each indicator, criterion and element will
be modified by a weigh (corresponding, in this example,
to a, b, g, d, e , and z ).
Step 5: Validation of coherence
To validate the coherence of expert judgement, a ratio
of coherence for each hierarchical structure will be
calculated.
But several limits emerge and will take into account.
By definition, a crisis is an only situation. The lack of information but also the abundance of information can be also a
revealing indicator of crisis. Some elements present during a
crisis can have any effect whereas in other situation, they
can have an aggravating effect and amplify the initial
situation.
CONCLUSION
The crisis management is one of the political issues of the
European and French governments. Indeed, each year, a
crisis of great scale impacts societies causing more and
more dramatics damages on the population but also on the
economy of a country. The crises correspond to dynamics
phenomenon’s which can be defined by an event approach
(trigger event is the starting point of the crisis in the case
of abrupt crises) or by a process approach (the crisis has
started before and under the impact of a trigger event,
increases in intensity). The improvement of the crisis management can be process by several ways as:
. An increase of the knowledge about these extremes situations through the formalisation of lessons learnt from
the past and by the use of simulation in the aim to
improve the coordination between actors
. The definition of an expertise usable in a continuous
way, to anticipate a trigger event while detecting the
warning signals but also to avoid a crisis of great scale
by taking account the aggravating factors via the creation of a crisis potential index. A crisis represents an
opportunity to learn.
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This paper describes a practical holistic model to help the UK Health and Safety Executive and
other key stakeholders understand how Human Factors (HF), Safety Management Systems
(SMS) and wider Organisational issues fit together. The 3 areas were decomposed into simpler taxonomy components which were used as building blocks in an integrated reconstruction, adding risk
control as a central linking component. The taxonomy was used to analyse a small sample (eight) of
major chemical accidents. Repeated failure patterns provided the basis for the building of an Archetype (idealised model) comprising HF, SMS, Organisation and Risk Control. These were presented
graphically as linking triangles, each with a theme defining the functional relationship between
them. This holistic archetype was called a Warning Triangle. Four basic Warning Triangles
were identified, representing the key holistic functional failures of all the accidents: Understanding
of Major Accident Prevention; Competence for tasks; Priorities, attention & conflict resolution; and
Assurance. These were grouped as a multi-dimensional archetype called a PyraMAP (pyramid
shape and Major Accident Prevention theme). The idea is that the archetypes will be used as a
basis for developing stakeholder issues as instances of identified archetypes. Issue instances will
form the basis for practical applications. The model is a management tool for building holistic
models by teams whose skills will map onto the underlying taxonomy areas. It allows for further
taxonomy development and flexibility in developing new archetypes. Users will be able to
express concepts formally by defining the constraints of archetype instances and in practice form
the basis for development of holistic guidance, inspection and accident investigation. This paper
illustrates the working of the model with examples. The method is aimed particularly at ensuring
the integration of Human Factors into HSE’s activities in major hazards.
This paper and the work it describes were funded by the Health and Safety Executive. Its
contents, including any opinions and/or conclusions expressed, are those of the author(s) alone
and do not necessarily reflect HSE policy.

KEYWORDS: human factors, safety management, organisation, risk control, model

involved. This can include safety report assessment, site
inspections, accident investigation and communicating
about health and safety. The focus was primarily on safety
at major hazard chemical sites, but with a view to a wider
application.
HSE want to improve the understanding of Human
Factors and Safety Management Systems. There is already
relevant guidance such as HSG 48 (Health & Safety Executive, 1999) and HSG 65 (Health & Safety Executive, 1997a)
which address these areas. The human contribution to accidents has been well known for some time (Health & Safety
Executive, 1989a):

INTRODUCTION: THE NEED FOR HUMAN
FACTORS IN AN INTEGRATED MODEL
The application of Human Factors (HF) to safety in hazardous work situations is often poor. In practice it requires
an understanding of human capabilities and fallibilities so
as to be equipped to recognise the relationship between
work demands and human capacities when considering
human and system performance. The aim is to eliminate
or reduce the chance of adverse behavioural outcomes
which can lead to harm through accidents or chronic
exposures to conditions adverse to health.
This paper describes a program of work that was
undertaken to help the UK Health & Safety Executive and
other key stakeholders understand how Human Factors
(HF), Safety Management Systems (SMS) and Organisation
fit together (Bellamy, Geyer & Wilkinson, 2006; Bellamy
and Geyer, 2006). The aim was to develop a simple
working integrated model for a more cohesive and structured
approach to HSE’s activities where Human Factors is

“Management of human factors is increasingly
recognised as having a vital role to play in the
control of risk . . . . Successful management of
human factors and control of risk involves
the development of systems designed to take
proper account of human capabilities and
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fallibilities. . . . It is now widely accepted that
the majority of accidents in industry generally
are in some way attributable to human as
well as technical factors in the sense that
actions by people initiated or contributed to
accidents, or people could have acted better to
avert them”.

(HMSO, 1999) and assessment guidance (Health & Safety
Executive 2006) are quite explicit about the required SMS
components. It is what the regulatory inspector in the
field inspects; he checks the site for evidence of a robust
SMS. If the inspectors have to issue improvement notices
then this has to relate back to the regulation. The
COMAH SMS is focused on preventing loss of containment,
on managing the technical system, and defines a system of
management processes that implement safety policy.
The overall structure is shown in Figure 1. While the
taxonomy is in some places major hazard chemical industry
specific, Figure 1 can be applied quite broadly, where
necessary substituting an industry/hazard specific
vocabulary.

In recognition of this human contribution to accidents, the Health & Safety Executive employs a number
of Human Factors specialists. These specialists support the
assessment and inspection of major hazard chemical sites
which fall under the Control of Major Accident Hazards
Regulations 1999 (COMAH). However, HSE and other stakeholders have often experienced difficulties in explaining
and communicating about Human Factors and, in particular,
how the subject area overlaps and interfaces with safety
management systems and wider organisational issues in
the context of risk control. It was anticipated that a
working model could help here.

ACCIDENT ANALYSIS
A selection of 8 major accidents, for which detailed investigation reports existed, were analysed using the taxonomy. In
discussion with HSE, the following accidents were chosen:
.

TAXONOMY DEVELOPMENT
Initial work involved the assembling of source material and
the development of a taxonomy or classification of the
elements (human factors, safety management systems and
organisation), together with HSE’s definition of risk
control systems. The structure of the taxonomy was based
as far as possible on existing systems and identified groupings of elements based on the background literature. There
were 850 elements of which 240 were Human Factors.
The HF elements include: performance shaping factors
(PSFs) affecting demands such as nature of the job; task
design (displays and controls, operator information, workplace layout, workload, written procedures); environmental
PSFs (heat, lighting, noise, etc) and stressors (such as false
alarms or process upsets); capacity PSFs relating to individuals (such as experience, competence, attitudes, risk
perception); psychological capacities (covering attention,
alertness, vigilance, arousal; perception and adaptation;
cognition/understanding; memory etc); anatomical and
physiological capacities (such as work rate, biomechanical
and anthropometric capacities); and human behaviour outcomes, i.e. symptoms of demand capacity mismatch,
(such as absenteeism, fatigue, illnesses, injury, human
slips, mistakes and violations).
Organisation is characterised by the division of tasks,
design of job positions including selection and training and
cultural indoctrination, and their coordination to accomplish
the activities. The main issues of organisation and safety
have been summarised in Bellamy et al., (1995) and
include factors such as complexity (chemical/process,
physical, control and task); size and age of plant, and
organisational safety performance shaping factors such as
leadership, culture, rewards, manning, communications
and coordination, social norms and pressures.
The part of the taxonomy dealing with the Safety
Management System was based on the Control of Major
Accident Hazards Regulations 1999 since the regulation

.

.

.

.

.

.

.

Flixborough (UK, 1974): Explosion due to release from
a temporary bypass assembly of inadequate design operated by insufficiently competent people (Health &
Safety Executive 1975).
Grangemouth (UK, 13 March 1987): Fire due to passing
valve (poor design) and inadequate isolation procedures
(Health & Safety Executive 1989b).
Allied Colloids (UK, 1992): Fire following misclassification of chemicals and failure to segregate incompatible
substances in storage (Health & Safety Executive, 1993).
Hickson & Welch (UK, 1992): Jet fire following
runaway reaction during non routine vessel cleaning
due to lack of awareness of risks and inadequate precautions (Health & Safety Executive, 1994).
Cindu (The Netherlands, 1992): Explosion due to runaway
reaction in a batch processing plant. Trainee using wrong
recipe in an old poorly designed plant (Bellamy et al.,
1999).
Associated Octel (UK, 1994): Fire due to poor awareness of risks in complex poorly maintained plant
(Health & Safety Executive, 1996).
Texaco (UK, 1994): Explosion and fires due to incorrect
control instruments, poor MMI and alarm system and a
lack of management overview (Health & Safety Executive, 1997b).
Longford (Australia, 1998): Failure to identify hazards
and properly train operators. Insufficient understanding
led to a critical incorrect valve operation (Hopkins,
2000).

The taxonomy was implemented in an Excel worksheet and provided a framework against which the sample
of accidents was analysed. The analysis consisted of
noting for each accident those elements of the taxonomy
that the accident reports identified as being causal in
nature (or present for those descriptive aspects), i.e. a taxonomy element was only coded if the accident report
suggested it as a contributory factor.
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Figure 1. Basic taxonomy structure

When viewing the results across all the accidents,
failure patterns could be identified, so-called sociotechnical
failures, which impact on human performance. How the
elements came together in the accidents and the repeated
failure patterns found, provided the basis for defining the
model. Four key themes were identified which best
explained how the accidents arose.

4.

Failure to monitor whether the risk control objectives are
being met, to retain knowledge and memory about risk
control, and to learn and adjust in order to prevent deviations or actions which could lead to loss of control.

THE MODEL
The model is simple. It comprises combinations of accidentlinked components from the HF, SMS, Organisation, and
Risk Control areas (colour coded – see Figure 2). A particular combination involves one or two taxonomy components
for each of the four areas which can be defined by a
sociotechnical theme that binds them together. The theme
is an overarching concept which can be considered
“archetypical” of accidents.

1. Failure to provide people to manage hazard related
activities who understand risk control requirements
2. Failure to provide competent people to carry out tasks
which have an impact on risk controls
3. Failure to prioritise, attend to and communicate about the
design of jobs, equipment and environment for those tasks
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Competence

Competence for tasks

Figure 2. Format and coding for a warning triangle: the basic
mother archetype

Figure 4. Triangle 2 – competence for tasks

Based on the accident analysis, four key themes were
derived: Understanding of Major Accident Prevention;
Competence for tasks; Priorities, attention & conflict resolution; and Assurance. These archetypical combinations are
represented as ‘warning triangles’ (see Figure 3 to
Figure 6) and represent the basis for identifying real
instances of the archetypes in practice.
The characteristics of the four archetypical triangles
are as follows:
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1. Understanding of (Major) Accident Prevention – This
is about identifying hazards and risks and about selection and training of people so that they understand the
risks and what to do about them and ensuring they
have the right roles and responsibilities for controlling

the risks. Failure to do these things leads to mistakes,
an accident trigger in all of the 8 major accidents analysed (see Figure 3).
Competence for tasks - Ensuring people who are
involved with risk control tasks have the appropriate
competences for those tasks. Training inadequacies
and lack of competence can cause an essential
element of control to be absent when a demand is
made on the risk control system (see Figure 4).
Priorities, attention & conflict resolution – Getting
worker involvement and communications about inadequacies of job and equipment design so that demandcapacity mismatches can be fixed. Mismatch failures
like excessive workload can result in tunnel vision
and divert attention away from safety (see Figure 5).

Priorities, attention & conflict resolution

Understanding of MAP

Figure 3. Triangle 1 – understanding of major accident
prevention (MAP) measures

Figure 5. Triangle 3 – priorities, attention & conflict
resolution
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4. Assurance – Ensuring that standards and procedures get
used. Sometimes, the organisation fails to update its
own knowledge base. Sometimes, a standard (such as
from external sources) is overlooked or thought not
to apply, or it is lodged with someone in a different

Un

Selection &
training, roles &
responsibilities

AP

MAP
measures

Cognition &
understanding

Understanding of MAP

co

ic
nf l

a
s,
itie

o
nt i
tte

r
r io

e

n&

or

Employee
involvement &
communication

ten
ce
f

P

e

mp
e

co

Goals &
procedures
for MAP

Organisational
knowledge &
learning

Competence

Behavioural
outcomes

Assurance

Competence for tasks

Figure 7. PyraMAP (combining the four warning triangles)
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The four primary chemical major accident prevention
(MAP) warning triangles developed in this initial phase of
work can be joined to make a pyramid i.e. the pyramid of
chemical Major Accident Prevention (the PyraMAP). This
can be created using the template provided in Figure 7.
The pyramid is a 3-D representation of the four main triangles identified. In principle any issue could be examined
using a basic archetype or a multidimensional archetype
(made of several basic archetypes).
The PyraMAP represents the fact that the 4 triangles
are linked by issues which cut across the 4 areas of understanding, competence, priorities and attention and assurance
and which cannot be explained except by reference to all of
them. For example, at Longford some people did not have
knowledge of the risks in a very fundamental area and yet
the company had demonstrated to itself that they had the
necessary competences, even verified by audit.
Rather like hazard warnings are found on vessels and
pipework, we imagined PyraMAPs sitting on managers’
desks as a warning to take the holistic view.

ur
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position in the organisation and so distanced from the
persons who need it. Aspects like modifications or
organisational change may exacerbate this problem or
create the opportunity for this organisational weakness
to be realised (see Figure 6).
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the competence delivery system is being used to
include competence in [the correct identification
and response to vessel overfilling] by persons
undertaking risk control tasks and their
management?
. HF – Competence.
W
Do tasks requiring [the correct identification and
response to vessel overfilling] have people competent to do so? e.g. do they have appropriate recognition abilities?
3. Priorities, attention & conflict resolution
. RCS – MAP Task design.
W
What are the important design features of the
tasks and the associated equipment and information that optimise [the correct identification
and response to vessel overfilling]?
. ORG – Use of communication systems to facilitate
major hazard communications.
W
How do the communication systems facilitate
discussion with management about problems in
the workplace that might relate to [vessel overfilling]?
. SMS – Processes for employee involvement and
communication.
W
Are there criteria and procedures for involving
the workforce in discussions with management
about [vessel overfilling]?
. HF – Demands.
W
Are the demands on a person to [correctly identify and respond to overfilling] well within their
psychological, anatomical and physiological
capacities (e.g. labelling, lighting, location, information, procedures, workload, and other aspects
of task design)?
4. Assurance
. RCS – MAP Goals and procedures, standards and
guidance.
W
Do the important design features of the tasks and
the associated equipment and information that
optimise [the correct identification and response
to vessel overfilling] comply to recognised standards or best practices?
. Organisation – Organisational learning.
W
What means does the organisation have to identify weak spots in [prevention of vessel overfilling], intervene with corrective measures in the
short term, and incorporate into organisational
memory in the longer term so that improvements
are preserved?
. SMS – Processes for measuring performance.
W
Are there performance objectives and procedures
for supervision and monitoring for performance
of tasks where [failure to identify and respond
to vessel overfilling] could give rise to a major
accident?
. Human factors – Behavioural symptoms.
W
Have people been making mistakes or near misses
in [preventing vessel overfilling] or complaining

DEVELOPING QUESTIONS FOR ASSESSMENT,
INSPECTION & INVESTIGATION
An example of how the model can be used to develop questions, consider a risk control issue in the chemical industry.
One of the risk controls that can and has failed is the system
of controls that prevents a vessel from overfilling. Human
performance could fail the system in a variety of ways –
for example, errors in maintenance of the instrumentation,
disabling interlocks, ignoring alarms. In a plant with a
potential for vessel overfilling, human failure could be an
important issue of concern. Once a safety issue has been
developed, the model assists with translating it into
queries to examine the issue in a holistic way. Queries concerning overfilling of vessels can be developed by turning
the themed definition of the component into a question.
These questions are presented below for each of the four
triangles.
1. Understanding of Major Accident Prevention (MAP)
. RCS – MAP Risk controls.
W
What risk control measures have been identified
from the risk assessment to prevent a major accident resulting from [overfilling of a vessel]?
. ORG – Use of organisation’s selection and training
system to deliver resources for risk control.
W
How is the organisation of selection and training
used in order to deliver understanding of controls
(and the effects of loss of control) for major accident prevention where [overfilling of a vessel]
could play a role?
. SMS – Criteria and procedures for risk assessment.
W
Does the risk assessment process have criteria
and procedures which lead to the inclusion in
the assessment process of [overfilling of a
vessel] and the possible consequences of [overfilling]?
. HF – Workforce understanding of MAP and their
MAP role in the tasks:
W
Do people in jobs that could be directly or
indirectly related to preserving MAP measures
understand the risks that could lead to [overfilling
of a vessel] and the possible consequences i.e. do
they have the appropriate situational awareness
and expectations?
2. Competence for tasks
. RCS – Identification of human allocated MAP tasks.
W
What tasks have been identified that support the
prevention and control of [vessel overfilling]
such as [responding to alarms]?
. ORG – Use of organisation’s selection and training
system to provide and allocate the necessary and sufficient competences.
W
How is the organisation of selection and training
used in order to deliver competent manning for
prevention of [vessel overfilling] as a major accident initiator?
. SMS – Processes for delivering human competences.
W
Are there criteria and procedures to ensure that
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about difficulties or other self reported problems in
this area? Or, do periodic tests of competence in
[preventing vessel overfilling and the correct
identification and response should it occur] or in
following procedures conclude that the system is
currently meeting performance requirements?
Because the series of questions above is generated
from the warning triangle archetype, they can be generalised
to any particular issue simply by inserting the appropriate
issue text providing it is within the constraints of the archetype. For example, consideration of chemical misidentification as a major hazard scenario could use terms such as
[misidentification of chemicals], [correctly allocating consignments to appropriate storage location] and [the correct
identification and related handling of chemicals] instead of
[vessel overfilling], [responding to alarms] and [the
correct identification and response to vessel overfilling].

Compliance
with COSHH
regulations

Measures to
prevent
exposure

Knowledge where
you need it

Hazard
recognition
(long term nature
of the risk)

Understanding prevention of occupational asthma

Figure 9. Triangle for understanding occupational asthma
prevention

WORKSHOP
Support materials were developed to assist in applying the
model to a broader range of issues. These included analysis
proformas and the generic questions. Simple steps were
defined for using the model. A workshop was held with
HSE specialists from a broad range of industry sectors in
order to present the model and to test its use in examining
stakeholder issues. A diverse range of issues of interest
were examined including: scaffolders’ understanding of
fall protection/protection measures and understanding
occupational asthma prevention (see Figures 8 and 9). Feedback from the workshop was primarily positive but that the
model could be improved. There was insufficient time to
properly cover integration with existing inspection
approaches.

CONCLUSION
The model is flexible in that additional or alternative taxonomy elements can be substituted or added to define situation
specific technical systems and regulatory requirements in
different areas of application. Much of the human factors
and organisation taxonomy elements are generic and have
wide applicability as developed. The model has a sound
empirical basis and appears to be suited for potential application to developing guidance, accident investigation, use
by the duty holder and use by inspectors unfamiliar with
Human Factors. It was initially perceived as weaker on supporting inspection approaches aimed at higher level management. A main conclusion was that the training and
packaging of the model could be improved upon.
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USING EXPERIENCE AND KNOWLEDGE TO REJUVENATE THE SHE
LEARNING PROCESS
Eur Ing Dr F K Crawley
University of Strathclyde, Glasgow; e-mail: frank.crawley@strath.ac.uk
This paper examines the history of incidents in the process industry and shows that there are still
difficulties with the accessibility and use of accident databases as there is still a slow, demonstrable
loss of corporate and industrial memory. This in turn results in accidents, of the same general
nature, recurring with depressing regularity. There are many reasons for this and it is now necessary
to develop a means of capturing the knowledge, which is undoubtedly available, in such a manner
that it is meaningful and usable, and then recycle it to those who should know of it. This requires a
new approach to “knowledge management”. The impediments to this recycle are discussed.
This paper may appear critical of industry as a whole. It is a Cri de Coeur for the process industry
to which the author has given all of his working life, mostly in the field of Loss Prevention.

KEYWORDS: lessons learned, accident databases, knowledge management, culture

level further to identify the true root causes, in which case
the error could be that of “management”. This may be due
to lower competence but whatever the causes it leads to
reports of lower quality. While these are weakness in all
databases it does not detract from the value of databases.
However there is the difficulty of ensuring that they are
accessed and the messages are read, understood and acted
upon. Further, too often there is the assumption that the
failure in one industry has no application in a second, in
other words the true messages are not recycled into “learning points” for a second industry. In terms of “knowledge
management” it is about understanding the context and
dynamics of the incident that ids important, this is often
lost in the rationalised database formats – it is the sequence
of the events – or the story – that counts.

INTRODUCTION
It is recognised that the accident rates for the process industries
are, on balance, falling but not necessarily as fat as many
would wish. The reasons for this are not always evident and
in recent years there has been an effort to “rejuvenate the learning process”. These are evidenced by R2P2 [1], the OECD
Meeting in 2005 [2], a very interesting meeting of the
Hazards Forum [3] and an Inter-Institution Safety Project
run under the auspices of the major Engineering Institutions
[4]. Of some concern is the repetition of the same accident
types, with the same causations, not only within an industry
but worse within the same company. This probably started in
the 1990s when there was a significant loss of knowledge when
experienced engineers/scientists were allowed to leave companies under favourable early retirement arrangements.
These persons would normally have been the “mentors” of
the next generation of engineers/scientists but that mentoring
process could not and did not take place.
There are many accident databases but on review they
are not always as detailed as might be wished and they do
sometimes contain some factual distortions required to sanitise the reports “to protect the guilty”. A review of the
IChemE Accident Database in one specific field revealed
that there were at least two significant omissions, one
being the rupture of an electrically heated gas heater on
Piper Alpha in the early 1980s and another, in the same
era, being the rupture of a heat exchanger on the Brent
Field which resulted from the over pressure of the low
pressure side, by to the leakage of high pressure fluids
across a leaking tube, while the pressure relief valve was
isolated. Another weakness found is that records are “sanitised” such that the true message could be lost thus is illustrated by the report (LPB 104) [5]; it can now be recorded
that it was on process piping on an offshore installation,
not on a boiler plant as reported. One other weakness
found in databases was that were not always reported in
full detail and too often there was the universal catchall of
“human error” instead of taking the investigation one

DISCUSSION
It might appear from this synopsis that there is an insurmountable barrier to the learning process. This is not as serious as
might be thought provided there is a recognition that the
problem exists and that all industries “must do better”. In
order to achieve this objective it is necessary to examine
the impediments to the “knowledge management” process
and then to carry out the corrective actions. Many of the
impediments have multiple causations and could validly be
categorised in a different manner. The following is an
attempt to put them against the most reasonable/likely causation. Other examiners may choose a different categorisation.

CULTURE/MANAGEMENT/ORGANISATION
Culture is defined as “the customs, ideas, and art of a particular society”. In general the customs are particular to
one society and protected by that society. The regulators
of the society are those “elders” who have the relevant
experience. This is not necessarily a good thing. However,
the loss to many companies of mature and experienced
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engineers/scientists means that the “culture” is not regulated and is liable to drift. The concept of cultural safety
drift is discussed by T Kletz [6]. Even within an organisation
it is possible to see variations of a culture, and on more
detailed examination it is possible to identify the reasons
for this. (These variant groups have been called “tribes”.)
A second effect, and possibly a penalty of the operation in “the lean and mean mode” is that there is insufficient
time for self development and reflection on incidents of the
past and those messages are lost through the loss of mentorship by allowing the potential mentors to leave early. This is
summarised very succinctly be T Kletz in his latest book [7]
where he noted that one of the causes of an accident was a
raw engineer making a decision outside his skills matrix.
“What, I wonder, were the qualifications, abilities, knowledge and experience of the plant involved in this incident?”
It is also now being recognised and was made in a presentation by Lord Browne, BP Chief Executive, who said that
the statutory retirement age was “a shocking waste of
talent” [8]. It is to the credit of a number of industries that
they have also recognised this need for re-education but is
this not “closing the door after the horse has bolted”? In
order that the re-learning process may be a success there
must be a major excercise in collating the knowledge and
imparting it to the new engineers/scientists. The recovery
of the corporate knowledge will take some years and the
down loading will be equally long. It is not as easy as
may be thought. What is required? Where are those
persons who had the knowledge? It is possible that it is
still locked and untapped in the minds of the company
employees who may be unwilling to share it outside the
Tribe. How can they, and those who have left or retired
from the company be induced to devolve this knowledge?
How should it be imparted? Who should deliver the training
and at what level, bearing in mind that the knowledge may
still be in the brains of those who left the company some
years earlier? Finally, how should the knowledge transfer
be tested?
The incident recorded in by T A Kletz [9] was the result
of a corporate culture change. On an Olefine Plant a
Demethaniser, a distillation column which separated hydrogen and methane from a hydrocarbon mixture, flooded due
to the failure of the base level instrumentation and liquid
methane at 112K entered a carbon steel flare stack resulting
in brittle failure of the stack. It was not the first such incident
which had occurred on that works. An almost identical incident, occurred some 10 years earlier, in 1969 but it was
handled without any upset, the failure of instrumentation
on the identical distillation column on a sister plant was
recognised and the appropriate “hold” applied to the startup. See [10]. What had occurred in the intervening years?
The managers had empowered the supervisors who, in retrospect, did not have the correct skills matrices for the new and
complex plants. In turn the skills of the managers reduced and
the stresses on the supervisors increased. It is also possible
that the support of the senior managers was less direct and
focused [11]. The messages from this incident were equally
valid more than 20 years later at Texas City [12].

Another feature of the loss of the engineering skills
gained over the years is not only the move towards “outsourcing” both the design of process plant (EPIC) but also the
day-to-day operations and maintenance (O & M). This
will be discussed later.
It is evident that there has been a cultural, and organisational shift, which may have seemed good at the time,
however the investigation of many incidents have shown
that one of the root causes, was the lack of “Management
of Change” before, during and after that change. It might
appear that there is a need to examine the culture and organisation and to determine if it is truly fit for purpose after all
of these changes!
The concept of blame culture is a thread running
through later sections. However it is of note that the
present Regulations are inducing the “fear culture” and
not the open culture! There have been situations where
knowledge was shared within an industry but unfortunately
one incident had not been notified to the Regulator and when
it came into their hands, via an accident information
exchange process there was a court action. The information
flow stopped and was not re-instituted [13]. This reinforces
the unwillingness to share knowledge.

MEMORY FADE
Due to the loss of a dedicated set of mentors it is generally
accepted that the half-life of the corporate memory has
fallen from 10 years about 20 years ago to nearer 7 years
today.
The incident above [9] could have been put against
“memory fade” as the team in [9] had members from the
team in [10] who handled the incident safely. The Texas
City Explosion [12] gives a number of causes of the incident. It is recognised that the refinery was an acquisition following the take over of the site by BP some years before and
the site standards did not match those of the parent
company. However, within the company there was experience and knowledge of two incidents caused by spillages
from flare systems. The first [14] resulted in two fatalities
and the second [15], about 4 weeks after Piper Alpha, was
the result in an inadequately sized flare knockout drum
coupled with a lack of general appreciation of the operation
of the flare system. The question must be asked. “Why had
not those messages been acted upon on a corporate basis?”
Another cause of the loss of the skills gained over the
years is the move towards “outsourcing” design of process
plant (EPIC) and O & M. While there is no basic objection
to this, it is evident that, as a result, the clients do not gain
the skills of challenging designs and the ability to recognise
poor designs or poor operation. This results in the degradation of the existing corporate standards (memory and
culture) through the lack of updates and understanding of
why certain features were built into the codes or standards.
As a result the knowledge, which is enshrined in the corporate standards, is lost or degraded. (It is recognised that the
maintenance of corporate standards is a costly exercise but
they are one part of the corporate memory and culture
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which is in hard format). Equally the designers do not
acquire the hard experience skills that are important in
any design. The end point is that Process Hazard Analysis,
including HAZOP, is not carried out with the rigour that
should be applied and even worse it is the designer and
not the asset owner who carries out these studies [16]. No
designer can review their own designs in a critical manner
and carry out a self-audit.
One other example of “memory fade” was exemplified by changes in operational structure and the movement
of manpower to new plants as it “ages”. This resulted in the
loss of experience/skills on a plant during a major “turnaround”. Not one of the supervisors or operators had any
experience of a plant “turn-around”. To compound the
problem the plant manager was only 3 years out of University. The “turn-around” was a success but it required that
all members of the team went through a rapid learning
curve.
Possibly of more concern is the fact that a number of
basic, accepted norms are being forgotten. This is illustrated
by the example of one norm, that internal combustion
engines were not to be tolerated near to hydrocarbon processes. Yet, it is still one of the common sources of ignition
on process plant [17].
The incident in one of the concrete legs of a Brent
Platform (2003) is still sub judice, however a similar incident happened in the early part of the 1980s. This is
recorded in literature but has been “sanitised” and located
to Sullom Voe, as a result it loses some of its significance
and impact [17] The explanation given for the repeat of
this incident, which should have been engrained in the corporate psyche, was that those who knew of it had left the
company some 10 years earlier.

Figure 1. Low pressure tank configuration – old and new
from [19]

was the result of the systematic erosion of the safety margin
of the overflow over a number of years. The original tank
was fed through a tank level control on the tank A and
excess feed was diverted to a drain. The revised control
was to feed all feed to the tank and to spill excess to drain
via the overflow. It seemed a simple modification, which
would overcome a problem with the control loop.
However over a number of years the throughputs into tank
A had increased, year on year, until, finally, the overflow
in an emergency was undersized for the duty imposed The
next failure was the incomplete analysis of the impact of
using an overflow (a primary protective system) as the
control system. The final collapse was due to a “knee
jerk” reaction to the solution to the problem. If it had been
thought through it would have been recognised that the conditions were stable (state “a”) and that the change to the next
stable condition (state “b”) required the simple operation of
a vent valve so as to break the siphon.
On a lighter side some 7 years after the original plant
start-up the incumbent plant manager, while attempting to
economise on costs, decided to stop the routine injection
of methanol into an ethane/ethane splitter column in spite
of it being recorded as a standing instruction in the operating
procedures. No one could remember why this was required
as it was a hand-down from the initial start-up. This lack of
analysis produced a costly upset, or was this yet another
example of memory fade? (The methanol was injected so
as to remove traces of benzene and water produced in an
upstream hydrogenator).
In the Ramsgate Bridge failure [21] the root cause of
the failure was a poor management of change and the
inability to analyse the change from a bridge that was flexible
in torsional movement in the original design to one that was
rigid in torsion in the new design due to the inclusion of a
weatherproof canopy. (There were other contributory
causes but this was the most significant). As a result the loadings on the bearings were not shared uniformly and one was
significantly overloaded and as a result failed. It is also of
note that this failure was one “to danger” and that the
design had no elements of inherent safety built into it.

NOT THOUGHT THROUGH!
Hindsight is a wonderful thing! Yet with the lean and mean
approach the detailed analysis that was a norm is now
being overlooked. The heat exchanger rupture on Rough
Platform [19] was the result of electrochemical corrosion
at the boundary of two metals in a conducting fluid.
Galvanic action was known to Luigi Galvani over 200
years ago when he carried out his classic experiment on
dead frogs.
The approach to Management of Change is becoming
less rigorous, possibly this originates in the lack of knowledge and the belief that there is nothing to be learned that
is not already known to the assessor! The rupture of a
vessel [14] could have been averted by the application of
detailed analysis of the function testing of shutdown
systems and a simple change in the shutdown procedure as
well as. If a little thought had been given to the change
from semi-stable state “a” to stable state “b” it would have
been recognised that the closure of a stop or control valve
would have averted the incident.
The collapse of a low-pressure storage tank [20] (see
figure 1) where tank A overflowed into tank B, which was at
a slightly lower elevation, through the common vent system
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potential hazard, is rejected. This requires a more open
approach from the senior engineer/scientist. The “sapiential
approach” is not appropriate to modern engineering but is
encouraged by the lack of mentorship and time to sit
down and analyse the issue. The result of this is the demoralising of younger engineers/scientists and the realisation
that it is better not to challenge or to think for oneself!
This, in turn, will require all Managers taking a little
more time to listen and to understand the arguments being
put forward. It means that they must be more understanding
of the issues and if necessary the Managers may require
some further technical education and development of
better inter-personnel skills.
The significance of this statement is illustrated by an
incident when a young engineer noted that the poor firing of
a liquid fuel gun in a furnace had resulted in the formation of
a carbon build up around the burner quall. This in turn had
deflected the jet of fuel back into the air box so damaging the
furnace wall. When the explanation was given to the
Manager for this “phenomenon” the engineer was informed
“I don’t believe it! Carbon does not exist at 1,4008C in an
oxidising atmosphere!” When the evidence was collected
and the case was proved to be true due to the reducing
atmosphere generated in the incident the next reply
was “Well! Now tell me how it could occur?” Retreat of
one disheartened engineer!

KNOWLEDGE NOT AVAILABLE OR ACCESSED
There are many accident/incident databases that can be
accessed by engineers/scientists. The difficulty is that
with the normal working pressures the engineer/scientist
may not have learned when and how to search the databases.
Equally important they may not know where and what to
look for. In addition the data in the format that is meaningful
to the examiner. Does the database tell the true story? Did
the original reporter set out the context and the background
in a way that makes the report relevant to a second location?
It is the observation of the author that there are some flaws in
the databases which arise from the need to “sanitise” the
report, due to the “blame culture”, There is also a conflict
within interpretation of the root causes without a set of
unique definitions and the recognition of the relevance of
incident “A” to another industry. This results in a mental
isolation from reality and the feeling that the incident,
which happened in a distant country/company, has absolutely no relevance to the engineer/scientist. It is confidently
expected in a Conference like this that there will be few if
any delegates trying to learn from other industries. Likewise
Chemical Engineers do not necessarily attend conferences
held by other Institutes! The parochial attitude has to
change. One of the actions in [2] is that “companies have
an ethical/moral responsibility to share lessons to prevent
similar accidents”. Laudable as this is, it may fall down if
the corporate culture and that of the Regulator does not
change from that of “blame” to that of “open”.
Amongst other well chosen statements to be found in
[3] are:

IT IS NOT RELEVANT! (MINDSET)
There is a mindset that the messages from outside one industry are not relevant. It will be very difficult to break that
mindset. There is the belief that only the messages of the individual industry are relevant and that the messages from
outside an industry are irrelevant. [17]
Many of the actions arising from [3] would go a long
way to eliminating the parochial attitude of industries.
However there must be a mechanism for the collection
and dissemination of information. If this is not done properly and if the relevant lessons are not drawn out there
will still exist the attitude that it is “not relevant to me”. It
is difficult to see a quick fix for this attitude.
Two of the actions proposed in [3] are relevant here:

“An open and honest approach is commended ”. (This
requires the elimination of the blame culture.)
“The company culture is important: an Open or Just culture
is recommended ”.
“Good mechanisms for sharing are required ”.
“A common language/taxonomy of causes can aid understanding”.
“Defining what the lessons are is not easy, and identifying
the right lessons in the first place is essential”.
Some of the barriers to learning from accidents (real
or perceived) included:
“Legal Issues”.
“Trust and confidence”.
“Fear of investigation being used against the industry”. (A
“discovered document”).
“If commitment and resources are thin, then they may not
look too hard for solutions”.

“A knowledge collection process is required ”.
“Recipients of the knowledge must have time and space to
act on them”.
“Willingness of the recipients of learning to act on the
advice of others –‘it couldn’t happen here’”.

Under sharing within industry is the following:

THE WAY FORWARD
There is little to be gained by the proliferation of Regulations, the time is now to use the carrot and not the stick.
It is now for the Professional Organisations and Industry
to take the lead. The main elements of the task are defined
in [3] but it now has to be adopted by the Organisations
and Industry. Knowledge Management has to be the
accepted norm and a “Knowledge Manager – KM” established both within Professional Organisations and within

“Networks have to be in place to share lessons externally,
e.g. Professional Organisation or Industry Association”.
I DON’T BELIEVE IT!
One of the difficulties of being a young engineer/scientist is
that someone older thinks that he/she has seen it all already
and that an observation, be it on bad design, operation or a
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the individual companies. Knowledge will not cascade
down into the company if it is not put into the relevant
and meaningful format. The sad thing is that the IChemE
Training Packages, which are the collection of knowledge
gained by industry, are still relevant today but they do
require skills in delivery (Facilitator skills) and an understanding of the background to the incidents. The delivery
is by “self discovery” (which is not fast) but it has a high
retention rate, we remember 60% of what we do or write,
but only 20% of what we read or hear. Members have also
to be taken out of the working environment, which results
in an “on cost”.
It is likely that the Knowledge Manager will have to
have the skills to sift out the knowledge, which, it is to be
hoped, will come from the Professional Organisations and
then to cascade it to the relevant area of the company. It is
likely that there will a need for campaigns and specific
coaching exercises. This is turn, may require changes to
procedures both operating and design.
Industries must be willing to investigate all “abnormal
occurrences” [2] however small and to make full and detailed
findings/recommendations available to other industries. To
assist this there must be a more understanding approach by
the Regulator. The Investigation must also use the “WHY”
question to ensure that the root cause has been fully identified
[16]. This will be one of the duties of the K M but it will
require more resources and development of new skills. The
reports must be written in an agreed language/taxonomy
with agreed definitions such that all readers, whatever their
discipline, can understand the mechanisms without any
dubiety. The results of the investigations would then be collated and distributed by the KM in the appropriate
Professional Organisations intra and extra that Organisation.
This will require that the Professional Organisations, and the
Regulator, “buy into” a new culture of “openness”.
With this new knowledge base, which must be a
living source of knowledge, the K M will require the authority and resources, which may not be cheap, to distribute
the recommendations to the appropriate officers and the
authority to carry out the necessary audits to ensure that
they are implemented in the correct manner. The K M and
the team will hold a key role inside the company and
the Professional Organisations. Further it is essential that
the corporate management recognise that “learning” is a
slow and time-consuming activity.
This is not a Utopian dream as knowledge collection
and distribution has already been put into place successfully
in one study. During the development of a technical document on Relief and Blowdown Systems [22] a detailed
“Lessons Learnt” study was carried out. This required eliciting information of past incidents and those actions required
to avert them. The results formed one part of the work and
were categorised under 19 headings. The main outcome of
the “lessons learnt” was the realisation that there was a
total lack of appreciation, by designers and operators, of
the operating principals of the blow down drum, a total
lack of instrumented diagnostics and a lack of knowledge
of the flow rates of fluids entering it.

It can be done, if there is the will. No medicine
tastes nice but the illness is often worse!!
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Synopsis
The technical media these days is filled with new and interesting loss prevention and risk minimisation techniques. Large numbers of companies are spending considerable sums of money on capital
improvement programmes to install fire protection systems, new process safety systems, SIL
improvements to instrumentation, and the list goes on. However, when I go out into the field it
is the same old problems, the same old mistakes, and the same old incident causes when things
go wrong. We are all familiar with the major disasters of the last century. For the process industries,
accidents such as Flixborough, Seveso, Bhopal, Piper Alpha and Pasadena drove legislation and
safety improvements over the last 30– 40 years. There is no denying that much of today’s process
safety management systems are a direct result of failures identified and shared within the industry
following these incidents. However, in many cases, despite the availability of this information, it
is frequently only the company who suffered the loss who learns from the mistake. For everyone
else the “it won’t happen to us” syndrome takes over. People rationalise that the exact sequence of
events could not be replicated on their plant, so the same problems won’t happen.
Well, history has a way of repeating itself. Although exact replicas of these incidents do not often
occur, the key factors have a habit of repeating. As an example, poor isolation for maintenance was a
critical factor at Bhopal, Piper Alpha and Pasadena. And often, many of these key factors are not so
much related to the process hardware, but the systems and the ways they were applied. Or should I
say, NOT applied. For failures in isolation systems, inspection systems, housekeeping, start up safety
checks and a variety of other systems are usually a result of an existing procedure not being followed.
Why?

KEYWORDS: SMS, safer design, learning from accidents

isolation for maintenance was a critical factor at Bhopal,
Piper Alpha and Pasadena. And often, many of these key
factors are not so much related to the process hardware,
but the systems and the ways they were applied. Or should
I say, NOT applied. For failures in isolation systems, inspection systems, housekeeping, start up safety checks and a
variety of other systems are usually a result of an existing
procedure not being followed. Why?

SYNOPSIS
The technical media these days is filled with new and
interesting loss prevention and risk minimisation techniques. Large numbers of companies are spending considerable sums of money on capital improvement programmes to
install fire protection systems, new process safety systems,
SIL improvements to instrumentation, and the list goes on.
However, when I go out into the field it is the same old
problems, the same old mistakes, and the same old incident
causes when things go wrong. We are all familiar with the
major disasters of the last century. For the process industries, accidents such as Flixborough, Seveso, Bhopal,
Piper Alpha and Pasadena drove legislation and safety
improvements over the last 30 – 40 years. There is no
denying that much of today’s process safety management
systems are a direct result of failures identified and shared
within the industry following these incidents. However, in
many cases, despite the availability of this information, it
is frequently only the company who suffered the loss who
learns from the mistake. For everyone else the “it won’t
happen to us” syndrome takes over. People rationalise that
the exact sequence of events could not be replicated on
their plant, so the same problems won’t happen.
Well, history has a way of repeating itself. Although
exact replicas of these incidents do not often occur, the
key factors have a habit of repeating. As an example, poor

INTRODUCTION
There are many contributors to industrial accidents, and we
do not have time to study them all here. Indeed, for most
major chemical accidents the list of recommendations is
usually immense, and frequently for an exercise such as
this it is sometimes both easier and more practical to
focus on the key issues. What we are going to focus on in
this discussion is the lessons we learn from accidents, or,
more appropriately, the lessons we have FAILED to learn
from accidents. Also, I will restrict these learnings to a
few of my favourite topics so that we don’t get too
bogged down in the detail. We will also look at some real
case examples of things that have gone wrong, and try to
understand why this has happened.
But before these items are addressed and discussed,
let us look at one of the other contributors of accidents,
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one that can’t be controlled. Because if it could, then the
potential would exist to eliminate accidents entirely, something that will never happen, no matter how hard we try.
Even the best plants will never get 100% compliance
with procedures, and it will be the 0.1% of times that
systems aren’t followed that leads to the unthinkable.
Then sometimes there is just bad luck.
The year was 1971, and on 11 September a release of
about 33 metric tons of cyclohexane occurred at a caprolactam plant in Pensacola, Florida. The cloud was estimated as
30 m high and almost 700 m long, and was thick enough to
stall two trucks enveloped in it. The cloud was also sucked
into a power house, and the stacks emitted thick smoke.
However, the cloud did not ignite and eventually dissipated
harmlessly. Does this sound familiar? Fast forward to 1974
at the Nypro works at Flixborough in the UK. Without
comparing the reasons and causes of the leak, one can
clearly see the similarities in the releases, and yet the difference in the result. This is a reminder that, as a science, the art
of accident prediction is still not exact. We are surely a lot
more educated in this field than we were back in 1974, but
there is a lot we don’t know.
Just as sometimes we congratulate ourselves for what
we have discovered and the accidents we have prevented,
spare a thought too for some of the conditions and systems
we have tolerated for many years under the mistaken belief
that they are “safe”. In my business there is nothing scarier
than the response “we have been doing this for 20 years
and never had an accident”. So? How long had the people
at Nypro been designing process improvements on the maintenance shed floor before the 1974 explosion? How many oil
rigs had been completely lost in the North Sea before 1988?
So, although the risk management purists will no doubt shake
in their boots, there is always the element of luck. However, I
am not suggesting it be used as an excuse, but as the final
“failsafe” to encourage a continual striving for improvement.
To continue looking beyond the expected. To not accept the
status quo, just because “it has always been done that way”. If
there is only one thing you take away from my rambling discussion on risk and why we are so bad at managing it, then let
it be this.
But back to the main subject at hand, which is why we
can’t learn from our mistakes, or indeed, those of other
people. Learning from our own mistakes, you would
think, is comparatively easy, although Trevor Kletz (1)
has written an entire book on organisations which don’t,
and I recommend it highly. However, I’m looking for
responses to the really big bangs, and our recent history
has plenty of easy learning lessons. My own particular
favourites can be grouped relatively easily into design
improvements and systems improvements.
During this discussion I will give examples, while
hopefully protecting the guilty from identification, where
clear lessons from the past, sometimes even within the
same organisation, have led to what I would consider to
be sub-optimal results. I will also examine common
systems failures I still see on many sites I visit today,
which should have been clearly learned from the lessons

of the past. I should point out that by using these examples
I am not attempting to characterise these organisations as
badly run or managed. They merely have had the misfortune
to have a major accident which has been extensively analysed in the public domain, have had the dubious pleasure
of a visit to their site by myself, or in some cases, both.

SOME TECHNICAL TERMS
Before we get into the discussion it is worth addressing
some of the technical terms which will appear in the
paper, particularly for those who have had no experience
with the insurance industry before. An insurance industry
survey at a medium sized refinery or chemical plant will
typically take two days. It is not a complete audit of your
safety systems and procedures, but will often verify some
aspects of operations, maintenance and inspection procedures, along with a moderately detailed analysis of the
adequacy of fire protection and overall safety management
systems (SMS).
When your site is visited by an insurance engineer
he/she is tasked with two main objectives. These are
to form a semi-quantitative evaluation of risk quality,
which is a direct input into underwriting premium and conditions, and to determine the Estimated Maximum Loss
(EML). The EML determines how much the insurance
company has to keep in reserves to pay claims, and hence
the participation level, or capacity, to underwrite that
account. Recommendations from an insurance engineer
will thus frequently aim to reduce both the risk of an
event occurring, and the potential size of the event. Both
are of benefit to the plant.

SOME DESIGN FAILURES
The first category of lessons we fail to learn are design mistakes. Bhopal taught us that large inventories of hazardous
chemicals are a bad idea, and that large inventories of hazardous intermediate products we don’t need are a very bad
idea. Yet I have seen new plants built within the last five
to ten years with large hazardous storage vessels within
process areas where they don’t belong. I have also seen nonsensical placement of storage tanks and critical control
rooms within clear reach of VCE damage contours. Why
is this? One of the reasons is the lack of existence of basic
engineering design standards in a huge number of enterprises that I visit. And where they do exist, they are frequently old and/or not regularly updated to include recent
incidents or safety upgrades. As a result, plants frequently
get the design standards of their contractor, rather than
their own.
To illustrate this point I will take three quite different
examples, the first a specific process design case, the second
a more general separation and siting problem, and the last a
common general petrochemical industry problem.
October 1989. Pasadena, Texas, USA. A 38 metric
ton cloud of predominantly ethylene escaped from a polyethylene reactor offtake line and exploded, killing 23
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people and injuring approximately 300 others. Damage was
extensive. The inquest was long and hard, and the list of recommendations equally long, including management and
hazard analysis of major hazard installations, plant layout
and separation distances, specifically location of control
rooms (more on this later), gas detection systems, control
of ignition sources, isolation procedures for maintenance
(more on this later as well), permit to work systems, and
the list goes on and on. Interestingly, as I said at the beginning there are many common threads between major incidents, principally failure in what I like to call software, or
management systems. But at the moment we are dealing
with the hardware, and specifically, process design.
In the aftermath of the Pasadena event, the regulatory
bodies were critical of the lack of formal hazard analysis at
the facility. Those familiar with the Pasadena incident, with
a good knowledge of operational practices, and of course the
unique benefit of hindsight, would be able to look at the
design of the polyethylene reactor offtake system and recognise it immediately as an accident waiting to happen. That a
relatively predictable sequence of events including a
blocked line, an operational error and a maintenance shortcoming would occur, and it was only really a matter of time
before it did.
In 2002 I visited a plant in Qatar operated as a JV with
the same company which managed the facility in Pasadena.
I was absolutely astonished to find that although the design
of the reactor offtake had been changed for the better, it still
had a significant manual element which could have been
removed from the process by some relatively inexpensive
process logic and automated valves. Now I am not an
expert in process design, but the solution seemed to me to
be way short of what could have been done, and with the
nasty suspicious mind with which all insurance engineers
are blessed I have absolutely no difficulty whatsoever in
imagining circumstances where a repeat of the Pasadena
incident is not only possible, but probable at some time in
the future.
On a related note, it is interesting to note that the plant
in Qatar was, at the time, to be duplicated on an adjacent plot
of land. Amongst the observations made by the insurance
personnel, including myself, during the visit was the fact
that the site EML was generated by the placement of a
large rundown tank for isobutane, the reaction solvent, in
the middle of the process, rather than further away. As we
understood it, this was in order to minimise on piping
costs. As a result of this placement, the site EML was
some 60% of site values, as opposed to the considerably
lower number it could have been had the tank been sited
further away. The plant design personnel were adamant
that the new plant, despite this identified shortcoming,
would be built in exactly the same way, thus exposing the
second facility to the same potential loss as the first.
Pasadena leads me neatly onto design failure number
two, concerning the location of control rooms or occupied
buildings. By far the most critical from an incident escalation point of view are the control rooms, as the loss of this
structure makes it impossible, or at least very difficult, to

shut down the remainder of the facility in a controlled and
timely manner.
However, there are plenty of incidents in recent times
which have caused extensive fatalities due to placement of
buildings relative to large inventories of dangerous
materials. At Visakhapatnam, India, in 1997, a cloud from
an LPG release from a sphere drifted across to manned
workshops and ignited, destroying the buildings and
killing 58 people. The company was extremely lucky that
the incident in question happened on the weekend, otherwise the death toll would have been in the hundreds. The
company in question has learned from this incident, with
new fire stations and critical buildings now separated from
storage and process areas as much as possible at both this
refinery and their other plant in Mumbai. However, other
refiners choose not to learn this lesson and carry on building
process units right next to each other, with control rooms
within blast zones. Or, they erect large numbers of temporary buildings within blast zones, such as what occurred at
Texas City, USA in 2005.
The final design issue I would like to tackle is the
common failure to provide closed sampling or draining
systems for hazardous chemicals. This includes toxic
materials, but I am mainly concerned with light flammable
hydrocarbons such as LPG. At Feyzin in 1966 a huge
release, explosion, fire and subsequent multiple BLEVEs
was caused by the freezing of valves while trying to drain
an aqueous layer from a sphere containing LPG. Over 30
years later the lack of a closed draining system was also a
contributing factor to the explosion in India mentioned
above. Today I visit many refineries, and the amount of
sampling or draining done using open systems, with the
potential for this type of incident to recur, is very disturbing.
Providing closed sampling systems for flammable hydrocarbons, and/or fixed drainage to slops tanks for tanks and
spheres is not a difficult thing to do and would effectively
eliminate this risk.
The author recognises that there are many other
design problems in evidence in the refining and petrochemical industries today, but I have identified just a few simple
ones with far – reaching consequences. These consequences
have been graphically portrayed at the incidents I have mentioned, and in my opinion it is about time, as an industry,
that basic design good practice was followed. I recognise
that retro-fitting, for example, separation distances, is a
near impossibility. But the numerous instances I see nowadays of previously good separation distances compromised
by infill development is very frustrating.
MANAGEMENT SYSTEM FAILURES
A discussion of management system failures can be as long
or as short as you like. In my thirteen years at Zurich I have
seen enough management system failures to fill a book, and
seen enough different safety management systems to fill
another book, but the one thing that I have learned is that
there is no magical 100% guaranteed system that will
prevent accidents from happening. Different companies do
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different things better than others, and perhaps the smartest
companies are those who benchmark themselves against
known industry leaders in their chosen fields, and then
seek to improve on these systems further based on their
own experience. But even this is no guarantee of 100%
success. On my surveys I like to pick on systems in use in
control rooms. Permit to work and the procedure for controlling the bypassing of safety systems are my particular
favourites, and I am yet to find any facility where these
systems are in 100% compliance. Some are very, very
good. On a recent trip I had to go back through the closed
off permit folder almost 100 jobs, or about two weeks, to
find a permit where the handback procedure had not been
properly followed. Who out there in a safety management
role would like a permit non-compliance rate of one every
two weeks?
Contrast this to a three day visit in Korea I did several
years ago, when I spent two days in the conference room
being given a series of elaborate PowerPoint presentations
showing incredibly good systems and procedures and statistics for audits, only to find once we walked out onto the
plant on day three that clearly the people doing the audits
had their eyes closed. The water deluge systems were
missing nozzles. The ESVs on fired heaters had wires
hanging from them, where the purge cycles had been overridden on startup. Major modifications were being undertaken with chain blocks on process pipework carrying
flammable materials. Major process units had been restarted
without critical safety systems, such as snuffing steam on
hydrogen services, being reinstated. When these items
were mentioned at the closeout meeting management personnel disputed our findings. They were in denial about
the true state of their facility and preferred to believe the
fancy PowerPoint presentations rather than the evidence in
front of their own eyes.
So, let us examine a few critical management failures.
My first is one that has been a critical factor in many of the
major disasters I have referred to thus far. This factor is
equipment isolation for maintenance. At Piper Alpha a
lack of control over pump removal led to restart of a
section of plant which had an open spool piece. At Pasadena
the procedure for positive isolation of the valve in the
offtake line was not followed. Even now, I go to facilities
where maintenance is performed on live hydrocarbon
systems with no positive isolation. Plant policy may be
valve closure and/or tagging. In some cases procedures
exist for spade insertion and/or spool removal, and these
procedures are not followed. Maintenance is done with
valves closed, but no positive isolation. In other cases
there are substandard blinds used, which are not rated for
the system pressure. These failings come about when there
is no clear system for identification, isolation and then
recommissioning of the system in question. For any task
involving hydrocarbon duties, the area should be positively
isolated using double block and bleed, spool removal or
spades/blinds. For more complex jobs the exact location
of the isolations should be recorded on an isolation sheet,
and the installation should be confirmed and initialled by

the operations and maintenance personnel. When the task
is completed the process is reversed.
My second example of management failings is partly
a software failure and partly design fault, although once the
design fault has been introduced it can be relatively
easily managed. In warm, wet, humid climates there are
many problems caused by corrosion. This can be corrosion
under insulation (CUI) or just external corrosion on
pipework. However, a particularly insidious form of corrosion occurred on a refinery in Indonesia. A straight run
of pipe was welded onto an elbow of a section of process
pipe, to enable it to be supported by the process structure.
The piece of pipe was not sealed at the end, and over time
water gained access to the section if the rain was falling
from the right direction. This water pooled at the bottom
of the pipe, where it joined to the elbow, and began a
process of gradual corrosion. This eventually led to a
failure at the elbow and a damaging fire. The company concerned reviewed its procedures, and they found many other
situations across the site where this problem could occur.
However, they neglected to share this information around
the rest of the group, as when surveys were carried out at
other sites of the same company several other instances of
this type of corrosion were found. Initially this was a case
of bad design, and then secondly a case of failing to spot
a potential hazard and sealing the pipe section so corrosion
could not occur. Finally, it was a risk management failure in
not spreading this information across all the sites, so they
could learn from the same accident.
My final failure of management systems is not necessarily a systems failure at all but one of policy or enforcement
failure. Earlier in the paper I referred to the refinery I visited
where management were in denial regarding the true state of
affairs on the facility. All too frequently on surveys I attend
there is a mismatch between the understanding of the
management and the reality of the plant condition. The
example I described earlier was the most severe example I
have come across, but there is frequently a less severe
form of this denial. Where software failures are identified
during our surveys, or by internal auditing of their own,
companies often assume the reinforcement of an existing
procedure is adequate enough to fix the problem.
Frequently it is not. If a procedure is not being followed the prudent course of action is to ask why not.
There are usually several reasons. The first one is that management themselves provide lip service only to the concept
of safety. If safety is a policy that hangs on the wall, or
something the Safety Department look after, then there
will be a problem. Frequently this manifests itself readily
on the plant in the form of poor housekeeping, non compliance with PPE requirements, and, more seriously, the failure
of procedures controlling maintenance work such as permit
issue and isolation controls.
The second reason why procedures are not followed is
similar to the first, but that there is a time lag between management action and the safety culture of a facility. When
new management arrive and seek to impose a new regime
of safe working on a historically unsafe workplace, cultural
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change will be some time in occurring. Behaviours learned
over many years cannot be changed overnight by a new
policy and procedure, but workers need to see management
commitment behind the changes before they will commit to
them as well. A related issue to this one is the use of near
miss reporting, suggestion boxes or the now very popular
behavioural safety programmes such as the DuPont STOP
programme. If these programmes are put in place then it is
important that management encourage the participation in
these schemes by seeing to be considering and taking
action on the suggestions. If an operator puts in 1000 suggestions or STOP cards and doesn’t see any change or positive outcome then pretty soon he will become disillusioned
with the programme and cease to support it.
Another reason why systems and procedures are not
followed is because the operating and maintenance staff
have had no input or buy-in to the programme. I have surveyed facilities, and worked for ones as well, where the
systems and procedures are written by management and
enforced from above. Frequently in these cases operators
develop their own informal operating procedures which
bear no relation to the desired procedure. This is one of
the most dangerous situations of all. In my experience operators are unlikely to comply with a series of systems and
procedures which they have not helped to develop.
Finally, systems and procedures may not be followed
purely because training, and more importantly, retraining,
of staff is inadequate. A very good example of this is the
problem of behaviour in emergencies. It is ridiculous to
expect people to follow a procedure in an emergency if
they do not regularly practice it.
One of the more common “holes” in operator training
that I encounter is the lack of informal operations based
emergency training. I am not referring to emergency
drills, but table top based, informal exercises on things
such as power failure, loss of a key piece of equipment, or
such like. These can be done relatively easily on quiet
weekend shifts, and keep the operators familiar with the
basic emergency actions needed in a variety of different
emergency situations. Today’s plants are becoming more
and more reliable, with longer and longer periods between
turnarounds. Operators may not experience an actual emergency shutdown for many years.
But the major issue is management commitment and
supervision. It is recognised that it is no good training the
operator if there aren’t enough of them. It is also recognised
that it is no good having well trained operators using
systems and procedures that are written for original construction on a 30 year old plant. However, what does not
seem to be as well recognised is that it is no good having
good operator training, acceptable manning levels and
good systems and procedures unless staff are appropriately
supervised and understand that the commitment to operate
the plant safely and in the correct manner comes from the
top, down. I’m not talking about fancy policies that hang
on walls and manuals that gather dust in bookcases.
I’m talking about dedicated responsibility levels, clear management of change programmes with a focus on safety

management, audits of programmes, critical feedback, a
willingness to listen to suggestions from below and to
implement the ones that make sense, involvement in all
levels in development of safe working systems and procedures, and a host of other initiatives that are in varying
degrees of existence across the process industries. In my
experience very few operations have got this right. I’m
not advocating that there is one right way to do all these
things. But there are plenty of wrong ones, as history
shows. It is time to consign those that don’t work to
history as well.
CONCLUSIONS
So where does that leave us? I don’t have a tried and tested
100% approved safety management system for everyone to
adopt. As I pointed out earlier, our surveys usually last 2 – 3
days and are not audits in a true sense. In that amount of time
they cannot hope to be, given the breadth of the scope. The
purpose of the insurance survey is to gather information
about the physical aspects and management aspects of the
risk, and in doing this across the wide scope of the chemical
industry we inevitably see many good practices, and also
many not so good ones. The variation in construction standards is enormous. The variation in management systems,
fire protection standards, provision of passive fire protection, etc is even more so. Despite the ever increasing
mounds of regulation pertaining to the industry it is clear
that this will remain the case, especially given that much
of the industry, particularly in Europe and the USA, is of
a significant age. In Asia we are more fortunate, in that
much of our manufacturing capacity is of a younger age.
But we experience different challenges. For example, how
to justify state of the art protection systems in a country
where no prescriptive regulation may exist? How to
justify safety management systems when none of your
competitors may have them?
There are no easy answers. I fully understand that to
take into account every single accident in human memory
would lead to an uneconomic project design. I am not advocating we build refineries and petrochemical complexes
with process units miles apart. However, I think as a basic
starting point getting the storage of flammable liquids and
gases far enough away from the process, and both far
enough away from the habited buildings, makes good
sense. We can argue about other design criteria, such as
passive fire protection, fixed water spray fire protection,
degree of remote isolation and automatic blowdown and
depressurising capability for ever, but basic things like
simple site layout surely shouldn’t be too difficult. Over
the years many industries have downsized in areas such as
engineering and R&D. Issues such as process selection are
outsourced completely to the contractor, meaning that you
get the protection systems and site layout philosophies of
that contractor. The first step is for every organization to
have a basic set of design criteria setting out the minimal
acceptable standard for habited buildings, separation distances between plants, fire protection, construction, the
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acceptable level of in-process inventories and remote isolation and blowdown preferences, amongst other things.
Benchmarking safety performance is an easy thing to
do. Most of us are aware of who the industry leaders are and
know where to go to get information on everything from
design standards to permit to work systems. I have seen
people who benchmark themselves against equivalent
industries in their own country. This may be worthwhile
but if you have worldwide aspirations you need to
measure yourself against the best. The industry leaders in
these fields are not shy and will willingly share their expertise, as they are far-sighted enough to realize it is in all of our
interests for our industry to be perceived as valuable and

safe, rather than an ever-present danger hanging over
society’s head. This is only the beginning of the solution,
but is already a long way for many to go. Raising awareness,
however, must be considered the logical starting point. If
this perspective on life in our industry shakes a few
people up a bit, well then that in itself is probably an
achievement of sorts.
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OUR INABILITY TO LEARN FROM THE PAST: IS BUNCEFIELD ANOTHER EXAMPLE?
M. Sam Mannan, Martha Meneses, Yingchun Zhang and Yanjun Wang
Mary Kay O’Connor Process Safety Center, Artie McFerrin Chemical Engineering Department, Texas A&M University System,
College Station, Texas 77843-3122, U.S.A.; Tel.: (979) 862-3985, e-mail: mannan@tamu.edu, http://process-safety.tamu.edu
In December 2005, a succession of events led to the release of large quantities of flammable
material from a bulk storage facility in Buncefield near the Heathrow airport in UK. The official
investigation provides a clear picture of the extent of the flammable vapor cloud that may have
accumulated, the mechanism by which such a high overpressure was generated is not clear.
While this incident has drawn a great deal of attention from the modeling community, there are
quite a few other factors that also deserve attention. Large tank fires like this have occurred a
number of times in the past, Europe, United States, and elsewhere in the world. This paper summarizes some of the past incidents involving tank fires and the apparent similarities and parallels with
the Buncefield fire.
Some of the other issues explored in this paper are the multiple failures of instrumentation
systems. Were the measuring instruments on the site regularly maintained? Were the trips scheduled for regular testing? If so, how often were the tests carried out and were the results acted upon?
Quite frequently, testing of trips and alarms is often neglected or too infrequent and the overfilling
of tanks is common though usually only small amounts are spilled. At Buncefield, the spill was not
detected until about 40 minutes after it started. Similar to some tank fires in the past, the Buncefield
fire could not be controlled as well and had to burn out. In addition to the theory that the vapor may
not have been homogeneously dispersed, it is quite possible that some degree of confinement may
have been created that contributed to the overpressure.

KEYWORDS: buncefield, incident investigation, learning from the past, root cause analysis, tank fires

accidents, and to enhance the protection of personnel and
the public alike. Perhaps the most important development
in those efforts over the past two decades has been the widespread adoption of a concept called process safety. Process
safety encompasses a management systems approach to all
aspects of chemical manufacturing, with a holistic view
toward minimizing risk and preventing accidents. Although
the idea had been in existence before Bhopal, it was the
tragedy in India that brought about its complete acceptance
as industry standard practice.
While a lot has changed since Bhopal, one of the
questions that still remains is if we are learning enough
from past incidents. Our inability to learn from the past –
is it because there is nothing to learn from the past or are
there other factors? The 2005 Buncefield incident provides
an interesting case study for analyzing this important
question.

BACKGROUND
The events of December 3, 1984, forever changed the
chemical industry and left a distinct legacy. It was a quiet
night in Bhopal, India, until a cascading series of catastrophic circumstances, system failures, and management
system deficiencies at the nearby Union Carbide India pesticide plant led to the release into the atmosphere of approximately 40 metric tons of acutely toxic methyl isocyanate
(MIC). The dense cloud of deadly vapor spread over the
sleeping community, and within a few days more than
3,000 people had died and at least 100,000 were injured.
It is widely acknowledged to be the worst industrial accident
in history, leaving as many as 50,000 people partially or
totally disabled as of 1994, according to the International
Medical Commission on Bhopal. The incident also left a
miasma of civil and criminal litigation in its wake, as survivors continue their international effort to bring perpetrators
to justice and receive what they consider to be appropriate
compensation for their long-term pain and suffering
(Mannan et al., 2005).
There have been tremendous strides over the past
twenty years in culture, practices, and attitudes in the chemical handling community, as well as the regulatory environment that governs the industry. If Bhopal was a wake-up
call, the call for ongoing improvement in chemical safety
has been answered in numerous ways by the industry and
the many other stakeholders. Disparate groups with
diverse agendas are increasingly finding ways to work
together in a spirit of cooperation to reduce or prevent

THE BUNCEFIELD INCIDENT
In the early hours of Sunday, December 11, 2005, a number
of explosions occurred at Buncefield Oil Storage Depot,
Hemel Hempstead, Hertfordshire, United Kingdom. At
least one of the initial explosions was of massive proportions and there was a large fire, which engulfed a high
proportion of the site. Over 40 people were injured; fortunately there were no fatalities. Significant damage occurred
to both commercial and residential properties in the vicinity
and a large area around the site was evacuated on emergency
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service advice. A survey of 761 private householders in the
area surrounding Buncefield suggested 76% had experienced some damage. This mainly comprised broken glass,
damaged window and door frames, roofs and cracks in
walls and ceilings (http://www.buncefieldinvestigation.
gov.uk/index.htm). The fire burned for several days, destroying most of the site and emitting large clouds of black smoke
into the atmosphere. Some 2,000 homes were evacuated and
92 neighboring firms were affected by Europe’s largest
peacetime fire (http://www.buncefieldinvestigation.gov.
uk/index.htm). The clean-up of 26 million liters of stored
contaminated water used to fight the blaze, as well as
ground water contaminated by diesel entering a borehole,
remains a concern. During the year some 800,000 liters of
stored water was found to have leaked into the Colne, a
tributary of the Thames. Environment Agency officials
became aware of the presence of perfluorooctane sulphonate, or PFOS, a toxic substance used in some firefighting
foams that does not break down in the environment.
Special treatment and disposal of the most contaminated
firewater, stored at the Maple Cross treatment works,
started in November 2006.
An initial report published identified areas of concern
related to the design and operation of storage sites, the emergency response to incidents and advice given to planning
authorities about risks to proposed developments around
depots similar to Buncefield (Powell, 2006). Investigators
said an apparently faulty gauge and safety devices led to
the overfilling of fuel storage tank 912 leading to an
escape of unleaded petrol and the formation of a cloud of
flammable vapor that ignited. Other issues that were being
explored are why the overfilling took place and what
caused the explosion to be so powerful. A separate report
by Hertfordshire Fire Service, which was aided in the emergency response by crews from across England, came up
with 30 recommendations (http://www.hertsdirect.org/
buncereport). Among these were suggestions for a national
system of incident command support teams, earpieces for
radios to enable communication while wearing a helmet
and a proposal that early consideration needs to be given
to deployment of national resources.
Immediately following the incident, a number of statements were made that the Buncefield fire was “one-of-akind” and such a catastrophic incident in an oil depot had
never occurred before. The argument being that since it
was a “one-of-a-kind” incident, there was no way to
account for such an incident in the design, construction,
and operation of the facility and emergency response plans.
However, a review of literature and past incidents makes it
abundantly clear that incidents in tank farms and oil storage
depots are quite common. In fact, there are at least three incidents that have significant similarities with the Buncefield.

(AST’s) in tank farms. Common causes that could unleash
spills include overfilling, leaking from worn-out and corroded containment, and loss of containment due to pipeline
ruptures. Another hazard that is not always recognized is the
generation of combustible vapors that can be formed from
the mixtures of combustible liquids stored in AST’s (EPA,
p. 48). AST’s are utilized not only for the storage of pure
flammable/combustible liquids but also for the combustible
liquid mixtures, which is the case with slop tanks containing
water/oil mixtures. In slop tanks, oil and water are separated. For this separation it is necessary to heat the oil/
water mixture but sometimes this could lead to temperature
differences between the layers formed and in this way it is
possible to have vapor formation. These conditions could
lead to two phases overflowing on the top of the tank and
subsequent formation of a fuel vapor cloud (Lees, 1996).
Vapor cloud explosion is not a common form of
explosion but, it is cataloged as the most dangerous and
destructive explosions in the chemical and petrochemical
industries (Crowl, 2002). Vapor cloud explosions are catastrophic and destructive because the vapors released can disperse to other locations and upon contact with an ignition
source, can lead to a major explosion followed by a large
fire. The series of events leading to the fire itself is not so
simple. Actually, a vapor cloud forms only if the amount
of vapor released is enough. Once the vapor cloud is
formed and encounters an appropriate ignition source, the
result could be a devastating explosion that is generally followed by a large fire. All the factors mentioned previously
could be present in tank farms making it possible for a
vapor cloud explosion to occur. It is a common misconception that if one tank is engulfed by fire, it is probably easy to
control the fire. However, in a tank farm where many tanks
are situated next to each other, adjacent tanks could be easily
engulfed and lead to secondary fires or explosions due to the
energy released from the first event.

PAST TANK FIRE INCIDENTS
In 2004, the Swedish National Testing and Research
Institute published a report reviewing all tank fire incidents
during 1951 –2003 (Persson and Lönnermark, 2004). A
literature review was conducted to gather information
related to the extinguishment of actual tank fires and relevant large-scale fire extinguishing tests. The report identified 480 tank fire incidents worldwide since the 1950s.
The report states: “although the search for information is
focused on the extinguishing part of the fire, it was also
recognized that information about tank fire incidents could
be a valuable source of knowledge, both for the oil industry
and fire protection community. Thus, even data on incidents
where only limited information was available concerning
the extinguishment tactics; have been included in this
search and compilation.” It is clear that both from an understanding of the science and knowledge about the past
tank fire incidents; there was plenty of information in the
public domain before the 2005 Buncefield incident.
In fact, there are at least three well-documented incidents

HAZARDS OF OIL STORAGE
It has long been recognized that fires or vapor cloud
explosions can occur as a result of spillage of fuels or
flammable materials from aboveground storage tanks
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that bear striking similarities to the Buncefield incident.
Table 1 provides a summary comparison of the three
incidents along with the known information about the
Buncefield incident.
The 1968 Netherlands incident was the most catastrophic as 80 tanks burned down as a result of a series of
explosions followed by fires. Huge amounts of glass
windows in the adjacent community were broken due to
explosion blast waves. The projectile fragments caused 2
deaths and 85 injuries. This devastating vapor cloud
explosion occurred due to the evaporation and subsequent
vapor cloud formation of the light hydrocarbons in an emulsion composed of hot oil and water. This emulsion was
heated and massive boiling occurred. The light hydrocarbons were released through the vents of the slop tank resulting in a two-phase overflow. Although the ignition source is
not known, the damage caused by the explosion was quite
extensive (Lees, 1996).
The second incident occurred in Newark, New Jersey
in 1983. While there were not as many tanks engulfed by fire
as that of the Netherlands incident, there was still considerable loss. The incident caused one death and 24 injuries,
destroyed four gasoline storage tanks, and released three
million gallons of gasoline. The incident occurred when
one of the three tanks in the same dike area was overfilled.
The particular tank was being filled from an underground
pipeline while its gasoline content was being transferred
to another remote tank simultaneously. A vapor cloud was
formed as a result of the evaporation of the light compounds
of gasoline, which was probably ignited by a nearby incinerator. There were several minor initial explosions followed
by a major explosion with a large fire that burnt for approximately 48 hours (Bouchard, 1983).
The third incident occurred at an airport in Denver,
Stapleton in 1990 with a different chain of events. The incident was the result of burning fuel sprayed at two tanks from
pumping equipment in an adjacent containment area that
comprised of other pumps, pipes, valves, and a control
room. Later, the fire engulfed four adjacent tanks and
burned for 48 hours where three million gallons of jet fuel
were consumed. Fortunately, there were no fatalities or
injuries (NTSB, 1991).
Two of the three above-mentioned incidents studied
were initiated by overfilling of storage tanks. In the case
of the Netherlands incident, the overflowing material was
oil/water mixture and gasoline for the New Jersey incident.
The incidents are catastrophic in nature because of the formation of large vapor clouds and devastating vapor cloud
explosions upon finding an ignition source. The explosions
also led to large fires that could not be extinguished and ultimately had to burn themselves out.

.

.

.

.
.

guidance including aspects of overflow prevention and
avoidance of fires from spreading to adjacent tanks or
from nearby equipment to the tanks.
Failure to monitor tank-filling operation appropriately.
There is overconfidence in the appropriate functioning
of the control systems and safety devices used to avoid
overfilling the tank, and as such redundancy particularly
human monitoring is not emphasized.
Lack of adequate training for employees for the maintenance of equipment and pipes adjacent to the tanks.
Lack of required training leads to maintenance errors
in inspection and observation of proper procedures.
Other contributing causes including lack of storage tank
fail-safe controls and fire isolation valves, and the
improper location of the control building in the containment area.
Adequate separation distance between tanks.
Inadequate emergency response planning.

Lessons Learned from the four similar incidents listed
in Table 1 include:
.

.

.

.

.

.

.

.

CAUSAL INFORMATION AND LESSONS LEARNED
A review of past incidents indicates some common causes
that led to the events and the severity of the consequences:

Companies should adhere to NFPA 30 code which concerns with aspects of overflow prevention and avoidance
of fires from spreading to adjacent tanks.
Adequate training is necessary, to ensure that operational
procedures such as filling and emptying operations are
carried out correctly with proper monitoring.
Adequate training for employees is also required to
ensure the proper maintenance of pump equipments
and pipes adjacent to the tanks.
“. . . internal fire valves and fail-safe control valves be
installed on all aboveground fuel storage tanks.”
(NTSB, pg. 49).
Redundant instrumentation to protect against overfilling
storage tanks must be implemented. For AST’s, it is
necessary to install warning devices such as high level
alarms with automatic shut down to avoid overfilling
of the tanks. Depending on the safety integrity level
desired, several independent layers of protection and
redundant control systems should be implemented.
Careful consideration should be given to spacing
between tanks. Inadequate spacing between tanks has
been the cause of secondary explosions and spread of
fire to the neighboring tanks leading to catastrophic consequences.
Location of office buildings and residential houses
should also be considered in the siting, design and construction of large oil storage depots.
It is important to monitor current and upcoming tank
farm safety and control technologies, and implement
them if feasible.

LEARNING FROM INCIDENTS
The process industry is a much safer industry than many
other industries and is quite a bit safer than many recreational activities. Nonetheless, a majority of the incidents
in the process industry occur because we did not do what we

. Companies’ failure to adhere to NFPA 30-Flammable
and Combustible Liquids codes. NFPA 30 provides
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Table 1. Summary of the tank fires
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were supposed to do or we did not take advantage of the
information that is available reasonably easily. On the
other hand, if we are going to use or do anything with a
chemical, it is our own responsibility to learn everything
about the chemical and treat the chemical with the respect
it deserves.
Another issue is being able to learn from incidents
and capture those lessons into our design, procedures, training, maintenance, and other programs. One of the attributes
of a good safety culture that is a “must” is “learning from
incidents.” There is no excuse when “lessons learned” from
incidents are ignored or not implemented, particularly
“lessons learned” from incidents that have occurred in
one’s own organization or incidents that are widely publicized. The organization must have good incident investigation procedures and all the other management systems
necessary to take advantage of the lessons learned.
One factor that is often overlooked is the types of incidents that are tracked or investigated. Quite often incidents
are defined narrowly and include only the ones that caused
serious or catastrophic consequences. While this may be
the politically expedient thing to do, it leads to some problems and pitfalls.
The ratios involving various types of incidents are a
key concept in loss control. Various studies have indicated
that losses from different types of incidents follow an incident pyramid as shown in Figure 1, with ratios among the
different categories. For example, Heinrich (1959) reported
the following ratio for three different types of incidents:
Major or lost time injury/Minor injury/No
injury ¼ 1:29:300
Several other later studies have indicated similar patterns for incidents. In fact, our own analysis conducted for

1998 data on incidents in the United States indicates
similar patterns (Mannan, Gentile and O’Connor, 2001).
The underlying causes for incidents are usually the
same regardless of which part of the pyramid the incident
falls in. In other words, an incident that causes no injury
and is classified in the lower part of the pyramid could
easily have been classified in the top part of the
pyramid. Consider for example a gas release that occurs
when the wind speed and wind direction are such that
the gas disperses before it can encounter an ignition
source. The incident would then be classified as a nearmiss falling in the lower part of the incident pyramid.
But, now consider the same gas release that occurs
when the wind speed and wind direction are such that
the gas encounters a nearby ignition source. The situation
could be more aggravated if nearby workers are knocked
down or thrown against concrete walls or equipment. The
event could likely lead to injuries or fatalities. Thus, it
seems that the same learning could be developed and
captured into the procedures and training by analyzing
and investigating the near-miss. Thus, the broader the
incident definition, the more statistically sound the
lessons from the incident analysis. In fact, it would
seem that as safety programs mature, the incident definition should be expanded to include not only nearmisses but other leading indicators as well. In the case
of Buncefield, there is evidence to indicate that before
the 2005 catastrophic event, there had been a number
of overfilling incidents. These earlier overfilling incidents
had clearly not resulted in any major consequences and
thus had not been investigated. Quite clearly the earlier
incidents also did not result in any corrective actions or
remedial measures.

Figure 1. Safety pyramid for incidents in the United States – 1998
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SUMMARY AND CONCLUSIONS
The safety performance of an organization depends on a
complex system of multiple layers of protection. These
layers of protection include design, construction, operation,
maintenance, prevention systems, and emergency response
and mitigation systems. Each one of these layers of protection deserves attention to detail and consideration of the
extent of the hazard and potential consequences from different scenarios. In addition to these multiple layers of protection, industry must develop and implement management
systems to learn from incidents and capture those lessons
into design, procedures, training, maintenance, and other
programs. Organizations must also develop and implement
good incident investigation procedures to find “root
causes” and all the other management systems necessary
to take advantage of the lessons learned.
Over the long term, safety performance can not be
improved by measuring and concentrating on trailing indicators only. It is very important to be able to identify and
track leading indicators. Leading indicators provide an
early warning system for trailing indicators. More importantly, management and reduction of leading indicators
should automatically lead to reductions in trailing indicators.
The relationship between leading and trailing indicators is
reasonably well understood and industry must develop and
implement management systems to take both into account
as efforts are made to improve safety performance.
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A SAFETY CULTURE WITH JUSTICE: A WAY TO IMPROVE SAFETY PERFORMANCE
Dr John Bond
C-MIST; e-mail: john.bond007@ntlworld.com
A Just Safety Culture as it relates to industrial safety has been defined as “A way of thinking that
promotes a questioning attitude, is resistant to complacency, is committed to excellence and fosters
both personal accountability and corporate self-regulation in safety matters.” This concept combined with monitoring of equipment and procedures and sharing accident information, now
being successfully developed in the aviation industry, could well be adopted in the petrochemical
industry although the introduction of these ideas would have to be accepted by the regulatory and
legal bodies. A Culture of Justice approach in the petrochemical industry would assist the reporting
of incidents in a disciplined manner and allow the sharing of lessons learnt.

KEYWORDS: just safety culture; safety culture; learning lessons; sharing information, monitoring
operations

established with a consequent improvement in safety,
health and the environment.
It is significant that despite manufacturers’ competing
commercial interests the makers of Formula 1 racing cars
share information on their safety design in order to protect
drivers in the event of a crash. There have been remarkable
cases of the driver walking away from a quite horrific crash.
The safety design is based on the assumption that at some
time the driver will make a mistake but the driver is not
criminalised for the error he has made and his life is saved
by the safety design.
The civil aviation industry which covers aircraft manufacture, operation, maintenance and air traffic control has
successfully established a Just Safety Culture approach to
enhance their existing safety culture. It complements their
Flight Data Analysis Programme required by the International Civil Aviation Organisation (ICAO, a United
Nations body) and their accident/incident reporting
systems MORS (Mandatory Occurrence Reporting
Scheme). This approach has been spearheaded by ICAO,
the European Commission, Eurocontrol and the Flight
Safety Foundation and has been successful in the UK, Australia and Canada. Efforts to establish this Just Safety
Culture throughout the international aviation community
has not been successful, due primarily to problems with
the regulatory and judiciary bodies. In supporting a resolution agreed with professional engineers condemning the
criminalisation of accident investigations the President of
Flight Safety Foundation, William Voss (16), stated:

INTRODUCTION
When a serious accident happens in an organisation the
immediate response of the emergency services is rightly to
tend the injured parties and establish a safe and environmentally acceptable situation. After this an investigation of the
accident will seek witnesses and evidence to establish all
the causes of the accident. The police and HSE or Environment Agency will seek information to establish whether a
crime or violation of regulations has been committed. The
insurance company will wish to establish who has covered
the risk. The legal profession will establish whether there
is a case for exemplary compensation and the media will
seek information on who can be blamed.
The victims of the accident, however, will seek the
justice of compensation, the justice of avoiding a similar
accident in the future and the justice of a disciplinary
approach for those responsible. Unfortunately such outcomes are infrequent. In the petrochemical industry for
instance:
. Compensation to the victims is often delayed while
blame is established.
. Responsibility is seldom accepted for the error.
. The lessons learnt from the investigation are not always
learnt within the organisation and are seldom made
available to all engineers in the industry as a whole so
that a similar accident in the future can be avoided.
. Justice is not seen to be done by the regulatory bodies
who also are looking for someone to blame.
. The lawyers seek customers on a ‘no win no fee’ basis.
. The media always look for someone to blame and
seldom report the true situation.

“We are increasingly alarmed that the focus of
governments in the wake of accidents is to
conduct lengthy, expensive, and highly disruptive criminal investigations in an attempt to
exact punishment, instead of ensuring the free
flow of information to understand what happened and why, and prevent recurrence of the
tragedy”.

In the industrial world it is clear that the ethics of a
fair safety culture are not always followed. The blame
culture which pervades our industries and which is much
loved by the legal and media professions is one of the
major hindrances to improved safety. If this blame
culture could be replaced by one of justice then a major
step forward in sharing accident information could be
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.

The petrochemical industry could learn a lesson from
the civil aviation industry and establish a similar Just Safety
Culture approach to improve safety and create an effective
accident reporting system, although to get the full benefit
there would need to be the active support of the Health
and Safety Executive and the legal profession. An operations data analysis programme similar to that adopted by
British Airways’ SESMA (Special Event Search and
Master Analysis) could be developed for the modern computer controlled plants.

.
.

Insufficient information on the safety and environmental
effects as well as the use of emergency equipment is
given.
Companies have not released the information for legal
reasons.
Companies have not wished to admit that the accident
ever took place.
The Prime Minister, Mr. Tony Blair, has said (2):
“They (the public) want to know that, where
something has gone wrong, lessons have been
learnt and that the same mistake won’t be
made in the future to someone else. So, wherever possible, we want claims settled informally
and quickly, without going to court . . . . . . . . .
Sometimes we have to accept: no-one is to
blame. Such an approach is easy to state;
hard to do. But at least if we start to debate
the problem, there is a chance we can begin
addressing it”.

THE SAFETY CULTURE IN THE
PETROCHEMICAL INDUSTRY
The modern well-developed safety culture in this industry
covers both the personal and work place accident causation
factors and is based on the HSE management model (7) with
full commitment by the Chief Executive Officer. The safety
policy encompasses leadership, management systems, competence, responsibility and communication.
With the improved safety and the lower number of
accidents the industry has had to look at near-misses. To
understand the causes of these near-misses and to encourage their reporting, a no-blame approach was adopted in
the 1980s and is still used today. This was a step in the
right direction at the time since it accepted that errors
could be made unintentionally with no intention of disciplining anyone. A well-meaning ‘no blame’ approach
is not altogether desirable as it is impractical to condone
reckless non-compliance with operational procedures. Furthermore, the passive acceptance of reports of unacceptable
operating methods discredits the management system and
does not help.

Industry in the main has a wish to share lessons learnt
from accidents but to do this they have to overcome the
reluctance of the regulatory, insurance and legal bodies to
change. A Just Safety Culture approach could be more
acceptable to employees once it is understood and should
be acceptable to the regulatory bodies. A Just Safety
Culture approach encourages the reporting of accidents
and the carrying out a full investigation to find all of the
causes. These investigations need to be reported to others
so that the industry as a whole can learn the lessons.
The Just Safety Culture approach has been adopted in
a few forward looking companies and Figure 1 shows a
typical disciplinary approach by one UK Company.

THE CONSEQUENCES OF HAVING A BLAME
CULTURE
The blame culture that has pervaded the community
encourages people and companies to avoid their responsibility for a mishap and to pass the cause on to someone else.
Invariability the person at the base of the workforce receives
the blame even though it may not be solely his/her fault.
This leads to poor investigation of an accident with only
the personal factor being identified and not the work place
or organisational factors.
When people fail it is usually because they are
working in a flawed system. Blaming a person is a simple,
expedient method of removing blame from the organisation
and hence hides the latent flaw in the system. James
Reason’s (11) organisation causation model for accidents
recognises this and introduces a Just Safety Culture
approach to replace the no-blame approach.
Despite all the good intentions of people the main
reasons why lessons learnt from accidents have not been
made available, particularly to the engineer, are:

THE SAFETY APPROACH IN THE CIVIL
AVIATION INDUSTRY
The civil aviation industry has developed a Flight Data
Analysis Programme (FDAP) which records operational
and equipment data on the whole of each flight. A disc is
removed after each flight and analysed by a Special Event
Search and Master Analysis (SESMA) software automatically and this can evaluate the whole flight regarding the
state of equipment and the flight procedure. Output from
the analysis can automatically show the state of the equipment and feed this information into maintenance programmes. Compliance with procedures can also be
recorded and fed back into training programmes for crew
members.
The civil aviation industry also has three major information systems to share information and lessons learnt comprising Mandatory Occurrence Reporting Scheme (MORS),
Global Analysis and Information Network (GAIN) and Confidential Human Incident Reporting Programme (CHIRP). It
is for the adoption of these approaches to safety that the Just
Safety Culture becomes important.

. The workplace or organisational causation factors have
not been recorded.
. Often the cause is attributed solely to an individual.
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Figure 1. Disciplinary action

The European Community at an ICAO meeting (9) in
describing ‘The need for a Just Culture’ reported:

are almost certain. Firstly, no further reports
will be received of such errors. Secondly,
since nothing has been done to change the situation, the same accident could be expected
again”.

“Lack of full and open reporting continues to
pose a considerable barrier to further safety
progress in many areas. Major impediments
are a fear of prosecution and a lack of appropriate confidentiality. The effectiveness of
reporting is totally dependent on a conducive
reporting environment – a Just Culture –
defined as a culture in which front line operators are not punished for actions or decisions
that are commensurate with their experience
and training, but also a culture in which violations and wilful destructive acts by front line
operators or others are not tolerated”.

A Just Culture has also been defined (6) as:
“A way of thinking that promotes a questioning
attitude, is resistant to complacency, is committed to excellence, and fosters both personal
accountability and corporate self-regulation in
safety matters”.
The approach has been described by James Reason
(11 and 12) and has been applied in the Air Traffic Management area of the aviation industry to improve safety. He
states that:

The ICAO has issued a Safety Management Manual
(8) which describes a positive corporate safety approach
with five cultures described in detail. The Informed, Learning and Flexible cultures are familiar to the chemical engineer. The Reporting Culture encourages management and
operational personnel to share freely all critical safety information without fear of disciplinary action. This reporting is
not restricted solely to internal corporate management but
includes international management. The Just Safety
Culture is fundamental for the good reporting of hazards,
near-misses and accidents. It does, however, require the
organisation to inform all employees of what is acceptable
and what is unacceptable behaviour.
In rejecting the blame culture, the ICAO Safety Management Manual (8) states in Section 4.5.40:

“A prerequisite for a just culture is that all
members of an organisation should understand
where the line must be drawn between unacceptable behaviour, deserving of disciplinary
action, and the remainder, where punishment
is neither appropriate nor helpful in furthering
the cause of safety”.
He further describes three causation models in his
approach to accident causation:
.

“If an accident was the result of an error in judgement or technique, it is almost impossible to
effectively punish for that error. . . . . . . If punishment is selected in such cases, two outcomes

.

3

The Personal Factor. The main emphasis here is on the
inadequate capability, lack of knowledge, lack of skill,
stress and improper motivation leading to the unsafe
act or condition and resulting in personal injury.
The Workplace Factor. This includes inadequate supervision, engineering, purchasing, maintenance and work
standards. This has its origins in reliability engineering
and includes the HAZOP operation and risk analysis.
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. The Organization Factor. This model views the human
error more as a consequence rather than a cause and is
indicative of latent inadequacies in the leadership or
management system.

could also be carried out by software which could highlight
any variation in equipment operation such as compressor
vibration, operations out of sequence, abnormal pump pressures, reaction temperatures profiles out of normal pattern,
corrosion of tank bases etc. It could also monitor procedures
such as reliance on high level alarms to stop transfer operations to tanks, alarms failed to be back on line after
testing, start-up of complex equipment and similar
procedures.
The Operations Monitoring system could also check
on a number of parameters concerning the ageing of the
plant equipment. Many other operations such as relief
valves lifting below their set pressures or operating
because the temperature of the LPG being pumped into
the tank is too high could also be monitored and action
taken before an accident happens. Such a system, as in the
aviation field, would show up abnormal operations before
they lead to an accident as well as deviation of equipment
which needs maintenance before it breaks down.
Adoption of such an Operations Monitoring system
combined with a Just Safety Culture approach would give
a new emphasis to improving safety by sharing accident
information.

Just Safety Culture combines the whole approach of
reporting safety matters, monitoring equipment and procedures into a safety management system which becomes
a coherent structure that becomes acceptable and comprehensible to the employees and hence to the public. This in
turn results in greater motivation of personnel and is seen
to improve overall safety in the whole aviation industry
when it is supported at the very top of the industry and the
regulatory bodies.
The adoption of the Just Safety Culture approach in
the aviation industry has resulted in an increase in the
reporting of incidents while keeping low the fatal accident
rate. The fatal accident rate (fatalities per million hours
flight) over a period of ten years for UK Registered/operated Large Public Transport Aeroplanes (3 year moving
average) was only 5 fatalities over the ten year period.
The three countries where the Just Safety Culture has been
fully adopted, Australia, Canada and the UK, currently
have a 3 year moving average fatal accident rate of zero
compared with a figure of 13 for the whole world. These
figures are based on Western designed aircraft with
similar training courses but different management and regulatory systems.
It is not surprising that Lord Broers, Past President of
the Royal Academy of Engineering stated (3):

THE REGULATORY BODIES AND A JUST
SAFETY CULTURE
In the UK the Air Accident Investigation Board (AAIB) has
the right of entry to investigate accidents involving aircraft.
In the Regulations (14) they have an objective:

“One crucial recommendation emerges (from
the debate in the Royal Academy of Engineering). That the investigation of accidents should
concentrate on finding the cause of the accidents not the person or persons to blame.
The latter only leads to defensiveness and
cover up. The investigation should seek the
cause of the accident so that it may be eliminated in the future. The airline industry’s
remarkable safety record is thought by some
to be because the investigators seek the cause
of accidents rather than hunt down the person
to blame”.

“The sole objective of the investigation of an
accident or incident under these Regulations
shall be the prevention of accidents and incidents. It shall not be the purpose of such an investigation to apportion blame or liability. The
provider of any evidence given to the AAIB
cannot be used in other court actions. This
ensures that the full evidence can be given to
the investigators. The results of the investigation
and all recommendations are made available to
the public”.
Thus once the blame culture has been removed from
the scene, the safety approach takes a different path
and the investigation can then concentrate on the primary
objective of establishing all the causes of the accident,
the personal factor, the work place factor and the
organisation factor.
The regulator for the civil aviation industry in the UK
is the Civil Aviation Authority (CAA) and they receive the
accident reports and take appropriate action. The CAA
recognises the Just Safety Culture approach and encourages
companies to take the disciplinary action. The CAA has
stated (1):

Lord Cullen (4) has also made the same point:
“The sole objective of the investigation of accidents or incidents should be the prevention of
accidents and incidents. It should not be the
purpose of such investigations to apportion
blame or liability”

CAN THE PETROCHEMICAL INDUSTRY LEARN
FROM THE AVIATION INDUSTRY?
I believe that with the modern computer controlled plant an
Operations Monitoring system could be adopted which
logged the operations each day. Analysis of the operation

“We promote a just culture. Since 1976 the
CAA has run a mandatory Occurrence Reporting Scheme where we have asked industry to
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submit to us the quite low level incidents that
are happening in the industry. We have given
a guarantee that we shall not take punitive
action against those people who report to us,
except in cases of gross negligence. We
expect industry to behave in the same way
and to use that data with us for continuous
improvement . . . . . . . We can then work
towards the ‘let us not let this happen again’
type of scenario”.

believe, human error cannot be avoided by
‘designing it out of the system’ or disciplining
operators. Error is a normal component of
human performance. This fact must be incorporated into design, implementation and operation of complex systems where it is the
expected outcome”.
The adversarial approach of the legal profession
ensures that reporting of accidents is avoided and hinders
the process of improving safety. This legal system creates
in industry a “don’t get caught approach”. Consequently
engineers have been advised not to keep records of accidents
in case they are demanded in court. Companies are advised
by their lawyers not to admit anything in connection with
accidents which results in companies not sharing accident
information. The consequence is that accidents are frequently repeated. The adversarial process is counter-productive and should be modified to remove the blame
culture from such an approach.
The Robens Report on Health and Safety at Work of
1972 (13) identified this point:

It is clear that since people do not go to work with the
intention of violating a rule or procedure it is more appropriate that the industry itself takes the appropriate disciplinary
action. This does not prevent the regulatory body taking
appropriate action in the case of gross negligence or criminal behaviour but the Just Safety Culture approach
ensures that the company takes appropriate action which
can be monitored by the regulatory body.
In the civil aviation industry the European Organisation for the Safety of Air Navigation (5) has also recognised the requirement for a Culture of Justice and its
Permanent Council has endorsed a recommendation:

“Relatively few offences are clear cut, few arise
from reckless indifference to the possibility of
causing injury, few can be laid without qualification at the door of a single individual. The
typical infringement or combination of infringements arises rather through carelessness,
lack of knowledge or means, inadequate supervision or oversight, or sheer inefficiency. In
such circumstances the process of prosecution
and punishment by the criminal courts is
largely an irrelevancy”.

“. . . alleviating existing legal, managerial and
organisation constraints with respect to safety
data reporting and safety data flows for European air traffic management”.
The Just Safety Culture ideas are prominent in its
European Safety Programme launched in February 2006.
The HSE has a duty of investigating accidents as well
as being the regulatory body although prosecutions are often
handed over to the Criminal Prosecution Service (CPS). It
might be thought advisable that these two duties be separated, as in the aviation, rail and marine industries, so that
the investigation is carried out to establish all the causes of
the accident rather than to find a person to blame. This
would leave the disciplinary side to consider whether a violation of a regulation had been established. Because the
company with a Just Safety Culture approach would take disciplinary action against its employee as necessary the HSE
could then be relieved of a lot of its work. The HSE
should consider a requirement for a mandatory reporting
system in a future Accident Investigation Regulation.

CONCLUSIONS
It is clear that in the vast majority of accidents or nearmisses employees were acting with the best intentions and
did not expect a serious event to occur from their actions.
It has to be accepted that to err is human but we can learn
from these events and share with others the lessons learnt,
as has occurred in the civil aviation and racing car
industries.
The advantages of an Operations Monitoring system,
an Incident Reporting and Sharing system and a Just Safety
Culture system are:

THE LEGAL PROFESSION AND A JUST SAFETY
CULTURE
Probably the greatest impediment to reporting errors and
sharing accident information is the fear of the legal consequences. The civil aviation industry (15) has concluded that:

.
.

“The legal world holds the view that the system
is inherently safe and that the humans are the
main threat to that safety. . . . the safety
environments in the aviation system are
largely achieved as a result of an open
exchange of information between the layers of
the system. Contrary to what some may

.
.

There is an improved reporting of incidents or nearmisses.
There is improved motivation of all staff as they are fully
aware of the justice of the system.
There is an improvement in operational management
with recognition of responsibility.
There is a move towards a self-regulation system, an
original objective of the Robens Report (13).

Those affected by accidents do not trust industry or
the regulatory bodies because justice is not seen to be
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done throughout the whole process. In order to be accepted
by the public as a responsible industry there is need for:
. The Petrochemical Industry to adopt an Operations
Monitoring system, a full Reporting of Lessons Learnt
system and a Just Safety Culture in all aspects and to
be audited regularly. Management must accept responsibility for accidents immediately and recognise that
honest errors do occur. When there is reckless violation
the necessary disciplinary action must be taken without
regard to status within the company.
. The regulatory bodies to separate their investigative and
regulatory sides and to adopt the whole Just Safety
Culture approach. The regulatory bodies must become
forces for error reduction rather than forces for disciplinary action and error concealment. They must accept the
self-regulation approach of Just Safety Culture.
. The insurance industry to recognise the Just Safety
Culture approach and to ensure that reasonable compensation is paid promptly.
. The legal profession to accept the full consequences of
the Just Safety Culture approach and to recognise that
admitting errors is a positive approach to reducing accidents and saving lives and injuries.
If a Just Safety Culture is adopted fully by all the
bodies concerned and audited as part of corporate governance then the public will begin to recognise that Justice
can be done. There will be increased safety reporting of
errors, greater trust and responsibility amongst employees
and more effective safety and operational management.
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LESSONS FROM THE PAST: ARE WE LEARNING,
CAN WE LEARN ?
Iain Clough
Senior Risk Engineer, Marsh Ltd, Tower Place, London, EC3R 5BU;
e-mail: iain.clough@marsh.com
This paper will look at some of the lessons learned from major accidents within the oil and petrochemical industry around the world, and how well these have been implemented within similar
industries. The author is an experienced risk engineer within the energy insurance sector, and
has industrial experience in various roles in the high hazard petrochemical industry in the UK.
Specific issues that will be covered include:
† Distance from and elapsed time since the original major event; how easy, or otherwise, it appears
to be learn from neighbouring events of from events on the other side of the world.
This discussion will be supported with a number of examples of where learning appears to been
effective, and from where it does not, drawn from the experience of Marsh Ltd. within the energy
sector. It will explore some of the obstacles that may or may nor exist to this form of knowledge
transfer.
† Learning from positive results, including effective barrier systems and good practices that may be
available in similar industries.
Examples will be presented and discussed where, for example, fire suppression systems have
been effective, and where they are not routinely installed elsewhere; the use of corporate standards over international standards, and where this approach may have limitations; learning
from ‘mid-range’ incidents.
† Cultural challenges; how easy it appears to be to develop a ‘safety culture’ within new companies, and countries with relatively young oil, gas and petrochemical industries; how the number
of well publicised incidents may mirror the decline of the industry in some countries; what problems may exist in learning from incidents in other countries.

KEYWORDS: insurance, learning, incidents, distance, time, culture, lessons

to the larger, multi-site, private or public companies. This
provides them with an almost unique view of how the
larger hazards are tackled across the Energy industry and
across the world. These engineers are thus able to identify
broad topics which affect the Energy industry and, sadly,
see and hear of the results of major incidents where the
lessons learnt will be familiar to most.
One of the slight downsides of surveying all of these
sites is that, for some of the examples, it is not possible to
identify the source for client confidentiality reasons.
Please be assured however, that the examples presented
have been identified during actual surveys of operating
assets around the world.

INTRODUCTION
Much has been written about learning from incidents and
accidents within the oil, gas and petrochemical industry,
and there are plenty of papers and articles on the lessons
to be learnt from the many significant incidents that have
occurred in the past. Indeed, it is often said that there are
no new incidents and, whilst this cannot be strictly true,
there are many examples where learning points from incidents have been well documented and shared, but appear
to have never been implemented comprehensively elsewhere. Further incidents happen, and the lessons are documented again, only for the cycle to be repeated. This
paper sets out to explore some potential reasons for this,
whilst at the same time identifying some examples where
lessons have, or have not been learnt.
This paper is written from within the Energy Insurance sector and is focused at the larger losses. Within
this sector (covering oil and gas exploration, stabilisation,
refining and the petrochemical sector; mostly areas where
there are significant hazards that include vapour cloud
explosions) the engineers at Marsh Ltd (an insurance
broker with a team of predominantly Chemical Engineers
specialising in Risk Engineering) are fortunate in that
they get to visit and survey a wide variety of locations
ranging from the smaller, single site, private companies

THE EFFECT OF DISTANCE AND TIME
Distance from the original incident, and elapsed time since
the event appear to be one of the factors influencing how
well lessons from major incidents are learnt. As we move
further from the original incident (and sometimes not too
far), and wait longer after the incident occurs, the less
likely we see the lessons learnt and improvements made to
help stop the incident occurring.
The author has operational experience on two
CoMAH assets in the United Kingdom. Even though these
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plants were operated by the same company, and managed by
the same management team, there were differences in protection standards between the two plants. On the larger
plant a fire on a gas system had led, in the past, to a pneumatic linear fire detection system being installed around
the area where the gas was injected into a reactor on the
plant. This had never been done on the smaller unit for
reasons lost in time. These two plants faced each other
across a road on a major petrochemical site, and yet
lessons learned on one had not been translated onto the other.
On 04 January 1966 an operator taking a sample from
the bottom of a propane sphere at Feyzin, in France, was
splashed by a jet of propane and received burns to his face
and arms. Following this initial injury propane continued
to leak from the sphere, eventually being ignited by a car
on a nearby road. Thirty minutes later the relief valve on
the sphere opened and the releasing vapour igniteed, with
the sphere BLEVEing after a further one hour. Ten
minutes after this fire fighting is abandoned, and another
BLEVE occurs half an hour later.
Marsh’s experience of pressurised storage spheres in
France is very good. These storages are now generally
installed over relatively steeply graded concrete floors,
with all drainage routed to a large pit away from the
sphere shadow area. The pit is typically protected by a
number of fixed or semi-fixed foam pourers. Sample
points are not installed in the sphere shadow area.
These positive protection features may or may not be
due to local experience of a major incident. The features
should, however, be contrasted with Marsh’s experience
of pressurised storage sphere installations in other places
in the world that are further from Feyzin. Our experience
in Japan, for example, suggests that the standard of
sphere design is much lower, with installations seen with
very close spacing, no drainage (and even kerbs to hold
liquids under the sphere until vaporisation or burning has
occurred), poor access, multiple flanges and sampling
systems still under the vessel. These standards are reflected
in some recent Japanese-designed installations in some
other countries.
In 1984 there was a catastrophic incident involving
the BLEVEing of many LPG vessels at a site in the San
Juan Ixhuatepec valley, to the north of Mexico City,
which killed some 500 people and injured a further 4,000.
Whilst some of the lessons appear to have been learnt,
such as locating pressurised storage spheres and bullets
further apart and providing fire resistant insulation on
sphere legs and bullet saddles, others appear not to have
been. At Mexico City some of the contributing factors were:

At least one of these, safe drainage, was implicated in
the Feyzin incident some 18 years before. Some other of these
concerns have been noted in recent major incidents in Europe,
such as at Toulouse, where there was extensive damage to
property close to the site.
One of the more infamous incidents in Energy Insurance history within the United Kingdom occurred on 01
June 1974 at the Nypro plant at Flixborough. Many pages
have been written about the causes of the incident, but
some of the other learning points are also important:
.

.

.

A Management of Change procedure is vital – a fact that
now appears well learnt in most petrochemical companies we visit.
Many of the fatalities were inside the Control Room, and
an improved blast resistant Control Building structure is
suggested – again well learnt in general, although with
some caveats described later.
Offices were destroyed in the event, and a safer location
for office blocks should be sought. In the United
Kingdom, and in some other western nations this is
now being captured in ‘occupied buildings’ studies,
which are often, surprisingly, identifying problems and
requiring offices to be relocated. And these are being
undertaken some thirty years after the Flixborough
event had demonstrated the hazard exists. This suggests
that the industry in general has not, until forced to do so,
managed the hazards of having offices close to operating
plant. Recent examples of where damage has occurred to
office facilities include the Hickson and Welch incident
at Castleford in 21 September 1992, and the Skikda
LNG plant loss on 19 January 2004, the latter explosion
destroying the office block on site, fortunately at a
weekend when it was unoccupied. Temporary offices
were, of course, one of the factors that gave such a
high fatality count at the BP Refinery explosion at
Texas City in March 2005.

On 21 October 1989 workers at the Phillips High
Density Polyethylene plant at Pasadena began work to
unblock three of the six discharge legs of the No.6
Rectors. An open valve, that should have been closed,
allowed the release of some 38 t of ethylene and isobutane,
which subsequently exploded resulting in one of the largest
losses within the Energy industry. Again, a host of papers
have been written on the root causes of the incident, but
one of the lesser known recommendations is that Ventilation
intakes for buildings should be designed to prevent the
intake of flammable gas, which was not the case at this
site, even though it was a number of years after the Flixborough incident in the United Kingdom. A number of the sites
we visit today, some fifteen years later, where pressurised
and blast resistant Control Room blocks are now the
norm, do not have trips on the pressurisation air to the building when toxic or flammable gases are detected, a system
that is relatively cheap and easy to install.
The Piper Alpha disaster of 06 July 1988 has resulted
in a number of recommendations, most of appear to have

. No independent high level alarm.
. No trip of the feed line when high level is reached in the
sphere.
. Bunds enclosing the base of the spheres, with no safe
drainage.
. Firemains above ground where they are vulnerable to
BLEVE damage.
. Failure to control residential homes close to the site.
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been effectively implemented across the industry in the
North Sea, mainly due to regulatory pressure, in a similar
way perhaps to those improvements made to pressurised
storage spheres in France after the Feyzin incident.
However, these improvements have not been made with
any consistency elsewhere in the world, with offshore platforms in the Gulf of Mexico only recently having safety
cases produced for them, and a number of work permit
handback issues seen in the second and third world
countries, such as China.
Distance and time effects appear to be important,
although these can be easily masked by factors such as prescriptive regulation (for instance in the North Sea, and for
Occupied Building studies). However, a number of the
lessons from these incidents do not appear to be mitigated
at other sites around the world. Whether this is due to the
costs of implementing some of the hardware changes
required, or because many companies do not have formal
processes for capturing the learning from events outside
the company is not clear. On only one Underwriting
survey has the author seen a formal system for creating
‘virtual’ site incidents to capture off site learning, with the
actions the managed as if the incident had occurred on site.
Notably, some of the major oil, gas and petrochemical
companies that we deal with do appear to learn more effectively, and impose their culture uniformly on sites around
the world, with a consequent reduction in risk.

protection, although smelters and powerstations are generally much better equipped. Typical protection includes full
height fire walls between adjacent transformers, and fire
wall protection between the transformer and the cable
gallery area of the attached switchroom, the latter in particular is often missing. Some sites also chose to install sprinklers on transformers and others not.
The variety of standards seen may be due to the relative hazard and importance given to these items, with transformers often installed with spares. This is only a valid
argument if the passive protection installed is sufficient to
prevent the escalation of any incident from one transformer
to an adjacent unit. In addition, whilst the physical damage
values from these types of events are relatively low, the
downtime from such an incident can be higher, with the corresponding effect on the bottom line.
The Energy industry does not appear to be particularly good at learning from similar industries where standards have been introduced, similar to the transformer fire
protection standards discussed above. In addition, few companies conduct a formal gap analysis when standards
change, to see where they differ from the best current practice, and to determine whether they should do anything to
bridge the gap.
One example seen regularly is the fuel gas isolation
standard for furnaces and heaters. Most modern good
engineering standards generally require a double block
and bleed valve arrangement on the fuel gas to furnace
and heaters, so that in the event of the furnace being
shut down or tripped, the double isolation ensures a very
low chance of fuel gas leakage into the firebox. On
most company’s risk matrices (often similar to the one
below) correcting the deficiency is (or would be) ranked
as having a Category 2 priority (as it falls in the
‘Likely’ or ‘Possible’ rows, and typically causes ‘Major’
damage), although corrective action is not planned. Why
is does not occur is not clear, although it could be a
form of cultural blindness as described below.

(NOT) LEARNING FROM POSITIVE RESULTS
There are a number of good examples of where the industry
does appear to have learnt from incidents, and has made
improvements on a global basis. However, in general, we
do not appear to be very good at learning from positive
results, even where these have been incorporated into international standards. This is perhaps because if there is a positive result, it does not make the Chemical Engineering press,
and has a much lower profile within the company as the loss
is generally smaller. Because of these factors there is much
less analysis done of what went well. In general, however,
learning such as this is incorporated within national and
international standards, all engineers then have to do is
apply it.
On 25 December 1997 there was a major explosion in
the Air Separation unit of the Shell plant at Bintulu,
Sarawak. The investigation identified airbourne carbon contamination of the air feed to the unit as one of the major contributory causes. Since then, a redesign of the common
process for these Air Separation Units, and the installation
of additional hydrocarbon monitoring has greatly reduced
the likelihood of a repeat incident. Without fail these
improvements appear to have been made across the industry, with all sites visited having increased hydrocarbon
detection installed. Why there has been such a consistent
improvement is unclear, although it may be due to the relatively small number of players within this sector of the
Energy industry.
Many of the Energy industry sites we visit have
little in the way of electricity transformer and substation

CULTURAL CHALLENGES
It is possible that there may be a number of cultural barriers
to learning from these major incidents. Kletz, 1993, identified time, lawyers (and litigation), fear of adverse publicity,
internal procedure, disclosure of confidential information,
and commitment (of both companies and individuals) as
barriers to publicising incident information, but this is a
very western-centric viewpoint. Much of the growth in the
Energy industry is happening in the Middle East, and
there are a number of relatively young, fast growing and
now quite large, companies with significant assets.
However, these companies have not been around long
enough (or may have been around, but have recently
grown from a much smaller base) to have heard about
some of the incidents described above.
As part of this, some cultures and companies have
been very isolated in the past (Iran being an example,
following the Islamic Revolution), and have not had the
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Figure 1. A generic risk assessment matrix. (AS/NZS 4360:2004)

opportunity to be informed about, or to learn about, these
incidents.
A number of Middle Eastern cultures are very hierarchical, and do not easily permit a junior employee to question the wisdom of a more senior member of staff, or to go to
higher levels within the organisation if they feel their
concern warrants this. This was recently seen on an Underwriting survey in this region where a vessel (which potentially could cause the largest Physical Damage loss on the
site) had not been inspected since commissioning as the
Operations Manager would not release it to the Inspection
Manager (who was relatively junior). The Inspection
Manager had not been able to ‘push’ the issue with other,
more senior members of staff within the company, even
though he was acutely aware that an inspection was
warranted.
These fast growing companies also rely heavily on
process licensors who, whilst generally providing an efficient process for the design and construction of a plant,
operate with a different set of objectives from the site
owner and operator. In the absence of company standards
from the client, the Licensor will have to fall back to their
own standards, generally based on either international standards or the standards of a major repeat customer. Licensing
is a competitive business, and this can limit the loss prevention standards applied at design and initial construction,

where the inclusion of higher levels of protection can lift
the price of the bid, and may lead to the job being
awarded to another company.
One example of this seen in Iran was of a number of
relatively new plants on a multi-product site in Iran. Some of
the plants have Vapour Cloud Explosion (VCE) potential
and so were equipped with blast resistant Control Rooms.
However, plants without VCE potential were not so
equipped, which leads to the relatively incongruous appearance of a blast resistant Control Room block (concrete walls,
no windows, heavy, automatically closing doors) next to an
airy, glass fronted building which controlled the plant to the
other side. Here, the lack of a site standard for hazard assessment meant that vendors had fallen back on their own standards, without knowing what outside impacts were possible.
The site culture was to respect the expert (the Licensor) and
so the two different Control Rooms were built alongside
each other.
Even in the West our own company cultures can lead
to ‘blindness’ when it comes to hazard mitigation: There is a
high emphasis given to personnel safety (slips, trips, falls,
contact with chemicals) which can lead to larger, but less
frequently occurring, hazards being overlooked. In a
number of locations around Europe for example, including
some where the author has worked, there are large compressors forming a single stream section of the plant. There is

4

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153

often little in the way of fire detection and protection in the
area of the compressor or the lube oil set, justified on the
basis that it is relatively lightly manned in the area and
no-one is likely to be hurt. However, damage to this
machine could result in the inability to make product for
some 12 months whilst a new machine was purchased and
installed, and if the company was not insured for Business
Interruption then this could well lead to it closing.
In the case above reliance is also often made on the
mobile response available on site. Whilst this resource is
undoubtably effective in many cases, little in the way of
planning for such an event is generally made. Detailed
pre-plans can be drawn up for fires in certain areas of the
site, which can determine whether or not improvements
need to be made to the current protection (mobile and
fixed) arrangements.
The fear of litigation is also prevalent in the West.
Many major incidents are often mired in the litigation
process for many years, so that when the learning does
become available it can be a significant time after the incident, when interest is lower and implementation of any recommendations becomes more difficult. It is reported that at
the Huntsman Port Arthur Cracker, the site of an explosion
on 29 April 2006, investigators had not been allowed on site
as of 20 June by ‘the lawyers’.

CONCLUSION
This discussion attempts to look at why the lessons from
some of the more significant incidents around the world
do not appear to have been learnt and applied in a systematic
manner. Recognised examples have been given of major
incidents where the learning points arising from the incident
were the same (in some cases) to those from incidents years
earlier.
Why we do not always learn from these incidents is
not clear, and can only really be a source of speculation.
A number of examples and ideas have been raised above,
but maybe the solution lies in the rate at which the
average engineer within an operating company designs
and builds new plants. Since this is low, recalling the learning from an incident in the past at the stage in the design
when it is easily incorporated is difficult to manage, and
easily missed. The answer is perhaps to risk assess the
project with an open mind at a very early stage. Altering
older plants costs much more money.
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LESSONS FROM TEXAS CITY A CASE HISTORY†
Michael P. Broadribb
Director, Process Safety, BP International, United Kingdom; e-mail: broadrmp@bp.com
A major incident occurred in March 2005 on the Isomerization Unit at the BP refinery in Texas
City, Texas, one of the largest refineries in the USA.
An explosion occurred when heavier than air hydrocarbon vapors combusted after coming into
contact with an ignition source, probably a running vehicle engine. The hydrocarbons originated
from liquid overflow from a blowdown stack following the operation of the Raffinate Splitter overpressure protection system caused by overfilling and overheating of the tower contents. The severity of the incident was increased by the presence of many people congregated in and around
temporary trailers, which were sited close to the process unit.
This paper will explain how and why the incident occurred, the general lessons learned, the
actions taken to prevent recurrence, and highlight some wider messages for the industry.
This paper was previously presented in 2006 at the AIChE Global Congress on Process Safety in
Orlando, Florida.

Drum & Stack (F-20), and a pump-out pump. Vapours disperse from the top of the stack and liquids flow out of the
drum through a gooseneck into the site’s closed sewer
system. F-20 was commissioned in the 1950s and has
been modified several times over the years. It is a vertical
drum of 10-ft diameter with a 113-ft-high stack.
During start-up of the ISOM on Wednesday, March
23, 2005, following a temporary outage, an explosion and
fire occurred which killed fifteen and harmed over 170
persons. Many of those injured or killed were congregated
in or around temporary trailers used for supporting contract
workers involved in a turnaround taking place on the nearby
Ultracracker unit. Several trailers were located between two
operating units, the ISOM and the Naphtha Desulphurisation Unit (NDU). The closest trailer, a double-wide trailer,
was located within 150 ft of the base of F-20, and is
where most of the fatalities occurred at the time of the
explosion. Trailers had been sited in the same area on
several occasions previously, as no concerns were raised
regarding this location from prior siting studies.
The site was secured and an Investigation Team
established the following day to investigate the circumstances surrounding the incident, determine the root
causes, make recommendations to prevent a recurrence,
and identify lessons learned.
The investigation was performed over 8 months,
and included site inspections, witness interviews, document
and record reviews, and chemical analysis of process
samples. The computer hard drive from the process
control system was secured and the data downloaded.
Third party specialist companies were retained to document
the explosion debris and effects, and to model the process
and nature of the explosion. Process instrumentation and
equipment, such as level indicators and relief valves, were
tested, and an internal inspection of the Splitter was
conducted.

INTRODUCTION
The Texas City Refinery is BP’s largest and most complex
oil refinery, with a rated capacity of 460,000 barrels per
day (bpd) and production of up to 11 million gallons of
gasoline a day. It also produces jet fuels, diesel fuels and
chemical feed stocks. The refinery has 30 process units
spread over a 1,200-acre site and employs about 1,800 permanent BP staff. It was owned and operated by Amoco prior
to the merger of BP and Amoco in 1999 and largely uses
Amoco safety management systems pre-dating the merger.
At the time of the incident approximately 800 additional
contractor staff were on site for significant turnaround work.
The incident occurred on the Isomerization Unit
(ISOM) and involved the Raffinate Splitter (the Splitter),
and Blowdown Drum & Stack. The ISOM converts low
octane blending feeds into higher octane components for
blending to unleaded regular gasoline. The unit has four sections, one of which is the Splitter, which takes a non-aromatics stream from the Aromatics Recovery Unit (ARU)
and fractionates it into light and heavy components. The
Splitter may be run in conjunction with the ISOM or independently to build inventory when the ISOM is shut down.
The Splitter was originally commissioned in 1976, but
has been modified several times. It is a single fractionating
column, 164 ft tall with 70 distillation trays, feed surge
drum, fired heater reboiler, fin fan overhead condenser, and
reflux drum. It has an approximate volume of 3,700
barrels, and processes up to 45,000 bpd of raffinate from
the ARU. About 40% of the total raffinate fed to the unit is
recovered overhead as C5/C6 light raffinate. The remaining
bottoms product consists of C7/C8 heavy raffinate.
Hot hydrocarbon vapours and minor associated
liquids from the ISOM relief, vent, and pump-out systems
during upsets or shutdowns are disposed of to a blowdown
system. The blowdown system consists of relief pipework
headers (one of which is from the Splitter), the Blowdown
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On night shift March 22/23, the Night Shift Supervisor told an operator to commence starting up the Splitter.
The operator took control of the packing (establishing
liquid levels) from the on-shift board operator and elected
to pack the tower from the satellite control room. He
brought in cold feed to the Splitter to establish levels in
the Feed Drum and Tower, and to pack the Reboiler circulation loop. Prior to start-up, the instrumentation on the tower
was not checked as per the procedure. He commenced
charging feed to the tower at approximately 15,000 bpd at
02:13 hrs March 23. By 02:38 hrs the Splitter base level
sensor started to indicate a gradually increasing level. At
02:44 hrs he opened the Reboiler flow control valve to establish reboiler circulation and charge liquid to the reboiler
circuit, causing the indicated level to fall back to 3% by
02:55 hrs (3% is equivalent to approximately 2 ft 9 in.
height above tangent). Thereafter, the Splitter base level
gradually rose again until the level indicator’s high level
alarm activated at 72% at 03:05 hrs (approximately 5 ft 5
in. height above tangent) as the tower was filled. The operator acknowledged the alarm, and at 03:08 hrs reduced the
feed rate to the Splitter to approximately 10,000 bpd. The
alarm remained on and acknowledged until after the incident, 11 hours later. The redundant hard-wired high level
alarm, set at 78%, did not operate during this packing of
the Splitter. The indicated Splitter base level continued to
rise to 100% by 03:16 hrs, and at 03:20 hrs the ARU feed
was routed to tankage. The operator closed the feed to the
Splitter and the reboiler circulation to leave the remainder
of the start-up to the day shift.
This operator left the site at 04:59 hrs after making
shift relief with the NDU/AU2 Shift Supervisor (not the
Day Shift Supervisor). A handover did occur between the
Night Shift Board Operator and the Day Shift Board Operator while the start-up procedure remained in the satellite
control room. At shift relief the tower had 4 psig pressure
and a 100% base level indication (equivalent to 10 ft 3 in.
height above tangent). The night shift did not report the
faulty hard-wired high level alarm to the oncoming day
shift either verbally or in the shift log. A work order was
not initiated for repair of the alarm.
On arrival at around 06:00 hrs March 23, the day shift
operators made their normal rounds and checked the unit
line-up. The Day Shift Supervisor entered the site at 07:13
hrs. No pre-job safety review or procedure review was conducted. At 09:21 hrs the outside operators briefly opened the
8-inch chain-operated vent valve, around the tower overhead relief valves that vented residual nitrogen from the
Splitter tower and dropped the pressure from 4 psig to nominally atmospheric pressure. This pressure gradually rose
back to 0.5 psig by 10:08 hrs.
The Day Shift Board Operator started the reboiler circulation at 09:41 hrs, and at 09:52 hrs reintroduced the feed
to the Splitter at a rate of 20,000 bpd. After stroking the
Heavy Raffinate rundown control valve to verify the lineup to tankage, the Day Shift Board Operator closed this
control valve in manual. (The start-up procedure specifies
50% set point in automatic mode). The flow meter indicated

Figure 1. Raffinate splitter

DESCRIPTION OF THE INCIDENT
A double-wide trailer was installed west of the ISOM on
September 1, 2004. The MOC for the siting of this trailer
was approved to proceed (i.e., develop MOC for final
approval) and a hazard review was conducted on October 6.
The trailer was not approved for occupancy prior to the incident, but was occupied from late October/early November
2004. Subsequently, several other trailers were installed
west of the ISOM for the Ultracracker turnaround. No
MOC was initiated for these trailers.
On February 21, 2005 the Splitter was shut down for a
planned temporary outage, because of work on another part
of the ISOM and ARU turnaround. The Splitter was steamed
out to remove hydrocarbons and some maintenance tasks
were carried out during the outage. Condensate was
drained from low point drains on March 14 in preparation
for restarting the unit. Following pressuring with nitrogen
at 22.5 psig for tightness testing, the Splitter was depressured on March 21.
The manpower on shift on the ISOM, NDU and AU2
units was doubled up for the period of the temporary outage
from February 21, 2005, through March 23, 2005. On March
22, the Production Planning Department requested the Shift
Supervisor to start up the Raffinate Splitter. Technicians
were checking instrumentation on the Splitter when they
were informed the unit would be starting up. It appears
from interviews that they may not have completed all the
checks prior to start-up. The 3 psig vent system control
valve (used to purge nitrogen from the Splitter) was
stroked on March 22, although it is not clear from witness
statements whether it functioned properly. There was no
entry in the log book or work order raised for repair.
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Figure 2. Flow diagram of raffinate splitter

a Heavy Raffinate flow of 3,000 to 4,700 bpd. This is
believed to be a zero error on the meter, as the control
valve was closed, and there was no heat exchange
between the Heavy Raffinate and feed.
At approximately 10:00 hrs, two main burners were lit
in the Reboiler fired heater. Shortly afterwards, the Day
Shift Supervisor for the ISOM left the site due to a personal
family matter. He later stated that he passed command to the
NDU/AU2 Shift Supervisor, but this could not be confirmed. Two additional main burners were lit in the heater
at 11:17 hrs, and the Splitter bottoms temperature continued
to rise at approximately 758F per hour compared to the 508F
per hour specified by the start-up procedure. The exact
number of main burners eventually lit is unknown as it is
not recorded and operators interviewed variously described
four, five, or six burners. Throughout this period, feed into
the Splitter continued at about 20,000 bpd and the heavy raffinate rundown remained closed. No liquids were taken out
of the Splitter despite the continuous feed input.
Several possible distractions occurred in the Main
Control Room during the start-up, when someone made
several external telephone calls from the Control Board
extension, and a safety meeting was held in the Control
Room, around the control board for the ISOM.
Concerned at the continued absence of any indicated
liquid level in the Reflux Drum by sometime late morning,
the outside operators checked the bottom tap of the Reflux
Drum level gauge and only vapour emerged. The
Reflux Drum level transmitter continued to show 0% until
13:20 hrs.
The acting Superintendent, NDU/AU2 Shift Supervisor, an outside operator and a trainee operator left the site to

get lunch and returned by 12:05 hrs. The acting Superintendent stated that he spent 75% of his workday on March 23
assisting the ARU turnaround.
By 12:20 hrs the Splitter base had reached the target
temperature of 2758F stipulated in the start-up procedure,
with the feed temperature to the Splitter still only 1208F.
(The normal feed temperature is 2058F). The absence of
heat exchange between the Heavy Raffinate rundown and
feed at the Feed/Bottoms Exchangers at this time confirms
the lack of any Heavy Raffinate rundown flow to tankage.
The feed rate remained unchanged at 20,000 bpd.
By 12:40 hrs, the Splitter pressure had steadily
climbed to 33 psig (normal operating pressure is about 20
psig) at the inlet to the overhead condenser, approximately
150 ft below the top of the tower. A trainee operator
noticed the high pressure on the satellite building control
board screen display, and brought it to the attention of the
other operators. At this point the outside operators opened
the 8-inch chain-operated vent valve for the second time
in order to reduce the elevated pressure. The trainee reported
seeing vapours that “looked like steam” venting from the top
of the stack, but another operator told him not to worry as it
was nothing unusual. After approximately 10 to 15 minutes
the chain-operated valve was closed, and by 12:55 hrs the
pressure had fallen to 22.6 psig.
By 12:40 hrs, the Splitter base temperature had
reached 3028F (normal operating temperature is about
2758F). The feed to the Splitter continued at 20,000 bpd
with no outflow, and the calculated level in the tower
reached over 130 ft. At this temperature, modelling predicts
some vaporization in the bottom of the Splitter, despite the
head of colder liquid above. This would have lifted the
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around the Reflux Drum relief valve to vent nitrogen. This
vent valve was opened and by 13:13 hrs the pressure at the
inlet to the Overhead Condenser had fallen from 22.6 to
20.5 psig.
The Heavy Raffinate rundown stream exchanges heat
with the incoming feed to the tower in the Feed/Bottoms
Exchangers. At 13:01 hrs the feed preheat was 1268F, and
rose to 2608F by 13:10 hrs. This abnormally rapid increase
in temperature led to the rapid onset of vaporization of the
feed at the inlet point (tray 31) to the tower. This would
have lifted the liquid above the feed tray even higher,
such that it quickly reached the top of the Splitter and
flowed over into the 24-inch overhead line.
At 13:13 hrs the pressure at the inlet to the Overhead
Condenser was 20.5 psig, but started to increase rapidly.
This rapid pressure increase likely resulted from the rapid
increase in feed preheat exchanged from the heavy raffinate
rundown, which vaporized feed at the tower inlet, in conjunction with vaporization in the bottom of the tower, and
lifted the excessively high liquid level over the top of the
tower and into the overhead line. The liquid filled the 24inch overhead line above the pressure transmitter and
relief valves, located about 150 ft below the top of the tower.
Around this time an operator telephoned the Day Shift
Board Operator and asked him to reduce firing on the Reboiler furnace due to the high temperature of 3048F on the
Splitter base. The Board Operator trimmed the Fuel Gas
control valve output at 13:14 hrs to reduce the Reboiler
outlet temperature.
By 13:15 hrs the pressure at the inlet to the Overhead
Condenser peaked at 63 psig, and two outside operators confirmed that the tower overhead relief valves (with set points
of 40, 41 and 42 psig) had opened to relieve directly into the
Blowdown Drum & Stack (F-20) through a 14-inch header.
At this point the fuel gas firing to the heater was
stopped, and the outside operators blocked in the main
burners. At 13:16 hrs the Reflux Drum low-low level
alarm cleared, indicating liquid in the vessel for the first
time, and the outside operators started a reflux pump at
13:17 hrs. The indicated reflux flow rate went off scale in
excess of 35,700 bpd. The Reflux Drum low level alarm
cleared at 13:19 hrs, indicating that the vessel was full of
liquid (the drum normally runs in a flooded state). The
DCS system shows that the second reflux pump was also
started at 13:19 hrs, although none of the operators remembered doing so when interviewed after the incident.
At about this time there were radio messages from at
least two witnesses, who saw vapours and liquid emerging
approximately 20 ft above the top of the stack “like a
geyser” and running down and pooling around the base of
the Blowdown Drum & Stack. Vapours were seen evaporating from the liquid pool. The F-20 high level alarm alarmed
for the first time at 13:20 hrs.
Alerted by the radio messages and the shouting of at least
one eyewitness, several personnel in the area of the ISOM left
the immediate vicinity before the vapours ignited. The evacuation alarm was not sounded. At least one witness saw a pickup
truck parked just north of the Blowdown Drum & Stack with its

Figure 3. Blowdown drum and ISOM unit, after the incident

liquid level higher than tray 13, but lower than the overhead
line at the top of the tower. The cold liquid higher up the
tower quenched these vapours and prevented them from distilling overhead.
After reviewing the unit status on the satellite control
board, an operator telephoned the Day Shift Board Operator
and told him that he needed to take a heavy raffinate
rundown flow out of the tower. At 12:41 hrs the Day Shift
Board Operator opened the Heavy Raffinate rundown
control valve. The Heavy Raffinate rundown flow did not
indicate a flow until approximately 13:00 hrs, and by
13:09 hrs had stabilized at 31,000 bpd. The feed to the Splitter continued at 20,000 bpd, and from 09:52 to 13:00 hrs
approximately 2,500 barrels had been added to the tower.
The calculated level peaked at 137 ft in the tower (based
on a simplified calculation ignoring the effect of vaporization in the base of the tower). At this level, 57 of the 70
trays within the column were flooded, and the feed inlet at
tray 31 was submerged.
During these operations, the level transmitter
(designed to operate with a liquid gas interface) was fully
submerged and displayed a signal on the DCS screen
slowly drifting downwards to 80% before any liquid was
removed from the Splitter. The DCS high level alarm
remained in alarm mode throughout.
An Ultracracker turnaround meeting had been called
in the doublewide trailer, and attendees had started arriving
at around 13:00 hrs.
At 13:02 hrs the off-site Day Shift Supervisor telephoned the satellite control room from outside the Refinery,
and spoke to an operator, who indicated he was busy and
would call back. At 13:09 hrs the operator telephoned the
Day Shift Supervisor at home, who, upon hearing of the
pressure trend, suggested opening the 1½ inch vent valve
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engine racing and exhaust glowing, but it is not known if this
was the source of ignition. Several witnesses described two
or more explosions; the first minor explosion(s) followed
rapidly by a louder, more powerful blast at approximately
13:20 hrs, although subsequent modelling suggests that there
was only one explosion. The explosion severely damaged the
doublewide and other trailers on the west side of the ISOM,
and resulted in 15 fatalities and over 170 individuals harmed.
The blast resulted in damage to the ISOM, causing a number
of secondary hydrocarbon releases and fires.
The Site Emergency Response Team responded
immediately and mounted a search and rescue operation.
Mutual Aid and Lifeflight resources were requested and
mobilized by 13:45 hrs. The feed to the Raffinate Splitter
was not shut down, and stopped when electrical power
went down at 14:45 hrs. The fires were brought under
control after 2 hours, and injured personnel had been
treated and/or transported to local hospitals, allowing
ambulances and Lifeflight resources to stand down by
16:44 hrs. The final body was found at approximately
23:00 hrs, having been buried under debris.

Raffinate Splitter Startup Procedures and Application
of Knowledge and Skills
Failure to follow the start-up procedure contributed to the
loss of process control. Key individuals (management and
operators) did not apply their level of skills and knowledge,
and there was a lack of supervisory presence and oversight
during this start-up.

CAUSAL ANALYSIS
Immediate and system causes were analysed using the evidence compiled. The evidence was broken down into discrete building blocks of events or conditions from which
the Critical (Causal) Factors were identified. Critical
factors are those events or conditions that, if removed,
might eliminate or reduce the possibility of the event occurring, or reduce the severity of it. For each critical factor,
possible Immediate Causes and possible Management
System Causes (Root Causes) were identified using BP’s
Comprehensive List of Causes (CLC) methodology.
The CLC is a “pre-defined tree” technique for root
cause analysis, which provides a systematic method of considering possible root causes associated with an incident.
The investigator does not have to build the tree, but rather
apply the critical causal factors to each branch in turn, and
discard those branches that are not relevant to the specific
incident. Further information on pre-defined trees is contained within the CCPS Guidelines for Investigating Chemical Process Incidents.
A number of underlying cultural issues were then
distilled from the management system causes by using a
“5 Whys” type of analysis.

POSSIBLE MANAGEMENT SYSTEM CAUSES
(ROOT CAUSES)
The following possible management system causes were
determined for each critical causal factor. The bulleted
items represent the title of the closest CLC branch:
Loss of Containment

Control of Work and Trailer Siting
Numerous personnel working elsewhere in the refinery were
too close to the hazard at the Blowdown Drum and Stack
during the start-up operation. They were congregated in
and around temporary trailers and were neither evacuated
nor alerted.
Design and Engineering of Blowdown Drum and Stack
The use of Blowdown Drum and Stack as part of the relief
and venting system for the Raffinate Splitter, after several
design and operational changes over time, close to uncontrolled areas.

.
.
.
.
.

Poor judgment
Inadequate training effort
Inadequate leadership
Inadequate adjustment/repair/maintenance
Inadequate enforcement of policies/standards/procedures

Raffinate Splitter Startup Procedures and Application
of Knowledge and Skills
.
.
.
.
.
.
.
.
.
.
.
.

CRITICAL FACTORS
The following critical causal factors were identified without
which the incident would not have happened or would have
been of significantly lower impact:

.
.

Loss of Containment
Actions taken or not taken led to overfilling of the Raffinate
Splitter and subsequent overpressurization and pressure
relief. Hydrocarbon flow to the Blowdown Drum & Stack
resulted in liquids overflowing the stack, causing a vapour
cloud, which was ignited by an unknown source.

Fatigue
Poor judgment
Low mechanical aptitude
Preoccupation with problems
Improper supervisory example
Inadequate training effort
Conflicting roles/responsibilities
Inadequate leadership
Inadequate or lack of safety meetings
Inadequate reference materials or publications
Inadequate audit/inspection/monitoring
Inadequate enforcement of policies/standards/procedures
Inadequate vertical communication between supervisor
and person
Inadequate communication between work groups
Control of Work and Trailer Siting

.
.
.
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Inadequate leadership
Inadequate correction of worksite/job hazards
Inadequate identification of worksite/job hazards
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. Inadequate evaluation and/or documentation of change
. Inadequate implementation of policies/standards/
procedures due to deficiencies
. Inadequate communication between different work
groups

.
.
.
.
.
.
.
.
.

Design and Engineering of Blowdown Drum and
Stack
.
.
.
.
.
.
.
.

Inadequate leadership
Inadequate correction of worksite/job hazards
Inadequate performance measurement and assessment
Inadequate design
Inadequate evaluation and/or documentation of change
Inadequate work planning
Inadequate audit/inspection/monitoring
Inadequate communication of safety and health data,
regulations or guidelines

Lack of role models at supervisor and superintendent
levels
Little expectation of behaviours and performance
No consequences of good or bad performance
Reward structure leads to unintended circumstances
Inward looking at plant and site level
Lack of completion or follow-through
No verification of actions
Fear to challenge and say “no”
Lack of teamwork evidenced by many behaviours and
attitudes
Examples of this environment include:

.

.

More information on the reasoning behind these possible management system causes is provided in the final
investigation report.

.

LESSONS LEARNED
The significant number of possible management system
causes identified above indicated many linked issues requiring further evaluation. In order to understand which recommendations would prevent reoccurrence it was decided
to go deeper to the underlying cultural issues. The following
issues were distilled from the system causes and illustrate a
number of lessons learned, some of which will be applicable
to a wider cross-section of the industry.

.

.

.

BUSINESS CONTEXT
There was a lack of clearly defined and broadly understood
context and business priorities for the Texas City site. A
clear view of the key process safety priorities for the site
or a sense of a vision or future for the long term could not
be identified.

Failure to follow procedures was identified as a causal
factor in several previous investigations, but there
were not any consequences for this behaviour at either
supervisory/management or operator level.
An explicit description of the desired behaviours for
supervisory/management personnel was not readily
available and evidenced by the absence of supervisors
during key events such as critical shift handovers
during a start-up procedure.
Supervisors did not reinforce the importance of following procedures.
At its last inspection, appreciable corrosion and internal
damage was discovered in F-20, an item of safety critical
equipment, but it was neither repaired nor a work order
submitted for later repair.
A reward system that encouraged supervisors and operators to work for extended periods of time with no clear
consideration of fatigue.
Many examples were given where individuals felt that
making suggestions for improvements had little value
and, over the years, had moved into a mode where
they would follow instructions in an incomplete and
routine way without thinking.

The “check the box” approach to processes, such as
MOC, was indicative of the poor motivation and reluctance
to go beyond minimum compliance, and sometimes even the
minimum was ignored. The inward-looking, closed environment resulted in corporate initiatives receiving limited
attention as a “not invented here” culture was tolerated.
The learnings from external incidents were largely ignored
at the site.

. Focused on environment and personal safety, not
process safety
. There was little ownership of PSM through the line
organization
. The development of people was a low priority, with
inadequate training
. In staff’s minds this created no future

“SAFETY” AS A PRIORITY
Process safety, operations performance and systematic risk
reduction priorities had not been set and consistently
reinforced by management.
Good safety is delivered through good line operations, underpinned by the right safety culture and values.
The quality of basic operations had declined to the level
where real safety interventions were necessary to ensure
the right actions were being taken. Evidence of this was
that shift changeovers were inadequate, procedures were
not followed, and line managers were unaware of operations
that were underway.

Over the years, the working environment had eroded
to one characterized by resistance to change, and lacking of
trust, motivation, and a sense of purpose. Coupled with
unclear expectations around supervisory and management
behaviours this meant that rules were not consistently followed, rigor was lacking and individuals felt disempowered
from suggesting or initiating improvements.
. Created a poorly motivated workforce who behaved in a
disempowered way
. Lack of enforcement of following procedures, etc.

6
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There was no evidence of comprehensive and consistent business plans to reduce site risks. Existing plans
focused on projects for reducing personal injuries and
enhancing environmental compliance, but contained no
plans for the systematic reduction of process risks or
improving basic operations. For example, there were no
plans to reduce or eliminate the use of blowdown stacks
which vent to the atmosphere. A project considered an
option to modify F-20 to tie into a flare system, but this
was not progressed as the focus was on environmental compliance issues.
A number of interviewees noted that safety did not
seem to be a priority, particularly as compared to cost management, for example. Although leadership stated “safety
first”, this was not evidenced or believed by many of the
workforce. Lack of leadership visibility and poor communication through the complex, siloed organization did not
assist in delivering the right messages. Examples to
support this included the absence of reporting (in some
cases) and investigation (in most cases) around loss of containment incidents and process upsets.
No clear plans were found for enhancing organizational capacity or capability for the site. The required
training for compliance was generally being provided,
but training and development for first-level supervisors
and superintendents was incomplete. This was most
evident in the case of step-up supervisors, where the training and development program for these individuals in
their step-up roles was poor or nonexistent. The low
investment in developing supervisory levels appears to
have harmed the communication with, and behaviours
of, the workforce.
In general, the further down the organizational structure, the less clear the picture was with regard to safety priorities and the future vision for the refinery. As a result,
many employees felt as though it was not useful to raise
safety concerns or think of future actions, ultimately reducing morale and pride in the site.

the basic fundamental requirements for safe efficient
operation.
.
.
.

Complex and unclear accountabilities
Functional silos exist
Communication within the plant is generally poor

There were numerous examples of unclear accountabilities between groups; for example, with regard to who
was actually accountable for the area between the ISOM
unit and the NDU unit, where the damaged trailers were
located. Similarly, when asked who was accountable for
siting the trailers in this area, a mixture of answers was
received.
There was no evidence of communication of the Splitter start-up to the adjacent work sites. One individual stated
that contractors working inside the battery limits (ISBL) of
the ISOM had been notified and warned to keep out of the
area but, in the immediately adjacent catalyst warehouse
area, no effort was made to notify or evacuate the people
present in the trailers. The organization appeared to
operate in walled silos.
The relationship between operations and engineering
appeared inconsistent and fractured; evidence of this was the
fact that engineering was not called during the start-up problems; nor were engineering rounds being routinely conducted. In addition, the “independent” functions, such as
training and PSM, had become under resourced and
lacked the influence to ensure that standards were met.
The Shift Director’s meeting should be a key crossunit communication vehicle, but attendance was not mandatory and discussion for the entire site was compressed into
about 15 minutes, which was not adequate for genuine communication. Communication worked better within immediate work groups but not well outward or upward.
The low investment in developing supervisory levels
contributed to this lack of clarity and poor communication
due to the low leadership skill levels of those involved.
This was exacerbated by a lack of reward or recognition
for those who stepped across boundaries and stood in personal leadership.
This complexity created an organization which
required behaviours across boundaries, between different
groups and companies, but the clear divisions seen
ensured that people were unlikely to communicate with or
influence across these boundaries. Because of this, natural
teams were often incomplete or incoherent.

ORGANIZATIONAL COMPLEXITY AND
CAPABILITY
Many changes in a complex organization had led to the lack
of clear accountabilities and poor communication, which
together resulted in confusion in the workforce over roles
and responsibilities.
The Texas City facility is a large complex site, which
had multiple levels within the organization, apparently to
address the span of control across such a large site. This
organization had many interfaces requiring clear accountabilities and good communication both horizontally and vertically throughout the organization. In reality, examples
were found of a lack of accountability, unclear roles and
responsibilities, and poor communication with employees
tending to work within silos. This, in turn, created confusion
around some of the many interfaces. As a result, the working
environment was cluttered with many processes, committees, etc., such that it was relatively easy to lose sight of

INABILITY TO SEE RISK
A poor level of hazard awareness and understanding of
process safety on the site resulted in people accepting
levels of risk that were considerably higher than comparable
installations.
Although some effort had been expended to raise
awareness and understanding of process safety in the early
1990s, when OSHA promulgated the PSM rule, this basic
training had not been effectively refreshed over the intervening years. There was no ongoing training program in process
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hazards risk awareness and identification for either operators or supervisors/managers.

site had numerous measures for tracking various types of
operational, environmental and safety performance, but no
clear focus on the leading indicators for potential catastrophic or major incidents. Numerous audits had been conducted at the site in line with regulatory and corporate
requirements, but had generally failed to identify the
systemic problems with work practices uncovered by the
investigation.

. No risk reduction plan
. Passed down by experience, which was sometimes bad
. Gradually increasing risks and no process for systemic
review
. Accepting incrementally lower standards throughout
operations

.
.

There were not effective holistic plans to systematically reduce risks in the refinery. Examples of this included
no plan in place regarding the ultimate replacement/reconfiguration of the blowdown stacks in the site. The most
recent Major Accident Risk assessment for the site failed
to address the risks associated with blowdown stacks. The
ISOM unit and its associated blowdown stack did not
feature in the list of the top 80 risks at the site. Similarly,
the MOC risk review for the doublewide trailer placement
did not include any consideration of the risks associated
with the blowdown stack, located within 150 feet.
One consequence was that temporary office trailers
were placed within 150 feet of a blowdown stack which
vented heavier than air hydrocarbons to the atmosphere
without questioning the normal industry practice.
Many examples of a high level of risk were observed
within the site. At the most basic level was the significant
number of vehicles allowed on the site, in close proximity
to hydrocarbon processing units, and the extensive use of
trailers for housing people in close proximity to hydrocarbon processing units. To visitors, this appeared unnecessary but had grown by custom and practice.
During the course of the investigation there were a
number of (minor) fires within the site, in addition to a
serious incident on the RHU. The general reaction of the
workforce to these fires appeared to be not to worry, as
fires were a fact of life in the refinery. Indeed, this was supported by the lack of investigation around previous fires.
There were references to fires in Emergency Response
Team logs without any documented investigation reports.
Other examples of high risk tolerance concerned the
failure to conduct a review of the Splitter start-up procedure
with the crew, as required by the procedure; the absence of
supervision during the start-up, when it is common knowledge that start-up is a higher risk activity; and the lack of
reporting of significant process upsets, such as relief
valves lifting during previous start-ups.
All of these observations point to both a high level of
risk having become accepted and an inability to see key
process risks.

.

Vertical communication was poor.
Many Key Performance Indicators, but not transparent
or useful for loss of containment, showing Recordable
Injury frequency improvement.
Audit was process focused and did not gain verification
of action.

The safety measures focused primarily on occupational safety measures, such as recordable and lost time
injuries. This focus on personal safety had led to the sense
that safety was improving at the site. There was no clear
focus or visibility on measures around process safety, such
as lagging indicators on loss of containment, hydrocarbon
fires, and process upsets. Examples seen of this included
that site leadership was not focused on trend analysis of
measures that were likely to deliver an accurate sense of
process safety at the site. Loss of containment incidents
and process incidents did not get the attention they warranted. Many were not even formally reported or investigated, and thus corrective actions were not identified and
addressed.
A large number of audit reports were reviewed by the
Investigation Team, demonstrating that audits were being
routinely conducted. The reports indicated that, for the
most part, these audits were focused primarily upon
review of processes and documentation. With the exception
of the “Big 4” safe work practice audit, none of the audits
reviewed focused on verification and assessed, for
example, whether or not procedures were being followed,
and whether work practices were actually consistent with
the procedures.

FOLLOW-UP ACTIONS
The Investigation Report identified a large number of recommendations specific to the Texas City refinery, and the
ISOM unit in particular. The site leadership team has developed prioritized plans to address all of the recommendations. However the following are some of the high
priority actions already underway:

LACK OF EARLY WARNING
Given the poor vertical communication and performance
management process, there was neither adequate early
warning system of problems, nor any independent means
of understanding the deteriorating standards in the plant.
The fifth and final cultural issue was the lack of a holistic early warning system for process safety exposures. The

DEVELOPING PEOPLE, SKILLS AND BEHAVIOUR
. Appointed a new refinery manager and created a new
leadership position to ensure prioritization and tracking
of key site initiatives
. Simplified the Texas City organization, so that everyone
involved in maintenance and operations knows what
they are accountable for and to whom

8

# 2007 AIChE/CCPS

IChemE SYMPOSIUM SERIES NO. 153

. Clarified and reinforced roles, responsibilities and
expectations around start-up, operating, maintenance
and evacuation procedures
. Initiated specific education and communication actions
to ensure personnel are following procedures across
the site
. Started a program to design and deliver enhanced operator training and frontline leader education
. Retained a consulting firm to assist with leadership
development and design of an improved workplace
environment
. Co-located leadership in a common office location for
improved communication
. Created the role of Group Vice President for Health,
Safety, Environment and Technology in the Refining
and Marketing segment
. Appointed a Group Vice President Safety and Operations to lead improvements in Safety, Health and
Environmental Management.

.

Have underway training for employees regarding
enhanced communications on non routine operations
and expectations for sounding alarms.

CONCLUSIONS
The incident was an explosion caused by heavier – than-air
hydrocarbon vapours combusting after coming into contact
with an ignition source, probably a running vehicle engine.
The hydrocarbons originated from liquid overflow from the
Blowdown Stack following the operation of the Raffinate
Splitter overpressure protection system caused by overfilling and overheating of the tower contents.
The failure to institute liquid rundown from the tower,
and the failure to take effective emergency action, resulted
in the loss of containment that preceded the explosion.
These were indicative of the failure to follow many established policies and procedures. Supervisors assigned to the
unit were not present to ensure conformance with established procedures, which had become custom and practice
on what was viewed as a routine operation.
The severity of the incident was increased by the presence of many people congregated in and around temporary
trailers which were inappropriately sited too close to the
source of relief. The likelihood of this incident could have
been reduced by discontinuing the use of the Blowdown
Stack for light end hydrocarbon service and installing inherently safer options when they were available.
While the site management had introduced improvement programs, had completed a site-wide Major Accident
Risk assessment and, following previous incidents, had
begun to introduce many improvements in the areas of training, audit, and culture, the investigation found many areas
where procedures, policies, and expected behaviours were
not met. The underlying reasons for the behaviours and
actions displayed during the incident were complex. It is
evident that they had been many years in the making and
will require concerted and committed actions to address.
The author would like to thank BP for permission to
publish this paper.

ENSURE SAFE, RELIABLE EQUIPMENT OPERATION
. Began a top-to-bottom, continuous inspection and
evaluation of the refinery
. Removed the four high pressure units (above 1000 psi)
from service and have underway a complete root and
branch analysis from design through to current configuration. The units will not be run until that process is complete, and they are determined to be safe
. Heightened oversight by requiring supervisors be
present for all start ups, shut downs and for other critical
operations including requiring written shift handovers
with supervisor present
. Strengthened control of work verification process to
ensure work is stopped when deviations occur
. Leased a 100,000 square foot building in Texas City to
provide offices for employees whose work does not
require their presence on the refinery site
. Undertaking a complete relief valve revalidation study
for all process units and a relief and flare system review
. Begun the process to replace blow down stacks with
flares
. Initiated a process to identify and stop nonessential work
. Engaged an outside firm to help assess and improve
current maintenance work processes
. Conducting a review of span of control and focus of
operations leadership roles.

REFERENCES
1. Fatal Accident Investigation Report, Isomerization Unit
Explosion, Texas City, 23rd March, 2005: BP America,
Inc., December 9, 2005.
2. Guidelines for Investigating Chemical Process Incidents,
2nd Ed., New York: American Institute of Chemical Engineers, Center for Chemical Process Safety, 2003.

REFINE AND IMPLEMENT HSSE POLICIES
. Removed temporary office trailers from within the site
. Drastically reduced the number of vehicles allowed
within the refinery
. Instituted leadership audits to verify proper use of startup, shutdown and safe procedures
. Engaged a consultant to assist with management information around process safety

This paper was originally presented in Orlando, Florida on
April 26, 2006 at the Global Congress on Process Safety,
comprising the American Institute of Chemical Engineers
40th Annual Loss Prevention Symposium and Center
for Chemical Process Safety 21st Annual International
Conference.
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AN EMPIRICAL STUDY INTO OVERTOPPING AND DYNAMIC PRESSURES ON
A BUND WALL POST CATASTROPHIC FAILURE OF A STORAGE VESSEL &
METHODS OF MITIGATION
W. Atherton, J. W. Ash and R. M. Alkhaddar
Liverpool John Moores University, Faculty of Technology and Environment, School of the Built Environment, The Cherie Booth
Building, Byrom Street, Liverpool L3 3AF; e-mail: w.atherton@ljmu.ac.uk
The cataclysmic events, which occurred at the Buncefield Oils Storage Depot in Hertfordshire on
Sunday 11th December 2005, resulted in what is widely regarded as the largest explosion in Europe
since the Second World War. Accidents of this nature involving the catastrophic failure of tanks
used for the storage of hazardous liquids are rare, and the risk of such incidents occurring is estimated to be low, somewhere in the region of 5  1026 per tank year (Thyer et al. 2002). In contrast
to this statistical approach, others adopt the view that “a tank will fail somewhere sometime”
(Michels et al. 1988). This is a valid, if over simplified view of the situation considering there
have been in excess of 100 major incidents involving storage facilities globally in the last 20
years. Tanks used for bulk storage of hazardous liquids are often completely surrounded by an
earth embankment or bund wall with the aim of providing secondary containment for any spillage
from the tank. If the walls of the bunded area have been designed, constructed and maintained in
line with current standards they will provide full containment of the more likely spills. The bunds
are generally designed “as a rule of thumb” to contain 110% of the contents of the largest storage
tank within the bund (Clark et al. 2001). The excess height being claimed in part to prevent liquid
surging over the top of the bund in the event of a sudden failure of a tank. In reality, whilst a 110%
capacity bund should contain the released liquid in the wake of less extreme modes of failure, controlled releases have been shown to result in substantial loss of containment (Cassie and Seale
2003). Bunds will almost certainly not contain the surge of liquid that would follow a catastrophic
failure of a storage tank; even if the surge wave does not destroy the bund wall or wash away the
earthen dyke, the flood wave will overtop it. Most research in this field has concentrated on the
effectiveness of the bund wall as a form of containment, with some researchers suggesting
simply increasing the capacity of the impounding bund to reduce losses (Pettit and Waite 2003).
Counter to this Atherton (2005) reported that significant volumes of liquid could still overtop secondary containment designed to hold 200% capacity, assuming the bund wall withstands the
dynamic pressures induced.
The research described in this paper models various modes of catastrophic tank failure and provides correlations for determining the quantities overtopping the bund. It also highlights the magnitudes and implications of the dynamic pressures imposed on the impounding bund in the event of
the various failure modes. Such losses, both physical and financial have major implications for
operators. Hence, the need for the development of a system of mitigation, which if incorporated
into the tank design would in the event of a catastrophic failure of the primary containment significantly reduce losses. The research was carried out at Liverpool John Moores University (LJMU) in
collaboration with the Health and Safety Executive (HSE). The HSE has a statutory duty alongside
the Environment Agencies in the U.K. as the Competent Authority under the Control of Major
Accident Hazards (COMAH) Regulations and as such has to assess the level of risk based on foreseeable modes of failure.

KEYWORDS: storage tank, catastrophic failure, bund wall, earthen dyke, overtopping, dynamic pressure,
losses, mitigation

with or without floating roofs. Within the European Union
(E.U.) the specification for the design of such tanks is
covered by BS EN 14015:2004.
The United States Environmental Protection Agency
(U.S.E.P.A.) commissioned a study to investigate the

INTRODUCTION
This research concentrates on the failure of above ground
atmospheric storage tanks, of which a variety of types are
in use around the world. Types include open top tanks
with or without floating roofs and closed-top tanks either
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common sources of failure and stated that a significant
factor in tank farm accidents is human error. The study
covering the ten-year period (1990 –2000) highlighted that
the number of accidents at long-term storage facilities
had remained relatively constant. Of the 312 accidents at
tank farms examined in this period it was found that operator error accounted for 22%. Additionally, 55% were
attributable to tank failure, 10% to valve failure, 4% to
pump failure and 3% to bolted fitting failure. Human
error also accounted for 100% of accidents that resulted in
fatalities, 88% involving stock loss and 87% of property
damage, with the root cause attributed to overfilling/overpressurisation.

sum of $36million to the widow and family of the employee
killed in the accident. An additional $24million was also
deemed payable in fines for various environmental violations (U.S. Chemical Safety & Hazard Investigation Board).
It is estimated that lightning accounts for 61% of all
accidents in storage and processing activities were natural
events are the root cause of the incidents. In North
America, 16 out of 20 accidents involving petroleum products storage tanks were as a result of lightning strikes.
Persson and Lönnormark (2004) in a review of fires in the
petroleum industry claim there have been 150 tank fires in
a 52-year period as a result of lightning. Some of the more
recent incidents include Brisbane, Australia 4th June 2003,
floating roof crude tank struck by lightning. Nigeria, 20th
July 2002, 180000 bbl (one blue barrel is equal to 42
gallons) lost when fire fighters lost control of a rim fire
caused by a lightning strike. Poland 5th May 2002,
10,000 m3 tank destroyed as a result of being struck by lightning, this was compounded by the failure of the semi-fixed
fire fighting system. Kansas, U.S 21st August 2001, five
tanks were destroyed in one incident, after fire spread
from a tank which had been struck by lightning.
Louisiana, U.S.A. 3rd September 2005, numerous
refineries closed down production prior to Hurricane
Katrina striking. In the wake of the Hurricane several refineries reported spills, the worst being at the Meraux refinery
operated by Murphy oil. A crude oil storage tank holding
65,000 bbl was damaged during the storm, an estimated
25,110 bbl of oil was released. The surrounding dyke was
damaged and large quantities of oil escaped into the surrounding environment. The cause of the damage to the
dyke is uncertain, it was either a result of the storm or
material escaping from a tank, with at least one tank being
lifted and moved 10 meters away from its foundations by
the floodwaters (Murphy Oil Corporation/U.S E.P.A.).
(Buncefield) Hertfordshire, U.K. 11th December
2005, a tank overfilled at an estimated rate of 550 m3 per
hour for several hours overflowing into the bund and generating vast quantities of vapour. This was a result of instrumentation failure, high-level gauges failed to show that
the tank was full. This was the second major catastrophe
in less than 10 months, where vessels had been over-pressurised due to faulty instrumentation. In the first case the
explosion and subsequent damage at the BP America refinery, Texas, where a distillation tower was over-pressurised
during a start up operation resulted in the loss of 15 lives
and 170 injured. The devastation at Buncefield has been estimated at in excess of £10,000,000 in stored materials alone,
in addition is the destruction of the site itself plus the effect
on surrounding businesses. The nearby industrial estate
housed some 630 businesses with at least 20 of these
losing their premises affecting the livelihood of some 500
people (Buncefield Investigation 2006).
Mississippi, U.S.A. 5th June 2006, three contractors
killed and one seriously injured in an explosion and fire at
an oilfield. The contractors were stood on a gantry situated
above four oil production tanks, preparing to weld piping
when it is assumed that a welding tool ignited flammable

MAJOR INCIDENTS
There have been numerous storage facilities around the
world damaged by earthquakes including major incidents
in Alaska U.S.A. 1964, Chile in 1960, and two in Japan,
Niigata in 1964 and Tokachi in 2003. The incident in
1964 at Niigata resulted in the loss of containment of
several tanks due to damage sustained during the earthquake
which added to the ensuing inferno which continued to burn
for 13 days. This incident highlighted several problems
including that of floating roofs becoming dislodged and
jamming with the resulting fire being attributed to sparks
from the dislodged floating roof being shaken violently.
Another being that this was the first time that the phenomena
of liquefaction had been observed, raising concerns over the
integrity of storage tank foundations at similar coastal
locations (Akatashi and kobayashi 2006).
Naples, Italy. 21st December 1985, during a filling
operation, fuel overflowed through the roof of a floating
roof tank for almost an hour and a half. An estimated 700
tonnes of fuel escaped into the secondary containment.
The pool of liquid covered the bund area of the tank and
the adjacent pumping area, which was connected through
a drain duct. The spill was followed by a vapour cloud,
which rapidly formed and ignited, the source of the ignition
being a pumping station. The explosion resulted in the injury
of 5 personnel, and the destruction of the facility. Twentyfour tanks were destroyed in the fire, together with the
failure of numerous pipelines, which contributed to the
fire, and the loss of the main fire-fighting control centre.
The fire lasted for seven days (Clark et al. 2001).
Delaware, U.S.A. 17th July 2001, one worker was
killed and eight injured when a large sulphuric acid tank
exploded. The explosion was the result of sparks from hot
work on a catwalk above one of several tanks on the site
entering a tank through holes in the roof which were the
result of corrosion igniting flammable vapours. The tank
shell was propelled away from its base resulting in a significant volume of sulphuric acid being released into the
environment. An estimated 660,000 gallons of acid was
released, with extensive environmental damage and a
large quantity of the escaping material entering the Delaware River killing thousands of fish and other wildlife.
The operator, Motiva, part of the Premcor refining group
were ordered to pay costs of $58 million, this included a
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vapours from one of the tanks (U.S. Chemical Safety &
Hazard Investigation Board).

REVIEW
The work commissioned by the HSE in 2003 led to the construction of a major test facility for modelling the catastrophic failure of storage tanks. The testing covered a
comprehensive range of tank and bunding arrangements.
The purpose of the testing was to determine the magnitude
of the losses, in terms of material overtopping the surrounding bund wall, and the dynamic pressures measured across
the height of the bund wall due to the impact of the surge
wave resulting from the escaping fluid. Most of the previous
researchers had concentrated on establishing the quantities
that would overtop the secondary containment and neglected the dynamic loading.
In 1998 a Health and Safety Laboratory report concluded that while much work had been undertaken in this
field, it was considered to be piecemeal and generally
poorly recorded. The review of then available data (Thyer
and MacMillan 1998) focussed attention on the earlier
work of Greenspan & Johansson where they had considered
both axisymmetric and asymmetric modes of tank failure.
Consideration of later work by Trobojevic & Slater, which
examined the potential failure of the secondary containment
due to the impact of the escaping fluid, led to the physical
modelling of failures at LJMU. The work undertaken by
Atherton, studied a total of 96 tank and bund arrangements.
The tanks were divided into three categories, tall, medium
and squat, based on a suitably large scale combined with a
range of bund capacities varying from 110% up to 200%
of the stored tank content.
Results for the bunds designed to contain 110% indicated overtopping values to vary from at the best 24% of the
material stored up to 70% in some circumstances. The
accompanying dynamic pressures varying from 1.3 times,
up to 16 times the equivalent hydrostatic pressure. In contrast, tests performed on bunds designed to contain 200%
of the stored liquid gave rise to significant overtopping
values. Losses ranging from as low as 14% up to 57%
were obtained, while the corresponding dynamic pressures
varied from between 1.5 times the static pressure, up to
7.5 times the static pressure.
Completion of the work for HSE has seen modification of the test rig to enable researchers to investigate
alternative modes of failure, such as directional releases,
which could be considered to be the more common mode
of failure likely to be encountered. These failures represent
situations such as low – level flange or pipe failure or the
loss of integrity of a small section of the tank wall. Alongside this work, research has been undertaken to investigate
possible methods of mitigation that could be incorporated
into the design of facilities with the aim of reducing losses
in the event of failure.

FAILURE MODE AND EFFECT
Assuming the bund wall or earthen dyke remains intact in
the event of a tank failure, material will inevitably be lost
due to the energy of the surge wave or jet of fluid impacting
against the secondary containment. Estimates made in the
wake of actual incidents have calculated losses to range
between at least 25% and 50% of the original contents.
Research has shown that the quantity that can overflow
the secondary containment can be far greater even when
considering vertical bund walls. The losses over earthen
dykes constructed embankments can be even higher, with
such losses having a significant impact. The capital losses
can be immense, while the impact on the environment
almost immeasurable, such as the damage sustained in the
outlying areas of New Orleans, where in the wake of Hurricane Katrina several storage facilities experienced losses of
containment. The most significant was attributed to the
Murphy oil in Meraux. The environmental damage sustained due to losses from that one site being such that
fines of $50,000,000 were imposed on the operator
(Murphy Oil Corporation/MSNBC 2006). Murphy Oil has
since agreed to settle all claims at a recorded cost of
$330,000,000 (Cicero 2006).
While there might be a degree of scepticism concerning the probability of a catastrophic failure of a storage tank
and the subsequent instantaneous release of the contents,
these incidents happen, however rare. Examples such as
that at Ashland 1988, Iowa 1997, Michigan 1999 and
Ohio 2000, where two catastrophic failures occurred
within days of each other pays testament to this. Studies
have shown that in the event of such failures the secondary
containment is of insufficient design to withstand the
impacting surge wave as in the incident, which occurred
at the Azotas fertilizer plant, Lithuania in 1989. In this
case an Ammonia storage tank failed as a result of overpressurisation, the tank split open releasing its contents
and subsequently the tank separated from its foundations
and crashed through the surrounding reinforced concrete
bund (Clark et al, 2001).
Of possible greater significance is the structural integrity of the bund wall or earthen dyke and the effects of the
pressures involved, in what would possibly be regarded the
more realistic failure modes that can be encountered.
Failure, which can occur as a result of a damaged pipe or
valve connection or even the partial removal of a small
section of a tank wall, can be particularly problematic. The
issue here is the magnitude of the dynamic pressure of the
fluid striking the wall, which will still be greater than the
static pressure combined with the duration of the impact.
In the case of a concrete wall this could possibly result in
the loss of integrity of the structure leading to the loss of containment. In the instance of an earthen dyke there is a high
probability that the earth will in such circumstances be
eroded away again resulting in the loss of secondary
containment.

THEORETICAL BACKGROUND
Greenspan and Young (1978) realised that very little was
actually known about the problem of fluid impact against
a barrier and the resulting overtopping. Consequently they
attempted to investigate the problem both theoretically
and experimentally.
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Independently, Hirst (in Thyer et al, 2002) derived
formulae fitted to the same test data to predict the overtopping fraction, QH (3)
QH ¼ A þ ½Bln(h=H) þ ½Cln(r=H)

Where A ¼ 0.044, B ¼ –0.264 & C ¼ –0.116 for u ¼ 908;
A ¼ 0.287, B ¼ –0.229 & C ¼ –0.191 for u ¼ 608;
A ¼ 0.155, B ¼ –0.360 & C ¼ –0.069 for u ¼ 308
Both Clark’s and Hirst’s correlations gave good fits to
the data of Greenspan and Johansson on which they were
based. However, as the test data did not include high
collar bunds, neither Clark nor Hirst claimed that their functions could be used for such cases.
Atherton (2005) in an attempt to provide more accurate correlations sub-divided the tanks into three categories
(tall, medium and squat). These groups are based on the
ratios of tank radius to tank height giving the ratios of
0.5, 1 and 2.5 respectively. The equation produced (4)
then requires the use of two constants (table 1) to allow
the prediction of losses. The constants allow for variations
not only in tank configuration but also bund capacity. The
equation is valid for the three-tank height to bund ratios of
0.5, 1, and 2.5 and for bund capacities ranging from 110%
up to 200%. The range of validity is 0.66  (r– R)/
R  5.32. It should be noted that high-collar bunds are
excluded from the range of validity, as the overtopping
fraction is negligible, usually less than 5%. Omitting the
high-collar bunds improves the quality of fit for the
smaller bunds at greater radii, where frictional forces
start to affect the result.

Figure 1. Tank and bund nomenclature for circular geometry

The major finding indicated that the overtopping was
dependant mainly on h/H, the ratio of the height of the
barrier to the height of the fluid released from the tank
with little dependence on L/R, the ratio of tank wall/
barrier separation and the distance from the back of the
tank to the sliding wall. This was found to be true for all
combinations of barrier and tank heights in the range
0.33  L/R  4 (Fig. 1). It was also determined that the
height of the fluid plume exceeded the initial height of
fluid in the tank with the flight of particles from the
leading edge of the surge reaching three times the height
of the tank fill level.
Greenspan and Johansson (1981) stated that the
manner in which the wave overtops the barrier depends
upon the shape of the dyke or bund. The fluid may vault
an inclined embankment or accumulate rapidly behind a
vertical bund and then overtop. The tests were axisymmetric
in nature with an instantaneous release of fluid from the
storage tank, whereby a stationary column of fluid was
allowed to fall and spread under the action of gravity. The
Greenspan and Johansson experiments, led to a conclusion
that simple formulae to estimate the overtopping fraction
could probably be based on dimensionless combinations
of parameters (1):
Q ¼ Q(h=H, r=H, R=H, u)

Q ¼ Aexp½B(h=H)

(4)

The study measured both losses in terms of overtopping fractions and the dynamic pressures measured at the
face of the bund. Some of this data has since been validated
by comparison with work carried out investigating wave
impact measurements relating to containers sighted on
the decks of cargo ships (Kleefsman et al, 2004). This is
to be further supported by the use of computer modelling,
which will allow a greater number of variables to be investigated in a shorter time scale. It is clear, that in the event
of a catastrophic failure of a storage tank, the quantity of
fluid that can be lost into the environment can be as
much as seventy percent of the stored material. Additionally, it is questionable whether the secondary containment
can withstand the impact of such a release, with the
dynamic pressures being nominally up to six times
greater than those the bunds are generally designed to withstand, although this varies with extreme bund geometries.

(1)

Where, h/H is the main variable and r/H, R/H and the angle
of inclination of the bund, u, as subsidiary parameters.
Recently, two sets of researchers have proposed functions based on the small-scale test data of Greenspan and
Johansson. Clark (2001) put forward the following relationship to predict the overtopping fraction, QC (2):
Qc ¼ exp½ px(h=H)

(3)

(2)
MITIGATION MEASURES & LOSS PREVENTION
A number of the recommendations made by Atherton (2005)
have led to further research being undertaken to investigate
possible methods of mitigation. Previous work such as that
of Pettit and Waite (2003) has considered modifications to

Where, p ¼ 3.89, 2.43 or 2.28 when u ¼ 908, 608 or 308.
Generally, it was found that the overtopping fraction QC
and the relationship with h/H held true over the range
0.33  (r –R)/R  4.
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Table 1. Constants used in equation (4) for prediction of losses
Bund
capacity %
Height/
radius ratio
A
B

110

110

110

150

150

150

200

200

200

0.5

1.0

2.5

0.5

1.0

2.5

0.5

1.0

2.5

0.8873
3.1682

0.7588
2.3529

0.5789
2.0818

0.8244
3.4712

0.6359
2.4451

0.3978
2.0051

0.7369
3.5240

0.4814
2.1866

0.1824
0.4972

the secondary containment to prevent losses due to overtopping of the bund. This has proved to be largely ineffective,
costly, and it does not take account of the dynamic pressures
incurred at the bund. The new work has concentrated on the
primary containment. Investigating possible modifications
to the design of the storage tank itself, which in the event
of the loss of containment due to failure of the storage
vessel would reduce losses.
Eliciting data produced for HSE research report 333
(2005) as the benchmark, along with an identical test methodology, a series of mitigation measures have been investigated. The initial work examined the effects of mitigation on
a selection of Atherton’s test configurations covering the
tank height to radius ratios for a variety of bund capacities.
A number of the designs tested produced favourable results
with all producing reductions in overtopping. The initial
testing across a range of configurations resulted in an
average reduction in losses of almost 73%. Most of the
early models were discarded, since the aim of the study is
to produce the most practicable and cost effective means
of reducing losses.
To date the most effective and possibly the most economic method investigated is a design that has been referred
to as M.O.T.I.F (Mitigation of Tank Instantaneous Failure).
The concept itself is simple however the results obtained
with this model have serious implications for beneficiaries.
A significant difference observed in the behaviour of the
fluid upon impact with the bund wall when using the mitigation measure, is the near elimination of the separation layer
previously described by Atherton. The action of any secondary wave is generally considered to be small (approximately
5%) in terms of the total quantity overtopping the bund,
however the mitigation rendered such losses negligible.
A series of fifteen configurations based on 110% containment were modelled using an axisymetrical failure
mode. Those modelled with mitigation measures produced
reductions in overtopping, which ranged from 31% up to a
maximum improvement of 80%. The average improvement
in the overtopping fraction using this method is 68%. The
test results also indicated reductions in both the impact velocity of the escaping fluid and the dynamic pressures at the
point of impact. Across the 15 configurations considered
there is a 25% reduction in the impact velocities at the
bund wall when modelled with the mitigation measures.
Comparing dynamic pressures, the reduction in the
maximum-recorded dynamic pressures also indicate favourable improvements, varying from between 66% at best

down to 3.4% in the worse case. Some initial modelling of
asymmetrical failures has produced even more significant
reductions in terms of both overtopping values and
dynamic pressures.
CONCLUSION
Research spanning the previous three decades, ranging from
Greenspan through to Atherton, based on physical and mathematical modelling has highlighted the potential for losses
in the event of storage tank failure. This is verified by the
losses sustained in actual recorded incidents, occurring
globally over a number of decades. Statistics indicate the
probability of such accidents is low, however when the
costs of these occurrences are measured, the economic and
environmental implications are significant. The fines
imposed by the courts in the United States in the wake of
two recent incidents have been in excess of $108,000,000.
This figure does not include material losses, which at Buncefield have been estimated to be in the region of
£10,000,000 or the financial impact of operational downtime. The additional human cost, not only in terms of injuries and loss of life sustained in the wake of accidents, but
the wider implications on communities where livelihoods
are affected is substantial. The method of mitigation under
investigation at LJMU could not have prevented the disaster
that occurred at Buncefield in December 2005 for which
there are already systems designed to deal with overfilling
(Amarouche et al 2002). Further optimisation of the mitigation measures under development will present a serious contribution to both limiting losses to operators and to the
protection of the environment along with residents living
in the vicinity of major installations.
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CONFLICTING INTERPRETATIONS OF WORKPLACE ACCIDENTS: A CRITICAL
COMMUNICATION PERSPECTIVE
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e-mail: joel.rasmussen@hum.oru.se
This paper contributes to a growing body of research that acknowledges different occupational
groups’ interpretations of accidents and issues concerning communication and workplace participation. In the ideal democratic workplace situation different actors apprehend, understand and
respect one another’s perspectives and frames of reference, and together they come to an agreement. The empirical case in this paper will draw from interviews at a pyrotechnical company
that throughout the years have had several instances of near-accidents and accidents. From the
case we will see that there may often be a wide distance between parties; gaps regarding knowledge,
beforehand information, perspectives, interpretations and power. A strategic, policy-driven logic
can guide management decisions, while the logic on production level is situational, guided by
everyday experience in production. A point of departure is that communication, and not the least
risk communication, is based on a certain amount of shared experience and meanings. If this
prerequisite is poorly fulfilled, risk communication will fail.

KEYWORDS: risk communication, accident prevention, organizational communication, communities of
practice, critical management studies

However, preventive and strategic work is often lead by
higher quarters, leaving practicians who confront risks in
their daily work routines outside negotiations and
decision-making. If recollection of experience is important
in preventive work, there are accumulated experiences in
the minds and bodies of workers that have to be articulated, acknowledged and made good use of. As Sanne
(2001) describe practicians’ knowledge is more complex
and thick than programs of rules and routines inaugurated
by executives. These programs and policies seldom cover
or comprehend social reality among workers. A prerequisite for further investigations is thus to view those who
work close to complex systems, and consequently risk
falling victim to accidents, as experts.
For positive communicative practices to come about,
the parties involved have to have a degree of shared frames
of references and meanings (Deetz, 1995). If they don’t,
people will talk at cross-purposes, misunderstand each
other, communications will fail. Ideally, management and
workers understand each others’ statements, views and
spheres of experience, and together they come up with
explanations and solutions to joint problems. Most of the
times, however, this is not the case. We may have been persuaded by concepts like “the information age” and “information technology” to think that a whole lot of
communication occurs when many in fact remain divided
by breaches of an industrial society. Management hold perspectives remote from workers, and critical perspectives,
voiced by workers, seldom reach higher quarters. Management perspectives are granted impact due to managers’
right of decision and resources at hand. Consequently, preventive safety work and decision processes draw from
experience of a limited circle.

INTRODUCTION
Previous research on risk communication often view
transmission of information as the primary goal. Facts about
accidents and loss prevention shall be transmitted between
experts and practicians, internally and between companies,
between authorities and companies, and so on. Facts about
risks and accident are considered objective, and the social
construction and definition of what is considered factual,
and the custodians of such construction and definition, has
not been a serious concern. Risk communication research
has, however, turned more and more toward interpretive,
dialogue perspectives (Renn 1998). Research in this field
has shown that different stakeholders interpret and view
risks and accidents in different ways, and demand is
expressed for further research that analyses different
interpretations of accidents and how some perspectives
obtain dominance, while others are overlooked or bluntly
disregarded (Gephart, 1993, 2004; Summerton and Berner,
2003; Perrow, 1999).
In order to see what these perspectives include and
exclude, and what is communicated, it is important to
study occupational groups and their meaning making.
Regarding risk and accidents, this research is thus more
concerned with underlying social conflicts, and complex
causality (George and Bennett, 2004) rather than empirical, technical causes. Here, the production of information
is regarded equally as problematic as lack of
information. Likewise, the production of knowledge and
the definition of who is knowledgeable are regarded as
problematic as lack of knowledge (c.f. Foucault, 2002).
As Summerton and Berner (2003) explain practicians in
production have experience and knowledge that is important to acknowledge for accurate measures to be taken.
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In this paper I will present a study that makes plain
that different interpretations of accidents are apparent but
often not communicated, or suppressed. The pressing
demand for workplace communication, and in prolongation,
workers’ involvement in decision processes is critical if
good decisions concerning safety are to be made. The
empirical case will draw from interviews at a pyrotechnical
company that throughout the years have had several
instances of near-accidents and accidents.
First off I will present some background on the particular company and on research proceedings. Then results
from the interview study will be presented, firstly with
focus on operators’ perspectives, then with focus on interviews with management. The conclusion will sum up
results and point to consequences for safety work and communicative practices.

In the interviews informants are given an opportunity
to tell their story, which is regarded a “significant way for
individuals to give meaning to and express their
understandings of their experiences” (Mishler, 1996: 75).
The interviews cover such topics as accidents and nearaccidents that have occurred, work routines, everyday
communication in and between occupational groups, and
near-accident reporting. It is however not uncomplicated
to conduct interviews about accidents or near-accidents
that have occurred. As noted by Alvesson and Deetz
(2000) informants can make a situation look better than it
is, leave out information, and forget things. On the other
hand many interviewers experience that informants are
open and honest if they perceive the aim of interviews
important, if they are taken seriously, and listened to
(Jacobsen, 1993). This is acknowledged in the interview
method, as informants are encouraged to talk freely and
at length, and get to expound their perspectives as the interviewer ask different descriptive and exemplifying questions
(Spradley, 1979). Thus, the interviewer listens more than
he talks, doesn’t define what is relevant to the case,
however completes informants’ accounts with questions
and remarks significant to his theoretical understanding
of a complex of problems.

METHOD AND MATERIAL
The company in question is a pyrotechnical company that
manufactures seaworthiness products for export, ammunition and demilitarization jobs mostly for Swedish Defence
Material (FMV). During its 50-year history this company
has had a quite large workforce, but due to economical
strain and downsizing there are 115 employees today.
Over the years they have handled ammunition of different
calibre, and almost any kind of explosives – everything
from anti-aircraft robots to civilian star shells. Quite a
good half of the personnel works as operators, jobs which
require no higher education. 30 of the operators work with
seaworthiness products and 30 with armaments, though
some rotation of personnel between product lines is going
on. In the year 2000 a woman died during a demilitarization
job. When a so called bomblet detonated and caused a
secondary explosion in accumulated explosives in the ventilation system, splinter spread at 3000 meter per second. The
female operator stood right under a ventilation pipe. Legal
proceedings followed, and the current CEO, then local
manager, and another manager with specific safety competence, were prosecuted but found not guilty.
Between April and May 2006, 19 semi-structured
interviews were conducted with management, engineers,
foremen and operators. The informants compose a selection
of people that represent all organizational levels and both
areas of production.1 They are in ages roughly between 40
and 60, reflecting the rather high middle age at the
company. All management representatives, engineers and
foremen are men. Most operators at the company are
women, and so are 5 out of 9 operators that were interviewed.2

PERSPECTIVES ON A TRAGIC ACCIDENT
There are important issues that are not communicated
beyond occupation and division boundaries, through organizational hierarchy. Circumstances around the fatal accident
in 2000 compose one topic where views go different ways.
The informants who know about the technical aspects of the
accident agree on the technical course of events. An explosive component got stuck on a belt conveyor; it was heated
up and detonated. In resulting effect a secondary explosion
occurred in accumulated explosives in the ventilation
system and one operator died from splinter. In connection
to this, it is relevant to mention that many remember that
information meetings were held by the management directly
after the accident. According to the current CEO, he gave an
account of what had happened and tried to deny false
rumours and moderate speculation spread by the media.3
All of the middle-management and engineers have insight
in the technical aspects of the accident. Six out of nine
operators that were interviewed describe similar proceedings. One operator mentions that she had read the official
investigation made by the Labour Inspectorate and SÄI
(the Explosives Inspectorate) although few other operators,
she says, have read it. Three operators do not really know, or
can’t recollect, what happened technically. Nevertheless, all
operators can report on the work situation at the time of the
accident.
When asked to reflect upon the accident, underlying
causes and contributory factors appear to be more
complex than technical proceedings. One circumstance
that can be defined as a contributory factor is stress, which

1
Interviews were conducted with the CEO, marketing manager, production manager, HESS (supervising health, safety, and security
issues), 9 operators (from both areas of production), 2 project leaders
(from both areas of production), 2 constructors, 2 works managers
(each responsible for one production area).
2
It is interesting to note, however not topical in this paper, that women
are occupied either at the bottom of production hierarchy or in the
accounts and personnel department. Foremen, engineers, project
leaders and the managerial body consist of men.
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is extensive in scope and can be understood as both cause
and effect. It relates to “physical, psychological and social
forces and pressures” and is thus causal; furthermore it is
“a state of psychological tension” and consequently an
effect (Reber and Reber, 2001: 716). Stress is also related
to organizational values and priorities, for example in the
way workload and work-place safety are balanced, generally
and during financially difficult times. Stress and pressure
caused by management demand for production capacity
can also be viewed as one form of risk-increasing, tight
coupling (Perrow, 1999).

–
–
–

–
–

CRITICAL ACCOUNTS OF STRESS AND
AN ECONOMIC RATIONALE
Among the interviewed operators it is a widespread view
that the job that was done when the accident occurred,
destructing so-called bomblets, was stressful. They worked
with this product line in shifts during the summer holidays,
consequently with a reduced number of staff. They report
that it was difficult to work when the line was in an unfinished state, and basically trial run during serial production.
One operator is also referring to complaints made about
the job to the CEO at the time, and indicates that others
shared her view:

It was awful.
Do you remember anything, or would you like to
describe what it was like?
Well there were explosives on the floors, and you had to
go into the bunker back and forth because nothing
worked, and on the floor there were explosives and
metal flings (. . .) No it was awful, it really was. It was
a terrible job, so it was probably not an issue whether
it would blow but when.
What do you think made them continue instead of
stopping it?
Well it was about money I guess, and their future existence depended on this job. I regret that we went (and
didn’t strike), because when you talk to people you
realize almost everyone were frightened (Operator).

Constructors and other technicians and engineers
recount system- and construction problems at length.
Tight coupling and complex interaction (Perrow, 1999)
in its technical sense is unquestionably their premier
interpretation frame, and in some cases the only one
besides from “the human factor”, which is often referred
to as mistakes made by operators. When this “engineer
perspective” has been more or less exhausted, the interviewer vaguely suggests an importance of social forces
and pressures. In turn, the informant can remain
passive on the topic or go into detail about it. In contrast
to many engineers, a constructor draws on experience
from his work sphere, and presents both specific
examples and generalizations on stress, and he brings
up the topic in terms of pressure on an individual level
as well as pressure on a system. First off, he describes
the situation prior to the fatal accident, and as previously
cited informants he mentions an underlying, economic
rationale as part of a causal relation:

– Do you know anything else about, well, the product and
the situation back then?
– Before the summer holidays, when we said we thought it
was a horrible job, the CEO at the time answered that it
wasn’t more dangerous than anything else we had. Evidently it was.
– Did you see that it was risky?
– Yes, they thought so anyways, because the line didn’t
work as it should have before holidays (Operator).
Operators emphasize now and then that stress is
related to the individual personality, and that they themselves are not particularly sensitive to stress. During the
demilitarization job in question, garnets were cooled down
in fluid nitrogen and then crushed. Remainders consisting
of explosives, iron and copper details proceeded on a belt
conveyor to a magnetic separator. It happened that large
details, such as a whole garnet, passed the second step in
the process, obviously not crushed. When there was something wrong initially in the process, repairmen had to go
into the bunker where cooling and crushing processes took
place and take care of it. If a repairman, foreman or
project leader was not available, operators went into the
bunker and tried to solve problems and restore the system
themselves. According to many informants, problems
occurred frequently, and therefore operators had to go into
the bunker. In the following excerpt, an operator describes
the turmoil, and contextualizes further by referring to the
economical pressure the company was under:

–
–

Can there be other causes such as stress or some other?
That big accident we had a couple of years ago, that was
(caused by) stress. The machine had to get going at all
costs and then trial run during holidays, and repairmen
altered frequently at the same time as one didn’t fully
report to the other what he did, and some guys did
changes, well, on their own responsibility, and that is
how it was handled, and as we know, there was an
explosion. There were a lot of stress and it was the
company that had to have it going (because of) money.
In that case stress was really involved, and poor documentation (Constructor).

Evidently, stress is a critical issue in operators’ social
reality, despite informants’ affirmation that they are not particularly sensitive to stress themselves. However, statements
about the situation prior to the fatal accident in 2000 speak
for themselves. Operators were frightened and made complaints to then CEO with little result. Today, many regard
stress a major factor behind the accident.

– It was a new product and . . .
– Yes, and many were terrified about that product so . . .
– So it was unpleasant?
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both conclude. Yet, and despite a new policy on safety,
some operators regard production pressure and stress a
problem, not only at the time of the fatal accident in 2000
but also in the work of today. Experiential spheres obviously
collide, interpretation frames differ. Even though management has communicated that safety shall be at the top of
the list, some operators call into question whether it is true
in real life. Safety is not at the top of the list, two operators
reply, more accurately “it’s all about getting the parts done”
and “getting products out the door”. As an instance of doubt
in policy effectiveness, a safety representative recollects that
a garnet was crushed in a machine two days prior to our
interview. The principal safety representative had said to
her that foremen tried to keep safety representatives from
knowing what had happened.

MANAGERS’ CONFIDENCE IN A NEW POLICY
The manager supervising health, environment, safety, and
security issues (HESS) relate to stress in a similar way as
previously cited informants. An economic rationale and production capacity pressures were part of a causal relation preceding the accident. However, his colleagues in the
executive group, and middle managers, hardly ever
mention stress on their own initiative in interviews, or
relate it as a real problem. A project leader does not
regard stress a potential increaser of risks at all. Within
his interpretive frame, stress cause defects in product
quality. Interestingly it is his job to plan projects in consultation with marketers, purchasers, constructors and foremen,
and making time tables for product lines and operators.
As far as the CEO is concerned, his job when
employed as local manager in March 2000 was to “create
an effective production site”. He describes that their new
product in 2000 was part of a large order and a five-year contract that involved a number of Swedish companies. The
demilitarization job in 2000 was the first order featured in
the contract. However, to obtain orders for a second year
they had to manage the first order successfully, and to
obtain orders for a third year there were demands for performance during the second. In short, there was keen
competition to obtain orders. Furthermore, he refers to
delivery delays and trouble with machines, and admits, to
some degree, that stress was a problem:

CONCLUSIONS
Management and employees clearly make different
interpretations and hold dissimilar perspectives on accidents. As for the case in point, a fatal accident that occurred
at a pyrotechnical company in 2000, most operators regard
stress a major causal factor, and still consider production
pressures and stress problematical. It is reported by operators that many of their colleagues were worried during
the demilitarization job in question, prior to the fatal accident, and furthermore that complaints were made to the
then CEO, but with poor results. Management, project
leaders and foremen deliver far more positive statements.
They neither bring up stress themselves nor talk about it as
a concrete, critical issue at the plant. The current CEO has
never heard of a pressured or stressed operator prior to any
accident, and neither has the current production manager.
A principal interpretation frame among management and
middle-management consists of what can be called an engineers’ perspective on tight coupling and complex interaction,
besides from operators’ negligence, in other words the
human factor. Another important issue concerns the economic rationale that informants considered an underlying
cause behind the fatal accident. The current CEO report on
the competition for orders and different product and production delays; operators, a constructor, and the HESSmanager account for consequences in production.
From these results my conclusion concern three
matters. First, interpretation frames differ to such extent
that communication has, obviously, not been a priority.
These differences in perspectives and lack of communication imply that there is a distance between occupational
groups and perhaps a widening gap between identity
positions. Since communication depend on shared interpretation frames the distance has to decrease between these
groups, otherwise operators will continue to be suppressed,
and when attempting to communicate people will talk at
cross-purposes, misunderstand each other, or bluntly disregard each other (c.f. Deetz, 1995).
Second, values and ideological perspectives have to
be considered important in organizations and definitely
concerning safety work (c.f. Anthony, 2005). If social

– The client was late delivering stuff to us, and we weren’t
quite done with the production equipment, which meant
that time passed on although the client’s deadline wasn’t
postponed in proportion to all delays. As a result, there
was stress in some sense of the word, yes (Current CEO,
then local manager).
Yet, in contrast to previously cited operators in this
article, the CEO has never heard of a stressed or pressured
operator in connection to any accident, if ever. He assures
that safety is the principal priority nowadays. As far as the
production manager is concerned, his perspective is similarly reluctant to acknowledging stress as a critical issue.
Somewhat pressured by the interviewer to comment on
how pros and cons were balanced regarding production
capacity and safety in 2000, he declare that they have
changed many things since then, and now position security
and safety as most important at all times. However, he maintains that they “were not particularly terrible concerning
security at that time or before the accident” although the
top-priority of safety “was perhaps not clear”. In contrast
to previously cited operators, he question that social and
economic pressure reached and affected workers:
– I doubt that any operators felt that they took a risk, that
they simply worked with blinders on and just pushed on
to deliver these things (Current production manager).
Similar to the current production manager, both
foremen emphasize the new policy to top-prioritize safety.
They say they would never tamper with safety, besides, no
one would allow them to. “Safety is at the top of the list”
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forces and pressures (such as stress) are ignored in favour of
output figures and profits, the assembly of those with power
have to be examined. Their ideological horizon and business
vision, which exclude some interests and include others,
have to be altered in order to incorporate a wider range of
stakeholder interests.
This leads us to the third and final matter: forums for
communication and decision-making. Deetz and Brown
(2004) have outlined such forums and emphasize the importance of including different occupational representatives and
consequently knowledge from different experiential spheres.
Previously unknown measures can be explored and negotiated in such forums. Unfortunately, conflicts are often
suppressed with expressive communication from the top
downwards, and those who would be able to contribute
with experience and long-term perspectives fall silent. Communication should thus be about sheer content and concrete
experience, not performance or rhetoric (Deetz, 1995;
Alvesson, 1996; Deetz and Brown, 2004). If conflicts rise
to the surface, are acknowledged and become dealt with in
dialogue and negotiation, creative results are probable.
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LOAD SECURING WHILE TIPPING CONTAINERS
Tim O’Donoghue and Tony Lenton
DuPont Teijin Films, Dumfries Site, Dalbeattie Road, Dumfries DG2 8YA;
e-mail: Tim.D.O-Donoghue@gbr.dupont.com
One transport and offloading method for free flowing solids is to load the product into containers
and then make the delivery to the destination with a trailer which can tip the container so that the
solid readily flows out into the installed materials handling equipment. Use of a specifically
designed container box simplifies the tipping operation by keeping the rear door of the container
shut.
In January 2002 an incident occurred at the Dutch DuPont Teijin Films (DTF) site on completion of offloading the PET chip from the container. The container (weight 2.5 tonne) fell over
the end of the trailer and slid for a number of metres. A person at the rear of the trailer was able
to jump clear and nobody was hurt but the trailer did sustain some damage. The container had
been transported by boat to the Netherlands and loaded onto a trailer at a local port. The investigation found that only one of the four twist locks that hold the container on the trailer was in
the closed position –the other three were secured open.
Such a failure prompted interest in the safety aspects associated with tipping containers and in
particular with the use of Twist locks. These items are a simple and effective design with the main
requirements set out in an ISO standard – but there are at least 20 variants to this design including
some that are ‘semi-automatic’
The three variables that influence safety for the tipping operation were identified as:
† Twist lock design
† Frame design on the tipping part of the trailer
† Rear door design on the container
Semi automatic twist locks were in use on the container involved in this incident and while they
enhance the safety of this activity when they are working correctly they also provide a false sense
of security should one or more of them be faulty.
Routine checks on containers arriving at DTF sites then demonstrated the vulnerability to issues
with container securing: in one case a twist lock was simply absent.
Precautions identified and introduced in DTF include:
† Specifying the type of trailer chassis required for tipping,
† Checking visually that all twist locks are secured in the correct positions before any tipping
occurs,
† Treating a tipped container as a suspended load and creating a temporary exclusion zone
behind the trailer,
† Specifying additional precautions needed if the container is a standard one rather than one
custom designed for offloading by tipping.
This paper provides an account of the incident and then develops the risk assessment by
first identifying the hazards and then suggesting suitable precautions for this type of activity.

INCIDENT BACKGROUND
Polyethylene terephthalate (PET) chip made at the DuPont
Teijin Films (DTF) Dumfries site used to be transported to
the DTF Rozenburg site for processing into PET film
there. The product was loaded into container shaped
boxes, and then transported by road, sea and road once
more to Rozenburg. Emptying of the contents of the
boxes was achieved by tipping the box and allowing the
chip to flow out under gravity. Hence a requirement
when the boxes were removed from the boats was that
they be placed on a tipping trailer for the final leg of
the journey. There were roughly 300 boxes sent by this
route each year.

THE INCIDENT
Just as the last of the 20 tonne contents of one box were
running from it, the whole box plus part of the trailer
slipped backwards, coming to rest more than 5 metres
behind its original position – a photograph taken shortly
after the incident is Figure 1. One person was stood
behind the box at the time but they reacted quickly and
jumped clear of the .2.5 tonne box as it moved. There
were no injuries but some equipment was damaged.
DATA GATHERING
. The box was initially connected to the trailer at each
corner with Twistlocks – see Figure 2. Checks after the
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.
Figure 1.

incident showed that the rear twistlocks were no longer
connected to the box: the front frame of the tipping
trailer remained connected to the front of the box.
. The tipping trailer had a split rather than a solid tipping
chassis as shown in Figure 3. This design allows the two
connection areas to move partly independently of each
other which in turn allows variability in the connection
of the box to the chassis.
. Only one of the 4 Twistlocks in use was found to be in
the closed or securing position. This was at one of the
two front corners. The remaining three (i.e. one at the
front and both at the back) were still in the open position.
. There is some variety in the designs of Twistlocks in use
on vehicles: in this case they were the type known as
semi-automatic Twistlocks. These can be held by a
latch in an open position while the box is raised from
the trailer. The locks are spring loaded so that they

return to the correct position once use of the latch
ends. The action of lowering the container connection
points onto one of these Twistlocks rotates the head so
that the container can reach the correct berthing position
and the spring present then automatically closes the
device into the securing position. This should save
time and also remove an opportunity for human error.
The latches that holds these Twistlocks open and primed
while raising the box were missing on all three locks that
were found to be open. The latch was present on the one
that was closed and in place. On each of the three
without latches the securing nut had been tightened to
hold the Twistlock open: this disabled the spring
closing mechanism.
The one functioning Twistlock would likely have held
the container box in place had there been a solid frame
on the tipping chassis on the tipping trailer. Split
frames are lighter than solid ones and hence allow
more freight to be carried while adhering to maximum
weight restrictions.

COMMENTS
While that latch on semi-automatic Twistlocks improves
safety by removing any need for people to be alongside
the mechanisms while a heavy box is being raised from a
trailer, they do need to function properly and be released
after the container has been removed to provide this full
improvement. Should a latch (which allows the lock to be
held open while lifting the box) fall off then a person
needs to hold the Twistlock open while the box is raised.
If three have fallen off then three people are needed
simultaneously.
An alternative option is to tighten the securing or
locking nuts on these Twistlocks: then there is no need for

Figure 2.
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Figure 4. Hazard of double tipping

Figure 3. Frame design implications

.

anybody to be alongside the Twistlock while the box is
being raised or lowered, but someone does need to then
release the securing nuts once the box is in place. Failure
to release the securing nuts disables the Twistlock function.
Semi-automatic Twistlocks can provide a sense of
assurance to drivers – if in good condition and not resting
on the latch then once a box or container is lowered and
in place the load is secured to the trailer. This might lead
to a relaxed attitude to checking that the Twistlocks are actually holding the container in place on the trailer.

Semi-automatic Twistlocks were probably designed to
improve securing of container boxes relative to a
manual system, but the absence of a latch makes such
incidents likely.
Go looking for the risks that your employees are exposed
to, including the less obvious ones, and address the
necessary precautions to control these risks.

A tipped trailer is a suspended load and gravity makes
this a hazard: precautions to assure safety in the zone
immediately behind the trailer may need to be more than
just relying on the mechanical integrity of the tipping trailer.

AFTERMATH OF THE INCIDENT
Checks were swiftly introduced at DTF sites after the incident on the securing of all incoming container boxes to
tilting trailers. Over 10 % of the Twistlocks checked were
found to be faulty, including one case where the Twistlock
was not there (the driver assured us that it must have fallen
off on the journey). This figure fell to 0 swiftly as DTF
requirements became known. Twistlock audits remain part
of site requirements.
A closing thought derives from there being 2 routes to
tipping up a container box in order to offload a free flowing
solid:

KEY FACTORS
Physical: Damage to Twistlocks which prevented them
operating as designed,
Human: Lack of understanding that previous container
offloading actions would disable the Twistlocks,
System: Absence of checks on integrity of the latches.
LEARNING

.
.

. Robust securing of containers for tipping to the tipping
chassis is a key part of the precautions associated with
controlling the risks. Checks are needed that this securing is actually in place before any tipping starts.
. Improvements to robust systems/equipment need to be
assessed fully, paying particular attention to likely
failure mechanisms.

Tip the chassis of a trailer, or
Tilt the container plus trailer.

There is a hazard present should a container on a
tipping trailer be placed in a tilting frame and tilted, as
shown in Figure 4. The precaution needed to prevent the
combination of tipping and tilting is to secure the front of
the tipping frame to the trailer, normally with a Twistlock.
This securing needs to be part of the Twistlock checks.
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THE ORGANISATIONAL SIDE OF MAJOR ACCIDENTS AND SAFETY: PERSPECTIVES ON
TRANSFORMING KNOWLEDGE INTO PRACTICES
Jean-christophe Le Coze and Nicolas Dechy
INERIS (Institut National de l’Environnement Industriel et des Risques), Accidental Risk Division, Parc Alata, 60550,
Verneuil-en-Hallate, France; e-mail: jean-christophe.lecoze@ineris.fr, nicolas.dechy@ineris.fr
In September 2006, Michel Llory, an author in the field of the organisational side of major accidents
(1996, 1999) organised a two days seminar focused on the organisational dimension of safety. Following twenty years of research in the field, from the debates around the High Reliable Organisation (i.e. Roberts, 1990) and Normal Accident (i.e. Perrow, 1984), through the Normalisation of
deviance (Vaughan, 1996) and some recent important investigations following major accidents
(Paddington, 1999, Columbia, 2003) and other insightful contributions (Hopkins, 2000, 2005),
the theme of the seminar was to question the state of the art regarding the core concepts and methodologies of the organisational side of safety, but also to address its practical impact within industry. Contributors from various French bodies where present (INERIS, National Institute for
Environmental Safety; IRSN, Institute for Nuclear Safety and Radioprotection), but also researchers in the field as well as companies (Air France, EDF, CEA). Several themes from the organisational side of safety were debated such as:
–
–
–
–
–

The tradeoff between production versus safety,
the dark side of organisations,
the nature of the accident dynamic,
the assessment of organisation,
the organisational side of safety in the practices of the industry and development strategy.

This paper provides a summary of one of the contribution proposed by the authors of this paper
for the seminar. The contribution deals with the development of the organisational dimension of
safety into industry practices. In order to elaborate on this topic, the paper distinguished among
several concepts such as safety management systems, behaviours, human factors and organisational factors. It is stressed that these various expressions cover different understanding of sometimes similar phenomena. The meaning of these terms vary from managers, in companies to
researchers in human and social sciences. An important part of this paper is dedicated to an
attempt to clarify these different meanings. This is seen helpful to clarify some of the problems.
Some directions are then suggested to help for the development of the organisational side of
safety in practices.

KEYWORDS: accident, safety management system, organisational factors, human factors, behaviour

organisational factors) into these practices, while also questioning the ability to do so, when background regarding
these issues is limited within the industry, where engineering is the most dominant profile. Our initial engineering
background has been used as a support for a better
understanding of the gaps between the different views that
are presented in this paper. The industry domain covered
is mainly the chemical, petrochemical industry.

CONTEXT OF THE STATEMENT, THE ANALYSIS
AND THE PROPOSALS
This paper is based on some years of experience by the
authors in developing various type of research programs
dealing with the integration of human and organisational
factors into risk assessment, safety auditing and investigations following accidents. In parallel to these research
programs, consultancies have been regularly performed for
the industry and control authorities, mainly in the field of
investigating accidents and auditing safety management
systems, but also in the more traditional field of risk analysis. On the basis of practices in design, risk analysis and
assessment, safety studies and accident investigations
widely in use in industry and existing consulting activities,
one of the aim of INERIS, along with developing knowledge
in the field, has been to try to introduce and transfer human
and social sciences (through human factors and

DIFFERENT UNDERSTANDINGS OF HUMAN
FACTORS, ORGANISATIONAL FACTORS AND
SAFETY MANAGEMENT SYSTEMS
In this part we suggest a way of distinguishing the
expressions in use for considering different domains,
according to what they represent. This helps to identify
some of the issues.
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Safety management systems (SMS), human factors (HF)
and organisational factors (OF)
Safety management systems (SMS)
According to our experiences, when the term “organisation”
is used and thought within the industry when it comes to
safety, it is strongly associated with the principles of
Safety Management Systems (SMS). It implies a rather
“structural” or also “rational” vision of the organisation.
By “rational” or “structural”, we mean that functions,
responsibilities and skills are clearly defined for people
according to specified goals, and as a result, the organisation
should behave in a rational way, according to its description
and purposes. This type of representation is influenced
by the quality approach, associated with the “Plan,
Do, Check, Act” (the Deming wheel) and “continuous
improvement” principles. This representation leads to a
decomposition of the system in activities or processes
(often described by procedures) that are articulated in
order to provide the expected outcomes of the system.
This approach is aimed at managing and monitoring the
activities thanks to appropriate indicators. This principle is
at the core of many standards (such as ISO 9000, ISO
14, 000 but also OHSAS 18, 000) but can be also found in
a way, although not detailed as much as in these standards,
in regulations such as in Seveso II Directive framework. In
safety, activities such as risk analysis and assessment, emergency preparedness, management of change, roles and
responsibilities etc need to be described and implemented
for managing safely. It is often therefore that the description
of the activities becomes consequently the “reality” against
which people should be complying, and therefore be
assessed. It represents an “ideal” or “rational” system to
be put in motion. This is sometimes described in companies
as a “system approach”, although we would not associate it
to a systemic approach (but this is a question of definition).
Without understanding that this is what managers and
safety managers, when influenced by a engineering background, have in mind when they talk about organisations
and safety, it is hard to see why difficulties arise when
other approaches of organisations, bringing other ways of

thinking the organisational dimension, are suggested (this
point is discussed after). But in order to go ahead, we introduce now the human perspective (human factors) such as it
is introduced, according to us, in companies, along with the
SMS approach. This will also help, we hope, to clarify better
the situation.
Human factors (HF) and Safety Management
Systems (SMS)
The way Human Factors are seen is summarised in the following figure (figure 1).
This type of representation implies that following
technology, engineering efforts and implementation of safety
management systems, the next improvement should be
through the human factor dimension. It is an interesting representation, that Hopkins (2006) has commented this way:
“It has to be said that this three stage analysis is
highly contestable; indeed the analysis of Hale and others
flatly contradicts it. They assert that a first age of technical,
engineering improvements was succeeded by a second age,
in the 1960s and 1970s in which human factors were seen as
the central issues to be addressed. The late 1980s saw the
dawn of a third age in which the structure and functioning
of management was seen to be crucial (Hale and
Hovden, 1998).”
We also think that this representation is the symptom
of a gap between a research community from various disciplinary backgrounds (dealing with human factors and
organisational factors) and the industry in general (but this
gap would probably be different depending on the industries: nuclear, chemical, aeronautical, transport . . .). The
gap is in the way human factors are understood in industry,
compared to how it is understood in the research community. Based on our experience, human factors in industry
concern mainly the “last bit” that can’t be totally controlled
and that need to be solved by providing the appropriate procedures, but also by providing the proper work situation,
with a rather physiological approach of this work situation
(light, space, size etc). Indeed, when you have made all
the efforts to write down and to articulate the activities of

Number of
accidents
Technology, engineering

Safety management systems
Human factors

Trend in
practices

Figure 1. From engineering to HF following SMS
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a safety management system and also taken into account the
work context, then the only problem arise when people do
not comply with what they are supposed to do. As a consequence, following safety management system, the next step
is to ensure that “disciplined” people will follow what is
expected from them to do. This leads to figure 1 type of
rationale. It might sound as an extreme way of describing
the underlying models behind safety management system
and human factors within industry, but our experience is
that this type of rather technical way of thinking (namely
that people are “components” to fit into a well defined –
and well thought – organisational structure), is widely
shared. To go with this, three principles are often brought
into the explanation for human behaviour that would not
comply with what has been defined:

sophisticated one is available (it is “soft” sciences, after
all). As a consequence, they don’t need to worry much
about the conceptual dimension behind it. And without it,
things do work pretty well anyway. Until incident and accident happen of course and reveal that situations (technically
and organisationally) were maybe not that adequate and not
that well thought of. As a result, the representation of what
human factors are in the industry (from our point of view)
is far from what it is for human factors scientists. It is not a
major problem because people can’t be expert in everything,
that would make no sense and a technical and engineering
background is necessary for operating plants. But when the
level of awareness is very low regarding the nature of knowledge implied for dealing with human factors, then it becomes
extremely difficult to support its development in practices.
And the issue is very similar when we move from human
factors to organisational factors.

– the motivation issue (everybody remembers the Maslow
pyramid . . .)
– the impact of external life into the practices (“when
someone has a bad time at home, this is when human
factors can have an impact”)
– the analogy with the situation of driving above the speed
limits for an illustration of by-passing procedure

Safety management systems and organisational factors
When we move away from the “isolated”1 individual behaviour at the level of the work space, and get into another
dimension of the problem, closer to the organisational
factors such as described in the literature, then we penetrate
into the area of what is often identify in the industry as the
“safety culture” where “safety first” and “safety is everyone
business” are the key drivers for bringing some “oil” into the
safety “rational” management system. However first, there
are difficulties with the concept of culture (Hale, 2001,
Hopkins, 2005), because it is a rather abstract concept, difficult to identify, difficult to assess but also to manage
directly and practically. Moreover and secondly, Hopkins
(2005) has shown how the cultural approach was understood
within the industry (here again, the statement should not be
understood as too generic and representing all industries): it
is ultimately understood that the “safety culture” is located
in individuals mindset. It is not understood as a feature of
the organisation, as an emergent properties resulting from
the safety practices and multiple daily tradeoffs regarding
production and safety between managers and workers, that
can’t be attributed only to individuals, at the sharp end. In
fact, many of the organisational insights provided by the literature on accidents and safety provides conceptual
elements to think more globally the issue of safety, to
escape a narrow vision focused on the individual and on a
limited vision of what a “safety culture” is (or could be).
Dimensions such as social redundancy, bounded rationality
issues that apply to all decision makers from managers to
workers, organisational learning, the impact of centralisation or decentralisation on practices, the presence of
counter intuitive effects and the use of power, are never in
the explanation of incidents or never integrated in safety
auditing2. As noted above, all these conceptual elements

This type of “models” (that are mainly “behaviourist”)
for interpreting human behaviour are rather limited and lead
to difficulties when it comes to explaining incidents and accidents, or also to audit working situations where discrepancies
are for instance noticed between procedures and “real”
activities. The use of check list integrating human factors
dimensions are often supporting tools for incident investigation or for short audits of practices. But, how can these
checklists be used when so little knowledge is available for
users about human factors and behaviour? Key items in
check lists do not mean much when there is no theoretical
background helping people to describe and understand situations, and to articulate together these various dimensions
(for instance, from “procedures” to “light” through “stress”
items). It is as if for understanding a chemical reaction, we
would rely on common sense, with no background models
in chemistry. The comparison with human factors assessment is not much different at a first level of analogy. How
do you integrate in a appropriate way the potential effect
of “procedures”, “stress” and “light”, for making sense of a
situation (following an incident or a working situation) and
assess it? It is quite a complex situation to deal with. Of
course, we, as humans, do experience the presence of procedures, we do experience at times stressful situations and
we have a good idea (in a “common sense” perspective) of
what the impact of light on an activity is about. We do experience these probably enough to have an idea of how to
proceed to evaluate other situations that people face or
have faced, based on our own experiences. In comparison,
it is true that we don’t, everyday, experiment chemical reactions, with no knowledge on chemistry. The analogy with
chemistry and process has therefore its limits. But it has definitely its interest too. Indeed, because of this feeling that
“common sense” can be used for dealing with human
factors, it leads to think that no specific knowledge or

1

Of course, nobody is ever really isolated, we always interact with
others and the physical environment, it is more a way here of defining
a level of description, in a “common sense”.
2
For a better description of available organisational models in accident and
safety but also more generally in organisational theory, see Le Coze (2005).
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do not fit in a vision of the organisation where some
principles derive from a more technical or engineering perspective of it. Génelot (2001), a consultant and researcher in
management has identified some core principles still widely
shared among managers:

at the higher levels within the safety management system.
There is nothing much new here, but it is very much a difficulty on top of the conceptual one. The conceptual and
accountability difficulties are, we think, very interdependent
as we illustrate it with the example of “prevention, not
blame”.
Some of the advanced companies in safety management have captured messages coming from the research
area about the inadequacy of focusing on “human error”.
As a result, we can therefore sometimes hear that what
should be the approach is “prevention, not blame”, so
that investigation or auditing should be done without focusing on individual behaviours with the idea of blaming. The
result is sometimes that behaviours are never investigated
and understood because the aim is to prevent, and not to
blame. So initially, the good idea of not blaming leads
eventually to not taking behaviours at all into account in
incident or accident investigation. We have seen this situation at least on one site. This, we believe, results partly
from the fact that people find difficult to judge a mistake
without deep understanding of human behaviour in technical, collective and organisational contexts. Blame should
not be a problem if the situation requires it, but how to
make the judgement without a good idea of what are the
relevant models to be used for judging? It is true that, naturally, when going back to the events leading to an incident
and accident for example, every decision appear to participate to the occurrence of the event. Everyone taking a
decision “shaping the landscape of risk control” (Rasmussen and Svedung, 2000) can potentially be seen as one to be
blamed. It is not an easy situation to deal with because
safety patterns are generated by people interacting.
Dekker (2006) has well identified some of the traps of
this perspective when investigating “human error” at the
sharp end. A similar problem is faced when organisational
dimensions are taken into account, when it leads to higher
levels that are identified as creating the circumstances for
the incident or accident to happen. The issue of blame do
not always accommodate well with the systemic type of
understanding. Often, the generated pattern can’t be attributed to a single individual and the blame is diluted within
the global organisation behaviour. However, if the
purpose is certainly not to blame straight away, a good
understanding of decisions and behaviours of many actors
at different levels can’t be avoided if we want to learn
something from the point of view of the organisational
dimensions of safety, and to think of appropriate preventing
measures. If behaviours are not taken into account because
the issue of blame is to difficult to deal with and meet
accountability inhibition, then opportunities for learning
may be more difficult.

. Management by planning and objectives,
. The implementation by tasks and coordination by
standardisation,
. The assumption of an optimal organisation,
. The primary importance of the structure,
. The principle of discipline,
. The focus only on economical results.
With such a definition of the organisation, it will indeed
always be ultimately the individuals, or in an “disembodied”
way, the “ideal” structural safety management system that
didn’t work as expected, as if structures and activities themselves were behaving without individuals implementing
them. Without another vision of the organisational factors,
then “common sense”, as for human factors, gets back into
the picture and understanding incidents or safety auditing
can therefore be done without getting into the details of
other available and more elaborated models of organisation
behaviour. We find ourselves in the same situation as with
human factors, where people interacting, at several levels of
the organisation need to understand how, through their interactions and the problem that they face collectively, generate
patterns leading to safety problems. This is what organisational factors are about. But this again is a situation where
a deep gap exists between available models from the
researches compared to the models used in practices.
On top of this, that makes it even more difficult than
with human factors; these patterns are, first and as
explained, complex to describe for untrained people (they
need some conceptual support), but secondly as well as
more importantly, most managers see it in a bad way to be
included “in the loop”. Managers see in a bad way to be
identified as important contributors generating and sustaining inadequate safety patterns. This issue of including
higher levels in the explanation is also one of the difficulty,
on top of the conceptual difficulty. Managers do not like to
be the targets of the audit or investigations following accidents or incident. It is indeed much better to limit the problems to the operator level. For obvious reasons, when
you have the power not to be seen as the source of the
problem, you get away with it. It is much better for your
self esteem first but also for your carrier, that depends on
those who assess your ability to manage. If you appear to
be part of the problem, that’s not really good. And this
leads to the search for the scape goat. We have faced it in
almost all incident and accident investigation. It is always
an operator fault, an inadequate behaviour of an “isolated”
individual, sometimes even if it is within a team, one of
them will be chosen as the faulty operator. If not, and
if the accident really need to take into account organisational issues, then the structural, “disembodied” safety
management system will be targeted. This will be done
without indicating much about what decisions were taken

SOME SUGGESTED DIRECTIONS FOR
DEVELOPING ORGANISATIONAL FACTORS
This discussion on the definition of “safety management
systems”, “human factors” and “organisational factors”
from the perspective of the industry and from the perspective of the research community indicates a real gap. This
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gap has strong impact on the opportunities for developing
organisational factors in the industry. We have raised the
problem, in the field of learning from accident, by
distinguishing the purpose of models (Le Coze, 2007).
From prescriptive (with a more practical perspective) to
descriptive models, the range of approaches is wide and
generate different type of problems. We have for example
identified models created by scientists with the purpose of
generating new insights, from models used by professional
investigators within bodies or within internal company
departments (this role is sometimes played by safety managers). Other models are those models designed specifically
for providing recommendations, because based on best
practices for dealing with some human and organisational
factors dimensions. The best practices articulated in the
model are extracted from the industry. According to the
purpose then resources needed (time, access to information,
competencies) are very different. The same type of
approach can be retained for human and organisational
factors in general, and if we leave the field of learning
from accident. Depending on the purposes, and resources
available (skills, access to data, time etc), different things
can be done. When it comes to human factors and organisational factors in the industry, the level of resources (access
to data, skills available from human factors and organisational factors specialists, time available) is often rather
low. Given the purpose to improve the management of
safety by introducing human and organisational factors,
the existing constraints are quite important. It makes developments really difficult. We can therefore only subscribe to
the following statement by Hollnagel and Woods (2006) “A
model that is cumbersome and costly to use will from the very
start be at disadvantage, even if it from an academic point of
view provides a better explanation. The trick is therefore to
find a model that at the same time is so simple that it can be
used without engendering problems or requiring too much
specialised knowledge, yet powerful enough to go beneath
the often deceptive surface descriptions. The problem with
any powerful model is that it very quickly becomes “second
nature”, which means that we no longer realise the simplifications it embodies. This should, however not lead to the conclusion that we must give up on models and try to describe
reality as it really is, since this is a philosophically naive
notion. The consequence is rather that we should acknowledge the simplifications that the model brings, and carefully
weigh advantages against disadvantages so that a choice of
model is made knowingly”. However, the challenge is great.
As a way of moving forward, we suggested 2
directions in our contribution to the seminar:
1. There is a great need for making usable some of the
concepts from the organisational factors domains.
2. There is a need to introduce human and social sciences
and systemic thinking in engineers training.

where research should be carried out with the intent to
introduce within current practices, as far as possible, some
concepts from the organisational factor literature that have
not been thought for being part of safety management
systems. It would imply therefore a action-research type
of approach, where the practical dimension is the purpose
of the theoretical developments, so that the modelling
results can fit in the current mindset, by “enhancing” it
with regards to organisational factors. This is to be linked
with the quote in this paper from Hollnagel and Woods.
This approach might however not be expected to be able
to produce too much and reach great results, when lack of
basic knowledge regarding social sciences within industry
(we imply here the chemical and petrochemical industry)
is very important.
This therefore leads to the training needs for engineers. Training for engineers really needs to include recent
developments from the social sciences, but also from
recent epistemological and scientific developments regarding our understanding of the world, as for example the
developments in the field of complexity. We have suggested
this idea in a previous paper (Le Coze et al., 2006), by discussing the importance for thinking the complexity of the
problems involved in safety and accident when dealing
with human, organisational and social issues. As the Turnbull report indicated: “Engineers are accustomed to
dealing with uncertainties in the properties and behaviour
of materials (. . .) while undoubtedly there is in some of
these situations elements of technology inadequacy or
failure, the main difficulties and problems lie at the interfaces of technology with commercial, political and social
constituencies. The uncertainties inherent in these external
constituencies are quite different in kind from the uncertainties that engineers traditionally deal with in addressing
technological issues. They are much more qualitative than
quantitative and they embrace a whole raft of cultural and
emotional factors that often contradict apparently obvious
logic. Engineers find this difficult domain to deal with.”
An effort has to be done for changing mindset and worldviews so that other type of approaches will get introduced
into current practices. This is true for engineers being currently trained but also for engineers now working in the
industry. Improvements in the way organisational factors
(but also human factors) are perceived can evolve. It does
happen, although following exceptional circumstances (the
Columbia accident in 2003): “As an engineer turned
manager for a time, I shared many in the science community’s scepticism of organisational theory, such as discussed
in this volume. Observing NASA management struggle with
the shuttle and space station, I have gained a better appreciation of how these theories can help structure a more
effective high reliability learning organisation in a very
complicated high technology environment replete with
ambiguous safety signals.” (Mc Donald, 2005).

For the first direction, research should focus on the
ability to introduce within the safety management system
framework, some of the important messages regarding
organisational factors in safety. This is a difficult position
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An explosion and fire occurred in a silane gas room in a silicon thin-film photovoltaic modules fabrication plant which resulted in one fatality and completely destroyed the gas room. The fire also
spread outside the room through a polypropylene exhaust duct to the cleanroom and exhaust scrubbers resulting in significant damage to the plant. This is the largest silane incident in the 30 years of
silane operation in Taiwan technology industries.
Detailed investigation of the incident is presented. The most intrigue finding in the incident site
is that the silane cylinder valve hand-wheel retainer is lost yet the retainer thread showed no sign of
damage. Detailed examination of the silane powder also confirmed that the retainer hole is the
major source of release. Efforts were then made to illustrate the possible mechanism of release
and explosion. Fire escalation and the incident response are also addressed. Lessons learned in
the plant management, operation and engineering design are also discussed. It is hoped that the
detailed analysis of this incident may raise the awareness of silane hazards and call for more
research into the hazard potential of handling silane.

KEYWORDS: silane, release, explosion, gas cabinet, incident investigation

the awareness of silane hazards and call for more research
into the hazard potential of handling silane.

INTRODUCTION
The recent rise in energy prices has accelerated the development of renewable energy sources. Among these sources the
photovoltaic modules, also called solar cells, has been one
of the key areas of development. The production of photovoltaic modules, in particular the silicon thin-film based
modules, bears similarity to those in semiconductor fabrication processes. Although the semiconductor industries have
suffered several major fires and explosions and learned
major lessons [1,2], not all other similar industries has
learned these lessons. Chen et al. [3] also showed that in
year 2001 and 2002 in Taiwan, the chemical incidents in
the non-chemical plants, mostly related to electronic and
other technology industries, has outnumbered those in
chemical plants by almost a factor of two. The same trend
continues even after 2002.
Recently, a major explosion and fire occurred in a
silane gas room in a silicon thin-film photovoltaic module
fabrication plant which resulted in one fatality and completely destroyed the gas room. The fire also spread outside
the room through a polypropylene exhaust duct to the cleanroom and exhaust scrubbers resulting in significant damage
to the plant. This is the largest silane incident in the history
of the Taiwan technology industries, surpassing previous
known silane incidents in the semiconductor industries.
This paper will present detailed investigation of this
incident and review lessons learned and hopefully prevent
the occurrence of a similar incident in the future. It is also
hoped that the detailed analysis of this incident may raise

DESCRIPTION OF THE EVENT
Around 11:20 h on November 23 2005, a strong explosion
occurred and then white smoke came out from the fence
near a gas room of a photovoltaic cell fabrication plant in
Tainan, Taiwan. At 11:31 h, significant white and brown
smoke came out from the fence near the gas room as the
fire and smoke spread into the production area adjacent to
the gas room. An order to evacuate the whole building
was then given through emergency broadcasting in the
plant. By the time the fire brigade arrived the fire had escalated into the cleanroom on the second and third floors. At
11:38 h, fire had spread to the roof where the polypropylene
fume exhaust scrubbers also caught fire. By 13:45 h, most
fires were extinguished. The fire resulted in partial
damage to the production fab and a total destruction of
the fab facilities including gas room, waste water treatment
facilities and fume exhaust scrubbers.
A head count immediately after the fire found one
employee was missing. Search teams were organized and
one found the employee burned to a char in the gas room.
The gas room contained thirty two cylinders of pure
silane, ammonia, tetrafluoromethane, hexafluoroethane,
and nitrogen, which were either connected online or were
full and unused. Figure 1 show the layout of the gas room
before and after the incident. Figure 2 shows the overall
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Figure 1. Possible layout of the gas room before and after the incident

view of the gas room. Many cylinders that were subjected to
fire impingement had melted pressure relief ports and were
leaking. Attempts were made to move out the fatality but
were hampered by residual flames from nearby cylinders,
most likely to be silane cylinders. Cooling of the cylinders
was continued by fire water till 17:00 h.
The EPA/NKFUST Southern Center for Emergency
Response of Toxic Chemicals (ENSERTS, see [3]) was
then requested to lead the response actions to remove and
dispose of all the cylinders as the gas supplier did not
have the capability or the resources to safely respond. A
thermal imaging camera was first used to check temperature
of cylinders and to ensure the cylinders were all cooled to
room temperature. The fatality was then moved out with
the aid of the funeral staff. The stored silane cylinders
were then moved out as visible flames were no longer
observed. Several hours later, flames again came out from
these cylinders. Water spray was again applied to cool the
cylinders until there was no more visible flame.
The exterior surface of the stored ammonia cylinders
had a significant frostline at the bottom indicating that there
was significant product remaining and a continued leak.
Since the leaks were from the melted pressure relief port
it could not be stopped or repaired on-site. The responders
moved these cylinders out directly. To hasten the disposal
of the leaking ammonia cylinders they were inverted so
that liquid was discharged and put into a water bath to
absorb the ammonia. The absorbed water was then discharged into waste water sewer where it was further

treated. The disposal of ammonia cylinders was completed
at 2:00 h the following day.
Later at 14:00 h, efforts continued to dispose of the
remaining silane cylinders in the cabinets. To avoid any
potential silane release and explosion, tubing connected to
the silane cylinders was cut by using a remotely actuated
hydraulic cutter. No residual silane or flame was observed
in these cylinders. The removal, venting and disposal of
all gas cylinders took more than thirteen hours. Fortunately,
no further injury or damage occurred. This was the single
largest silane incident for the past three decades in the
history of Taiwan’s technology industries.

INVESTIGATIONS
SITE REVIEW
Reviewing the incident site from the facility at ground
floor to the exhaust scrubber at the roof indicates that the
fire started from the gas room. From the layout and
overall view of the gas room in Figures 1 2, the
cabinet on the left is designated as cabinet A. Cabinet B
is on the far left side with fallen silane cylinders remained
connected. A total of five unused and one used silane
cylinders and twelve unused ammonia cylinders were
found in the gas room. The ammonia cylinders were
chained together while the silane cylinders were not
chained and two of them fell to the ground during the incident. The fallen cylinder in the center of Figure 2(a) is
facing outwards indicating that it had been moved to a

Figure 2. (a) Overview of the gas room after the explosion. (b) Cabinet door of cabinet B
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Figure 3. Incident silane cylinder (a) Location of the fatality in the gas room as indicated by the arrow. (b) Comparison of RHS and
LHS cylinders in cabinet B after the fire. The arrow indicated missing retainer and handwheel on the RHS cylinder

position near cabinet B. Cylinders on the right hand side
with frost at bottom were the ammonia cylinders. Two
other cabinets on the right hand side are designated as cabinets C and D. Both were ammonia cabinets and contained
two ammonia cylinders respectively.
One sidewall of cabinet B is strongly distorted and
the silane manifold was pulled down and detached from
the cabinet wall. The cabinet door was however found
near the cabinet, buried in the debris on the ground,
intact with no sign of damage except for the shattered
window glass as shown in Figure 2(b). The two silane
cylinders were thrown from the cabinet with pigtail
tubing still connected. Cabinet A contained two silane
cylinders with its door bent and it slid halfway to the
floor but remained attached to the cabinet. The fatality
was found sitting on the ground facing cabinet B and
with his back on the left sidewall of cabinet A as shown
in Figure 3(a). The fatality showed no sign of trying to
escape. He was also found wearing no personal protective
equipment (PPE). The cabinet A sidewall showed minor
damage. The cylinders inside this cabinet showed only
signs of fire impingement and significant white and
brown powder deposits.
After the disposal activities, the gas room was searched
and a cylinder wrench was found on the floor near cabinet
B. The door latch of cabinet B was found to be open when
it should be normally locked closed. The door key was
missing from the key cabinet where it is stored.
The ENSERT team performed a detailed inspection of
the silane manifold from cabinet B to check if the leak came
from the manifold. The check found no leak from the connections which are mostly VCR and welded. Cylinder valves and

their connections for the four silane cylinders were also
checked. The evidence call for attention is the RHS cylinder
on cabinet B. The comparison of RHS and LHS valves are
shown in Figure 3(b). A typical view of the cylinder valve
components after the fire is shown in Figure 4. The valves
are Ceodeux tied diaphragm valves with DISS 632 outlet.
The handwheel is made of aluminum and usually melted
away after the fire. The retainer, diaphragm, and both
upper and lower stems were all detached from the RHS
cylinder valve. Only the diaphragm and the lower stem
were uncovered on the ground near the vicinity of the
cylinder. The rest parts were missing and probably buried
somewhere in the silicon oxide mud. Charred materials
were seen on the outlet of the valve seat as shown in
Figure 5. Examination of the materials by SEM and EDX
found that it consisted of only silicon and oxygen, namely,
it is oxidized product of silane rather then melted metal
from the valve. Upon removing the materials, the inlet
hole and valve seat of the valve is clearly visible and
filled with white powder as shown in Figure 5. It is very
likely that silane was released from this hole. However,
fire impingement from neighbor cylinders cannot result in
detaching of the retainer and the other valve components.
This is demonstrated by only one valve retainer was
detached yet all cylinders were subjected to fire impingement. The thread on the valve seat for the retainer was
also intact with little sign of mechanical or thermal
damage. The lower stem uncovered from the site also
showed no sign of thermal damage. Thus, based on the physical evidences of the missing retainer, valve stem, diaphragm, and silane powder deposit on the valve seat, it is
concluded the valve seat not the DISS connection is the

Figure 4. Typical components of the silane cylinder valve. (a) from left to right: lower stem and diaphragm, upper stem, retainer. (b)
assembly of the three components. (c) integral of the three components. Note that only the lower stem and diaphragm were uncovered
in the incident site
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Figure 5. Close views of RHS cylinder valve (a) before (b) after charred materials were removed. Note that the valve inlet hole filled
with white powder was clearly visible after removing the charred materials

primary cause of silane release. The intact retainer thread
also suggested that the retainer was detached by manual
actions rather than by the action of fire.

without noticing the leak until when the retainer, the handwheel, and the valve stems detached from the valve which
should resulted in very rapid release of silane from the cylinder. The release was expected to create a significant amount
of unreacted silane cloud that can be ignited and detonated
when the release pressure is low and autoignition occurred.
The postulated scenario requires tests to confirm the
ignition characteristics from retainer leak. This has been
done recently by Ngai et al. [5] and presented separately
in this symposium in which ignition did not occurred from
a loosen retainer. The release silane either rapidly diluted
by the ventilation to below LEL or forming an explosive
cloud in case of insufficient ventilation. Tests by Hazards
Research Co. found that a single cylinder cabinet detonated
5 seconds after the flow of silane was stopped and the
cabinet had already had 2 complete air exchanges [4]. The
cabinet door in the present incident was found open at the
time of explosion which should help the silane to pocket
and then react explosively. Ignition is likely provided by
the autoignition of silane at reduced flow and pressure
from the same cylinder near the end of release.
Combining the physical evidence from the cylinder
valve and known ignition characteristics of the silane from
literatures, a scenario was proposed:

CAUSE OF EXPLOSION
The exact events before the explosion were not clear.
Initially, the site staff claimed that the operator was not
going to change the silane cylinder as the cylinder change
task should be done by two operators rather than one
alone. The other operator was absent at the time of explosion
and was said be out buying lunch. However, all physical evidence in the gas room, including the fact that one of the
silane manifolds was under nitrogen purge, one used
silane cylinder was sitting near the cabinet, a wrench was
found near the cabinet, etc., suggested that the operator
must have entered the gas room to change the cylinder.
The failure of cylinder valve retainer is unusual. The
retainer is designed to have a very high torque of tightening
and cannot be loosened by a typical wrench. It must be
either loosened before or during the operator installed it in
the cabinet. In either case, silane is expected to have
leaked out from the retainer thread and should be uncovered
by the operator or the cylinder shipper, unless the leak was
small and did not ignite to produce visible flame.
The RHS cylinder was connected two days earlier and
was probably under supply mode at the time of the
explosion. The LHS cylinder was to be changed by the operator. The practice of the operating two cylinders in series
was to have one in supply and one in standby with both
cylinder valves opened. The gas control panel switched
automatically when the cylinder in use reached the lowest
allowable pressure. An additional fact uncovered in the
present investigation was that the operator will not open
the cylinder valve fully at the time of replacement. It will
be opened fully when the cylinder switched to supply
mode and when the operator was replacing the empty one.
The valve design has the lower stem mechanically linked
to the upper stem and the operating handwheel. A further
and unexpected fact uncovered was that turning the handwheel will also actuate the turning of the retainer if the retainer was loosened.
Thus, if autoignition did not occur from the retainer
leak the operator can continued to turn the handwheel

.
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Silane supply from LHS cylinder halted and switched to
RHS cylinder.
Operator the entering the gas room to replace LHS cylinder alone.
Operator opened the door to access the cylinder valve
rather than the window.
Operator tried to fully open the RHS cylinder valve by
continuously turn the handwheel without noticing the
leak from retainer.
Retainer and valve stems detached from the valve resulting very large and rapid release of silane without
ignition.
At lower release pressure, silane ignited at the valve
outlet which subsequently ignited the silane cloud accumulated in the cabinet resulting in strong detonation.
Operator was knocked unconscious or possibly fatally
injured by the blast wave which also threw both silane
cylinders out of the cabinet.
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Figure 6. Escalation of fire. (a) Possible route of fire escalation from the gas room. (b) PP exhaust duct for the fire spread to the fab

. The LHS silane cylinder leaked from the CGA 632 connection leak check hole, spraying the wall and operator
with more flames.
. The flames and heat impinged onto nearby silane cylinders caused more silane leaks and flames escalating the
incident.
.
ESCALATION OF THE FIRE
One peculiar feature of this incident is how the fire escalated
out of the gas room and spread out to the production area in
such a short time. The gas room window, which was shattered by the explosion, was identified as the primary route
for the fire spread. Clear marks of fire impingement can
be found on the empty cylinders attached on the outer
wall near the window as shown in Figure 6(a). The fire
then spread to a plastic storage tank for waste acid near
RHS of the gas room. The fire not only caused collapsing
of the tank but also resulted in a very large flame. The
flame then spread to a plastic waste water pipe which
went through the roof of the gas room to a nearby polypropylene (PP) fume exhaust duct on the LHS of the gas room.
Q1 Figure 9(b) shows the location of PP exhaust duct for the fire
spread to the fabs in the first floor and higher floors, and
eventually to the PP scrubbers at the roof. The only remaining in Figure 9(b) is the bracing of the duct. Polypropylene
duct has been known to be highly flammable and caused
significant fire damage to semiconductor industries in the
1990s [1,2]. This incident stressed again that PP duct must
not be used to carry flammable or nonflammable gases;
the flammability of the duct is still highly vulnerable to
any other source of fire and will significantly increase the
fire damage.

.

.

.

up to production very quickly as the photovoltaic market
experienced rapid growth. Thus, the operator was asked
to change the cylinder in disregard of existing cylinder
change procedures in order to fulfill production needs.
Safety should never be compromised by production
needs.
Lack of safety awareness – the photovoltaic industry is
not as aware of the potential hazards and handling of
silane as those in the semiconductor industries.
Lack of safety information from the gas supplier – Other
than the MSDS, the gas supplier had no other information to warn the user of the unique hazards of silane.
Lack of a coordinated supplier response – the gas
supplier failed to provide sufficient resources or take
ownership after the initial incident. This forced the
ENSERTS team to lead the disposal effort with
minimal technical support.
Lack of a facility emergency response plan – The facility
never prepared or trained for a gas emergency. This was
evident in the lack of emergency equipment and the lack
of knowledge by the employees on how to respond in the
initial or final stages of the incident.

OPERATIONAL
. Insufficient cabinet exhaust – Insufficient exhaust and
the lack of a RFO caused the released silane to
explode rather than immediately catch fire.
. No automatic cylinder valve – The fatal incident could
have been avoided and the fire damage greatly reduced if
an automatic actuated cylinder valve was installed and
avoid the action of open valve manually. This also
allowed him to bypass the leak test.
. Improper segregation – Significant quantities of unprotected full cylinders were stored improperly in the use
area. This caused the fire to escalate outside the gas
room.
. Enforcement of procedures – While the procedures
required two operators to change a cylinder, it was
clear that the operator went in alone.
. No PPE – the operator was also found to wear no personal protective equipment. A fatality due to fire may
have been avoided if proper PPE was worn.

LESSONS LEARNED
Although the direct cause of this incident is most likely a
faulty connection without nitrogen pressure testing, numerous other lessons can be learned from this incident. We summarized the lessons into three categories: management,
design, and operation.
MANAGEMENT
. Priority of safety vs production – Safety might not have
been the first priority of the facility. The facility ramped

DESIGN
. No sprinkler – Sprinkler was not installed in the cabinet or
room. If installed, the sprinklers would have been able to
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cool the other cylinders in the room/cabinets preventing
them from leaking and adding to the intensity of the fire.
. Insufficient separation – The spacing between gas room
and the fab is insufficient such that fire can easily spread
to the fab.
. Poor layout of utility – The waste water pipe passed
through the gas room which acted as the route of fire spread.
. Flammable duct – The use of flammable PP fume exhaust
duct ultimately caused the fire to spread into the fab.
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CONCLUSIONS
Detailed investigation of an explosion and fire in a silicon
thin-film photovoltaic module fabrication plant is presented.
Fire escalation and the incident response are also addressed.
Lessons learned from the plant management, operation and
engineering design were also discussed. It is sincerely hope
that the lessons learned from this incident can help to
prevent any future incidents and to promote more research
into the safety of using silane.

6

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153

PILOT PROJECT FOR A GLOBAL SAFETY PLAN ON ECONOMIC ACTIVITY AREAS
Xavier Dugnoille, Cécile Fiévez, Christian Delvosalle, Benjamin Yannart and Charles Fourneau
Faculté Polytechnique de Mons, Major Risk Research Centre – 56 rue de l’épargne, 7000 Mons, Belgium;
Tel.: þ32 65 37 44 01, Fax: þ32 65 37 44 07, e-mail: charles.fourneau@fpms.ac.be
The town of Ghislenghien (Belgium) experienced during summer 2004 a major accident on a gas
pipeline, causing 24 fatalities and more than 100 injuries. The whole area was really affected by this
disaster. There is now a clear desire of the local authorities to reach a high level of safety in the
town.
A pilot project was thus launched by the local authorities, in cooperation with the district development company (IDETA), the Major Risk Research Centre (“Faculté Polytechnique de Mons”)
and a safety specialised company (“Ingénierie et sécurité sprl”). The aim of this pilot project is
to set up a Global Safety Plan in order to promote the safety in the town, especially in the economic
area where the pipeline accident took place.
The Global Safety Plan is based on a general methodological tool including the development of
a Global Prevention Plan and a Global Intervention Plan for economic areas in general. Within the
framework of the project, the economic area of Ghislenghien has been chosen as pilot case for a first
Global Safety Plan.
All the stakeholders of the industrial area are concerned, which means that both industrial companies and distribution networks (gas, oil, water and electricity) are studied.
The Global Prevention Plan relies on a data base composed of “descriptive files” and of “hazard
identification files”. The descriptive files collect all the information required for a general knowledge of the stakeholder considered (name, address, phone, maps, employees, activities, hazardous
substances, safety systems . . .). In the hazard identification files, three kinds of information are
found: those concerning the installations, substances and wastes. For each one of these categories,
the hazard level, the accident scenarios and the emergency measures are mentioned.
If the accident cannot be managed within the limits of the internal emergency plan, the Global
Intervention Plan is activated. The Global Intervention Plan is based on a folder for each stakeholder.
For the companies, the folder includes height sheets with the relevant information issued from
the “description files” and “hazard identification files”. The presentation is clear and efficient. The
information are organized according to a top-down approach. The folder allows the rescue service
to find easily and quickly relevant information about the company for which they have been called.
For example, the folder includes main data about the description of the company, different ways to
arrive, its neighbourhood, a picture of the gate, a plan of the company with the localisation of the
hazards, the plan with the utilities, a map with emergency perimeter and finally, the specifics
hazards with the emergency measures associated.
The Global Intervention Plan includes a folder for the whole economic area. The objective of
this folder is to be easy to handle on the spot, and to gather relevant information at the scale of the
economic area. Thus its includes a global map of the area with the linked companies, the firefighting
water resources, and the network of gas/electricity with technical data.
Through a close cooperation between the stakeholders, the rescue services, the local authorities,
this project aims to avoid all unknown factors or misunderstandings when an intervention is necessary. By this way it is hoped to limit the consequences of an accident and increase the efficient communication between all the actors of the economic areas.

KEYWORDS: economic activity area, emergency, intervention, planning, methodology

The local authorities of the town of Ath, where the
economic area of Ghislenghien is located, settled up a
project, in collaboration with the district development
company (IDETA) and the Major Risk Research Centre
(Faculté Polytechnique de Mons, Belgium) to promote and
improve the safety in the vicinity of the town, through the
development of a Global Safety Plan.

INTRODUCTION
During summer 2004, an economic activity area near the
village of Ghislenghien (town of Ath, Belgium) suffered a
major accident on a high-pressure gas pipeline, causing 24
fatalities and more than 100 injuries. This disaster deeply
affected the whole region, and raised many concerns about
the safety level in the economic activity area.

1

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153

networks (water, gas, electricity, . . .) and geographical
information. They were mainly obtained by contacting the
companies that are managing and operating these different
networks, or sometimes by direct measurements on the field.
All the companies were contacted by the engineers of
the Major Risk Research Centre, and asked to provide some
general information about their activity, administrative
details and contact resources. The additional data were gathered through visits of the installations. These provided a
more detailed view of the industrial activity, the location
of potentially hazardous equipment or substances and the
internal emergency systems. These visits already constituted
a first opportunity to give advices and solutions to improve
the safety level of the companies.
In most cases, a single visit was not sufficient to obtain
all necessary information, and requests for complementary
details were sent, sometimes resulting in subsequent visits.
This data gathering phase was the longest and the
hardest for diverse reasons: due to their economical activity,
response delays from the companies were sometimes very
long, or available information was incomplete and required
additional investigations.
Finally, few companies completely refused to collaborate, for unspecified reasons.

Because of its recent history, the economic activity
area of Ghislenghien was chosen as a pilot case for this
project. About seventy companies are located there. The
activities and the size of these companies are very different
from one to another, ranging from small family business
(less than 10 people) up to large leading companies (more
than 300 people). It’s a kind of economic area for which
few global safety measures are usually taken although it
gathers many various hazards.
This Global Safety Plan is based upon a methodological tool, providing a framework to gather and organize all
relevant information and documents into databases. Scenarios that could lead to hazardous situations were identified,
and constitute in combination with the data collection, a
Global Prevention Plan, intended for the companies, but
also the intervention services, to improve the general
safety in the economic activity area. If an external intervention is required, a practical tool was produced, by means of
intervention sheets containing essential information to
maximise the efficiency while reducing the risk.
According to a collaborative approach, all the stakeholders of the economic activity area were involved in the
project, meaning the industrial companies, but also transport
networks (rail, road . . .) and supply networks (water, gas,
electricity, . . .).

DATA ANALYSIS
At the level of the whole economic area, geographical data
(communication networks, location of different equipments
. . .) were reported on a detailed map, along with technical
information (piping diameter, operational pressure, voltage
on electric lines . . .), to be used later both on the area emergency plan and the companies emergency plan.
For each company the information was structured in
different data files, and all equipment, substances or waste
were analysed, in order to evaluate the risk level
associated with it and identify the scenarios that could
lead to hazardous situations. The neighbourhood was also
analysed, and considered as a potential hazard source to
take “domino effects” in account.
We validated and completed these conclusions
through the continued contact and collaboration with the
companies. For example, one of the collected information
was the existence of an internal emergency plan. In some
small companies, this plan did not exist, this phase of the
project allowed us to propose them some “reaction cards”
describing emergency measures to take in case of an accident (mainly fire or corporal damage).

METHODOLOGY
As stated above, the first objective of this project was to
gather all the information that could be relevant in terms
of safety improvement in an economic activity area. We
wanted to work on a collaborative approach, to ensure a
maximal efficiency and allow all the stakeholders to
benefit directly from the project. For these reasons, each
actor had to be clearly identified, and the project well structured in different subsequent phases that are described in the
following subparagraphs.
INFORMATION
The project was started by the en of 2004 by the local authorities, in collaboration with the Major Risk Research
Centre, the district development company and the emergency services.
The first phase was to contact all stakeholders of the
economic area, but also the local population, to present
the project and its objectives. This was the occasion to
ensure their support and participation, in order to later
obtain all necessary information.
We used all available communication means:
mailing, direct contacts and a public information meeting,
which took place in the town hall of Ath, on 26 April 2005.

DATA EXPLOITATION
The exploitation phase consists in using the database we
created in the previous phases to build intervention plans
for both the economic area itself, and for each participating
company. Each emergency plan consists in a set of sheets
containing all necessary information to deal with different
cases of accidents, for the different rescue services (fire
brigade, police . . .).

DATA GATHERING
Two types of data were collected: general data about the
economic activity area and company-related data.
The data about the economic area includes the transportation networks (roadmaps, rail lines, . . .), the supply
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DATA VALIDATION
The obtained result, consisting of the description and hazard
identification files along with the emergency files was
approved by the responsible persons in the different stakeholders, among them, the concerned companies and the
rescue services.

THE GLOBAL PREVENTION PLAN
IDENTIFICATION AND LISTING OF THE
STAKEHOLDERS
This first document is displayed in the form of a table, presenting all involved companies, network management companies, with their addresses, main contacts names . . .
It is also used as a global “status board” of the project,
in which the milestones for passing the different phases of
the project are reported (first contact, visit on field, data
gathering completed . . . up to finished intervention file) to
give a quick overview of the advancement, and the different
points that need to be focused.

POST-PROJECT MANAGEMENT
Like many economic activity areas, the area of Ghislenghien
is undergoing a rapid growth and expansion, with new companies being created, while others are developing new
activities . . . . The database and the emergency file should
thus be updated quite regularly to reflect these changes
and take them into account.

DATA GATHERING, AT THE AREA LEVEL
As presented above, all information regarding the whole
economic area was gathered:

DOCUMENTS CONSTITUTING THE GLOBAL
SAFETY PLAN
Beyond the methodological tool described above, the Global
Safety Plan provides a set of practical documents. These
documents are organized in two major parts, as presented
on the Figure 1:

.

.
.

. The Global Prevention Plan is constituted by the whole
database and its content about the economic area, the
companies, the communication and supply networks . . .
it also contains hazards identification sheets, material
safety datasheets . . .
. The Global Intervention Plan results from the exploitation of the gathered data, and is constituted by practical
intervention sheets, containing all necessary information
to handle different accident scenarios.

.

Geographic information about communication networks, water resources, position of population and wildlife reserves . . .
Administrative, technical and contact information about
the multiple supply networks
Rescue services: hospitals, police stations, fire brigades
and estimated travel time to reach the area
Meteorological data about dominant winds . . .

DATA GATHERING, AT THE COMPANIES’ LEVEL
The gathered information about the company may be
divided into two categories: company description and
hazards identification.

Figure 1. General overview of the different documents constituting the Global Safety Plan
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The first part is mandatory to complete the second
one: apart from administrative information (name, legal
status, address, contact persons . . .), precise details are
required about the activity:

economic area, and the various intervention folders for all
companies. They are designed to be easily handled by the
rescue services, and to be taken directly with the intervention teams on the field. They are stored in a metallic container in the fire brigade office.
The folder for the economic area contains 9 sheets:

. Process description, with used equipments and substances
. Plans of the buildings, with localisation of the different
equipments, storage rooms, sewers, but also all emergency systems, like hydrants, smoke exhaust system,
muster points, . . .
. Structure of the building and roof, and if possible fireresistance data
. Number of workers, working hours and time shifts (if
applicable). Presence of temporary workers.
. Existing internal emergency plan and safety procedures.

1.

2.

All these information are organized in a standardized table,
called “Company description sheet”.
The hazards identification sheet is established using
the above information and all necessary complementary
documents, like materials safety datasheets (MSDS).
Because the Global Safety Plan is designed as a quick
emergency tool, it should stay simple and easy to understand
by the rescue teams in emergency situation. This sheet is
thus split in three columns: the first one identifies the considered equipments or substance, the second one contains
risk level, ranging from 0 (lower) to 3 (higher), and the
last describes hazardous scenarios and intervention
measures that should be used to minimize the risk. The
two latest columns will be described further:
The risk level is attributed differently for an equipment or a chemical substance: A reference table is used to
determine the average risk of the installation, in comparison with common situations. This table was established in
close collaboration with the fire brigade. Potentially hazardous equipment with safety systems or appropriate signalisation will get a lower risk level than the same
equipment without these measures.
For chemical substances, the risk level is attributed
according to the risks phrases. To be taken in account, a
minimal amount is defined at 50 kg for small companies,
and up to 500 kg (or more) for bigger companies. Extremely
dangerous and gaseous substances are considered independently of the quantity because of the particular hazard
they represent.
As presented above, the third column contains shorts
description of hazardous scenarios and appropriated intervention measures. Technical information is also given:
.
.
.
.
.

3.
4.
5.

6.

7.

8.

9.

General overview of the area, with its localization on a
map along with all other facilities that may be useful
during emergency (hospitals, fire brigade, police . . .) and
phone numbers to contact these services directly. Coordinates of the companies operating the different distribution
networks (water, gas, electricity. . .) are also given.
Companies list, with an identification number, their
name, address, activity, coordinate of the contact
person, and the average risk level of the company.
Detailed view of the economic area on a map, with the
localization of all companies.
Map of distribution and supply networks.
Detailed plan of the electrical supply network: All
supply lines are given, with their voltage, the type
(underground or aerial), and the burying depth. Electric
cabinets, transformers are indicated, and coordinates of
the networks manager are reminded.
Detailed plan of the gas distribution network: Piping
diameter, operational pressure, burying depth are
given, and pressure regulators and sectioning valves
are localized on the map. If they are different network
managers (e.g. for low and high-pressure networks)
coordinates of all of them are given. If necessary, multiple sheets can be made to improve readability.
Water and fire-fighting resources: The water distribution network, with its technical characteristics is
given, along with fire hydrants and water and/or foam
reserves. Coordinates of the network manager are given.
Isolation perimeters: The position of the road barrages
required to completely isolate the area from public
circulation.
Intervention logistics: In case of a larger scale emergency plan must be activated, this sheet contains all
necessary information to install an emergency headquarter, an advanced medical post and crisis and communication centres. Coordinates of civil protection
and waste management companies are also given.

On the other part, each company intervention folder is
constituted by 8 sheets:
1.

Voltage on electrical equipments
Operating pressures in piping and tanks
Quantities and type of container for chemical substances
Required individual protection equipments
Fire extinction measures . . .

2.
THE GLOBAL INTERVENTION PLAN
The Global Intervention Plan is constituted by two different
types of documents: one intervention folder for the whole
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General information about the company: such as
name, activity, address and itinerary, localization,
number of employees and workers, access specificities
(key, electronic card . . .). Another table contains technical information about the building: dimensions,
materials, presence of fire-fighting equipment, smoke
exhaustion systems . . .
The Itinerary to reach the company is traced on a map,
with at least two different itineraries: a rapid itinerary and
an alternative, depending on the wind direction. These
itineraries are also explicitly described under the map.
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3. Localization and neighbourhood: This map represents
the company buildings and their closest neighbourhood,
with contact coordinates.
4. Pictures of the main building and access gates to the
company, allowing the rescue services to identify
directly the building(s) without any doubt.
5. The access and implantation sheet shows a detailed
plan of the buildings, the main accesses that lead into
it, but also emergency exits. All safety-related details
are localized by standard pictograms: potentially hazardous installations, substances or wastes, gas tanks and
piping, electrical panel and fire-fighting equipments.
6. Utilities supply contains all details about the location
of the different supply networks on the site of the
company.
7. Three safety perimeters have been defined: 50, 100
and 500 meters, and drawn on a map of the economic
area, along with a plume trajectory in the direction of
dominant winds. The 50 m perimeter is the intervention
perimeter, in which intervention teams are supposed to
operate. The 100 m perimeter is the dissuasion
perimeter, other rescue teams and vehicles are advised
to stay at this distance of the buildings. And the
500 m perimeter is the evacuation or confining perimeter. All structures that are enclosed in these
perimeters are identified, and precise geographic coordinates of the companies are given.
8. Particular hazards: All particularly dangerous equipments, or substances are listed on the last sheet, displaying potential scenarios that could lead to hazardous
situations, and measures used to reduce this risk at its
minimum. Pictograms are widely used for rapid
hazard identification.

All of the 69 companies located in the economic area
of Ghislenghien were contacted by our engineers. For the
half of them, precisely 34, we got all necessary information
in the required delay, and we were able to treat them completely, establishing a full Global Intervention Plan. In the
remaining companies, some information was missing
for 22 of them, and did not allow us to produce a complete
result. For undetermined reasons, 2 companies completely
refused to collaborate and the 11 last were new implantations, or were changing their activity.
It would be presumptuous to consider that the Global
Safety Plan is now fully complete for the economic area of
Ghislenghien. Some fine tuning and adjustments still need to
be done, furthermore, the database and intervention files
need to be updated regularly to reflect all the changes that
can occur in a living economic area. However, we developed here a real and complete methodological tool that
will allow all parties to continue the work and keep it upto-date.
According to our knowledge, this project is quite
innovating and original. Very few economic activity areas
in Europe are covered by such a global prevention and intervention tool. Moreover, small and medium companies are
rarely considered in emergency planning, in opposition to
bigger chemical companies.
It is also quite innovating in its approach to establish a
complete collaboration between a research centre developing the methodology, the companies and the rescue
services, to transfer directly the results and the competencies
for application.
The project was started by the end of 2004, as a consequence of the major accident that occurred in Ghislenghien some month earlier. More than one year later, on 16
February 2006, the Belgian government published a Royal
Order promoting a method for the establishment of local
emergency plans, which is very similar to our Global
Safety Plan. In a short term, all municipalities will have to
adapt their emergency plan according to this document,
and we can say that the town of Ath has taken some comfortable advance in this direction.

RESULTS, SPECIFICITIES AND ORIGINALITY OF
THE GLOBAL SAFETY PLAN
The results of this project were presented during various
safety-related meeting, by the end of June 2006.
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INCIDENT INVESTIGATION BASED ON CAUSALITY NETWORKS
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The most significant role that incident investigation can play is to prevent disasters by learning from
accidents, near misses, and the like. This paper presents a method to guide the construction of
possible incident scenarios by facilitating the identification of missing information. This method
is based on the concept of “causality networks” which are representations of causality (the path
between the root cause and the final consequences) using a shared and common understanding
that can be communicated between members of the team and implemented in computational knowledge bases. Causality networks can be built graphically and then converted to a formal representation that can be used directly in a number of inference software packages that in many cases
are freely available. The graphical representation enables visualization and analysis. The formal
representation facilitates not only information searching (in the database sense) but also new
knowledge extraction which is possible thanks to the logic algorithms that are implemented in
the software.

KEYWORDS: incident investigation, causality network, plant abnormal scenario, process safety
management

Finally an example based on an explosion of an isomerization unit illustrates the scenario representation method.

INTRODUCTION
The most significant role that incident investigation can play
is to prevent disasters by learning from accidents, near
misses, and the like. There is an enormous amount of information available on past accidents in the form of incident
reports available as documents and managed by database.
Engineers who perform safety analysis can benefit from
this information. However, accidents similar to those that
occurred in the past painstakingly continue to happen.
Current practices in incident investigation are dependent on the investigator’s personal background and training.
Loosely speaking, there could be cases in which the number
of identified causes matches the number of investigators.
Furthermore, there is a need that all the members of an
operating investigation team share a common language
that supports their investigations objectives efficiently and
accurately [1]. Causal analysis techniques such as “causal
factor charts” provide a graphical means of representing
the sequence of events leading to hazards. However, such
diagrams can bias investigators towards the representation
of observable events rather than the contributing factors
that made those events more likely.
We have proposed a method to guide the construction
of possible scenarios by facilitating the identification of
possible missing information [5]. This method is based on
the concept of “causality networks” which are representations of causality (the path between the root cause and
the final consequences) using a shared and common understanding that can be communicated between members of the
team and implemented in computational knowledge bases.

EXISTING CAUSAL ANALYSIS TECHNIQUES
The main role of an incident investigation is to identify and
address all of the causes of an incident from the initiating
events to the final consequences based on the evidences gathered at the accident site and interviews. This task involves the
construction of possible cause-and-effect relationships which
can be represented using some of the techniques outlined
below.
TIMELINE
A timeline is a method for mapping and tracking the chronological chain of the various occurrences in an incident.
CCPS notes that two types of occurrences can be distinguished: those that are passive items, such as the pump
was running, the pipe was corroded, and those that are
active, such as the pump started up or the pipe failed.
CAUSAL FACTOR CHART
A causal factor chart is a graphical display of the chronology
of the incident and it is used to represent the possible
sequence of occurrences. A causal factor chart distinguishes
between passive and active items. The active items are
enclosed in rectangles, and the passive items in ovals.
Active items describe an action and must be described with
one noun or verb. Each active item should be derived from
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the one preceding it. Passive items describe states or
circumstances rather than occurrences. Although the distinction between active and passive occurrences is a clear benefit
of this technique, the technique is ambiguous in regards to the
difference between passive items representing temporal
bounding events (such as valve was closed) and participating
entities (such as fog in the area).

CAUSALITY NETWORKS
In order to create and visualize causality information, we
have introduced the concept of causality network which
are based on the ISO 15926 standard that defines a format
for the representation of knowledge about process plants
[5]. ISO 15926 Part 2 (standardized as ISO 15926-2:2003)
specifies an “lingua franca” for long-term data integration,
access and exchange. It was developed in ISO TC184/
SC4-Industrial Data by the EPISTLE consortium (19932003) and designed to support the evolution of data
through time. The core of the standard defines 200 concepts
including a meta-model for extending the definitions
through what is known as a Reference Data Library (about
20,000 concepts from the engineering domain) [3]. The
standard includes the definition of kinds and structures of
objects, properties, events, processes and relations which
can be used in the integration of material property data,
equipment information, maintenance activities, etc.
Furthermore, not only does ISO 15926 record the process
plant as it exists at an instant but also it does record how
the plant changes as a result of normal (e.g. maintenance)
or abnormal activities. This is critical during the analysis
of contributing causes.
Causality information contained in the accident report
is represented by means of causality networks that are
composed of activities and events. A causality network is
composed of the following elements:

CAUSALITY
Incident information encompasses two kinds of information,
namely chronological ordering of occurrences and causation
information. Causation implies the act of an agent
that produces a change of state. Consequently, scenario representation methods should distinguish between both kinds
of information. From an analysis of incident reports it can
be observed that some causes or effects have a temporal
dimension. For example, explosions, runaway reactions,
mixing operations, each has a beginning and an ending.
Beginnings and endings are entities with zero extent in
time. However, current methods cannot distinguish between
zero-extent time entities (events) and entities with temporal
dimensions (activities).
Shoham lists properties of causation some of which
are listed here [4]:
1. Causation is antisymmetric. A cannot cause B if B is the
cause of A
2. Causation is antireflexive. A cannot cause itself.
3. Causes cannot succeed their effects in time. A(s) causes
A(t) ) s  t
4. Entities participating in the causal relation have a temporal dimension. For example, explosions, runaway
reactions, mixing operations, all have a beginning and
an ending.

1.

2.
3.
4.

Domotor adds the property of transitivity [2]: If A causes B
and B is the cause of C, then A is also the cause of C.

Activities are enclosed by rectangles. Activities involving changes of process variables are complemented
with the letter P at the lower right corner of the rectangle. Activities representing operations and control
activities include the letter O at the lower right corner
of the rectangle
Events are shown by ovals
Participating entities are enclosed by hexagons
Causal relations are represented as solid arrows identified by the word “cause of event”. A cause of event

Figure 1. Symbols used in a causality network
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Figure 2. BP incident scenario (Diagram 1)

Figure 3. BP incident scenario (Diagram 2)
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Figure 4. BP incident scenario (Diagram 3)

indicates that the caused (event) is caused by the
causer (activity)
5. Temporal relations (beginning and ending) are represented as solid line with a filled circle identified by
either the words “beginning” or “ending”. A beginning
relation marks the temporal start of an activity or physical objects. An ending relation marks the end of a possible individual.
6. The participation relation is represented as a solid line
with an empty circle identified by the word “participation”. A participation relation is a part-whole relation
that indicates that physical objects are resources, instruments, or performers of an activity
7. Chronological information from the timeline can be
added next to the activities or events.

EXAMPLE
During the start-up of Isomerization Unit on March 23,
2005, explosions and fires occurred, incurring in fifteen
fatalities and harming over 170 persons in the Texas City
Refinery, operated by BP Products North America Inc. [6].
On May 2005, an interim report was released and
presented an analysis of the events leading up to the incident. The report identified a number of initiating events
and enabling conditions, and made a number of early recommendations to prevent the recurrence of a similar
incident. In this interim report, the development to the
explosion and fire could be analyzed in detail and
documented. A chronology of the events leading up to the
incident is summarized and some candidates of root cause
and accident scenarios are identified.

4
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Figure 5. BP incident scenario (Diagram 4)

which explains the increase of pressure. The pressure is
released manually by operator intervention.
In Diagram 4, it can be seen how the decrease of
pressure causes the creation of nucleation sites. The heat
from the burners causes the pressure in nucleated sites to
increase. Incidentally, the momentary decrease of pressure
causes vapor in nucleated sites to expands which results in
release of liquid from column overhead relief valves
which can be associated with the fatal consequences of the
accident.
Based on preliminary opinions by two incident investigators, causality networks present the following advantages compared to other representation methods:

CAUSALITY NETWORK FOR BP
INCIDENT SCENARIO
Causality networks are used to represent the BP incident
scenario based on the interim report. Figures 2–5 shows
them. Diagram 1 shows an initial accumulation of liquid
hydrocarbon in the column. The feed was charged to the
stripper unit and the feed was closed. Two kinds of activities
can be distinguished; activities representing process behavior such as “Level increasing” and activities representing
control or operation actions such as “Closing feed valve”.
In diagram 2, the feed is reintroduced and the level
reaches a head of 137 ft of hydrocarbon. Liquid level
stops to increase when heavy raffinate leaves from the
bottoms of the stripper. The reboilers are lit (Diagram 4),
heating the bottoms of the column. As heavy raffinate
leaves through the bottoms pipeline, it preheats the feed
which contributes to the accumulation of heat in the column.
The heat and pressure effects are shown in Diagram3.
The heat from burners causes vapor inventory to increase

1.
2.

5

Graphical representation is easy to understand.
The distinction between activities, events and participating entities allows a more unambiguous description of
the causation, temporal information, and the substances,
equipment, personnel involved in the occurrences.
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3. Because the causality network is based on ISO 15926,
instances in the graph can be integrated with plant databases such as those containing equipment data.

maintenance activities and preventing the occurrence of
similar incidents.

CONCLUSION
This paper introduced a knowledge-based approach for
representing accident information which examined the
concept of causality networks as a model to integrated causality information with objects involved in the accident. And
it applied to example incident scenario to evaluate the proposed method that describes the scenario causality and participating physical objects.
Still, many improvements are necessary. For
example, some features that already exist in causal factor
charts are missing, such as the distinction between presumptive and factual data.
As future work, ultimate goal is to develop the system
which can support engineering activity or safety operation,
etc. based on lesson learned from past incident. It is
planned to integrate some of the classes in the accident database with the ontology. Thus, the result of search of information on past incident case example makes it possible to
reuse for supporting safety design, safety operation and
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EXPERIENCES OF THE NEW NATIONAL SAFETY REGULATOR FOR AUSTRALIA’S
OFFSHORE PETROLEUM INDUSTRY†
Ray Wells
Team Leader, National Offshore Petroleum Safety Authority, Level 2, 437 St Kilda Road, Melbourne, Vic 3000, Australia;
Tel.: þ61 3 8866 5701, e-mail: ray.wells@nopsa.gov.au
The National Offshore Petroleum Safety Authority (NOPSA) commenced operations on 1 January
2005 as the health and safety regulator for all petroleum facilities offshore Australia, administering
and enforcing a consistent set of Commonwealth, State and Territory laws. This new regime
replaced a mixture of prescriptive and performance-based law, some from Commonwealth and
some from States and Territories, administered and enforced by State and Territory based agencies.
The legislation is highly performance-based. Activities at a facility must comply with a safety
case, prepared by the registered facility operator and accepted by NOPSA, that encompass all risks
to the health and safety of persons at or near facilities. However, the safety case processes are
underpinned by prescribed safety standards in key areas, such as the prohibition of certain high
hazard substances. This approach allows industry flexibility to adopt international engineering standards and systems – subject to safety case acceptance – whilst mandating nationally agreed
minimum health and safety standards.
NOPSA’s initial period of operations was not without its difficulties, as core regulatory processes were built and proven concurrent with regulatory activities, in a framework requiring extensive on-going consultation with a wide range of stakeholders. This was compounded by a difficulty
in recruiting up to the designed cadre of inspectors at a time when industry activity levels and hence
regulatory workload was higher than anticipated. Notwithstanding these difficulties NOPSA was
able to achieve its performance targets to a high reliability.
NOPSA’s four teams of inspectors work in close cooperation and under formalised “core processes” for assessment, inspection, investigation and enforcement, to ensure fair and consistent
decision-making. The core processes are closely linked, so that the findings from each may be
used to inform decision making more generally.
Findings relevant to whole sectors of industry are disseminated through safety alerts and
monthly newsletters. National Programmes have been put in place on facility integrity and
lifting operations, consistent with initiatives from the International Regulators Forum, and
NOPSA also actively works to achieve consistency with Australia’s National OHS Strategy.
This paper will describe and discuss NOPSA core regulatory processes and the strategy for their
deployment. It will also outline the scope and aims of the National Programmes. It will present key
findings from NOPSA’s regulatory activities, in particular from root cause analysis and trend analysis of notified accidents and dangerous occurrences.

KEYWORDS: offshore, petroleum, legislation, government, safety case

INTRODUCTION
The National Offshore Petroleum Safety Authority
(NOPSA) is a statutory authority of the Australian Commonwealth government. NOPSA was established in late
2003 and on 1 January 2005 it commenced operations as
the occupational health and safety (OHS) regulator for the
nation’s offshore petroleum industry. The purpose of this
paper is to outline the background to NOPSA’s creation,
the legal framework under which it operates, the OHS legislation it administers, its regulatory activities, and the key
OHS challenges facing the industry.

BACKGROUND
NOPSA was created, and related legislative changes made,
after a report in 2000 by an independent review team had
criticised the OHS regime that existed at the time. The
team had concluded that:
.

.

.
†
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There were too many Acts and regulations, having
unclear boundaries, which overlapped and had inconsistent application. Different sets of laws applied offshore
from each State and NT;
The State and NT agencies that administered and
enforced the legislation lacked capacity to fully discharge their functions and did not have a clear view of
their role;
The Commonwealth government, meantime, did not
have sufficient specialist resources or OHS technical
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Figure 1. Australian offshore petroleum areas

expertise, and hence did not have the credibility or authority to drive the required changes.

(PSLA 1967) of the Commonwealth, whilst under the Offshore Constitutional Settlement of 1979 each State and
Northern Territory (NT) mirrors the PSLA 1967 through a
PSLA 1982 that applies in their coastal waters (between
the baseline and 3 Nm) and in some inshore waters. In
addition, the State or NT undertakes day-to-day regulatory
activities under the PSLA 1967, on behalf of Commonwealth, as well as under its own PSLA 1982.
All laws of a State or NT apply in their own right
within the State/NT inshore and coastal waters, whilst the
PSLA 1967 adopts these laws at petroleum sites in the adjacent Commonwealth waters. Until 2005 this included State
or NT OHS laws, except that in some States, the OHS laws
specifically did not apply to petroleum activities. To rectify
this gap, Schedule 7, based on existing Commonwealth
OHS laws, had been added to the PSLA 1967, to apply
when there was no suitable State OHS law. Directions
under the PSLAs 1982 were issued to apply similar provisions in relevant coastal waters.
Detailed prescriptive requirements for OHS had previously been established through a “Schedule of Specific
Requirements”, issued by Directions under the PSLA 1967
and the PSLAs 1982. Commencing in 1996 this Schedule
was being progressively reduced as a series of performance-based regulations was introduced, requiring safety
cases to be in place for all offshore petroleum facilities,
and similar documents addressing pipelines, diving activities
and environmental matters.

The project group charged with acting on the review team’s
report recommended that the OHS laws be aligned, and that
there be a single regulatory authority to administer and
enforce that legislation. A more complete explanation of
the NOPSA establishment project is available elsewhere
(Wilkinson, 2003).

THE LEGAL FRAMEWORK AND PREVIOUS
LEGISLATION
Australia’s government has a Federal structure, under which
law-making and regulatory functions are distributed
between the Commonwealth and the States/Territories,
development of natural resources and OHS being among
the matters assigned to the latter. However, this responsibility is limited to activities with the State/Territory physical boundaries, which extend only 3 Nm seaward of
the baseline1. It also excludes anything where there is an
overlapping Commonwealth law, which would take
precedence.
The primary legislation regulating petroleum activities in Commonwealth waters (more than 3 Nm from the
baseline) is the Petroleum (Submerged Lands) Act 1967
1
Generally, the baseline follows the coastline. It also encloses many
bays and runs around some islands, thereby including some “offshore”
petroleum activities, but most such activities lie outside this area
(Figure 1).

2
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LEGISLATION CHANGES FOR NOPSA
In late 2003 Commonwealth amended the PSLA 1967 to
introduce a new Part, IIIC, which created NOPSA, defined
its functions and powers, and established its governance
arrangements. At the same time amendments were made
to Schedule 7, to come into effect on 1 January 2005.
The amendments to Schedule 7 gave NOPSA and its
OHS inspectors the regulatory and enforcement role for
OHS in offshore petroleum. They also made the Schedule
more appropriate to the management arrangements that
are typical of the industry, by introducing two new classes
of duty holders – “operators” of facilities and “persons in
control of parts of a facility or particular work” – and by
extending the provisions for workplace consultation such
that they required a three-way process between the facility
operator, the whole of the workforce and all relevant
employers.
The improved Schedule 7 applies at all petroleum
facilities in Commonwealth waters, whilst State and NT
health and safety laws, as specifically listed in the regulations, do not apply. This proved to be a difficult area in
which to gain agreement from all stakeholders, but broadly
the State and NT laws listed as not applying are those
related to OHS, dangerous goods, explosives, electrical
safety and gas safety. However, laws that have a public
health aspect such as radiation safety and food safety, generally remain applicable.
The term “facility” is defined in detail in the Schedule, and includes mobile drilling facilities, production platforms, floating production systems, accommodation vessels,
construction vessels (including pipe-laying vessels) and
pipelines.
Amendments were made to regulations under the PSLA
1967, primarily to transfer OHS regulatory functions such as
safety case acceptance or rejection from the State/NT
agencies to NOPSA. Incident reporting provisions were also
amended, to align with overseas practices, so as to enable
better international bench-marking in the future. Overall,
changes to regulations were generally minor and did not introduce any new requirements on operators.
In order to fully achieve the objective of having consistent laws, administered and enforced by a single agency
across all waters, it was necessary for each State and NT
to make “mirror” amendments to its legislation. Progressively, each State and NT is amending its PSLA 1982, to
add a new Part that assigns OHS regulatory functions and
powers to NOPSA, and to add a Schedule that is equivalent
to the PSLA 1967 Schedule 7. In addition, each State and
NT has or will shortly create new regulations under its
PSLA 1982, or amend its existing regulations, so as to
mirror the PSLA 1967 regulations.
No changes were made to the “Schedule of Specific
Requirements” for the purpose of NOPSA, although this
Schedule has continued to be reduced in its scope as more
performance-based regulations are made.

CURRENT LEGISLATIVE ARRANGEMENTS
The overall structure of the OHS legislation for that NOPSA
administers is broadly as follows. First, the PSLA Schedules
establish a modern occupational health and safety regime
comprising:
.

.

.

Duties of Care, whereby specific categories of persons
(operators, employers, etc) who are in control of offshore petroleum facility activities are required to “take
all reasonably practicable steps” to protect the health
and safety of the facility workforce and any other
persons who may be affected;
Consultation Provisions, with mechanisms set out that
will enable effective consultation between each facility
operator, relevant employers and the workforce regarding occupational health and safety;
Powers of inspectors, whereby NOPSA’s OHS inspectors are granted powers to enter offshore facilities or
other relevant premises, make inspections, interview
persons, seize evidence and otherwise take action to
ensure compliance by duty holders.

Regulations under each of the PSLAs establish a highly
performance-based OHS regime. The cornerstone of the
regime is a safety case or equivalent document that must
be prepared and submitted by the duty holder and accepted
by NOPSA before the corresponding activities may be
allowed. Under the PSLA 1967 the OHS related regulations
are as follows:
.

.

.

.

Petroleum (Submerged Lands) (Occupational Health
and Safety) Regulations 1993, which set out certain legislative processes that are required by Schedule 7, and
also establish some prescriptive OHS standards, such
as the nationally agreed prohibitions and exposure
limits for hazardous substances;
Petroleum (Submerged Lands) (Management of Safety
on Offshore Facilities) Regulations 1996, which
require there to be a registered “operator” for each offshore petroleum facility, and require each facility to be
managed in accordance with a detailed safety case that
has been prepared by the operator and accepted by
NOPSA;
Petroleum (Submerged Lands) (Pipeline) Regulations
2001, which require there to be a registered operator
for each licensed pipeline, and require the pipeline to
be managed in accordance with a pipeline management
plan that has been prepared by the pipeline licensee and
accepted by the relevant State/NT Authority. These
regulations address a range of matters, not just OHS,
but NOPSA’s involvement is limited to OHS;
Petroleum (Submerged Lands) (Diving Safety) Regulations 2002, which require each diving contractor to
act in accordance with a diving safety management
system that has been accepted by NOPSA, and in
accordance with a diving project plan that has been
accepted by the relevant facility operator.

It should be noted that, with one exception, the Australian National OHS standards and codes of practice published
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Figure 2. NOPSA governance arrangements

by the National Occupational Health and Safety Commission (now the Australian Safety and Compensation
Council) are not implemented explicitly in the offshore petroleum legislation. However, a detailed comparison would
reveal that the intent of the national standards and codes
of practice is generally achieved, because the safety case
for an offshore petroleum facility is not limited to major
hazards but has to encompass all risks to health and
safety. Therefore, for example, the competency assurance
processes that must be set out in the safety case have the
same effect as the plant user certification system set out in
the relevant national OHS standard and code of practice.
Similarly, the overall risk management processes that
must be described in the safety case have the same effect
as the various different risk management processes set out
in the different national OHS standards and codes.
A comparison would also reveal that the offshore petroleum OHS legislation closely adheres to principles and
guidelines for all national standards and regulation set out
by the Australian governments (Council of Australian Governments, COAG, 2004), and also the recommendations of
national reviews that have been carried out of OHS legislation (Industry Commission, 1995, and Regulation Taskforce, 2006).

may request advice on strategic matters on which he must
then act. This is shown diagrammatically in Figure 2.
The PSLA 1967 does not set out how NOPSA is to be
organised internally. Rather, this was initially determined by
the establishment project (see Wilkinson, 2003), with subsequent refinement by the CEO. NOPSA currently has four
teams of OHS inspectors, each with a Team Leader and an
Executive Assistant. There is also a corporate team somprising
human resources, finance, information services, etc. The CEO,
corporate team and three teams of OHS inspectors are located
in the Perth, WA headquarters. The fourth team of inspectors is
located in Melbourne, Victoria.
Teams are allocated a number of offshore operating
companies, according primarily to the location of the operator’s operational offices. This arrangement achieves a
largely “one-stop” shop for each offshore operator, but
does require some inter-State working by NOPSA, where
an operator has operations offshore Victoria as well as offshore WA or NT. However, this is seen as an advantage
as it helps ensure cross-team working and thus improves
consistency of approach and decision-making.
Within each team, individual inspectors are assigned
certain facilities. Generally, this inspector is then the “lead”
for all day-to-day regulatory activities for those facilities,
whether assessment of safety case, investigation of incidents
or conduct of offshore inspections.

NOPSA’S ORGANISATION AND GOVERNANCE
The primary governance arrangements for NOPSA are set
out in the PSLA 1967. These establish that there is a
Chief Executive Officer (CEO), who reports to the relevant
Commonwealth Minister. The Commonwealth Minister in
turn consults with the various State and NT Ministers
through the Ministerial Council for Mineral and Petroleum
Resources (MCMPR). There is a Board for NOPSA,
which the CEO must keep informed, and from which he

REGULATORY AND OTHER ACTIVITIES
INTRODUCTION
NOPSA vision is that health and safety risks in the
Australian offshore petroleum industry are properly controlled, and its mission is to deliver world-class offshore
petroleum safety regulation for Australia.

4
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Part IIIC of the PSLA 1967 establishes that NOPSA’s
primary functions are:

INSPECTIONS
Planned inspections are another key proactive aspect of
NOPSA’s regulatory activities. NOPSA has established a
target that all normally staffed offshore facilities will be
inspected yearly, with a stretch target or two inspections
per year. In the first year all but two of the 54 normally
staffed facilities were subject to inspection, some more
than once, and also 15 of the 28 not normally staffed
facilities. A similar performance is expected to be achieved
by end 2006 and during 2007.
Where possible these inspections are arranged to
coincide with periods of high (or high risk) activities,
although offshore accommodation limitations mean that
this cannot always be achieved. For mobile drilling and construction facilities, inspections are where possible conducted shortly after the commencement of new projects,
so that recommendations arising may have the maximum
possible effect.
Planned inspections also occupy approximately one
third of NOPSA’s regulatory effect, although this may fall
when assessment workload increases, and increase when
assessment workload falls. NOPSA prioritises assessment
in the short term, and addresses any resultant inspection
back-log in the medium or longer term.
Issues arising from offshore inspections most commonly relate to permit to work systems, workplace risk
assessment, supervision and training, mechanical handling,
lifting operations, and planned maintenance and inspection
programmes.

. Those conferredonitbythePSLA1967andthePSLAs 1982;
. To promote the OHS of persons engaged in offshore petroleum operations;
. To develop and implement effective monitoring and
enforcement strategies to secure compliance by
persons with their OHS obligations under the law;
. To investigate accidents, occurrences and circumstances
that affect, or have the potential to affect, the OHS of
persons engaged in offshore petroleum operations and
to report as appropriate to the Ministers on those investigations;
. To advise persons, either on its own initiative or on request,
on OHS matters relating to offshore petroleum operations;
. To make reports, including recommendations, to the
Ministers on issues relating to the OHS of persons
engaged in offshore petroleum operations;
. To cooperate with other agencies having functions relating to offshore petroleum operations.
The functions set out in law link directly to NOPSA’s
core processes of assessment, planned inspection, investigation and enforcement, plus the more general function of
providing advice and information.

ASSESSMENT
Assessment means the assessment of submissions, such as
safety cases, that are made by duty holders, and which
may be accepted in full or part, accepted with conditions
or limitations or rejected by NOPSA, and which if accepted
must be complied with by duty holders. In absence of prescriptive legal requirements for OHS, these submissions,
their assessment and acceptance, are fundamental to the
on-going assurance of health and safety in offshore petroleum activities. Accordingly, detailed procedures have
been developed to manage this process and a significant proportion of NOPSA’s regulatory effect – averaging around
one third - is expended in this area.
A total of 94 safety cases or safety case revisions and
11 other submissions were assessed during NOPSA’s first
year of operations, and a similar number is expected to
have been assessed by end of 2006. Although many
safety cases have been found to be of a high standard, a
number have been sub-standard. Typical issues for these
cases included lack of coherence, failure to demonstrate
acceptable levels of risk management, poor workforce
involvement and a failure to address a sufficient range of
foreseeable activities. This last factor is one of the
reasons why so many safety cases have been assessed compared to the number of facilities – many of the safety cases
were revisions submitted solely to allow activities that
could and should have been catered for in the original
safety case.

INVESTIGATION
Operators of facilities are obliged to notify/report to
NOPSA all accidents and dangerous occurrences as
defined in the legislation. This includes all workplace injuries incurring 3 or more days lost time, hydrocarbon releases
above 1 kg (gas) or 80 litres (liquid), well kicks above 50
barrels, any fire, ship collisions, damage to safety-critical
equipment, and anything else that “a reasonable operator
would consider to require immediate investigation”.
During 2005 a total of 144 such events were reported to
NOPSA, and a similar or slightly increased number is
expected by the end of 2006. Facility integrity issues and
lifting operations generated a significant proportion of the
notifications.
In addition to the 144 notified accidents and dangerous
occurrences, 35 complaints about offshore health and safety
were received during 2005. Most of these complaints were
from the workforce, including via elected health and safety
representatives, although some were from Trade Unions or
from other government agencies. Complaints most commonly
related to offshore amenities, the working environment and
staffing arrangements – for example, the minimum safe level
for response to emergencies – but also to concerns about facility integrity.
NOPSA responds to all notified accidents, dangerous
occurrences and complaints, to a level proportionate to
the apparent risk or non-compliance as determined by
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our initial enquiries. It is found that many issues are able to
be satisfactorily dealt with by correspondence or meetings
with the operators’ onshore personnel, although a small
minority of notifications and complaints are found to
require an immediate offshore investigation. Such investigations are most commonly in response to serious personnel injury or a substantial release of hydrocarbon.
NOPSA applies the root cause classification system
from the TapRootw methodology to all notified accidents
and dangerous occurrences. The method is also applied to
complaints if these prove to be valid. At the time of
writing this paper it is too soon to be drawing firm conclusions from this work, but the most common root cause
classifications appear to be in the area of “standards, practices and codes” (these either being inadequate or not followed), work planning and risk assessment. More detail
will be given when this paper is delivered.

ADVICE
NOPSA provides advice to individual duty holders through
routine and ad hoc meetings. It also provides advice to
industry in general via its web-site, stakeholder briefings,
safety alerts, monthly newsletters and presentations at
OHS/industry conferences. The monthly newsletter has
proven a particularly effective means by which OHS
issues arising in the Australian and overseas offshore industry may be communicated promptly to a wide group of
stakeholders.
Two particular areas in which NOPSA is currently
focusing are facility integrity and lifting operations.
National programmes have been launched in these areas,
commencing with data gathering based on standard questionnaires (available via the NOPSA web-site) in order to
determine best practices and the range of standards currently
applied, with a view to raising the whole of industry towards
best practice.

ENFORCEMENT
The laws that NOPSA administer contain similar enforcement provisions to the health and safety laws of the
States/NT and of the UK, in that NOPSA’s OHS inspectors
have the power to give verbal advice, direct that plant and
equipment be left undisturbed, issue improvement or prohibition notices, etc. In addition NOPSA has the power to
accept or reject safety cases, require a revision to a safety
case, or to withdraw its acceptance. Offences against the
Act or regulations, whether against the duties of care or
other aspects of the legislation, may be prosecuted by
NOPSA inspectors, although under Commonwealth law
the preferred course for prosecution is generally via the
Commonwealth Director of Public Prosecution.
NOPSA is mindful of the accusation sometimes made
that a regulatory authority’s powers may be used inconsistently, and that a formal and structured process is needed to
minimise the potential for this to occur (see, for example,
Johnstone, 2004). In response to this we have adopted,
with their permission, the Enforcement Management
Model that was developed by the United Kingdom Health
and Safety Executive. This provides a formal, structured
and auditable process whereby the correct level of enforcement can be determined based upon the “gap” in risk
between the legal non-compliance and a compliant situation, the state of knowledge of what is required for compliance, and a range of other factors such as the duty holder’s
past performance and the public interest.
During 2005 NOPSA issued 25 Improvement Notices
and 3 Prohibition Notices under this system, together with a
number of formal letters requiring improvement in risk management or resubmission of a revised safety case. Consideration has been given to prosecution in a small number of
cases, although at the time of writing it is too early and inappropriate to report progress on these matters. The issues
these actions relate to naturally coincide with those arising
from notified accidents and dangerous occurrences, from
complaints and from planned inspections.

INDUSTRY OHS PERFORMANCE AND
CHALLENGES
The occupational safety performance of the Australian offshore petroleum industry has remained fairly static over
recent years. During 2005 the lost-time injury frequency
rate (LTIFR) for absence of greater than one day or shift
was approximately 2.4 per million hours, according to incident and work-hour reports provided by facility operators.
The rate of “total recorded cases”, TRCF, a measure that
also includes alternate duty cases and medical treatments
that did not lead to lost-time, was approximately 13 per
million hours. Although this may appear to be a good performance compared to other sectors of Australian industry,
it is not as good as reported by the petroleum industry worldwide.
Whilst NOPSA’s regulatory activities include
measures aimed at improving this record, in particular in
relation to lifting activities which are a major source of
hand and other injuries, we recognise the generally good
industry performance in these areas and focus much of our
regulatory activities on the “major hazards” aspects of the
industry. For example, safety cases, whilst they must
describe the management processes for all hazards, have
to present in detail the assessments of hazards and risks
with potential to cause multiple fatalities and the control
measures that are put in place to address those risks. Each
planned inspection then audits the measures identified for
at least one of the “major accident events” that is set out
in the safety case, as well as more general health and
safety management processes.
Particular issues facing the offshore petroleum industry at present include aging facilities, an aging workforce
and an existing skills shortage concurrent industry growth
driven by oil prices. These will be key areas for NOPSA’s
regulatory and advisory activities over the coming years.
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HOW TO MODEL AND EVALUATE THE INCIDENT REPORTING PROCESS
OF A COMPANY?
Marinka Lanne and Kaarin Ruuhilehto
VTT Technical Research Centre of Finland, P.O. Box 1300, FI-33101 Tampere, Finland;
Tel.: þ358 20 722 3633, Fax: þ358 20 722 3499, e-mail: marinka.lanne@vtt.fi, kaarin.ruuhilehto@vtt.fi
Companies need to control several different sectors of corporate safety and security including, for
example, occupational health and safety, environmental safety, premises security, crime prevention,
rescue operations and emergency planning, information security, and personnel security. All these
sectors contribute towards the total corporate safety and security of a company. By collecting information about different types of incidents, a company can learn about how to prevent future incidents,
and thus make the company safer. Incidents, as referred to here, include accidents, near-misses, and
other deviations such as hazardous situations. A company can internally collect information about
those event chains that can lead to accidents. The time and place, the object and consequences,
and causes and preventive and corrective actions, are all examples of important information collected
about incidents. Even if a company recognizes the importance of preventive data, it might be difficult
to organize the collection, handling, and utilization of this information. Computer software is nowadays essential, but it can not address all the aspects associated with the incident reporting process.
The organization of the incident reporting process was investigated at VTT using three case studies
during 2005-2006. Key questions of the study were: 1) how to model all the parts of the incident reporting process, and 2) how to evaluate the quality of incident reporting process. All the actions, the different actors, and the different documents and information flow relating to the incident reporting process
were modelled. The important phases of the process were: a) identifying an incident and acting immediately (understanding hazards), b) informing the supervisor about the incident (motivational factors), c)
handling the incident reports (systematic documentation), d) investigating the incident (understanding
analysis frameworks), e) decision making about solutions and improvements by utilizing the collected
data, f) implementing and monitoring the corrective and preventive actions (reacting), and g) observing
the general view and evaluating the incident reporting process. The study contained three case companies: an oil refinery, a chemical factory, and an amusement park. Three incident reporting processes
were modelled with the data collected from the companies. The three case models were used to
develop an evaluation tool for the incident reporting process.
This paper discusses the modelling and evaluation of the incident reporting process. The main
purpose is to show that modelling of the incident reporting process gives an opportunity for a
company to evaluate and improve the quality of the incident reporting process. Based on the research
carried out, principles and ideas for assessing the different phases of the incident reporting process are
presented.

KEYWORDS: incident reporting, near-miss reporting, incident analysis

–
–

INTRODUCTION
This article concerns incident reporting process and system
at the organizational level. An incident reporting system
comprises disclosing and analysing the incident, and also
using information from previous incidents to improve corporate safety and security. The system includes incidents
related to all sectors of the corporate safety and security:
for example, occupational, environmental safety, production
process safety, premises security, crime prevention, fire
safety, and information security.
In this context incident can be defined as an unusual
or unexpected event, which either resulted in, or had the
potential to result in:

adverse environmental impact, or
a major interruption of process operations.

This definition is expressed in the Incident Investigation Guidelines book of the Center for Chemical
Process Safety (Philley et al. 2003). An incident can be
either an accident or a near miss. An accident is an incident
which poses harmful consequences affecting people, the
environment, property, or the operation process. A near
miss is an incident which probably would have posed
harmful consequences if the circumstances had been slightly
different.
It has been demonstrated in various studies (e.g. Bird
and Germain 1966; Heinrich et al. 1980) that there is a
relationship between the number of near misses, with
minor incidents and major accidents. Various “iceberg”

– injury to personnel,
– significant damage to property,

1
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models show that for each major accident there are a large
number of minor accidents, and even more near misses.
Many industrial companies already recognize that they
can learn from their near misses (Jones et al. 1999). Nowadays, accidents themselves are too few in number to be able
to obtain enough information about their causes. For
example, Jones et al. (1999) have demonstrated, by way of
a practical example from industry, that there is an inverse
proportionality between the number of reported near
misses and the number of accidents, and they assert that
the rate of near miss reports is an important numerical indicator of industry’s safety awareness. For learning from
incidents, it is important to investigate and understand
how incidents arise.
The entire incident reporting process and system must
be planned carefully, as several issues affect the functioning
of the reporting process. At first, the organization needs to
ensure that all the employees – both white and blue collar
– understand and identify incidents. A major challenge for
the organization is to motivate people to report their observations to supervisors, or directly to an incident reporting
system. Know-how about the incident reporting system and
also motivational issues affect the reporting activity. Van
der Schaaf and Kanse (2004) have grouped the demotivating
factors influencing incident reporting as follows: 1) fear of
disciplinary action or of other people’s reactions, 2)
uselessness, 3) acceptance of risk, and 4) practical reasons
(as too time consuming or difficult to submit a report). Indemnity against disciplinary proceedings, confidentiality or
de-identification, and rapid, useful, accessible, and intelligible feedback are important factors associated with
the reporting culture, according to Reason (1997). The
adopted theory or model about accidents and their causes
characterizes of the reporting process. Accident models
focused on human behaviour in the control of danger and
on safety management systems are pertinent frameworks
with respect to learning from incidents. (Koornneef, 2000)
Lucas (1991) also stresses the importance of the organization’s model of why humans make mistakes, as part of the
overall safety culture.
Although many research studies about incident reporting
have been performed, precious few of them focus on process
modelling and evaluating the process quality. The evaluation
of the entire incident reporting process provides the organization with important data about the process quality. Systematic
methods and regular checking of the reporting process are
required for the evaluation. The evaluation aims at continuous
improvement. According to Oktem (2003), “auditing a nearmiss system’s performance is the first and the most critical
step in understanding what is working well and what needs to
be improved”. This paper discusses the modelling and evaluation of the incident reporting process. The main purpose is
to show that modelling of the incident reporting process
gives an opportunity for a company to evaluate and improve
the quality of the incident reporting process. From the national
perspectives, the main purpose of the study was to create a
simple tool for organizations to plan, evaluate and improve
their incident reporting process.

OBJECTS AND METHODS
The objective of the study was to define the phases of the
incident reporting process, and then to create a self-audit
tool for evaluating the process phase by phase.
The study started in the autumn of 2005 and ended in
December 2006. At first, a literature review of incident
reporting procedures was performed. Interviews and workshops at the three participating case-study companies were
used to create a model of their reporting processes and
gain information on the motivating (and demotivating)
factors associated with reporting culture within the organizations. Finally, a phase model of incident reporting process
was generated, upon which the guidelines and self-audit tool
for incident reporting were created.
The research work was carried out at VTT, the Technical Research Centre of Finland. The three case studies
were from the participating companies: an oil refinery, a
chemical factory, and an amusement park. The main
funding was received from The Finnish Work Environment
Fund, and the Ministry of Social Affairs and Health.
The workshops for modelling the incident reporting
processes in the case companies were carried out in
groups of 6–11 persons. A two-day workshop was held in
each company, and the participants consisted of upper management, line management, employees, and safety and
security professionals. In the workshop sessions, the actual
incident reporting processes were described on large
sheets of paper – several flip-over pads. The following
questions were asked by the research scientists:
–
–
–
–
–

What are the basic functions of your incident reporting
process?
What needs to be done and by whom?
Which tools are used in the process?
Which documents are to be made?
What is the information, and how does it flow during the
process?

After the workshop sessions, the researchers computerized the described process models. A general model of
the incident reporting process was created as a combination
of the case models and the relevant literature. The self-audit
tool was then created, based on the general model. A new
project has been proposed that plans to test the tool with
new case organizations during the year 2007.
Furthermore, there were additional interviews and
development visits to the companies. In one of the case companies an employee interview for 16 persons was arranged, as
was an additional group work meeting for over 50 persons
(mostly workers and line management). The group work
meeting and the interviews focused on completing the incident reporting form, and especially the underlying motivations for what incidents were reported.
RESULTS
The main results of the study were the phase model of the
incident reporting process and the self-audit tool for evaluating the process. The following list presents the phase
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model of the incident reporting system developed in the
study. It provides short descriptions of the basic phases
and important operations connected to these phases:

–

–

. Detection of an incident: the phase when somebody
recognizes an incident. Especially important are: understanding of hazards; and also methods and training to
identify incidents.
. Acting immediately: the phase when the identifier tries
to control the situation and limit the harmful consequences. Guidelines and training on how to act in an
incident situation are especially important.
. Recording the incident: the phase when the identifier
completes the reporting form and/or informs the supervisor about the incident. Especially important are:
methods and tools for informing about the incident
(reporting system); and motivational factors.
. Receiving and handling the incident report: the phase
when the appointed person receives the incident report
and processes it. Especially important are: systematic
documentation about the incident; classification
system; evaluation of the investigation requirements;
identifier feedback; and the wider dissemination of the
information.
. Investigating the incident: the phase when the causes
of the incident are systematically determined. Especially
important are: an understanding of analysis frameworks,
and the methods, tools and training for the investigation
are especially important.
. Data analysis and utilizing the collected data: the
phase in which all the data collected from different
incidents are dissected and analysed (statistically), and
the incorporated information is used for decision
making. Especially important are: analysis methods
and tools; databases and applications; the reliability
and validity of the data and the analysis; and the versatility of utilization.
. Decision-making about solutions and improvements:
the phase when the identifier and investigators’
suggested improvements are evaluated and implementation decisions are made.
. Implementing and monitoring changes: the phase
when the actual implementation process is planned, executed and evaluated. Especially important are: a risk
assessment of the action plan; and a comparison of the
intended and actual results of action.
. Evaluating and improving the entire incident reporting process: the overall procedure whereby the process
is evaluated and improved systematically, phase by
phase. Especially important are: the functionality of
the process; evaluation of the objectives; objective
setting; and flow of information; and responsibilities,
abilities and skills.

basic level where one trained supervisor evaluates the
incident factors by interviewing the identifier and by
combining different data, and
expanded level where an investigation group models and
evaluates the incident factors by interviewing the incident identifier and by combining different data.

The basic investigation is the minimum level and it
generates data for statistical analysis. The expanded investigation becomes valid when the incident has had the potential
to pose significant harmful consequences. Consequences
can be evaluated with the aid of the typical risk matrix. A
more detailed investigation on the expanded level has to
be performed when the incident involves a complex chain
of events or multiple causes.
In the case companies, the EHS team (environment,
health and safety experts) has a significant role in incident
investigations. The team brings not only expertise and an
analytical approach to investigation, but at the same time
it removes the line management from the learning process.
When the number of incident reports increases, it becomes
difficult to handle all the investigations with so few
experts. Hence, there is a need to shift the responsibility
for basic level investigations to the line management. A
big challenge is to ensure that every line manager adopts
coherent conceptual basics about the origin of an incident,
and that they have adequate skills to investigate the incident.
EHS experts have and will continue to have an important
role in the expanded level investigations, and in the investigation quality evaluation of the basic level investigations.
Database and incident reporting applications have an
important role in the incident reporting process because they
enable rapid data analyses. All the case companies involved
in the study were implementing new applications or updating the old ones during the study. There was, however, no
clear common understanding and concept about incident
models, and therefore the application providers brought
their own models to the companies. Hence, the application
providers made decisions that the companies should have
done. The biggest challenge with these software-related processes was to get the application to serve the incident
process and to avoid a situation in which the application
and creation of the database overshadows the investigations
and actions. For example, classification scales must be
coherent with the conceptual basics. Moreover, the basic
objective of learning lessons to improve system performance demands information and communication – that is,
people getting together regularly to discuss the gathered
data.
The self-audit tool for evaluating the incident reporting process helps the organization perform a systematic
evaluation. The tool consists of the evaluation frame
(Figure 1) and the associated checklists. The description
of the incident reporting process is an essential part of the
evaluation. Evaluation and improvement are carried out by
following the steps listed below:

According to the study, the greatest challenges of the
incident reporting process are related to the investigation
phase, the utilization of information, and also to the evaluation of the effects of implemented operations. There can
be different levels of investigation:

1.

3

Describe the incident reporting process of the company.
Record the basic phases and functions. Explain why
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Figure 1. The self-audit tool for evaluating the incident reporting process

2.
3.
4.
5.
6.
7.

these functions are done and who is responsible for
completing them. Consider what methods and tools
are connected to the process, and how the information
flows. The evaluation frame helps to identify the
phases of the process.
Evaluate which phases need improvement, using the
evaluation frame.
Check the improvement needs in more detail. Use the
checklist.
Make a plan for implementing the suggested improvements.
Ensure that the required decisions are made in the
normal decision-making process of the company.
Implement the changes.
Incorporate a new evaluation into the general auditing
plan of the company

DISCUSSION
The goal of the incident reporting process is to learn from
errors and improve performance. It is important to keep the
focus on learning and improving when the objectives of
incident reporting are made. Quantitative objectives are
associated with, for example, the number of reported incident or incidents investigated. It can also be related to the
number of suggested improvement operations, and/or
to the speed of processing. Qualitative objectives can
be bound to the content of the incident report, to investigation methods, to the quality of improvement suggestions,
to the influence of the improvement operation, and to
the reliability and validity of the collected data. Consequently, there are many other factors than number of
incident reports that affect the quality of the incident
reporting process.
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During the study, a discussion on a need to link the
incident reporting process and the risk assessment process
arose. Harms-Ringdahl [2004] recognizes a need for intensifying the flow of information between accident investigation
and risk assessment, which supports this idea. In this study,
the incident reporting process and the risk assessment
process were linked by using the same classification titles
for describing the event types and by defining the consequences with the same risk matrix. Incident data was also
used to update the results of the risk analyses and to
update the checklists that are used in risk assessment.
Systematic evaluation of the incident reporting process
provides the organization with important data about the
quality of the process. The evaluation frame and the
checklist created within this study can help organizations
identify not only those parts of the process that are working
well, but more importantly, those which need improvement.
The study indicates that modelling the incident reporting
process helps the organizations to better understand the
process and highlight ideas for improvement. It is important
to involve different points of view to the evaluation process.
The identifiers and declarers, investigators, decision-makers
and those who utilize all the associated information may
have different experiences with the system. The evaluation
of the reporting system, as such, motivates the personnel to
continuous improving. The self-audit tool developed in this
study to assist the evaluation provides a framework and
important check points to evaluation discussions.
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LEARNING FROM PIPEWORK FAILURES
Laza Krstin, BSc(Eng), CEng, FIMechE
Principal Consultant, ABB Engineering Services; Tel.: 01642 372384, e-mail: laza.krstin@gb.abb.com
Failures of pipework have continued to hit the headlines in recent years. These failures have
resulted in a range of consequences from death or serious injury to personnel working with pipework, through to significant loss of containment and consequent major plant damage or impact
on the environment. Pipework can suffer from a vast range of deterioration mechanisms. Yet pipework still seems to remain the least well-understood equipment type.
This paper reports on a review of pipework incidents carried out for the UK’s Health and Safety
Executive (HSE), and illustrates some of the key points with a case study. The paper tries to
help answer the question: “how can we learn from previous failures, and so prevent future
incidents”?
This paper discusses these issues and offers recommendations aimed at achieving improvements
in pipework integrity.

KEYWORDS: pipework failures, piping systems, lessons from failure, human factors

typical failures of pipework and has drawn upon practical
experience from the chemical industry.
The review for the HSE used a ‘life cycle’ model of
integrity to assess findings and present recommendations.
For pipework the life cycle starts with scope definition, continues through design, construction, operation, and maintenance, includes modification and repair, and ends with
decommissioning and disposal.

INTRODUCTION
Pipework integrity is an important safety issue. Despite
advances in the UK in the general area of Pressure Systems
Management, failure of piping systems in the chemical
process industries continues to be a source of concern. It is
well established that failure of piping systems is more
likely to occur than the failure of vessels (ref. 1).
In the UK, the design and construction of new piping
systems must comply with the Pressure Equipment Regulations 1999 (ref. 2). The main statutory requirement that
is commonly regarded as covering in-service aspects of
pipework is the Pressure Systems Safety Regulations 2000
(PSSR) (ref. 3). These are primarily concerned with the
risks created by a release of stored energy through pressure
system failure. PSSR are not concerned with hazardous
nature of the system contents with exception to the scalding
effects of steam. Furthermore, when it comes to pipework,
the Guide to the Pressure Systems and Transportable Gas
Containers Regulations 1989 (ref. 4) states . . . the effect of
Regulation 8 and the Approved Code of Practice Safety of
Pressure Systems is to exclude most ‘pipework’ from the
written scheme [of examination].”
Of course, pipework is subject to the Health and
Safety at Work Act, Control of Major Accidents Hazards
Regulations and a number of other “high level” legislative
requirements (refs. 5 and 6). However, the majority of inservice pipework is not subject to legislation that specifically covers piping integrity. In this context, and yet with
on-going incidents involving pipework, the Health and
Safety Executive commissioned a study by ABB Eutech
Limited (now called ABB Engineering Services) in 2001.
The study dealt with the development of a high level strategy for improving pipework integrity on industrial sites in the
UK. This project was intended to develop proposals that would
help companies reduce the occurrence of pipework failure.
This study examined commonly available information on pipework, including legislation, reviewed

ANALYSIS OF FAILURE DATA
Many published sources categorise failure incidents of pipework, and pressure systems in general, in terms of the root
cause of failure, such as corrosion, fatigue, creep. Although
this is interesting data, it does not help to identify how failures can be prevented in the future. Where should the industry best focus its efforts? To do that we need to look at the
underlying causes of failure. In other words, what were
the reasons that led to failure by corrosion, or fatigue etc?
The ABB study reviewed incident data provided by
the HSE, the IChemE, published literature and ABB
Engineering Services’ own data collected over many years
in ICI. None of these sources claim to be exhaustive collections of UK incident data. Furthermore such data presents
questions of consistency: how accurately were the root
causes and underlying causes determined? Each set of data
was recorded using different failure and cause categories –
how can a common picture be produced?
Despite these questions, it became clear that the data
did capture numerous significant or major incidents, of sufficient number, to enable meaningful conclusions to be drawn.
Review of the various incident reports showed that
common causes of loss of containment in pipework
include the following (with the most prominent ones
stated first)
.
.

1

leakage at bolted flanged joints
leakage at corroded pipe (especially under lagging)
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. leakage at small bore pipework (e.g. due to fatigue)
. failure of supports
. leakage at bellows (relatively more vulnerable than
pipe)
. leakage at instruments (relatively more vulnerable than
pipe)
. failure of steam trapping
. modifications
. wrong materials used
. over pressure

b)

c)

THE PIPEWORK LIFE CYCLE
Early in the study it became apparent that attention to pipework integrity is required throughout the entire life cycle of
the pipework. The life cycle includes the following stages
and activities:
.
.
.
.
.
.
.
.
.
.
.
.
.

Scope Definition
Design
Asset Records
Procurement
Fabrication, Construction, Installation and Testing
Handover/Acceptance
Commissioning
Operation
In-service Inspection
Maintenance, Repairs and Replacement
Modification, Re-rating and Life extension
Decommissioning
Dismantling, Demolition and Disposal

CASE STUDY
A short case study of an incident serves to illustrate these
points.
On a chemical manufacturing site, an above ground
piping system was used to transfer a hydrocarbon liquid
product from a storage tank to a unit in another part of the
site. The piping was NPS 4 stainless steel and approximately
1 km long. Although the product was toxic to the environment, the duty was not arduous – ambient temperature
and pump transfer pressure less than 10 barg. After the pipework had been in service for many years, part of it needed to
be rerouted to accommodate the demolition of a building,
and this presented an opportunity to make the new section
of all welded construction, removing a number of flanged
joints that had had a history of leakage.
After a period of operation, a significant leak of the
hydrocarbon was detected coming from a filter at one end
of the piping system. As the filter was in an out-of-theway location, the leak was not detected immediately – by
which time an estimated quantity of 150 te of the liquid
had been released. It was concluded that approximately
1 te entered the nearby canal, 20 te evaporated, 3 te were
recovered, and the rest remaining in the ground with
minimal prospect of recovery.
The direct cause of the incident was the failure of the
filter due to over-pressure. The piping system was used on
an intermittent duty, and during a shut-in condition the
liquid had been warmed by sunshine and ambient air, generating a pressure that eventually caused the filter lid retaining
ring to fail.
As with many incidents, the underlying causes of the
failure arose from the cumulative effect of several factors
across the life cycle of the pipework:

Many of the problems of ensuring life cycle integrity
are not peculiar to pipework, but are common to other
pressure equipment such as vessels. The most effective
approach is likely to involve management systems for
pressure systems rather than considering only components
such as pipework.
The life cycle model developed in discussion with
various contacts within the petroleum refining and chemical
industries. It has been tested against several individual
company systems for pipework design, maintenance, and
inspection, and reflects generally agreed best practice.
As part of the discussions with industry contacts,
deficiencies in pipework design, maintenance, and inspection work practices & procedures were discussed, and best
practices shared. This helped to ensure that the recommendations for improvement were focused on the areas that
should provide the greatest benefits.

KEY FINDINGS
Analysis of pipework failures commonly reveals a range of
causes that match the stages of the life cycle (e.g. inadequate
design or maintenance). However, this study identified a
number of underlying features:
a)

This presents a challenge for communication, and
requires sound understanding by each party of the
issues at other parts of the life cycle.
Pipework integrity is dependent on all stages of the life
cycle. This requires effective management systems for
all the necessary activities. The study has revealed that
the areas needing particular attention are competence
of personnel and procedures covering:
. Maintenance (especially flanged joints).
. Modifications, repairs and life extension.
. In-service inspection.
A considerable amount of information is available for
piping systems. This covers all aspects of the life
cycle, with few significant gaps. However, most documents are aimed at only one or two specific parts of the
life cycle. This can place increased reliance on the
expertise and experience of personnel to know what
is available. Where knowledgeable personnel are not
available (and concerns have been identified that the
pool of such people is in decline in the UK), an efficient
means of accessing the relevant information is
required.

Fragmentation of the pipework life cycle – no other
area in a process plant is so fragmented with different
groups responsible for each part of the life cycle.
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1. The original design specification did not appear to consider thermal relief.
2. The flanged joints “sprung” in reaction to over-pressure
and so acted as impromptu thermal relief devices.
3. The flange leaks were not adequately investigated, giving
rise to the view that these were “troublesome flanges” and
therefore their removal was seen as only having a beneficial effect from a maintenance point of view.
4. With no significant deterioration mechanisms to threaten the integrity of the piping (except possibly deterioration of pipe supports), the integrity of the pipework
could be regarded as a “maintenance issue” to do with
the flanged joints, rather than a focus for “inspection”.
5. After the modification, with no flanges to relieve any
over-pressure, the filter was the next “weak link” in
the system.
6. The modification to reroute the pipework did not appear
to consider the pressure relief requirements for the
whole pressure system, apparently focussing only on
the implications of the modification on the affected
part of the pipework.

benchmark factor in design, construction, maintenance etc.
What is important, however, is to identify the key factors –
those that are likely to make the largest impact. For example:
a)

b)
c)

For existing plants, re-validating or re-engineering the
assets to modern standards may not be practical. But,
what is the real impact of the design and construction
standards of the existing pipework on on-going integrity? And how do such standards affect the engineering
of modifications and maintenance activities?
To what extent do operational practices affect the
integrity of pipework?
What is the real affect of “maintenance cost reduction”
projects on pipework integrity?

To answer such questions, and to develop a pragmatic
integrity programme, it is necessary to take a holistic look at
the relevant factors, and to identify those where the site can
set clear and realistic targets. Needless to say, this is likely to
be different for each company, taking into account such
factors as the health, safety and environmental impact of
losses of containment; production consequences of credible
failure scenarios; design and construction pedigree of the
assets; plant upgrade plans etc.
Human factors become increasingly important in such
a scenario – from management understanding and support,
communications across the life cycle stages and organisations
involved, establishment of effective information systems, and
sufficient understanding of the design and construction features and deterioration mechanisms by all the relevant
groups (plant teams and external specialist resources).

As with all incidents we should ask: how could this
have been prevented? Or, where in the life cycle should
this have been prevented? Clearly there were failings in a
number of stages – design, operation, maintenance and
modification. In practice, perhaps the most effective point
of prevention for this incident might have been in the
control of the modification, through improvements in the
management of change procedure and increased competence of the technical review team who were responsible
for the modification.
So, we can learn a lot from real incidents. But simply
studying incident databases does not move us forward. We
need to distil the key messages and turn them into useful
guidance and action.

AREAS FOR IMPROVEMENT IN PIPEWORK
INTEGRITY
It is clear that assuring the integrity of pipework involves more
than merely finding the “magic” inspection technique. And of
course, for existing pipework the focus will be on in-service
stages of the life cycle – the opportunity to “build in” life
cycle issues at the design stage is not readily available.
However, we do need to consider the contribution to integrity that is made by the various stages that do apply e.g. maintenance, operation, modification, as well as inspection. The study
identified the following as the main areas for improvement.

MANAGING PIPEWORK INTEGRITY
The issues of fragmentation of the pipework life cycle discussed above, and illustrated in the case study, are structural
ones to do with the way the industry handles the subject of
pipework. Such issues can only be effectively addressed by
concerted management effort. It’s not surprising therefore
that many pipework integrity programmes fail to deliver
sustained benefits.
Many “integrity improvement projects” regard pipework integrity as purely an in-service inspection exercise –
integrity is the responsibility of the Inspection Department
(or contractor) and if only they could identify the “magic”
inspection technique all would be well. In these cases the
typical outcome is a mass of inspection data that fails to
provide the degree of assurance or a practicable improvement
plan. In some other cases, the operating company sets up an
ambitious project which attempts to tackle issues on all
fronts, and ends up diluting its efforts and running out of
steam.
Clearly it is not practical for every company with high
hazard pipework to achieve a “100%” target against each

HEALTH AND SAFETY MANAGEMENT SYSTEM
Pipework is low down the priority list for many companies.
A methodology is needed to increase the profile of pipework
throughout the industry and to ensure that duty holders make
adequate provisions for pipework. Duty holders should be
encouraged to use HSG 65 as a basis to develop their own
management systems for managing risks of pressurised
systems to cover the whole life cycle of the pipework
(ref. 8).

AWARENESS OF EXISTING INFORMATION
To improve awareness of existing information a guide to the
existing legislation, standards and guidance should be
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published. This should be based on the internet, user focused
and kept up to date. This may best be done in conjunction
with a trade association (such as EEMUA). The benefits
would include a better-informed population of users/operators, who would be less likely to repeat the errors of their
predecessors.

INTEGRITY OF STEAM PIPEWORK
Steam systems are widely used but still have a long history
of repeated failures. There is a need for framework guidance
on risk management for steam pipework, particularly for the
nature and hazards of steam and condensate systems. To
improve the integrity of steam pipework, a guide should
be published to cover the whole life cycle of steam systems.

INSPECTION OF IN-SERVICE PIPEWORK
To improve the inspection of in-service pipework, and
hence reduce the number of failures, organisations should
be encouraged to use relevant existing guidance such as
API RP570 “Piping Inspection Code”, which includes
inspection, repair, alteration, and rerating for metallic
piping systems in refineries and chemical process plant.

CONCLUSIONS
The study reviewed the underlying causes of pipework failures to identify how pipework integrity can be improved.
The study revealed that pipework integrity depends on all
stages and all groups involved across the asset life cycle.
However, there is a lack of effective management of pipework integrity through the life cycle, which must be
tackled in order to achieve sustained improvements. Pipework often has to deal with conditions outside of the original
design assumptions and specifications. Consequently the
cumulative effect of relatively minor changes can have significant consequences. External factors often affect the
integrity of pipework as much as the process duty. Such
factors change over time, so pipework should be inspected
and reassessed at appropriate intervals. This places much
emphasis on effective information systems and competence
of everyone involved in maintaining pipework integrity
across the life cycle.
The study report provides a framework for managing
pipework integrity and contains many sources of
information.
Some companies address the difficult question “where
to start” by undertaking a “Health Check” to identify the key
gaps, highlight the real opportunities for improvement and
prioritise the practical actions.
As a result of the study and growing concerns with
pipework integrity, the HSE initiated a series of audits of
pipework of refineries and Top Tier COMAH sites, incorporating many of the recommendations from this review
report. The outcomes broadly align with the findings of
this report (and are available on the HSE website).

INTEGRITY OF BOLTED JOINTS
To improve the integrity of bolted flanged joints, organisations should be encouraged to develop and implement
appropriate systems. These systems would include all the
life cycle steps from design through to life extension. With
clear specifications, training and qualifying installers, many
companies have achieved quick and significant benefits.
INTEGRITY OF MODIFICATIONS
To improve the integrity of modifications, a guide should be
published, focussing on pipework. The unpublished HSE
Level 3 COMAH Guidance ‘Plant modification/Change
procedures’ could be used as a basis. Management of
change procedures should require consideration to be
given to the entire pressure system, not just the impact of
the local modification.
QUALITY OF DESIGN
Design shortcomings feature in many of the pipework
failure incident reports. To improve the quality of design,
organisations should be encouraged to ensure that past and
current operating experience is captured and communicated
to those responsible for carrying out the design activity. This
is particularly important where the design organisation is
separate from the operating organisation.
Future maintenance and inspection of pipework needs
to be considered fully at the design phase, and incorporated
into design packages. This will require increased awareness
by Design Contractors of the whole pipework lifecycle.
Duty holders have a responsibility to ensure that the
design is competently carried out (PSSR, Reg.4) and that
appropriate information is provided to the designer. This
is a complex area, as the means to improve design quality
and to learn from incidents (for example) are not readily
apparent.
Note that “Design” includes engineering standards
and specifications which are important for on-going maintenance, inspection and modification activities, not just the
original design stage.
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The capacity to manage risks and maintain industrial safety is largely based on the capacity of
various actors to acquire, maintain and share knowledge on a large variety of subjects. The
actors are, of course, the plant operator but also the employees, the competent authorities, the external maintenance teams or internal or external experts in charge of risk assessment and design of risk
management. The knowledge ranges from the regulatory framework to the details of a machine or a
process but also includes the general knowledge about industrial safety, the hazardous phenomena,
the properties of the substances. Part of this knowledge is also largely tacit. It lies in the brain of the
scientific experts or the employees who are able to make the connection between apparently disconnected pieces of knowledge. Detecting, extracting, maintaining and communicating this knowledge are typical knowledge management activities. This is the reason why INERIS has initiated a
research program dedicated to knowledge management with several initial outcomes that will be
presented in this paper together with the general objectives of the program and the perspectives
for the coming years.
The first part of the paper is dedicated to a recall of the knowledge management principles based
mainly on the typology of knowledge introduced by Nonaka. It is put in relation with the typology
of knowledge used in safety management activities. Two examples of knowledge management
systems are presented and related to the typology of knowledge previously described. In both
cases, the added value resides in the capacity to establish relations between different knowledge
elements. This is partly realised by documents indexing and the use of efficient information retrieval tools. The development of an ontology of industrial safety contributes to achieving these goals.
It constitutes a reference for indexing and will offer a structure for future developments of semantic
web-based tools. Such an ontology is presently under development. Its use to improve the indexing
and information retrieval in the knowledge management systems is illustrated.

KEYWORDS: safety, knowledge management, risk analysis, information system, ontology

This conclusion is used to stress the need of a major
accident reporting system to collect and diffuse the knowledge on industrial accidents. However it can also be
extended to the need of a more general knowledge management system dedicated to managing the knowledge necessary to deal with industrial risks. This paper is dedicated to
presenting some elements of such a system. It introduces
the basis of knowledge management, explores the variety
of knowledge involved in safety management situations
and presents a first structure of a KM system. It then deals
with the potential applications of ontologies to improve
the KM activities.

INTRODUCTION
Human factor is the cause of up to 80% of industrial accidents [Cacciabue, 2000]. In a recent paper Z. Nivolianitou
[Nivolianitou, 2006] analysed the full accident reports in the
MARS database and showed that after examination, many
causes initially classified as equipment failure were actually
due to organisational factors. An examination of accident
reports and recommendations in the accident databases
shows that in many cases the organisational deficiencies can
be formulated in terms of lack of knowledge. A frequent conclusion is that there is a lack of training of operators, but often,
it is a more general lack of knowledge of risks or safety issues
associated with equipment or substances that caused an insufficient control of the situation. This lack of knowledge is, for
example, the lack of preliminary knowledge that would have
led to a risk analysis, the lack of risk analysis itself, the lack
of communication of safety critical information, the lack of
application of hazard lessons learned from similar activities.
In her conclusions concerning the petrochemical industry,
Z. Nivolianitou considers that there is a lack of proper safety
culture to enable effective use of available knowledge for
the prevention of major accidents and that there is a lack of a
structured communication system to diffuse this knowledge.

WHAT IS KNOWLEDGE MANAGEMENT?
Knowledge Management (KM) refers to a range of practices
used by organisations to identify, create, represent, and distribute knowledge for reuse, awareness and learning across
the organisation1.
1
Definition from Wikipedia, example of a participatory knowledge
management system.
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MANAGING TACIT AND EXPLICIT KNOWLEDGE
The knowledge can be divided into two main categories: the
explicit knowledge and the tacit knowledge [Nonaka 1994].
Explicit knowledge is the knowledge that is conscious and
can be documented. Tacit knowledge is the knowledge
that resides in the people’s mind in a more or less formalised
form, most of the time unconsciously. Nonaka identifies the
various operations that can be undertaken on knowledge.
Transforming the tacit knowledge into explicit knowledge
is often called formalisation or externalisation. Making
explicit knowledge accessible to people who may benefit
from it is diffusion. Making the explicit knowledge turn
into tacit knowledge of actors who will then be able to use
it is internalisation. A complete knowledge management
system should be able to perform all these tasks. It should
also be able to deal with generic and specific knowledge.

economic competition. They must be able to capitalise
former experience. At the same time they are facing new
threats such as the retirement of generations of experienced
workers, the transformations due to fusion and reorganisations of entire economic sectors. All these evolutions are
seen as having a potential impact on the economic capacity
of the companies. They also can have an impact on safety.
Authors such as Rassmussen, Svendung or Leveson have
considered the accidents in the light of the socio-technical
model of system operation. In such an approach, the information subsystem plays an important role in the development of accidents. Knowledge management at various
organisational levels is thus a key among the others to
improve safety of industrial activities.

SPECIFYING AND IMPLEMENTING A
KNOWLEDGE MANAGEMENT SYSTEM
A first approach of the design of a knowledge management
system is user-centred. It focuses on the future users of the
system, their needs and the way they will use the system.
The users are not only the beneficiary of the formalised
knowledge but also the actors owning a tacit or explicit
knowledge that will be used as input to the system. The following questions are thus in the heart of the design process:

GENERIC VERSUS SPECIFIC KNOWLEDGE
Beside the traditional tacit versus explicit classification of
knowledge the distinction between generic and specific
knowledge is essential. Generic knowledge corresponds to
the general concepts. Specific corresponds to the instances
of these concepts in a given context. Competence is the
ability to use generic knowledge in a specific context.
Many situations illustrate this need to possess generic
knowledge that will be used to extract and interpret specific
information or knowledge. Among them, risk analysis is the
most emblematic. On the other hand, learning from experience, and especially from past accidents obeys to the opposite process. It is specific knowledge that is used to produce
generic information that will be used in other context to
interpret specific data.
However, there is a large variety of knowledge management system structures and processes answering to a
large variety of needs. Designing a KM system requires following a series of steps that will be described in the next
paragraphs.

Who will be the users?
Which are the various user types?
What are their characteristics and behaviours?
What are their goals and tasks?
In which situations and contexts will they operate the
system?
What types of knowledge is going to be processed by the
system?
What are the tools and organisation already existing?
What is the life cycle of knowledge in the organisation, how
is it validated, when and how does it become obsolete?
The users of a safety related Knowledge Management
system could be all the actors involved in the industrial
safety management at the various stages of an industrial
plant: design, building, operation, maintenance, shutdown,
decommissioning. Those actors are, authorities, process
experts, risk experts, plant designers, plant builders, plant
operators, plant workers, plant management staff, contractors. Their needs are different but they all interact with
common knowledge elements and should be able to share
common representations, to be aware of risks associated
with given substances or equipment and to take sound
decisions within the organisation.
Examples of knowledge associated with safety of
hazardous equipment are given in [Wintle, 2006] where
the key competencies required to manage equipment containing hazardous and/or pressurised fluids are listed. This
knowledge ranges from very general competencies such as
education and training in technical and mechanical engineering or teamwork skills and understanding the roles of
others to very specific knowledge such as familiarity with
the equipment concerned, together with the detail of the

KNOWLEDGE MANAGEMENT ISSUES IN
RELATION WITH INDUSTRIAL SAFETY
The issue of the application of knowledge management to
industrial safety is not new. The need for a safety related
knowledge management strategy was already stressed in
1996 by F. Lees who wrote “knowledge of its processes
and plants is one of the prime assets of a company, but
the management of this asset often appears to be relatively
neglected”. Yet, it seems that the link between knowledge
management and industrial safety has not been intensively
dealt with by researchers in the last decade except for the
implementation and exploitation of a learning from accidents system. In the meantime however, knowledge management has become an issue in many companies.
Different factors contribute to the development of
knowledge management. Companies are facing an ever
more complex world because of the evolution of technologies. They have to react quickly to keep their rank in the
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design and materials of construction, and the operation and
maintenance requirements or understanding of the relevant
regulatory requirements and any approved code of practice
and guidance for the equipment.
This list illustrates the large variety of knowledge
involved in safety related processes and the difficulty of
setting up a knowledge management system dedicated to
safety aspects. In fact an ideal knowledge management
system should be able to deal with information, i.e. explicit
formalised knowledge, skills, which can be considered as
tacit knowledge, and competence which is the ability to
operate explicit and tacit knowledge in a given context.
Safety culture should also be in the heart of a reflection on
safety related knowledge management. Safety culture is
the capacity to interpret information and give it a sense in
terms of safety. In addition, it is the understanding of
safety concepts, safety operations and rules.

operation. On the other hand, risk-based maintenance is
developing as a means to optimise the maintenance
process. Risk-based maintenance relies on the active processing of knowledge on the installation and its equipment,
including the use of learning from accidents or incidents.
Decommissioning: Decommissioning is also a critical phase of a plant life. During this phase, operators are
faced with aspects of the plant that they didn’t have the
opportunity to see during the operation. At this stage,
generic knowledge and knowledge gained from learning
from other’s experience are essential.
SAFETY CRITICAL KNOWLEDGE AND SPECIFIC
SAFETY MANAGEMENT ACTIVITIES
Within the general life cycle of an industrial plant, some
activities have a specific role in the safety management
process and are of special interest in terms of knowledge
management because of their specific role in the knowledge
identification and production process but also because they
allow to stress some of the functions that are expected
from a safety critical knowledge management system.

TOWARDS THE DEFINITION OF SAFETY
CRITICAL KNOWLEDGE
Given this general context, our objective is to define and set
up a knowledge management system that would enable the
industry to better manage its safety critical knowledge. This
objective imposes to define the Safety Critical Knowledge
(SCK). In a first approach it could be defined as the knowledge necessary to design, build, operate, maintain and shutdown a system in safe conditions. SCK is the knowledge
that can, if it fails, lead to an accident or an increase of
the accident probability. It includes the knowledge necessary to operate the safety barriers and the emergency procedures. It is also the contextual knowledge necessary to
understand the safety management context and proceed to
the risk communication operations.
SCK can be identified in various situations at different stages in the life cycle of the plant:
Design: The SCK is, for example, the knowledge
necessary to identify potential risks of the future plant and
design the process, storage and other plant equipment to
inherently reduce the risk. It is also the knowledge necessary
to design the safety devices and procedures. Several authors
have dealt with the safety critical knowledge management in
the design phase (refs).
Building: The SCK is, for example, the knowledge
that will ensure that building procedures and building
codes are understood and respected and that the plant will
be built to operate safely.
Operation: During operation of a hazardous plant,
the SCK is the knowledge that will ensure that the plant is
operated safely: understanding of the signs, procedures,
rules, information on the process but also of the safety
devices and procedures that are used to control potential
accident scenarios.
Maintenance: There are many examples of wrong
operations done in maintenance that were responsible of
major accidents. In many cases, the knowledge of the maintenance team was not suitable to interpret the potential consequences of the choices made during the maintenance

EMERGENCY PLANNING AND INTERVENTION
Emergency situations are clearly situations in which safety
critical knowledge is mobilised. Emergency rescue teams
must have an immediate access to all the information and
more generally knowledge useful for understanding the
accident and its potential consequences in order to design
a safe and efficient intervention strategy. The peculiarity
of these situations is the time constraint which prohibits
the delivery of a noisy information and imposes that tacit
knowledge and personal skills compensate the lack of
information.
LEARNING FROM ACCIDENT
Learning from accidents is typically a knowledge management activity. It can take various aspects: in depth analysis
of accidents to set up improvements, accident databases
describing accident scenarios, analysis of the emergency
response of an organisation facing an accident. But exploiting the information contained in accident databases remains
a difficult task because of the lack of efficient information
retrieval tools. Knowledge management technologies
exposed in the following paragraphs can also contribute to
improving the learning from accident process.
RISK ASSESSMENT: A KNOWLEDGE INTENSIVE
TASK
Risk analysis, and more generally risk assessment, is a
knowledge formalisation process in the sense that it consists
in extracting tacit knowledge from the participants of a risk
analysis work group and turning it into explicit knowledge.
Yet to do so, risk analysis also requires that the participants
have quite an extensive explicit knowledge both at a specific
and generic level. Figure 1 describes the various types of
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Plant description
Process description
Inventory of substances
Local safety rules
Management system
Local requirements
Records of past events

Communication skills
Imagination
Knowledge of the physical principles
Practical knowledge of risk analysis

Risk analysis process

Hazard associated with substances
Hazard associated with equipment
Risk assessment methodology
Regulatory requirements
Risk analysis methodology
Usual safety barriers
Accident databases /learning
from experience

Explicit, plant specific knowledge
(formalised in the RA documents)
Potential accident causes
Potential accident consequences
Risk level of the plant
Specific safety barriers and rules
Management requirements on safety barriers
Safety critical explicit knowledge

Knowledge of the equipment
Experience of past events
Knowledge of the actual
organisation (who knows what,
who does what)

(Plant) Specific knowledge Generic knowledge

Tacit knowledge

Explicit Knowledge/ information

Tacit (for the participants of the RA),
plant specific knowledge
Common vision of the plant and its risks
Sharing of the models (component behaviour)
Sharing of rules, values, procedures and of their utility for safety
Safety critical tacit knowledge

Figure 1. Various types of knowledge involved in the risk analysis process

knowledge involved in the risk analysis process. Projects
such as ARAMIS [Salvi, 2006] have also produced large
amounts of risk analysis specific knowledge. A first issue
is how to make this necessary knowledge available to the
actors. This is partly the goal of a tool like PRIMARISK
described below.
Another issue is how to insure that risk analysis
results will remain useful and known by the safety management actors. Risk analysis is among the best way to produce
SCK. Far too often, risk analysis remains under exploited
once the decisions for which it was done have been taken.
At best, it is read by operators or maintenance teams
before new decisions are taken. At worst it ends up lost
somewhere in the plant. However there should be a means
to make risk analysis results easily available as a central
piece of the safety management system.

main features of this web platform and present its basic
structure in relation with the needs of potential users.
Specific risk assessment processes are defined by the
legislation, standards or state of the art. At the end of its
development, PRIMARISK will describe several risk
assessment processes related to the main activity domains
of INERIS. The first to be implemented in PRIMARISK is
the safety report of a hazardous industrial plant as it is
required by the transposition of the SEVESO II directive.
It involves the following steps:

AN EXAMPLE OF GENERIC KNOWLEDGE
ACCESS TOOL: PRIMARISK
As described in figure 1, the risk expert uses a large variety
of models and data associated to the various steps of risk
assessment processes. To make these models, tools and
data available to the risk assessment community, INERIS
is presently developing the resource platform PRIMARISKw [Debray, 2005]. It is available on INERIS web
site since January 20072. The next paragraphs describe the

Each of these steps mobilises a specific knowledge.
The description of the process is explicit but the understanding of which models, tools and data to use is more of a tacit
type. The expertise lies in the ability to use the right model
for a given hazardous situation. It lies also in the capacity to
understand the results of the process. In PRIMARISKw,
each steps is described in terms of objectives. The relevant
legislative texts are given together with other reference text,
when they exist. Then the tasks are listed. Each of them is
described and linked with useful resources and knowledge
elements that will ease the risk assessment.
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Http://www.ineris.fr/primarisk
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Description of the plant;
Identification of the hazardous pieces of equipment;
Selection of the pertinent equipment;
Risk analysis;
Identification of the safety barriers;
Assessment of the consequences of accidents;
Definition of the safety control and requirements for the
safety management system.
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The resources can be of three main types:

production by INERIS available to INERIS experts. GEIDE
is thus a huge document database which uses a Verity K2
search engine. Queries can be formulated in natural
language on the full text or on specific meta-data fields.
The difficulty both in PRIMARISK and GEIDE
resides in the capacity of a user to formulate a precise
query and in the number of documents that can be retrieved
from one query. Depending on the quality of this query, the
results can be either too scarce or too many. To improve the
search efficiency, it is necessary to develop new search tools
based on semantic technologies. This is done by developing
an ontology of industrial safety and tools to exploit this
ontology in PRIMARISK and GEIDE.

. Local resources: PRIMARISK lists the elements of
information that the person in charge of the risk assessment has to obtain from the plant operator such as the
maps or process instrumentation diagrams.
. General resources: These are the resources available
elsewhere that the user should consult to obtain useful
information. Most of these resources are available
online from INERIS or other web sites. Among these
are databases, documentation, etc.
. Specific resources available directly from PRIMARISK:
These are tools and databases that were developed
specially for being made accessible through PRIMARISK. For example, PRIMARSIK supports a series
of computer models for the online calculation of effect
distances of hazardous phenomena such as BLEVE,
Boil-Over and pool fire. Other models are being developed and should constitute progressively a global tool
kit for major industrial risk assessment.

DEFINITION OF AN ONTOLOGY OF INDUSTRIAL
SAFETY FOR THE IMPROVEMENT OF
KNOWLEDGE RETRIEVAL
Ontologies are efficient structures used to formalise the
knowledge of a specific domain. An ontology contains a
set of concepts of the studied domain organised in a hierarchy of classes and sub-classes along with other relations
between them. In practical terms, developing an ontology
includes defining classes of concepts, arranging them into
a taxonomic (subclass–superclass) hierarchy, defining properties and their facets (constraints). A knowledge base can
then be created by defining individual instances of these
classes filling in specific property value information and
additional property restrictions.
Developing ontologies has many advantages mentioned by N. F. Noy and D. L. McGuinnes, 2001:

Figure 2 shows the general structure of PRIMARISKw. The core system was implemented on a database and establishes the link with classical web pages and
more specific online software.

EXAMPLE OF A SPECIFIC KNOWLEDGE
MANAGEMENT SYSTEM
Prior to PRIMARISK, which is dedicated mostly to external
users, INERIS has set up an internal document management
tool called GEIDE. It is the collection of all the documents
produced by INERIS personnel. These are of very varied
types ranging from reports to short notes or quality management procedures. The primary objective of this system was
knowledge capitalisation, aiming at making any knowledge

.
.
.

Share a common understanding of the structure of information among people or software agents.
Enable reuse of domain knowledge.
Make domain assumptions explicit.
WWW. External resources

PRIMARISK
Risk assessment processes

Step
Task

General knowledge:

PRIMARISK tools

Cognitive maps
PRIMARISK
databases Prevention
Hazard
Risk
Protection
Safety barriers

Figure 2. General structure of PRIMARISK
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Documents
.PDF, .DOC, ..

Converter
PDF, DOC,…  TXT

Text
Documents

INTEX

Labeled
documents

PERL Script (1)

All terms

PERL Script (2)

Candidate domain
terms

Choice of relevant
terms by expert

List of ontology
terms

Building of hierarchy
and properties by expert

Ontology

Refining the ontology

Input/output

Stage

Finite state graph

List of domain terms

Input

Figure 3. Stages of the ontology development and use process

. Separate domain knowledge from the operational
knowledge.
. Analyse domain knowledge.

list of related close terms is proposed. A close term is
defined as any term having a direct relationship with the
initial term. This relation can be an is_a relation but also
any other type of relation such as the produces relation
described in Figure 5.
For example, a user entering the keyword “ATEX
explosion” will be proposed to refine his query by choosing
among “gas explosion” and “dust explosion” but also “overpressure effect” and “thermal effect”. This system allows at
the same time for a better formulation of the query by the
user and offers possibilities of refinement or enrichment of
the results. Indeed the user has the choice to limit the
search to the specific term of the ontology that best describes
his search or to enlarge the results to all the documents
linked to this term by a specific relation (close terms).

BUILDING AN ONTOLOGY OF INDUSTRIAL
SAFETY
Ontology tools were developed to extract terms from the
documents present in PRIMARISK and existing glossaries.
Experts were then asked to organise this knowledge into
classes and subclasses, defining the properties of classes
and their relations. Building the ontology was initiated
using the Protégé 3.3 ontology editor and other tools developed specifically [Abou Assali, 2006]. The process is
described in Figure 3. A first version of the ontology was
built and used as a test support for the elaboration of an
information retrieval system described in Figure 4. The
evolution of this ontology will continue in the coming
years as a central knowledge formalisation process.

POTENTIAL USE IN THE FUTURE
This first application of the ontology can be compared with
that of thesaurus and structured lists such as the one realised
in the S-2-S project [Nomen, 2006]. It is a first step. But the
ontology can have many other applications. Its ability to
represent a variety of relations between abstract concepts
and concrete instances makes it a very powerful tool for
information processing and knowledge management. The
next step of the research project is the use of an ontology
to represent plant specific knowledge (description of equipment, procedures, etc.) and to make the link between this

CURRENT USE OF THE ONTOLOGY
A simple ontology-based information retrieval system was
developed to improve the search capabilities in PRIMARISK and will be soon adapted to the GEIDE system.
From a first input of the user, this tool proposes the list of
concepts containing at least one of the entered words. The
user chooses the concept that suits most his query. Then, a
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Management system
4
Server

1

Interface

Jena

6

Java
Servlet

5

MySQL
Ontology
2

3

PRIMARISK DB

Documents
and resources

Figure 4. Architecture of the search system in PRIMARISK exploiting the ontology structure

Effect
produces

Hazardous phenomenon

Is-a
Is-a
BLEVE

Thermal
effect

Is-a

Is-a
Overpressure

ATEX explosion
produces
Is-a

Is-a
Gas explosion

Dust explosion

Figure 5. Examples class hierarchy of concepts in the ontology of industrial safety and examples of semantic relation between
concepts

ontology and the ontology of industrial safety to index documents and elements of Safety Critical Knowledge.
Examples of such approaches for the taking into account
of safety requirements in the design and maintenance activities are given by [Bragatto 2006, Ansaldi 2006]. This will
constitute a first element of a safety critical knowledge management system. In the future, the ontology will also be used
to structure the content of PRIMARISK and GEIDE so that
this information can be better accessible and shared with
other actors including other risk specialised institutes.
Indeed an ontology is not only a set of concepts and relations
but also a complete database structure in which the instances
of concepts can be compared to database records. The same
ontology will thus become the common tool for knowledge
formalisation (defining the concepts and relations), information search and retrieval and database structure
definition.

CONCLUSION
Through the description of the variety of knowledge
involved in various activities and plant life cycle stages,
this paper has underlined the critical role of knowledge in
the safety management. The concept of Safety Critical
Knowledge is introduced and the need for a Safety critical
Knowledge management system are sketched. To answer
some of these needs, INERIS has set up a knowledge
access tools for external use (PRIMARISK) and an internal
knowledge management system (GEIDE). It has also
initiated the development of an ontology of industrial
safety which will become a basis for knowledge formalisation (defining the concepts and relations), information retrieval and retrieval and database structure definition. This
ontology proposes a representation of the main concepts
of industrial safety and their relations. It is presently used
to improve the document search in PRIMARISK and
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GEIDE but will soon provide the base for the definition of a
more general Safety Critical Knowledge management
system.
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EXPLOSION IN A COATINGS MANUFACTURING PLANT-REVEALING A HIDDEN
ELECTROSTATIC IGNITION SOURCE
Dr. Helmut Schacke1 and Dr. Claus-Diether Walther(corresponding author)2
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In the process industries and in particular in coatings manufacturing, the filling of powdery substances into flammable solvents belongs to the standard operations. Often this process consists
of emptying the powder from packages like bags or drums into a mixing vessel containing the
solvent. The handling of flammable solvents above their flashpoint by itself requires explosion prevention measures, which commonly will focus on the avoidance of ignition sources. In this context
the proper quality and the proper use of the packages turn out to be of special importance since –
under undue circumstances – electrostatic ignition sources may easily be generated here.
In the paper an incident is described where the above quoted emptying process had led to an
explosion although the manufacturer had been well aware of the situation and had taken measures.
The investigation revealed electrostatics as the effective ignition source with some very unexpected
features. Recommendations are given to prevent similar events in the future. These recommendations refer to operational and plant aspects, but rather more to condition and quality of the
packages to be used.

KEYWORDS: explosion, electrostatics, ignition source, packaging, solid product feed, flammable liquid

frame. The frame normally is in contact with the mixing
vessel, however, for cleaning purposes it is motile.

EVENT
During emptying a fibre drum filled with solid NitroCellulosis (NC) into a mixing vessel containing a flammable
liquid an explosion happened followed by a fire. One person
was hurt. With the help of the fire brigade the fire was extinguished in short time. The material loss was low, there was
no impact on the environment.

EXPLOSION PROTECTION CONCEPT
Explosive mixtures are to be expected due to the handling of
flammable solvents above flashpoint and of alcohol vapour
from the dampened NC. In addition, NC represents a
further solid “fuel” 1. Thus explosion prevention and protection measures and had been taken.
Taking into account the applied ventilation characteristics, hazardous areas/places had been defined with

PROCESS AND PLANT
NC is supplied in fibre drums with plastic liners. The drums
are stabilized by two metal rings at the top and the bottom
(see Figure 1 and Figure 2). The feed of the alcohol dampened NC into the mixing vessel is performed openly
from the fibre drums via a metal funnel with a metal cross
(see Figure 3). The vessel contains a solvent mixture.
After removing the lids of the drums to be emptied the
plastic liners are opened, and the lose end of liner is wrapped
over the outer surface of the respective drum (see Figure 4).
Then the cover of the funnel is removed. The operator lifts
the drum in operation, turns it, and sets it down on the funnel
(see Figure 5 and Figure 6). Part of the NC immediately
glides into the mixing vessel. To enhance and finish the procedure, the operator pulls the liner tight and shakes the drum
heavily. Thereafter the emptied drum is removed from the
funnel and is put aside. Eventually the operator stamps the
liner into the drum.
While feeding NC, the operator moves on a glued
wooden floor, and in the vicinity of the mixing vessel, on
an additional metal spread footing lying in a coated metal

Zone 1: in the vicinity of the mixing vessels and piping
Zone 0: inside the mixing vessels
The explosion protection concept then basically was
consisting in the avoidance of ignition sources, according
to the corresponding zone.
In particular measures to avoid electrostatic ignition
sources had been taken, represented by the
.
.
.
.

1

grounding of all conductive parts
wetting of the floor to achieve sufficient charge dissipation (floor resistance to ground RE , 108 V)
wear of dissipative shoes and gloves for the employees
use of suitable packaging, realized by application of
starch glued fibre drums with antistatic plastic liners2

Dry NC is explosive in itself, but this feature can here be neglected due
to the dampening with alcohol.
2
surface resistance 108 V , ROA , 1011 V.

1
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Figure 1. Supplied fibre drums

Figure 4. Wrapping the liner

Figure 2. Fibre drum with plastic liner

Figure 5. Set down fibre drum

COURSE OF THE EVENT
On the day of the event no irregularities with plant and process
were observed. Dry weather/climate was prevailing.
However, according to the operator, while emptying
the second of three scheduled drums, luminescence
appeared between the wrapped liner and the funnel during
the “shaking” of the drum. A loud “bang” occurred, and a
pressure wave could be sensed. Though injured, the operator
was able to leave the scene. A second operator activated the
CO2-fire-fighting control system which also alarms the fire
brigade, so that the fire could be extinguished soon. As

Figure 3. Funnel with metal cross

2
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.

.

.

Emptying the fibre drums filled with alcohol dampened
NC by hand obviously was not leading to incendive
mechanical sparks (confirmed by former investigations).
A relevant dry out of the NC (increasing the sensitivity
to mechanical impact) under the given conditions (e.g.
low temperature, no application of vacuum, wetting of
the working area with water) was not to be supposed.
Possible self ignition or decomposition of the NC was
not to be assumed (for same reasons).

Thus, the investigation was focussed on the different
types of electrostatic discharges as
.
.
.
Figure 6. Shaking the fibre drum

spark discharges originating from charged conductive
parts or charged persons to ground,
brush discharges from non conductive surfaces and
propagating brush discharges from non conductive surfaces.

However,
.
.

cone discharges or
lightning-like discharges

were – under the given circumstances3 – so unlikely that
they could reasonably be excluded.
Electrostatic sparks
Major conductive parts/persons
It could be reasonably assumed (supported by previous
measurements) that the main structural parts of the plant
(vessels, pumps, piping, supporters etc.) were reliably
grounded.
It was experimentally established (lab-tests) that the
persońs shoes and gloves had a resistance to ground at dry
climate (22,58C/22% relative humidity) of RD ¼ 4 107 V
for the shoes, and of RD ¼ 1 108 V for the gloves. In
the lab experiments, the wooden floor had a resistance
to ground at dry climate (228C/26% rel.h.) of
RE ¼ 2 1010 V (measured via person).

Figure 7. Paneling of the ceiling

Upper metal ring of the fibre drum
It was experimentally established (lab-tests) that the resistance to ground of the fibre drum at dry climate (228C/20
to 25% rel.h.) was

mentioned, the material loss was low, e.g. damage to the
electrical wiring and to the room ceiling (see Figure 7).

CAUSE ANALYSIS
EXPLOSIVE MIXTURES
The solvent in the mixing vessel was at a temperature of
158C, significantly above its flash point (TF  11 8C).
Because of the given conditions (level in the mixing
vessel, feed of solvent) it has to be assumed that outside
the funnel (in the close vicinity) and inside the plastic
liner an explosive mixture was present.

RE ¼ 3 to 4 1010 V,
with an accommodation of 0,5 order of magnitude within
5 h after a change of climate. Further, the electrical capacity
of the upper metal ring (test with plastic liner wrapped) was
C (against rods) ¼ 58 pF,
C (against a grating) ¼ 100 pF,
C (against a plate) ¼ 256 pF:

IGNITION SOURCES
The analysis showed that all except electrostatic ignition
sources could a priori be excluded:

The surface resistance of the plastic liners (imprint by
supplier: “ANTISTATISCH”) at dry climate (228C/21 to

. Equipment and installations (mechanical and electrical)
appeared not to give any rise for a relevant input of energy,

3

3

no dry heaps of bulk material, no large dust clouds
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24% rel.h.) turned out to be

CONCLUSIONS
After

11

ROA (longitudinal and across) . 10 V

.
.
.
.

ROA (inner side) . 1014 V(prevailingly)
There was no effective antistatic equipment of the
plastic liners.
In the consequence experiments were performed in
order to charge the upper metal ring by electrical induction
which was achieved by tribo-charging of sections of the non
conductive plastic liners. This (moderate) tribo-charging
was done using a metal plate or the flat hand, with the
lower metal ring grounded. The resulting voltage was
measured to be up to U ¼ 4 kV. Here the measurements
revealed a charge transfer of

assessment of the experimental findings,
the reported extent of the damage,
the testimonies of the witnesses,
and after inspection of the locality,

with high probability an electrostatic spark discharge led to
the ignition of the explosive mixture.
Propagating brush discharges could be excluded,
because the required boundary conditions had not been
met: With only manual operations in terms of the liners,
and with transport/feeding of NC only by gravity, electrostatic charging is not sufficiently high.
Brush discharges are not likely as an ignition source
as well because a loosening of the plastic liner from the
wall of the fibre drum of more than 10 cm is not to be
assumed. Moreover, the explosive mixture was not in the
most sensitive range for ignition. A brush discharge
would not have provided sufficient energy for the ignition
(brush discharges by nature are less effective
ignition sources).
By this, a spark discharge originating from the upper
metal ring of the fibre drum charged by electrical induction
gains maximum likelihood as being the ignition source, since

DQ ¼ 120 nC to 170nC (max.200nC)

“NC-ball”
Depending on the NC consistency it was conceivable that a
larger coherent amount of NC (“ball”) had been formed and
pushed out into the funnel without any (electrical) contact
to the rest of the NC amount inside the drum. Because of
the alcohol dampening this NC-ball is conductive with a
resistance to ground of not more than 106 V and may be considered similar to a conductive hollow sphere (Ø 15 cm).
This, together with the its “electrical” environment, generates a capacitor the electrical capacity of which had been
evaluated (measured with a metal hollow sphere) to

.

.
.

C ¼ 10 pF to 20 pF,
depending on position inside the drum.

it represents the highest electrical capacity in the system
and and consequently can store the highest amount of
energy,
shape and arrangement of the “electrodes” are favourable for a spark discharge, and
the working step “shaking” gives a particularly plausible
trigger as supported by testimony of the operator.

There remains the remote possibility that a charged
NC-ball caused a spark discharge. But the formation of a
NC-ball of sufficient size with the material in use is not
likely, and also then the electrical capacity would be still
lower compared to that of the upper metal ring.
As well not likely is a spark discharge originating
from a charged person/part of the plant: The place of
ignition (outside the mixing vessel) appears unfavourable,
and a sufficient electrostatic charging would only be possible when assuming additional faults (no humidification,
metal spread footing without contact to ground, inadequate
shoes/gloves).
Nevertheless, all electrostatic ignition sources (except
for the “ungrounded person”) can be led back to the use of
an allegedly proper antistatic plastic liner which in fact was
a liner with too high a surface resistance. Actually an antistatic liner with the surface resistance specification of

Electrostatic brush discharges
Plastic liner
Since the surface resistance of the liners were above 1011 V,
the generation of brush discharges is generally possible. In
order to evaluate the situation for the specific case charge
transfer measurements were carried out with a drum and
liners of the same type as those which were involved in
the incident. Tribo-charging with cloth of poly-acrylic
fabric or with the flat hand at dry climate (22 8C / 22 %
rel.h.) led to values of D Q  60 nC for the plastic liner
hanging free or more than 10 cm apart from the wall of
the drum. However, when the plastic liner was clinging to
the wall and/or standing apart not more than 10 cm, there
was no relevant charge transfer.
Clothes of the person
The clothes of the operator were dissipative.

108 V , ROA , 1011 V,
will generally prohibit hazardous electrostatic charging with
the provision of contact to ground (e.g via the grounded
operator with dissipative footwear and gloves). A resistance
lower than 108 V generally renders the basis for spark
discharges, a resistance higher than 1011 V for brush

Propagating brush discharges
Plastic liner
In experiments, no propagating brush discharges occurred at
the plastic liner after tribo-charging.

4
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.
.

discharges. Thus the compliance with this resistance range
is of utmost importance, and suppliers of the liners should
be well aware of this.
MEASURES
In accordance with the above conclusions measures were
defined and implemented, which consist of

permanent grounding of the metal spread footing
emptying of the fibre drum not before having finished
filling the mixing vessel (in order to mitigate the
release of flammable vapours)

In addition, it was recommended to safeguard the
contact of the antistatic liner to ground by a separate grounding of the upper metal ring e.g. by means of a grounding
clamp.

. definite use of antistatic liners
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THE UBERLINGEN MID-AIR COLLISION: LESSONS FOR THE MANAGEMENT
OF CONTROL ROOMS IN THE PROCESS INDUSTRIES
Robin D Turney, BSc, MIChemE, CEng.
Consultant, e-mail: turneyrd@globalnet.co.uk
Synopsis
The mid-air collision which occurred over Uberlingen in 2002 was one of the worst aviation accidents in Europe in recent years, the resulting lessons having been applied in the aviation industry.
No hardware failures contributed to the accident which occurred at a time of very low operational
loading. Systemic failings of management systems led to an experienced air traffic controller failing
to act in a timely manner. This together with actions on the flight deck of one of the aircraft resulted
in the collision. Many of the factors which contributed to the accident could also arise in the control
rooms of process plants.
This paper draws on the official investigation by the BFU (Bundesstelle fur Flugunfalluntersuchung, German Federal Bureau of Air Accidents Investigation) In addition input from a workshop
organised by the PRISM Human Factors Network has been used to draw lessons for the process
industries.
These include
† The need to define minimum manning levels for all states of operation and ensuring that these
are complied with.
† The need to assess the impact of maintenance work and of revising risk assessments and operational procedures when necessary to maintain integrity.
† The need to ensure that when senior staff are present in the control room they do not inhibit open
discussion and decision making.

the author has consulted a number of sources on the internet
particular attention has been given to the section of the BFU
report on Human Factors.
The author would like to make it clear that this paper
has been prepared solely to communicate the lessons to the
process industries and does not attempt to allocate blame or
to comment on the lessons appropriate to the aviation industry.
The incident involved interactions between the air
traffic control centre and the cockpits of both aircraft. For
simplicity this paper starts with a description of the
sequence of events in each location followed by an analysis
of the factors which contributed to the accident.

INTRODUCTION
As noted above the accident which occurred over Uberlingen on the 1July 2002 was one of the worst in Europe in
recent years. Mid air collisions are very rare and in this incident a Russian Tupolev passenger aircraft on a flight from
Moscow to Barcelona collided with a Boeing freighter enroute from Bergamo, Italy to Brussels. Both aircraft were
less than 15 years old, they where equipped with modern
navigational and collision avoidance systems and were
manned by experienced aircrews. The accident occurred
under good weather conditions, at a time of low traffic
density with both aircraft under the control of an experienced air traffic controller at the Swiss air traffic control
centre, Zurich. All those on the aircraft lost their lives, 2
crew members on the Boeing and 9 crew and 60 passengers
on the Tupelov. A particularly tragic aspect of the accident
was that the passengers on the Russian aircraft were a party
of school children making a special visit to Barcelona, their
first trip outside of Russia.
The official report prepared by the Bundesstelle fur
Flugunfalluntersuchung (BFU) (ref1) identifies a number
of failings in both the air traffic control centre and in the
training in and use of collision avoidance systems which
contributed to the accident. The report details 21 recommendations to improve safety in the aviation sector.
The incident was discussed at a meeting of the EU
funded PRISM Human Factors Network, (ref 2) where it
was agreed that many aspects of the incident were relevant
to the process industries and needed to be more widely circulated and appreciated. In preparing this paper this paper

EVENTS AT THE AIR TRAFFIC CONTROL
CENTRE
At the time of the accident both aircraft were under the
control of the Zurich air traffic control centre. This was a
long established installation although in the year prior to
the accident the centre had been transferred from federal
to private control (It should however be noted that the
report does not identify any way in which this change contributed to the accident). The centre was equipped with
modern radar and computer systems which included ‘short
term conflict alert’ which provided both an audible and a
visual indication of potential mid-air collision.
The manning of the centre was based on two Air Traffic
Control Officers (ATCO) assisted by two support staff. Both
of the ATOC’s rostered for duty on the night of the accident
were fully qualified and experienced. During the night shift
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the traffic load was generally very low and it had been
accepted practice for a number of years for one of the
ATOC’s to leave the control room and retire to a nearby
lounge together with one of the assistants, out of immediate
contact with the controller who remained on duty. To quote
the report (ref 1) ‘Even though it was an unofficial procedure
it was known to and tolerated by the management.’
One the night in question modification work had been
planned on the radar and computer systems used by the controllers. This required the system to be operated in ‘fallback’ mode from 21:00 hrs for a period of 6 hours, normally
a period of low traffic density. In ‘fall-back’ mode the visual
indication of potential collision would no longer appear on
the screens although the audible alarm would still be operational. A description of this modification work had been
provided in two ‘Official Instructions’ which were issued
and made available in the briefing room and the office of
the supervisor, however none of the staff on duty claimed
knowledge of these instructions. In addition the work
required that the ATCO use a back-up telephone system to
contact other air traffic control centres. This was not detailed
in the instructions.
At 21:00 hrs a group of about 6 technicians entered
the control room and requested permission to start the modification work which was granted. No mention was made of
the fact that the visual indication of potential collision would
be out of operation.
At 21:21:56 the Boeing en-route from Bergamo to
Brussels entered the airspace of ACC Zurich and requested
permission to climb to a flight level of 360 which was granted.
At about this time a delayed Airbus bound for Friedrichshaven entered the airspace. This required the ATCO
to alert Friedrichshaven control staff. The normal telephone
link had been disconnected for the modification work and
the controller tried the back-up system without success.
He made repeated attempts to contact the control staff and
also asked his assistant to try and find another number.
At 21:30:33 the Tupelov entered the airspace of ACC
Zurich at a flight level of 360 and was given permission to
proceed. The ATCO then returned to the problem of contacting Friedrichshaven.
At 21:34:49 the ATCO became aware of the potential
conflict between the Tupelov and the Boeing and instructed
the Tupelov to “. . . .descend to flight level 350, expedite, I
have crossing traffic.” He then returned to the problem
with the telephone contact.
At 21:35:03, having received no acknowledgement
from the Tupelov, the ATCO repeated the instruction
“. . . .descend to flight level 350, expedite, descend.” This
was acknowledged by one of the pilots and, having seen
that the plane was starting to descend, the ATCO once
again turned his attention to the Airbus approaching Friedrichshaven.
Having transferred control of the Airbus to Friedrichshaven the ATCO returned to the other planes and found that
the signal for the Tupelov had been replaced by a red dot
indicating that radar contact had been lost. Attempts to
contact both the Tupelov and the Boeing failed.

EVENTS ON THE TUPELOV FLIGHT DECK
Since the captain of the Tupelov was not experienced with
the flight to Barcelona the flight crew of the aircraft had
been increased by the addition of an instructor. It therefore
comprised, the instructor, (Pilot in Charge), the captain
(Pilot Flying), a co-pilot (no specific duties), a navigator
and an engineer.
Both the Tupelov and the Boeing were equipped with
TCAS, a Traffic Alert and Collision Avoidance System.
This system acts independently of other control systems in
the aircraft and on the ground to detect any other aircraft
with which a collision is likely. It provides a visual indication of other aircraft in the vicinity together with two
warnings, firstly a ‘Traffic’ warning followed by an instruction to either ‘Climb’ or to ‘Descend’, the advice being coordinated between the two aircraft involved so that they
receive the appropriate instruction. At the time of the
accident the system was mandatory for all aircraft using
European airspace but was generally not in use within
the Russian federation. The flight crew had undergone
training in the use of TCAS but this did not include
simulator training.
Shortly after entering the Zurich airspace the crew
noticed that the system indicated another aircraft in the
vicinity and at 21:34:36 made visual contact. At 21:34:42
the ‘Traffic’ warning was received. 7 seconds later at
21:34:49 the system issued the instruction ‘Climb’. Before
the pilots had time to act they received the instruction
from the Zurich ATOC to ‘. . . descend, expedite’.
Faced with this dilema the Instructor (Pilot in Charge)
called on his experience and followed the instruction of
ATC, issuing the order to descend which was followed by
the captain.
There then appears to have been some discussion
between the three pilots, with the copilot stating, “It
(TCAS) says climb” and the instructor replying “He (the
controller) is guiding us down”. The disagreement prevented the crew from acknowledging the instruction and
at 21:35:03 it was repeated by the Zurich ATCO.

EVENTS ON THE BOEING FLIGHT DECK
The Boeing was manned by two pilots, the captain with over
11,000 hrs flying experience and a copilot with over 6000
hrs. As is normal the plane was equipped with TCAS,
both pilots having had simulator training involving TCAS
exercises.
Shortly after entering Zurich airspace, when the aircraft had reached its new flight level of 360, the copilot left
the flight deck to go to the lavatory. Within 12 seconds
TCAS gave the “Traffic” alert and the captain started the
routine of searching for the other aircraft. 14 seconds later
at 21:34:56 TCAS issued the instruction “Descend,
descend” which was acted on 2 seconds later. After another
14 seconds at 21:35:10, by which time the copilot was
back in his seat, TCAS issued a second instruction “Increase
descent, increase descent” which was again acted upon.
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At 21:35:32 the two aircraft collided. The Boeing lost
its tailfin, lost stability and crashed. The Tupelov lost a wing
and disintegrated on its way to the ground. Nobody survived.

ANALYSIS
Aircraft flight crew and air traffic control officers are highly
trained and are expected to make rapid decisions and work
in a situation with clearly defined rules. With such experienced crews and air traffic control, with modern aircraft
fitted with collision avoidance system such an accident
should not have happened. Clearly there were places
where different actions by the staff concerned would have
prevented the accident. However there were other systemic
factors which were in place well before the two planes
entered Zurich airspace which lead to high demands being
placed on the staff. These are considered in the ‘Human
Factors’ section of the BFU report.

.

the assessment of the load on individual ATCO’s and the
reallocation of tasks where appropriate. On the night
shift the ATCO was supposed to undertake this role
himself. However in this case under a high work load:
“The ATCO attempted to manage the air traffic situation
using the resources that were available and familiar to
him. He did not recognise in the deteriorating situation
that the system had become less error resistant”.
In simple terms the high work load prevented him from
recognising that he was becoming over-loaded and that
events were going out of control.
As noted earlier the practice of one controller going to the
lounge was not official policy but was know to and tolerated by management. The last independent audit which
was carried out late in 2000 had not produced any critical
safety issues due to non-compliance. There is no indication that the audit had detected this important failing.

Safety culture
. The above together with the fact that the notice had not
been read by the staff certainly raises a question mark
over the ‘safety culture’ of the organisation.

ZURICH AIR TRAFFIC CONTROL
Modifications
. The work being carried out on the radar and telephone
systems clearly reduced the safeguards in place and
needed more detailed consideration. The ‘Official
Instructions’ had not been prepared in a way which highlighted the features which would be unavailable and the
effect on the operations. The loss of the telephone
system was not mentioned at all.
. The report (ref. 1) makes no mention of a risk assessment having been carried-out on the effects of the temporary ‘downgrading’ the system nor of attempts to put
in place measures to maintain safety integrity. Before
going off duty the supervisor drew attention to the
work but did not specify that a higher manning level
should be maintained until the work was complete.
. Although not highlighted in the BFU report there is an
indication that nobody had taken overall responsibility
for the safety aspects of the work, which had been
planned over a significant period of time.

Working environment
. The working environment increased the problems of the
ATCO. The ATCO had to work on two work stations
using two radar screens with different scales, with two
separate radio facilities and an additional, non-functioning, phone system.
This was inconsistent with the very short time scales and
rapidly changing situation which the controller was
required to manage.
TUPELOV
. Although the Tupelov was equipped with TCAS its use
was not normal in the Russian Federation at the time.
Whilst the instructions prepared by western authorities
on the use of TCAS make it clear that it must be followed those for Russia were ambiguous.
“The ATC (air traffic control system) to be the basis for
collision avoidance. Nevertheless, in case of no link with
ATC, the TCAS will help the crew to avoid a collision”
. In addition although the Russian pilots had received
training in the use of TCAS this did not include simulator training. The instructor had little experience of
TCAS and had made only 4 flights using TCAS during
2002. For the above reasons the instructor may have
had reservations regarding TCAS and his authorisation
to depart from ATC.
. The presence of the instructor in the cockpit interrupted
the normal hierarchy and working relationships. As the
report notes this may have both beneficial and negative
effects. However it is noted that “The autocratic way in
which the decision was made (by the instructor) could
have affected the other crewmembers in their willingness to communicate relevant information or any discomfort they felt with the situation”

Work load
. The report notes that the work levels at night were low
and normally well within the capacity of one ATCO.
In fact the report states that“. . the controller was at
risk of losing situational awareness due to the low workload. . .”. However the combination of the loss of the
direct telephone link together with the late arrival of
Airbus drastically increased the work load on the
single ATCO. To quote the report “At the conscious
level humans have limited attention resources. When
these limited resources are time shared between multiple
demanding tasks, as in the case of the controller, the
continuous detailed analysis of all incoming information
is not possible. In such conditions much of what is consciously perceived may in fact be inferred.”
. Outside of the night shift the manning of the air traffic
control centre included a supervisor whose role included
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APPLICATION TO THE PROCESS INDUSTRIES
To assist the process industries in improving both its understanding of and application of human factors the European
Process Safety Centre took the initiative of creating
PRISM. This was a ‘Thematic Network’ aimed at creating
an extensive European forum within which industry, universities, research centres and practitioners could collaborate to
improve the flow of practical experience and fundamental
knowledge in human factors.
The network was established in 2001 with financial
support from the European Union Department for Research
and Development under its Programme for Competitive and
Sustainable Growth. It lasted for 3 years and had the support
of organisations from 14 countries in Europe. These
included many major chemical producers as well as universities and research organisations.
Since Human Factors is a very broad field four separate ‘Focus Groups’ were established within the network
covering
.
.
.
.

FINAL CHAPTER
As already stated the passengers on the Russian airline were
predominately children leaving many bereaved parents. In
2004 the distraught father of one of the girls who was
killed sought out and murdered the air traffic controller. It
is hoped that by publicising some of the lessons from the
incident further pain and loss will be avoided.
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APPENDIX 1
UBERLINGEN MID-AIR COLLISION
Results of ‘brainstorming’ at PRISM seminar, ‘Human
Factors in High Demand Situations’, held in Brussels,
November 2003
Factors which may have contributed to or prevented
the accident.

Cultural and organisational factors
Optimising human performance
Human factors in high demand situations
Human factors as part of the engineering design process

Each of the focus groups held seminars and produced guidance which is available at www.prism-network.org. The
work of the network has also been described in a number
of papers (refs. 2 and 3).
In November 2003 the ‘Focus group- Human factors
in high demand situations’ held a meeting in Brussels
attended by over 30 experts on human factors in the
process industries. Together with papers on alarm management and crisis management attendees viewed a video
reconstruction of the Uberlingen accident. They then used
‘brainstorm’ sessions to identify key lessons from the incident emphasising those of relevance to the process industries. The results of the whole meeting are available after
registration on the PRISM website. In Appendix I the
results of the brainstorming session, which were produced
before the results of the BFU investigation were made
public, are shown.
Whilst there are some differences between control
rooms in the aviation and process industries the similarities
are more important. The factors which contributed to the
Uberlingen accident are clearly relevant to the process
industries and need to be considered by all those with
responsibility for the operation of control rooms.

1.

Control Room (ATC) Management System Issues
. The management decision to carry-out maintenance
work which downgraded 2 systems (radar and telephone) at the same time.
. Did the system for work planning/ permit consider
this?
. Was any consideration given to measures to offset the
loss of integrity caused by transfer to back-up radar
and telephones?
. Were the controllers consulted in this decision?
. Did the controller have sufficient authority to block
work which significantly downgraded system integrity?
. Insufficient testing of back-up telephone system
before switch-off
. Were staff fully trained in the use of the back-up
system?
. The controller had to work between two screens and
was not able to respond to calls from pilots when at
the other console, was this the design intent?
. Were controllers trained in the operation of TCAS?
2. Control Room (ATC) Management: Staffing Issues
. Was it official policy for controllers to take a prolonged break?
. If not was there ‘silent approval’ of this reduction in
the effective staffing level?
. Who was in overall operational control of the ATC at
the time of the accident?
. Were they working as a team or as individuals?

. The need to define minimum manning levels for all states
of operation and ensuring that these are complied with.
. The need to assess the impact of maintenance and modification work and of revising risk assessments and operational procedures when necessary to maintain integrity.
. The need to ensure that when senior staff are present in
the control room they do not inhibit open discussion and
decision making.
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.
.

3. Individual Factors (ATC)
. Reluctance of controller to recall colleague when
work load increased.
. Controller’s ability to recognise and assess his own
workload when under stress. (Tunnel vision?)
. ATC pride in being able to do job without need for
assistance.
. Controller working with partial information.
4. Control Room (Russian Cockpit) Management
. Possible conflict between pilots (reversal of normal
management hierarchy)

Crew resource management.
What training was provided in how to respond to
TCAS.
. What training was provided in how to assess and
respond to conflict situations.
5. International Standards
. Were Russian standards compatibly with those of the
west?
. Acceptance of conflicting same height routes.
RDT 17 November 2003
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NITROBENZENE AND ANILINE CAUSED FIRE AND EXPLOSION: A CASE STUDY
Qingsong Wang1, Song Guo1, Jinhua Sun1, Hui Ding2 and Tong Wang2
1
State Key Laboratory of Fire Science, University of Science and Technology of China, Hefei 230026, Anhui P.R.China;
Tel.: þ86-551-360-6425; Fax: þ86-551-360-1669, e-mail: sunjh@ustc. edu.cn(J. H. Sun), pinew@ustc.edu.cn(Q.S.Wang)
2
Beijing Municipal Institute of Labor Protection, No.55, Taoranting Road, Beijing, P.R. China
A great fire accident occurred at November 13, 2005, in Jilin, China caused at least 8 deaths, 60
injured and the pollution of Songhua River. This accident is primarily thought was caused by
jam and improper operation in simply word. In order to investigate the inherent causes, a C80
calorimeter was used to study the thermal runaway of nitrobenzene, mixtures of nitrobenzene
with acids and aniline. The chemical reaction kinetic parameters such as reaction order, activation
energy and frequency factor were calculated based on C80 experimental data. Based on these parameters and the thermal runaway models, the self-accelerating decomposition temperature (SADT)
of mixtures of nitrobenzene with acids and aniline were calculated. The results show that nitrobenzene is stable, but its mixtures with acids are unstable, and then, the inherent cause of the fire is
attributing to the self heating process of nitrobenzene mixtures with acids. In this fire accident,
when the feeding of unrefined nitrobenzene was jammed in pipe, the self heating was undergoing,
as the generated heat was not loss to the surrounding instead of to heat the nitrobenzene mixtures,
and then the thermal runaway of the unrefined materials turned into fire at last.

KEYWORDS: aniline, nitrobenzene, thermal stability, fire, explosion, C80 micro calorimeter

ACCIDENT BACKGROUND
China National Petroleum Corporation (CNPC) is one of the
world’s leading integrated energy companies. Double
Benzene Factory of Jilin Petrochemical Company of PetroChina Company Limited mainly produces aniline and
phenol, and it is the biggest aniline factory in China with
the employees of 1300.
Aniline (chemical formula: C6H5NH2), the main production of the factory, is colorless oily liquid. It darkens on
exposure to light or air. Its specific gravity is 1.022 g . cm23,
and the melting point and boiling point are 26.28C and
184.48C, respectively. It is flammable when exposed to heat
or flame. Contact with strong oxidizers may cause fire or
explosion. Furthermore, this material is expected to be very
toxic to terrestrial and aquatic life.
In December 13 2005, the nitrobenzene refining tower
of the Double Benzene Factory exploded, which caused 8
deaths and 60 injured with a direct loss of more than 69
million RMB. During the fire and explosion, about 80 ton
benzene class pollutants flow into the Songhua River, and
the superscale of nitrobenzene concentration in the river is
28.08 times. The polluted water body is about 80 km and
flow down at a speed of 2 km . h21(Chen, Ma et al. 2006).
As both the aniline and nitrobenzene are very toxic to terrestrial and aquatic life, and then the river was polluted deeply.
In order to avoid the happening of such bad accident,
it is necessary to investigate the thermal behavior of nitrobenzene and aniline. The thermal runaway of such materials
are closely related with this explosion. Therefore, based on
the investigation of above accident, nitrobenzene, nitrobenzene mixture with acids and aniline were selected for the
study of thermal explosion in theirs manufacture.

ACCIDENT CONSEQUENCES
ACCIDENT TIMELINE
This accident was very severe and devastating, as the
Domino effect was triggered by the first explosion, and
fifteen explosions occurred in total and thereinto six
explosions were greater. The following are the six bigger
explosions in time consequence.
The first explosion happened at 13:45, December 13
2005. The glasses were broken within 200 m away during
this blast. It was seen that one white metal body (about an
autoclave lid size) flying down to the Qingyuan bridge,
two kilometers away, with the blare of explosion. Some
pipelines were broken to pieces by the blast shock wave,
and the materials flowing out with white fog rising up.
At 14:10, the second explosion occurred and with
brown mushroom cloud rising up. This blast came very suddenly and accompanied with strong shake, and then the
brown mushroom cloud rising up.
The third explosion came at 14:37. Twice blasts
occurred successively and caused the ground shook
severely.
At 14:40, the explosion (fourth) occurred once again.
A bundle of yellow smoke rose from the bottom, and then
the filemot mushroom cloud was rushed higher, and then
the smoke immixed into mushroom cloud little by little as
Fig. 1 shows. The ground shake severely and even can
tumble a man. Some tree branches were broken and some
iron fragments flied to a long distance.
The fifth explosion was stronger and came at 14:50. A
bundle of salmon pink mushroom cloud rose up. The blast
station was filled with thick chemical odor and the sound
of glass broken was heard in succession.
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refining unit, once again, the worker disobeyed the operation
rule, the vapor valve of pre-heater was opened and heated
firstly, and then the feeding pump was started, which
caused the materials boiling suddenly and shaking. The
shake loosen the flange between the pre-heater and pipeline,
and then the airproof was invalidated and followed by the
inhale of air into the negative pressure tower of T101,
under the combined effect of friction and static electricity
et al, the towers T101 and T102 were induced to blast.
Two nitrobenzene storage tanks and matched equipment
connected with towers T101 and T102 exploded subsequently. With the fire growing, two nitric acid storage
tanks were triggered to explode, and another nitrobenzene
storage tank and two aniline storage tanks in the adjacent
tank section were burned (Xinhua 2006).
Figure 1. Picture of explosion cloud

EXPERIMENTS INVESTIGATION
Aniline is an important organic chemical material. The
current production processes in China using gas nitrobenzene deoxidized by hydrogen. The reaction equation is
(Du and Zhu 2006):

The last big explosion was happened at 15:00. At that
time, the surge soot around fire field has caused man difficult
to open eyes. The fireman armed with aerophore sprayed
water onto the equipments that have not blasted to reduce
theirs temperature for safety.
After these explosions, many building’s glasses were
broken, even the wall skin was shaken down. The surge
smoke in the factory even can be seen at several kilometers
away. At 4:00 in next day, about fourteen hours later of the
first blast, the fire was put down at last, and the blast sketch
map is drawn as Fig. 2.

activator

C6 H5 NO2 þ 3H2 ! C6 H5 NH2 þ 2H2 O þ Q

(1)

This production process also was used in the Double
Benzene Factory of Jilin Petrochemical Company(WU
2005). The nitrobenzene was produced by benzene and
nitric acid, and the unrefined nitrobenzene is thought
mixed with nitric acid and sulfuric acid. Based on the preinvestigation of this accident, the aniline, nitrobenzene
mixed with nitric acid (65268%) and sulfuric acid
(95298%) were selected and expected to reveal the cause
of this explosion and fire. The nitrobenzene, aniline, nitric
acid and sulfuric acid are produced by Sinopharm Chemical
Reagent Co., Ltd (Shanghai).
The C80 calorimeter was used in this study, it is a heat
flux calorimeter manufactured by Setaram in France. It has
the merit of high sensitivity, with several mW at least and
many functions and a quite wide testing temperature range
from room temperature to 3008C. By using different types
of experiment vessel with sample mass up to about 10 g
and different function, a great number of measurements
can be made with C80, such as heat capacity determination
of substances; heat generation by a change of state, mixing
or chemical reaction; determination of reactivity and
kinetic parameters of reactive substance; hazards evaluation
of reactive substance and so on. Therefore, in this study, the
C80 calorimeter was used and the samples were heated in the
high pressure stainless steel vessel (8.5 mL) or a high
pressure transducer fitted vessel (3.5 mL) from room temperature to 3008C.

ACCIDENT PRE-INVESTIGATION
Accident investigation group of China State Department got
the direct cause of this accident after careful investigation
(Xinhua 2006). It is thought that the worker of nitrobenzene
refining station disobeyed the operation rule, and after
stopped the feeding of unrefined materials, the pre-heater
was not closed, which caused the materials gasification
inner the pre-heater. When resume the production of

RESULTS AND DISCUSSION
EXPERIMENTAL RESULTS
Fig. 3 shows the thermal and pressure behavior of aniline at
elevated temperature, the aniline was heated at a

Figure 2. The blast sketch map of Jilin petrochemical
company
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factor. By plotting the curve of lnðdH=dt=DHM0 Þ versus
inverse temperature, the E and A can be easily calculated(Sun, Li et al. 2001; Wang, Sun et al. 2006). By this
method, as shown in Fig. 4, the aniline thermal decomposition activation energy is calculated as activation energy
E ¼ 91.9 kJ . mol21, and pre-exponential factor is
A ¼ 4.37  106 s21.
The above result shows that the heat generation of
aniline is small although the onset temperature is not high.
Therefore the explosion of aniline storage tower may be
was caused by the outer thermal radiation from the other
fire fields. The first explosion and fire was identified
located at the feeding pipeline of unrefined nitrobenzene,
and the unrefined nitrobenzene is mainly consist of nitrobenzene mostly, nitric acid and sulfuric acid partially. And then,
the thermal behavior of nitrobenzene and its mixture with
nitric acid and sulfuric acid were investigated further and
were shown in Fig. 5.
In Fig. 5, the samples of nitrobenzene and its mixture
with nitric acid and sulfuric acid were heated at a

0.28C . min21 heating rate from ambient temperature to
3008C. It can be seen that the aniline starts to release heat
at 1098C and reaches to peak temperature at 187.58C with
the heat generation of 225.9 J . g21. Although the reaction
heat of aniline is not large, the pressure is increased greatly,
and reaches to 11.5 bar in the 3.5 mL vessel at last. For the
isometric process of 3.5 mL gas, the pressure contributed by
temperature increasing is 2.62 bar at 3008C according to the
law of ideal gas equation PV ¼ nRT. Therefore, the pressure
increase in the vessel mainly contributed by the new
production of aniline decomposition.
The pressure increase indicates that gas was produced, and the generation rate can be determined by
Eq. (2) (Wang, Sun et al. 2006)

Taking natural logarithm of Eq. (2)


dPg
ln
¼ n ln Pg þ ln kp
dt

T

1/T K-1

Temperature / °C

dPg
¼ kp Png
dt

11057.7

R2 = 0.99983

-15
0.0022

0
0

-13
-14

2
-1

-12

(2)

(3)
180

pure nitrobenzene
nitrobenzene:nitric acid=2:1
nitrobenzene:nitric acid:sulfuric acid
=4:2:1

160

By plotting the curve of ln (dPg/dt) versus ln Pg from
the onset temperature (near 1098C ) to the end of reaction,
the reaction order (n) and the rate constants of reaction kp
can be easily calculated (Wang, Sun et al. 2006). By plotting
the curve, the slope of the fitted line is the reaction order
n ¼ 1.02, here we take the value of n ¼ 1, then the pressure
rate constants of reaction kp ¼ 2.46  1023 kPa . min21.
Assuming the reaction mechanism is dependent on the
Arrhenius law, basing on the C80 data, the following equation
(4) is got as(Sun, Li et al. 2001; Wang, Sun et al. 2006).


dH=dt
E 1
(4)
¼   þ ln A
ln
DHM0
R T
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where dH/dt is over all heat flow, DH is heat of reaction, M0
is initial mass of reactant, E is activation energy, R is gas constant, T is temperature of system and A is pre-exponential

Figure 5. The heat flow plots of nitrobenzene and its mixture
with nitric acid and sulfuric acid at elevated temperature
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0.28C . min21 heating rate from ambient temperature to
3008C. It can be seen that nitrobenzene is very stable
below 3008C, the only small endothermic process at
2108C is the boiling (boiling point:210.98C) process. With
the addition of nitric acid, the mass ratio of nitrobenzene
with nitric acid is 2:1, the mixture starts to release heat at
908C, and two major exothermic peaks were detected at
1668C and 2578C, respectively, with total heat generation
of 21711 J . g21. The first exothermic peak is easy differentiated out that it is combined by two exothermic processes,
and this process is thought very dangerous to the thermal
runaway of such mixture, as it provide the necessary
energy for the following reactions. For the mixture of nitrobenzene with nitric acid and sulfuric acid at the mass ration
of 4:2:1, the thermal stability is decreased once again. The
mixture even starts to generate heat at 358C, and followed
by several exothermic processes, thereinto, the last exothermic process is beyond the detection scope of C80. Before
2768C, the mild or sharp exothermic peaks located at
728C, 1528C, 1798C, 2458C and 268.78C, respectively,
with total heat generation of 21670 J . g21. Together with
the partial reaction heat of the last reaction, the total heat
generation can reaches to 22210 J . g21.
Here the thermal stability is mainly concerned, and
therefore the detail reactions were not discussed further. And
then, by the method mentioned above, plotting the curve of
lnðdH=dt=DHM0 Þ versus inverse temperature, as shown in
Fig. 6 and Fig. 7, the thermal decomposition activation
energy of nitrobenzene mixtures with nitric acid and sulfuric
acid are calculated as activation energy E ¼ 66.6 kJ . mol21,
and pre-exponential factor is A ¼ 4.80  103 s21,
E ¼ 47.6 kJ . mol21, and A ¼ 1.96  103 s21, respectively.
The activation energies of the mixtures are low which
indicate that they are unstable and easy to undergo thermal
accumulate till to thermal runaway. Especially for the
mixture of nitrobenzene mixed with nitric acid and sulfuric
acid, lower onset temperature and activation energy were
found, which is more dangerous for the safe manufacture
of nitrobenzene. By now, self-accelerating decomposition

ln(
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temperature (SADT) is common used in assessing the
safety management of reactive substances in storage, transportation and use (Sun, Li et al. 2001). It is the lowest
ambient temperature at which the temperature increase of
a chemical substance is at least 6 K in a specified commercial package during a period of seven days or less (United
Nations 1999). As to the uniform system, Semenov model
can be used to calculate the SADT of 25 kg package well
(Semenov 1959). By the method in references (Sun, Li
et al. 2001) and (Sun, Sun et al. 2005), the SADTs of nitrobenzene-nitric acid is calculated as 758C. As the mixture of
nitrobenzene-nitric acid-sulfuric acid, its heat generation is
aways larger than the heat loss, and therefore, this mixture
can starts self-accelerating at very low temperature (below
358C), that is it can induce thermal runaway at the
ambient temperature, and therefore, this mixture is very
dangerous if the heat loss is jammed. By same methods,
the SADT of aniline is calculated as 1438C, under the
effect of out fire or thermal radiation, the SADT will be
lowered below 1438C, while the accurate SADT is
unknown as the the thermal radiation flow and other important relevant parameters are unknown.

+ 8.48

0.0028

ΔHM0

1/T

ACCIDENT ANALYSIS AND DISCUSSION
Based on the investigation report of China State Department
and our experiment, the cause of the accident was understood more clearly. The unrefined materials mainly consist
by nitrobenzene and inorganic acids. Although the nitrobenzene is very stable at elevated temperature, the mixture of
nitrobenzene with nitric acid and the mixture of nitrobenzene-nitric acid-sulfuric acid are very sensitive to temperature, and they even can release heat at ambient temperature.
Therefore, the continued heating of the pre-heater caused
the mixtures reacted each other with large mount of heat
generation (about 22210 J . g21), such heat was accumulated and increased the system hazards. The next step of
the worker made the similar mistake and heated the
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Figure 6. Kinetic parameters of nitrobenzene and nitric
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pre-heater firstly and then fed latter, which caused the mixtures reacted severely and at last loosen the flange. The loose
flange made the air inhale is unavoidable, if hydrogen meets
air in the pre-heater, more dangerous will be generated.
Under the effect of air, the mixtures are more active and generated large of heat and gas which exceed the pressure
endurance of pipeline and the towers (T101 and T102)
and at last exploded. The shake wave and heat radiation of
towers T101 and T102 acted on the storage tanks of nitric
acid, nitrobenzene and aniline, and at last were induced to
burn or explosion.

Provincial Natural Science Foundation (No. 050450403) and
youth funds of USTC are also appreciated.
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SUMMARY
The accident brought great influence to the world, and the
lessons should be learned from it. The operation rule
should be obeyed strictly, and therefore the education of
the worker is an important management measure. Furthermore, the study on the materials thermal stability will
benefit for the safety management during theirs production
and storage. The C80 results indicate that the single nitrobenzene is very stable, but once it is mixed with nitric
acid and sulfuric acid, their productions activity are
increased greatly and even react at ambient temperature.
If the heat loss is blocked and accumulated, the thermal
runaway is unavoidable. Therefore, the lowered thermal
stability is great harm to the safe manufacture of those
productions and storage, and great cares and measures
should be taken to avoid the occurring of thermal
runaway.
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To backup the safety of the oil refinery plant, Japan Society of Safety Engineering (JSSE) and Petroleum Energy Center (PEC) started the development of the integrated system for the process safety
using original database of near miss event and accident supported by the Ministry of Economy,
Trade and Industry Japan. The system which was named PEC-SAFER consists of near-miss & accident database, safety education database and equipment management database.
Basic architecture of the near miss & accident database system constitute user interface, data
base, search engine and data input interface.
Near miss and accident data involve kind and/or type of the event, detail and outline of the event,
operating and/or work situation, refining process unit and sub-section, related equipment, initiating
or triggering event, direct, indirect and root cause or lesson learned etc.
To integrate the data and provide effective safety measures simply, many items of input data are
coded originally. As one of the characteristic of the system is to estimate direct and indirect causal
factor and specially defined root cause.

KEYWORDS: accident, oil refinery, safety, near-miss, database, cause analysis

provided from all oil refinery companies and shared
together. From 2006 Safety Education Material Database
disclosed as the first achievement of the project. (PECSAFER) (http://safer.pecj.or.jp/)

INTRODUCTION
Recently accidents at chemical plant are on the rise in Japan.
Following reasons are designated. As many refinery or petrochemical plant were constructed during 1970’s, possibilities of trouble or accident of peripheral equipments is
increasing, because those equipments are too enormous to
find out the potential hazard easily, even main facilities of
those plants are well do maintenance. Within few years
many veteran engineers and operators retire, then operation
or maintenance level or sensitivity for safety of operator are
feared to down by and by in Japan.
As every oil companies use similar facilities and
equipments, they can easily share near miss data by comparison with other process industries such as spetroleum
chemistry.
To avoid the future unsafe condition of the oil refinery
plant, it is necessarily to share knowledge about process
safety or experience of veteran operators. This near miss
database will contains not only detail potential hazard of
various equipment or direct and indirect causal factor but
experience of veteran and knowledge of authority of
process and material safety, human factor, risk analysis etc.

NEAR MISS & ACCIDENT DATA
Basic architecture of the near miss (Figure 2) and accident
data system constitute user interface, data base and search
engine, and data input interface. In this study near miss
event which is called “HIyari [in great fear] & Hatto [given
a start]” in Japan is defined as follows.
“The events which have possibility to cause fire,
explosion, runaway reaction or leak of toxic/flammable
substances caused by impair or deterioration of facilities
or failure of equipments or system error, at the oil refinery
process or the peripheral unit. Injury caused by simple
human error isn’t included”. The contents of the near miss
data are shown below. Main data items were coded,
because of convenience of search & statistical analysis
and well understanding of item.
.
.

SYSTEM STRUCTURE
PEC-SAFER is consist of near miss & accident database,
safety education material database and equipment management database as shown in Figure 1. Those database
exchange information mutually.
Near miss data, safety and technical education
materials and information relevant to maintenance are

.
.
.
.
.

1

Title  (describe the near miss with what event, where did
happen simply)
Near miss event  (describe initiating and subsequent
event: corded [Table 1])
Operating condition  (corded [Table 2])
Date and time
Climate Condition (weather, temperature, relative
humidity)
Related plant/system  (corded)
Related equipment  (corded [Table 3])
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Near-miss & Accident DB
Near-miss DB
Near-miss & accident
analysissystem
Accident DB
Safety Education Materials DB

Equipment management DB

General basic
knowledge
Plant maintenance
Specific knowledge
regarding plant operation
Corrosion DB

List of experiencebased training Center

Figure 1. Safety support system

.
Near Miss Data

.

Root cause
Indirect causal factors

.
.
.
.

Develop
preventive
measures

Direct causal factors
Near-miss event
Initiating (triggering) event

.
.

Subsequent events
Protective measures
were ineffective

Effective measures taken

Main fluid (describe when that fluid concerned the near
miss event closely)
Material (describe when that material concerned the
near miss event closely)
When/How was the near miss detected  (corded)
Direct and indirect causal factor  (corded [Table 4])
Root Cause (under consideration)
Recurrence prevention  (expected to be shared the
measures)
Lessons learned
Comment from authority of safety engineering
( essential item)

One of the important purpose of the near miss and the
accident analysis is to estimate the root causes using some
analytical method. Root cause is defined as common
causal factor that is not easy for individual firm to clear
the problem. They are classified as politics, economics,
industrial structure, social situation, etc.

Accident
Accident Data

Figure 2. Architecture of near miss

Table 1. Cord of near miss event
Code of near miss event

Example of event

Mechanical down, depression, breakage of moving equipment

Mechanical down, of pump
Depression of mechanical seal

Start-up failure of moving equipment
False or unexpected of start-up of moving
Mechanical down, depression, breakage of static equipment
Erosion, degradation, breakdown of static
Mechanical failure of down, degradation, breakdown of
instrumentation equipment
Mechanical down, degradation, breakdown of electronics device
Unexpected oscillation or error of process
Others

2

Blockage of burner False open of adjustment valve
Eternal corrosion
Mechanical failure of DCS
Mechanical failure of switch
Oscillation of tempreature or
Sinking of land
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If the root cause can be estimated, it will be good
information to discuss the safety culture of process industry.
As usually the near miss and accident data searched
by unit process/section or equipment. In addition to the
classified equipment list, process flow sheets were standardized and provided.
Oil refinery plant was classified to 13 unit processes
(atmospheric distillation process, vacuum distillation
process, reforming process, desulfurization process, etc.),
and unit process is divided to sections (heating section,

Table 2. Operation
Normal operation
Maintenance
Under suspension
Start up
Shat down
Others

Table 3. Code of equipment
Item

Code

Static equipment

S

Rotating Equipment
Instrumentation
Electrical Equipment

Sub-Item

Code

Tower, Column

S1

Drum, Vessel
Reactor
Heat Exchanger

S2
S3
S4

Valve

S5

Equipment

Code

Distillation Column, Fractionator, etc.
Regeneration Tower
Conveter
Other Tower
Drum, Vessel
Reactor
Shell & Tube Heat Exchanger
Air Fin Cooler
Plate Type Heat Exchanger
Other Type Heat Exchanger
Control valve
Shut-off Valve
Manual Valve
Check Valve

S11
S12
S13
S14
S21
S31
S41
S42
S43
S44
S51
S52
S53
S54

R
I
E

Table 4. Code of the direct & indirect causal factor
Indirect causal factor

Direct casual factor
Main code
Material Factor
Human Factor
Communication/
Information
Design Factor
Procurement &
Inspection
Construction
Maintenance
External factor

Detail code
Produce or storage of
hazardous material, etc.
Human error, etc.
Lack of evaluation of
material hazard, etc
Inadequate process
design, etc
Inadequate
inspection, etc.
Inadequate
material, etc.
Inadequate
maintenance, etc
Natural disaster, etc.

Main code

Detail code

Organization
factor

Kink of decision making system
Cut down of equipment management
division
Cut down of operation management
division
Cut down of safety division
Laxness of responsibility etc.
Inadequate change management system
Inadequate safety management system
Inadequate safety management system
Inadequate safety education system
Inadequate information management system
Inadequate operation standards of manuals
etc.

Management
factor
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Figure 3. Data search from process flow

distillation section, etc.). User can search from flow sheet of
the process shown in Figure 3.

b.

c.
UTILIZATION
Following utilizations of the near miss data are expected by
oil companies.
a.

d.

Clear up weak point about safety of own process equipment or management etc. compare their near miss data
with total data statistically.

Find out potential hazard of certain unit by the near
miss data of other company even if trouble did not
occurred at the unit till then.
Young operators or managers can learn the knowledge
of veteran (especially know why) from lesson learned
or comment of authority.
Verify own preventive measures compare with the
measures of other companies relevant to similar event.

To use the near miss and the accident data more
effectively, we have been developing acquisition of new

Figure 4. Image of event-based retrieval (1)
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Retrieved information
Event: temperature rise of tank

Near-Miss
database

retrieval code

< tank/temperature rise >

Same event !
Event-based
retrieval

Same retrieval code
Event: temperature rise of tank

Accident
database

retrieval code

< tank/temperature rise >

Retrieval code allow to get the information which has same event

Figure 5. Image of event-based retrieval (2)

knowledge by event based retrieval. Figure 4 and 5 shows
the image of the event based retrieval system.
Using the retrieval search method following effects
are expected
a.

b.
c.

Classification of the near miss data according to
importance for safety measures.

5

Use the near miss data as the risk management tool.
Screening and detection of the preventive measures of
the major accident from the near miss data (note that
near miss is a successful experience)
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“CRITICAL EVENTS” – APPLYING CONTINUOUS IMPROVEMENT
TO INCIDENT REPORTING
Nigel Cann (FIChemE, CEng, CEnv, GAICD)
General Manager, Australian Vinyls, 65 Leakes Road, Laverton, VIC 3028, Australia; e-mail: nigel.cann@av.com.au
The intention of Major Hazard Regulations around the world is to bring about sufficient control of
high hazard risks to prevent high consequence events on infrastructure, communities and the
environment. There is an obligation on Operators1 to ensure that these hazards are controlled, to
have the systems implemented and maintained to reduce and mitigate the hazard consequences.
Despite these well understood principles from both the regulators and the operators of Major
Hazard Facilities, major hazard accidents have continued to occur, most noticeably in the media
at Buncefield2 and Texas City3 in the last 24 months.
So how does an Operator of a Major Hazard Facility know the control measures they have
applied are adequate and that they remain functional? Regulations4,5 suggest this done by full
review every 5 years. This author contends that this is insufficient and that to be effective a
more responsive mechanism is required to get Operators attention.
Australian Vinyls has developed a process where key incidents – called “critical events” – are
identified. This process is based on the belief that Reasons “Swiss Cheese” model6 on the stages
leading to an accident applies. Central to the process is the identification of events, incidents and
near misses (or “near hits”) that can be studied in detail to “root cause” so that any “holes” in
the control measures can be located and eliminated, before they can align, thereby preventing a
Major Incident.
The paper provides an illustration of how some control measures are assessed as “critical control
measures” and how examples of identifying “critical events” related to “critical control measures”
from incidents, monitoring programs and annual reviews of performance measures lead to continuous improvement of safety and a high degree of assurance that Major Hazard Incidents can be
prevented.
The incidents discussed will be the loss of level control in a storage tank, the automatic stopping
of a runaway reaction and the replacement of the above ground piping on a storage deluge system.

So how does an Operator of a Major Hazard Facility
know the control measures they have applied are adequate
and that they remain functional? Regulations suggest this
is done by full review every 5 years. This author contends
that this is insufficient and that to be effective a more responsive mechanism is required to hold Operators attention.
Australian Vinyls has developed a process where key
incidents – called “critical events” – are identified. This
process is based on the application of Reason’s “Swiss
Cheese” model (Reason, 1990) and Deeming’s Continuous
Improvement PDCA Cycle (Tague, 1995). Central to the
process is the easy identification of events, incidents and
near misses (or “near hits”) that can be studied in detail
down to “root cause” so that any “holes” in the control
measures can be located and eliminated, before they can
align, thereby maintaining the layers of protection and
thus preventing Major Incidents.
The paper provides an illustration of how some
control measures are identified as “critical control
measures” and how examples of identifying “critical
events” related to “critical control measures” from incidents, monitoring programs and annual reviews of performance measures lead to continuous improvement of safety
and a high degree of assurance that Major Hazard Incidents
can be prevented.

INTRODUCTION
The intention of Major Hazard Regulations around the
world is to bring about sufficient control of high hazard
risks to prevent high consequence events on infrastructure,
communities and the environment. There is an obligation
on Operators to ensure that these hazards are controlled,
to have the systems implemented and maintained to
reduce and mitigate the hazard consequences.
Despite these well understood principles from both
the regulators and the operators of Major Hazard Facilities,
major hazard accidents have continued to occur, most
notably at Buncefield and Texas City in the last 24 months.

1
Here “Operator” has the meaning of Major Hazard Facilities Regulations and refers to the employer who has management or control of
the facility, p5.
2
http://www.buncefieldinvestigation.gov.uk/index.htm
3
http://www.chron.com/disp/story.mpl/special/05/blastarchive/
3747726.html
4
Occupational Health and Safety (Major Hazards Facilities) Regulations 2000, Victoria, Statutory Rule No. 50/2000.
5
The Control of Major Accident Hazards Regulations 1999, ISBN
0 11 082192 0, Statutory Instrument 1999 No. 743.
6
Reason, J. (1990). Human error. New York: Cambridge University
Press.
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.

Two incidents will be discussed: the loss of level
control in a storage tank and the replacement of the above
ground piping on a storage deluge system to illustrate the
approach.

.

.
DEMONSTRATION AND THE PDCA CYCLE
Following the Esso Longford Gas Plant Accident
(Dawson,1999) the State of Victoria in Australia responded
by implementing the Occupational Health and Safety
(Major Hazard Facilities) Regulations 2000 ( Government
of Victoria, 2000). Examination of these regulations
shows a progressive pathway of demonstration required of
the Occupiers of Major Hazard Facilities in the state.
These being:

.

Regulation 301 (1) The operator of a major hazard
facility must establish and implement a Safety Management System for the major hazard facility.
Regulation 402 (2) (b) demonstrating the adequacy of
the control measures adopted or reviewed under regulations 304 and 306.
Schedule 2, 7.3 Performance indicators for the effectiveness of control measures adopted . . .
Regulation 306 (1) . . . must review, and as necessary
revise, those matters so as to ensure that the control
measures adopted are such that the operator continues
to comply with regulation 304(1).

If these regulations are looked at through the eyes of a
Business Manager rather than through those of a Safety Professional or Risk Engineer, the basis of a Deeming
Continuous Improvement (or PDCA) cycle (Tague, 1995)
can be seen as illustrated in Figure 1. The stages of the
process become:

. Regulation 302 Identification of major incidents and
hazards
(1) The operator of a major hazard facility
must—
(a) identify all major incidents which could
occur at the major hazard facility; and
(b) identify all hazards that could cause, or
contribute to causing, those major
incidents.
. Regulation 304 (1) The operator of a major hazard
facility must adopt control measures which eliminate
or, if it is not practicable to eliminate, which reduce so
far as is practicable, risk to health and safety.

Plan: Identify all the potential major incident scenarios
(Regulation 302 (1) (a)) and then identify the hazards
that can cause those incidents (Regulation 302 (1) (b)).
Do: Adopt control measures to manage those hazards
(Regulation 304(1)) and manage those via a safety management system (Regulation 301(1)).
Check: Demonstrate the adequacy of the control measures
(Regulation 402 (2) (b) by the adoption of performance
indicators (Schedule 2, part 7.3) that test the effectiveness and indicate failure of the control measures.

Act

Plan

Make changes to
PI’s , SMS, install What Major Incidents
new Control can occur?
Measures? What Hazards exist that
can cause those Incidents?

Check

Do

What performance
indicators do I use?
Tests?
Audits?
Incidents?
Time?
Review?

What Control Measures
can be used to manage
and contain those
hazards?
How do I manage
in SMS?

Figure 1. Putting the regulations into a continuous improvement framework
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Figure 2. Copy of Major Hazard Incident Database for a Loss of Containment from a large hole (diameter . largest fitting) in a Vinyl
Chloride Monomer Storage Tank

Implement tests, audit cycles, identify incidents (both
internal and external) and review the information periodically.
Act: Make changes to your performance indicators (PI’s),
safety management system (SMS) and establish new
control measures (Regulation 306 (1)).

contributed to the immediate, direct event due to failures
at the organizational level (Anderson, 2004), but further
there are precursor incidents that have indicated there
were problems (Hopkins, 2000).
These conclusions, by well resourced multi-disciplinary teams, readily point to an accident causation model in
line with what has become commonly known as the
“Swiss Cheese Model” (Reason, 1990). In this model, for
every barrier that prevents a hazard leading to an incident,
there are holes (like the holes in a slice of Swiss cheese).
If a series of holes in each barrier line up then there is
nothing to prevent the hazard leading to an undesirable
incident.

This paper will not go into the detail of how to identify incidents and hazards and even the selection of control
measures to manage those hazards. These are necessary prerequisite steps for actively managing the control measures
via a safety management system. For those not familiar
with the process, the following illustration from Australian
Vinyls will have to suffice. In Figure 2, a major incident
scenario is illustrated for a loss of containment from a
large hole in a vinyl chloride monomer (VCM) storage
tank. In the example four separate hazards are listed with
details of the internal overpressure hazard (highlighted in
blue) shown, along with the control measures for that particular hazard. In turn the details of the relief valve control
measure (highlighted in black) are provided. The “!” indicates this has been classified as a critical control measure.

CRITICAL EVENTS
It is one thing to observe that historical records show that
they fit with a well respected model. Knowledge only
turns into learning when it is applied appropriately. Thus
the learning that is to be gained from the applicability of
the “Swiss Cheese Model” is only real if a system can be
devised to manage a major hazard facility in real time so
that latent failures (Swiss cheese holes) are identified and
rectified before a situation (abnormal event) arrives that
finds fault in every layer of the protection.
At Australian Vinyls we have defined a system called
“Critical Events” that has been integrated into our Incident
Reporting system that leads to continuous improvement. A
Critical Event is defined as:

LEARNING FROM INDUSTRIAL ACCIDENTS
After nearly every significant, high consequence, major
industrial accident, some form of public enquiry inevitably
is held – Buncefield being a recent example (Powell,
2006). No matter where the incidents occurred, whether at
Longford in Australia (Hopkins, 2000), Texas City in the
USA (Broadribb, 2006) or further back to Flixborough
(Kletz, 1994) the conclusions are the same: there are
immediate causes, there are underlying causes that have

“A CRITICAL EVENT is any breach, failure, or
loss of a CRITICAL CONTROL MEASURE or
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failure to meet a monitoring schedule for a
CRITICAL CONTROL MEASURE.”

The unloading compressor would not run as a low
suction pressure was detected, which was due to a ball
float in the suction catch pot blocking off the inlet as
liquid VCM had been correctly collected here as the
storage tank had overflowed into the vapour return line.
The level control system did not function as it had
become frozen into position at the 34% level due to corrosion product buildup. This had prevented both the automatic cutoff and the Distributed Control System (DCS)
software that swapped tanks from operating. The static
nature of the trend was not noticed by the operator as charging of the plant was coming from the same storage tank due
to low stock levels. Also a secondary level indication system
was not monitored as the results were not believed by the
operators – it was a capacitance probe and the results
have been affected by water levels in the VCM on previous
occasions.
Underpinning these operational and mechanical failures our investigations revealed:

So for each Critical Control Measure, performance
indicators are defined that capture critical events so that
action is taken in a timely manner to remedy problems
before the control measure is called into action in anger.
Every incident is categorised on the following Critical
Event scale:
1. Not a Major Incident or Critical Event
2. Critical Event – Inspection, test or audit of a Critical
Control Measure not performed as scheduled
3. Critical Event – Critical Equipment/Control Measure
found to be defective on inspection or test
4. Critical Event – Critical Equipment/Control Measure
found to be defective on demand
5. Critical Event – Failure to follow a Critical Work
Instruction or Procedure
6. Major Incident
DEVELOPING PERFORMANCE INDICATORS
Using the example of relief valves on the VCM storage
tanks (as per figure 2), the following performance indicators
have been established:

.
.

1. No failure on demand.
2. As received Pop test to be within 10% of setting as per
AVRES/ENG/INT/PC205
3. Inspection and test to be no more than 3 months overdue
without Tolerable Risk Assessment as per AVRES/
ENG/INT/PC205
4. Number of SHE Incidents that have identified as a root
cause inadequate inspection, testing, installation or
overhaul of PRVs and BDs. (pressure relief valves
and bursting discs)

.

Alignment of the performance indicators with the
Critical Event scale can be seen. Thus events as they
occur are followed up and corrections made. On a yearly
basis a formal review is undertaken of the longer term performance indicators where the operational owners report to
the site Safety, Health and Environment Committee
(employee and management representatives), longer term
trends are determined, conclusions drawn and further
improvements made.

.

.

.

CASE STUDIES
STORAGE TANK OVERFILLED
At 4:30am on 5th March 2002 problems were encountered
unloading a VCM tanker as the vapour return compressors
were cutting out and ice was noticed on the catch pot. The
control room operator then noticed that the level indicator
trend on the storage tank had not been rising for some
time. A simple jog of the controller and the indicator
immediately raised to 95% (above the high limit). The
unloading operation was placed on hold, the storage tank
equalised with another (both settled at about 55%) and the
inventory then brought down in the faulty storage tank.

An operational culture of accepting restarts without
understanding the causes of trips
A maintenance culture of operating even critical equipment to failure
A maintenance culture of not strictly keeping to calibration and trip & alarm schedules
An acceptance culture of equipment that failed to
operate (the capacitance probe and a related boom gate
operation)
Checking DCS software that had been bypassed due to
the difficulty of appropriately managing normal operational requirements (filling and using VCM from the
same storage tank) in an effort to reduce unnecessary
alarms.
A management culture that accepted undesirable contaminants in the raw VCM (water).

Figure 3. VCM storage tank deluge line flushing
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Figure 4. The PDCA continuous improvement cycle in action

As a consequence, the incident generated specific
improvements to the level control system:

SUMMARY
The key to each of these studies is to continue the improvement, to build ongoing performance measures and a way to
identify the early warning signals that all is not as it should
be. And lastly, when Critical Events are identified, Management must ensure follow up occurs and issues are addressed
in a timely manner to close the defects in the control
measures. Then take action to continuously improve by
starting another PDCA cycle. Checks and reviews need to
be performed at multiple layers of management to continually monitor, check and review.
This process is represented in Figure 4 where Continuous Improvement is represented by a set of steps for the
PDCA cycle to climb. The Safety Management System (SMS)
acts as a wedge to hold you in position whilst also acting as a
lever to achieve the next level of improvement.

. A new independent level indication system was sourced,
hooked up into the DCS and either measurement used to
stop the unloading operation (this took nearly 2 years to
research, trial and install in all four storage tanks)
. DCS software was rewritten to handle all known operating circumstances
Also the
implemented:

following

cultural

changes

were

. Root cause analysis training was promulgated through
the operating teams
. Maintenance systems and procedures were changed to
get a planned mentality in place (working via written
plans, integrating maintenance system software into
peoples normal working, afternoon planning meetings
rather than morning fault meetings)
. Systems put in place to track progress of routine calibration and trip & alarm routines on critical equipment
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And further studies were undertaken to:
. Find other vessels where level control may not be appropriate – four were found.
. Determine the need for the boom gates (study found
these to create more maintenance and operational risks
than those that they reduced – currently in final stages
of being decommissioned).
YEARLY REVIEW FINDS DELUGE PROBLEM
In 2004 a yearly review found that the frequency of oneoff failures of the deluge systems in the unloading and
storage areas had increased. In each individual critical
event nozzles were becoming blocked by internal corrosion products from the 25 year old mild steel above
ground piping. This led initially to a series of flushing
exercises (see figure 3) and ultimately to total replacement
of the above ground piping of the affected deluges.
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STRATEGIC SAFETY MEASURES FOR THE TOXIC AND/OR CORROSIVE MATERIALSHANDLING MANUFACTURING INDUSTRIES
Hasegawa K.1, Ohno S.1, Sekiya M.1 and Iizuka Y.2
1
Department of Risk and Crisis Management System, Faculty of Risk and Crisis Management, Chiba Institute of Science, 3, Shiomicho, Choshi City, Chiba 288-0025, Japan;
e-mail: khase@cis.ac.jp, sohno@cis.ac.jp, msekiya@cis.ac.jp
2
PHA Consulting Co. Ltd. 3462-1, Nakatu, Aikawa-cho, Aikou-gun, Kanagawa 243-0303, Japan;
e-mail: pha-iizuka@kkf.biglobe.ne.jp
The authors have analyzed the accidents of the poisonous and deleterious substances, amounting to
615 cases, reported to the Ministry of Health, Labor and Welfare (MHLW) and the Fire and Disaster
Management Agency (FDMA) by the local public authorities in Japan for six years until 2004. In this
paper, the accidents are limited to the poisonous and deleterious substances-handling manufacturing
industries, whose accidents amount to 205 cases. The accidents reports were analyzed from the many
points of view, that is, chemicals, facilities, phenomena, causes, and physical factors and human
factors concerning the accidents. A variety of chemicals were involved in the accidents, such as sulfuric acid, sodium hydroxide, chlorine, hydrogen chloride, ammonia, hydrochloric acid, nitric acid,
hydrogen sulfide and so on. From the points of view of the organization factors and the technical
factors, an accident causes were investigated and analyzed into the detailed factors. The accidents
resulted repeatedly from similar causes and in similar events, namely, characterized typically by the
technical factors of the poor maintenance and the improper and/or faulty design chiefly, and by
such organization factors as the unconsciousness of failing to make sure and the inferior managements
of the operation, the plant engineering mainly. In order to prevent the accident due to the major causes
from repeating itself, the strategic safety measures were deductively found by devising the means so
that the causes ranking higher risk, based on the statistical analysis for the cause factors, can be avoided
and/or eliminated. Conclusively, this calls not only the middle management into question who
manages the design, the workmanship of plant formation and the maintenance, but also the operators
and the laborers. The risk assessment and the awareness of the hazard are hardly enough to fulfill their
duties on the fundamentals of safety.

KEYWORDS: poisonous, deleterious, safety-measures, accidents, factor-analysis, causes

what is the major cause of an accident connected with the
chemical substances having the poisonous and deleterious
property, what kind of chemicals it occurs chiefly to,
where it happens, and how it develops from and into will
be made clear with a comprehensive survey. The factor
analysis, which is applied to the accident data, must be
useful. The risk will also become evident semi-quantitatively. And thirdly, on the basis of the results of factor analysis, the measures can be thought out so as to reduce the risk
and to avoid the risk. Practical data and authors’ experiences
are essential for conducting this process.

INTRODUCTION
This work is conducted as part of the research project to
build the database of the accidents in regard to the chemical
substances having the poisonous and deleterious property
for the purposes of decreasing the accidents and promoting
safety. There are several databases on the accidents of
hazardous materials having the properties of flammability
and reactivity but no database on the accidents of the poisonous and deleterious substances in Japan [1]. If there were
no systematic data of the accidents, it would be impossible
to assess the risk properly. The safety measures must be a
wide variety of the methods to reduce the risk and to
avoid the risk. Without an accurate risk assessment, the
practicably effective measures against the risk would be
never thought out.
The purpose of this work is to invent the methodology
to find out the effective measures against the risk and to
confirm whether it is true or not by applying it to the real
cases. Firstly, the case histories of the accidents, related to
the poisonous and deleterious substances, are collected allinclusively in Japan for the limited years and they are systematically arranged in a suitable format for a factor analysis. It is just basic data for the accident database. Secondly,

BACKGROUND
Chemical substances having the poisonous and deleterious
property are controlled by Poisonous and Deleterious Substances Control Law, falling under the jurisdiction of the
Ministry of Health, Labor and Welfare (MHLW) in Japan.
The chemicals under the control of the law, hereinafter
called PDS’, are divided into three categories of poisonous
substances, deleterious substances and specified poisonous
substances. The 101 chemicals having strong toxic property
such as sodium cyanide, arsenic and phosgene are designated the poisonous substances. The 358 chemicals weak
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Factor Analysis

Safety Measures

Figure 1. Principle procedures

toxic property such as sodium hydroxide, sulfuric acid and
chloropicrin are done the deleterious substances. And, the
13 chemicals very strong toxic property such as tetraethyl
lead, tetra-alkyl lead and phosphates are done the specified
poisonous substances, at present.
If an accident should occur, it is reported to the local
authority. The accidents concerning on dispersion, leakage
and spill are investigated by the public health department,
the district police station and/or the local fire department.
The accidents on theft and loss are done by the district
police station. The accidents on fire and explosions are
done by the local fire department. The investigation
reports from the public health departments and the district
police stations are submitted to the MHLW and ones from
the local fire departments to the Fire and Disaster Management Agency (FDMA) through their own prefectural government, respectively. And then, the MHLW and the
FDMA compile the investigation reports from the prefectural governments into the annual reports severally and
publish them one by one officially.

an accident is composed of a cause-and-effect sequence of
events. Various factors combine to produce the sequence
of the accident. The case analysis is to consider seriously
the sequence of the accident and to determine carefully its
own factors, based on its accident report, in order to
arrange every accident into a prearranged format.
The causes shall come entirely to two divisions of the
technical factors and the organization factors. The technical
factors shall result in two factors of the property of substance and the installation, which seem to be equivalent to
a viewpoint of hardware in material safety and process
safety respectively. The organization factors shall contain
the human problems and the inferior management. Furthermore, these major four factors, 1st factors, are divided into
the many detailed factors, 2nd and 3rd factors, as shown in
Table 1 and Table 2.
Judging an accident from a standpoint of these major
four factors, a factor corresponding to its causes will be
chosen from the detailed factors belonging to each major
factor. Namely, four detailed factors concerning on the
causes will be selected for every accident. The case analysis
was performed on the whole accidents.

PROCEDURES
The procedures of this work are schematically shown in
Figure 1 and described as follows.
COLLECTION OF CASE HISTORY
The whole accidents of Japan were collected concerning on
the chemicals of PDS’ by quoted from the annual reports of
the MHLW and the FDMA for the limited period of recent
six years from 1999 to 2004. The accidents amount to 615
cases.

FACTOR ANALYSIS
The case history of an accident combines not only the
factors of causes but also other factors, a category of
business, a kind of the concerned chemicals, its state, a
course of the event and so on. All the accidents are analyzed
into the factors and are indicated with the factors what the
accident is. And then, in order to evaluate the percentages
of every factor in the total, the statistical treatment is
applied to the whole accidents, that is, the factor analysis.

CASE ANALYSIS
The accident reports are mostly described in the sentence
style unsuitable for the factor analysis. As a general rule,

SAFETY MEASURES
Based on the result of factor analysis, it is easy to find out
the predominant factors which appear frequently among the
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Table 1. Technical factors
1st

2nd

Property of substance

3rd

Damages

Harms (Injury and poisoning)

Installation

Others/unknown
Improper/faulty design

Explosive
Flammability
Exotherm
Corrosion/erosion
High temperature/high pressure
Others
Toxicity
Narcotic
Explosive
Flammability
Corrosion/irritation to skin/eye
Others
Process
Equipment/machine
Control system
Safing
Others

Shoddy workmanship/trouble in execution
Poor maintenance
Unlawfulness
Others/unknown

Table 2. Organization factors
1st
Human (individual)

Management (inferior)

2nd

3rd

Unconsciousness

Lack of knowledge
Desultoriness (failing to make sure )
Lazy/slipshod work
Others
Consciousness
Offense against manuals/rules at work
Illegality
Shenanigan
Terror/arson/willful misconduct
Others/unknown
Identification and evalution of hazards
Improvement-planning and action
Care of works
Operation management
Change management
Control of hazardous materials
Plant engineering and management
Social customs and patrol
Education and training
Others/unknown
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accidents. Chemical substance manufacture is particularly
prominent among the manufacture, counting for 205 cases.
Consequently, in this paper, an argument is limited to the
chemical substance manufacture, that is, the PDS’-handling
manufacturing industries hereafter.

Service
business
2%

Civil
engineering
and
construction
industry
3%

Waste
disposal
business
1%

The
consuming
public
4%

CONCERNED CHEMICALS
The substances concerned in the 205 accidents extended to
such a wide variety of chemicals as sulfuric acid, sodium
hydroxide, chlorine, hydrogen chloride, ammonia, hydrochloric acid, nitric acid, hydrogen sulfide and so on, as
shown in Figure 4. Strongly acidic compounds and strongly
basic compounds rank high in many chemicals. The 6 cases
of phosgene (approximately 3 percents), which is highly
poisonous, are predominant. The states of these substances
are divided into 60 percents liquid, 35 percents gas, 3 percents solid and others.

Unknown
2%

Selling
business
5%
Manufacture
48%

Public
facilities
6%
Agriculture,
forestry
and
fisheries
11%

Transportation
18%

TECHNICAL FACTORS OF CAUSES
Properties: The factor analysis of the causes was performed
for the all 205 cases with regard to the technical factors as
shown in Table 1, firstly. The accidents due to the property
of substance result in the harms and the damages, whose
approximately equal shares in the all accidents are shown
in Figure 5. Others/unknown contain the accidents on
theft and loss mostly.
The properties caused to the harms and to the
damages are two terms of the corrosion/irritation to skin/
eye and the toxicity and also two terms of the corrosion/
erosion and the high temperature/high pressure, causing
physical damage and/or burst, respectively as the principal
factors, as shown in Figure 6 and Figure 7. Therefore, these

Figure 2. A category of business

cases. If these factors are concerned in the causes of the
accident, the safety measures could be extracted from the
meanings of the factors as the measures to avoid, escape
and seal the causes in principle, referring to the concerned
accidents. These safety measures will prove to be effective
in practice and must be strategic.
RESULT OF FACTOR ANALYSIS
A CATEGORY OF BUSINESS
The whole accidents concerning on the chemicals of PDS’,
were 615 cases in Japan for six years from 1999 to 2004.
These accidents were distributed over a variety of business
as shown in Figure 2. And, Figure 3 gives the breakdown of
the manufacture accounting for 48 percents of all PDS’

Sulfuric acid,
30, 13%
Others, 67,
30%

Sodium
hydroxide,19,
8%

51

Others
Electronic and
electrical industries
Chemical substances
processing
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Figure 4. Concerned chemicals in the chemical substance
manufacture

Figure 3. Cases occurred to every industry in manufacture
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Figure 5. Technical factors on properties in the chemical
substance manufacture

Figure 7. Properties caused to damages in the chemical
substance manufacture

four are recognized to be key factors to the safety measures
regarding the properties.
Installation: Secondly, if there is a problem in the
installation as a technical factor, an accident may occur
and its damages will expand occasionally. As shown in
Figure 8, the problems concerned in the installation are
poor maintenance, improper/faulty design, shoddy workmanship/trouble in execution, and so on in order.
However, others/unknown accounts for approximately 50
percents of all accidents. This means that it is difficult to
identify the cause of an accident as the problem concerned
in the installation.
The detail of poor maintenance has not been elucidated, but a breakdown of improper/faulty design was
figured out as shown in Figure 9. The factor analysis concerning the technical factors indicates to bring into basic
questions on technical safety such as poor maintenance
and installation-safing design.

of unconsciousness are desultoriness, that is, failing to
make sure, and lazy/slipshod as shown in Figure 11. The
failing to make sure is notable for the unconsciousness.
Management: Secondly, from the view point of the
management in the organization, many kinds of inferior
management are found over the causes of all 205 accidents
as shown in Figure 12. It seems that there are many problems in the middle-level and the daily management
rather than in the professional management. Contrastively,
the accidents in the hazardous material facilities, of which
manufactures the flammable and the explosive substances
are handled in, are chiefly caused by the professional management such as the identification and evaluation of
hazards[2]. As a general speaking, it is needed that the
rational and scientific management must be introduced
and the upper level management to be stable and seasoned
will be grown in the middle management level under the
strong top management.

ORGANIZATION FACTORS OF CAUSES
Human: The organization factors were divided into two of
the human problems and the inferior management as the
major factors as shown in Table 2. Firstly, through the
analysis of all 205 cases, the human problems are established as shown in Figure 10. Doing in a state of unconsciousness leads largely you to an accident and the states
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Figure 6. Properties caused to harms in the chemical substance
manufacture
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Figure 8. Problems in installation in the chemical substance
manufacture
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Figure 9. A breakdown of improper/faulty design in the chemical substance manufacture

avoid, escape and seal the causes in principle, referring to
the concerned accidents as follows:

Others/
unknown,
66,
32%

1.

2.

Consci
ousness,
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Uncon
sciousness,
121,
59%

3.

Figure 10. Human problems of organization factors in the
chemical substance manufacture

4.

DEDUCED SAFETY MEASURES
On the basis of the results of factor analysis, the practically
effective measures for the chemical substance manufacture,
that is, the PDS’-handling manufacturing industries can be
deduced from the predominant factors as the measures to

5.

Others

The safety provisions for the PDS’ shall be revised for
the more suitable to the actual situation. It is necessary
to step up the measures for safety in the manufacture of
chemical substances.
The safety measures applied to strongly basic compounds, strongly acidic compounds, chlorine,
ammonia, hydrogen sulfide and phosgene should be
specified and intensified.
From the point of view of the corrosion/irritation to
skin/eye, the toxicity and the corrosion/erosion, the
safety measures for the human-beings and the protective measures for the installations must be strengthened
concretely.
There are a variety of problems in regard to the installation. To carry out not only the proper and strict maintenance but also the friendly and safer design are more
important than anything else.
In view of most cases caused by the unsafe act in a state
of unconsciousness as a human factor, to be diligent
in your own work is a matter of the highest priority
and to make thoroughly a confirmation of your act is
demanded. Furthermore, the technical support such as
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Figure 11. Problems in unconsciousness in the chemical substance manufacture
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Figure 12. Inferior managements of organization factors in the chemical substance manufacture

fail-safe must be introduced and the tolerance for an
unsafe act is essential to be designed in advance.
6. It is absolutely necessary to keep the fundamental
matters of management rather than the higher level
management. Especially, this shall be urgently required
of the middle management level under their following
the top management.
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Directive 94/9/EC became mandatory July 1st, 2003, and outlines the requirements for placing on
the European market of electrical and non-electrical (“mechanical”) equipment intended for use in
explosive atmospheres.
While standards for electrical equipment were common practice, mechanical equipment formed a
new aspect and standards had to be developed to comply with the European Directive 94/9/EC.
Within 94/9/EC, only the essential health and safety requirements for mechanical equipment
were set. The European working group CEN/TC 305 “Potentially explosive atmospheres –
Explosion prevention and protection” was responsible for specification of these requirements in
the standard. WG 2 “Equipment for use in potentially explosive atmospheres” was established in
1994 to produce the mechanical standard series EN 13463. Seven parts describe the different
measures of explosion-protection for mechanical equipment and are near to completion.
The first experiences with these standards demonstrated the necessity for revision, which is currently under way. The revision is focused on the mandatory risk analysis, which can only be an
ignition assessment procedure carried out by the manufacturer. Therefore, EN 13463-1, “Basic
requirements” was restructured to reflect the procedure of ignition assessment. Although the old
version of the standard also contained requirements for mechanical equipment, the ignition assessment procedure, including the evaluation of malfunction, led to confusion.
Wherever equipment is an integral part of a process (i.e. pumps, dryers, mixers etc.) the user must
integrate this equipment into the safety concept of the process. The interfaces of responsibility must
be clearly defined.

INTRODUCTION
Since July 1st, 2003, electrical and non-electrical (i.e.
mechanical) equipment intended for use in explosive atmospheres that is supposed to be placed on the market, must
fulfill the requirements of Directive 94/9/EC. Up to this
time, only requirements for explosion protected electrical
equipment were standardized within the EC, and
accompanied by a great number of product standards. Mechanical equipment was covered only by the less specific
Machinery Directive 98/37/EC. In line with the new EU
Directives, Directive 94/9/EC is following the “New
Approach,” which sets out the essential safety- and
health-requirements for the products, whereas harmonized
standards describe a way to comply with those requirements.
Due to the New Approach, it was necessary to prepare
specific standards for mechanical equipment. This was the
task of the introduced CEN/TC 305 “Explosive Atmospheres
–Explosion Protection.” WG 2 is engaged in setting requirements for mechanical equipment and started its work in 1994.
The seven different ignition protection concepts for mechanical equipment are described within the EN 13463-series. Up
to now, this work is almost complete and the revisions reflecting the first experiences with these standards are on their way.

THE STRUCTURE OF EN13463FF
EN 13463ff is comprised of a basic part, referred to as part 1
and a number of specific standards dealing with the individual ignition protection classes. Table 1 gives a listing of
those standards, including title and present status.
In addition, a Type C standard is being elaborated,
which deals with the requirements of explosion protected
fans. This standard is EN 14986 “Design of fans working
in potentially explosive atmospheres” – (Final Draft),
where publication was awaited in October 2006. In case of
positive voting national language versions of EN 14986
should be available from May 2007 on.
EN 13463ff is structured such that any equipment
designed in accordance with Part 1 will fulfill the requirements for equipment group II, category 3 according to
Directive 94/9/EC. On one side, the other standards treating the different ignition protection classes should be
aware of those ignition sources which cannot be avoided
by the measures dealt with in Part 1. On the other side,
they shall enable a higher equipment category by their application. However, it must be noted that the type of protection
“Protection by flow restricting enclosure ‘fr’ ” is limited to
equipment category 3.
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Table 1. Status of EN 13463ff
EN 13463-1: Non-electrical equipment
for potentially explosive atmospheres
EN 13463-1/AC
EN 13463-2
EN 13463-3
EN 13463-4
EN 13463-5
EN 13463-6
EN 13463-7
EN 13463-8

Part 1: Basic method and requirements
Part 1: Basic method and requirements, Amendment AC
Part 2: Protection by flow restricting enclosure “fr”
Part 3: Protection by flameproof enclosure “d”
Part 4: “Intrinsic safety” – cancelled – Note: Content to be taken into account by
revising part 1
Part 5: Protection by constructional safety “c”
Part 6: Protection by control of ignition source “b”
Part 7: Protection by pressurised enclosures “p” - abandoned
Part 8: Protection by liquid immersion “k”

Technically, EN 13463ff follows as closely as possible the structure of the comparable standards for electrical
equipment, especially with respect to the ignition protection
classes which are very close to those defined in EN 60079.
At present, no part of EN 13463ff is under development. The last standards were published in July 2005.
Hence, those standards are in use by manufacturers and
users of equipment, with the first feedback having now
been received.
Based on these first experiences the need for a revision of Part 1 appears to be necessary. In fact, this revision
has already commenced. The core intention of the revision
aims at accomplishing the risk assessment required by
Directive 94/9/EC. It should be noted that according to
94/9/EC the risk assessment is an assessment of the ignition
sources.
One goal of assessing ignition sources – which must
be facilitated by the manufacturer – is to identify whether or
not the ignition sources, as listed in EN 1127-1/3/, are
potential ignition sources for the specific equipment being
considered. As part of this assessment, it is distinguished,
whether or not an ignition source becomes effective either
during normal use, in case of frequent (foreseeable) malfunction or in case of rare malfunction. Additionally,
protective measures have to be taken to avoid the ignition
sources becoming effective.
Depending on which of the described operation conditions might result in an ignition source becoming effective, the manufacturer can determine the relevant category
for the equipment. The categories of equipment group II
according to Directive 94/9/EC are given as follows:
Category 3: Ignition sources will not become
effective under normal operating conditions
Category 2: Ignition sources will not become
effective under normal operating conditions and in case of
fre-quent malfunction
Category 1: Ignition sources will not become
effective under normal operating conditions and in case of
frequent malfunction and rare malfunction
Especially by implementing the assessment of the
ignition sources by the manufacturer, it appears that the currently available standards EN 13463ff do not provide sufficient support. Although the present version of EN 13463-1

includes a great number of technical requirements, it turns
out to be too complex for manufacturers in applying the
assessment of ignition sources systematically. Moreover, it
turns out that without relying on the experienced user,
who pursues the specific applications of a graded safety
concept, an assessment on non-electrical equipment often
cannot be done in an appropriate way.
Due to this reason, CEN/TC305/WG 2 initiated the
revision of EN 13463ff with the total revision of EN
13463-1 is the initial one. The following section will give
information about the work.

REVISION OF EN 13463-1 (2001)
OBJECTIVES OF prEN 13463-1 (2006)
The main objective of the revision of EN 13463-1 (2001)
was to put the user of this standard in the position to carry
out his ignition hazard assessment by executing the requirements of the standard in chronological order. This, in fact
resulted in a total re-design of the structure compared with
that of the former version. This means that the new standard
includes statements about all ignition sources defined in EN
1127-1 (1997). The description of the ignition sources is
clearly connected with the relevant technical requirements
to prevent them from becoming effective. In addition, the
revised standard has new extended definitions for ignition
sources and also bundled versions of all requirements relating to hot surfaces strewn at large in the old standard. Other
important aspects of the revision were to clearly define the
limits for mechanically generated sparks, and to extend
the documentation of the chapter.
In addition to the fixed chapters 1 to 3 the revised
structure of EN 13463-1, consists of the following main
parts:
.
.
.

2

Equipment groups and categories, explosion groups
(Chapter 4)
Description of ignition hazard assessment procedure
(Chapter 5)
Assessment of possible ignition sources according to EN
1127-1 including their significance for the equipment
(Chapter 6)
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. Additional aspects (e.g. dust deposits and other material
in the gaps of moving parts, openings of enclosures, non
metallic parts of the equipment, removable parts,
materials used for cementing, light transmitting parts
(Chapter 7)
. Tests (determination of the maximum surface temperature, mechanical (impact) tests, non-metallic parts
(Chapter 8)
. Documentation (Chapter 9)
. Annexes, Bibliography

To arrive at a scheme for the ignition hazard assessment resulting from these questions, it was necessary to
have explicit terms for these different types of ignition
sources mentioned above.
As a consequence the CEN/TC305/WG2 agreed on
to the following definitions:

The revised draft prEN 13463-1(2006) is substantially
better and clearer structured compared with EN 13463-1
(2001). This is especially valid for chapter 6, which now
corresponds to the procedure for the ignition hazard
assessment.

.

.

.
EXTENDED DEFINITIONS OF IGNITION SOURCES
The assessment of potential ignition sources of equipment,
especially the investigation under which circumstances an
ignition source is classified as potential and evaluated as
effective are the basic points of the ignition hazard assessment according to Directive 94/9/EC. The assessment of
the manufacturer has to give answers to the following
questions:
(a)

(b)

(c)

Equipment related ignition sources (question a))
Any ignition source mentioned in EN 1127, which is
caused by the equipment under consideration re-gardless
of its ignition capability.
Potential ignition sources (question b))
Any equipment related ignition source which has the
capability to ignite an explosive atmosphere. The equipment becomes subject to Directive 94/9/EC, if it has its
own potential ignition source.
Effective ignition sources (question c))
Any potential ignition sources which ignites an explosive atmosphere. The likelihood of presence of the
ignition source (during normal operation, expected or
rare malfunction) determines the equipment category.

By using these definitions, it is possible to perform the
ignition hazard assessment in the form of a table. An
example of such a table for possible and equipment
related ignition sources is shown in Table 2.

For the equipment under consideration, which of the
ignition-sources mentioned in EN 1127-1 is a possible
ignition source?
Which ignition source related to the equipment has
the capability to ignite an explosive atmosphere in
which the equipment is intended to be used?
Which of these potential ignition sources, in terms of
the equipment category, ignites the explosive atmosphere?

HOT SURFACES
This chapter now includes all information and requirements
relating to the establishment of the maximum surface temperature, especially the determination of the temperature
class, evaluation of small parts, the correction factors for
process and design temperatures and thus the correct
marking.

Table 2. Example of an initial assessment of equipment related ignition sources
Possible ignition sources
(List from EN 1127-1)

Equipment
related yes/no

5.2.3 reason

Hot surfaces
Mechanically generated sparks

Yes
Yes

Flames, hot gases
Electrical sparks
Stray electric currents and
cathodic corrosion protection
Static electricity
Lightning
Electromagnetic waves
Ionizing radiation
High frequency radiation
Ultrasonics
Adiabatic compression
Chemical reaction

No
No
No

Gas compression, vane friction
Will occur as internal moving parts may come into contact with
the explosive atmosphere
Not present
Not present
Not present

Yes
No
No
No
No
No
No
No

Vanes, lipseal, exhaust filter, float valve
Not present
Not present
Not present
Not present
Not present
But user has to consider the internal parts of the pump chamber
But user has to consider the possibility with process fluid/gas
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MECHANICALLY GENERATED SPARKS
The definition of limits for mechanically generated sparks is
important for the decision whether or not mechanical sparks
are a potential or even effective ignition source. For a lot of
manufacturers the assessment of this ignition source turns
out to be problematic. To decide if this possible ignition
source is an equipment related ignition source causes no
problems for most manufacturers, but to decide if it is a
potential ignition source leads to a lot of problems. In
most cases, the design documentation allows to extract
which equipment parts can impact with which relative velocity and thus what energy level can be reached. But it is
very difficult for manufacturers to decide if these circumstances lead to mechanically generated sparks. Therefore,
the revised standard includes chapters with energy and
speed limits for different material combinations.
The assessment of mechanically generated impact
sparks results in one of the following two situations:
Situation 1: When does the ignition source mechanically generated spark – solely by single impacts- need not
be considered a potential ignition source independent from
the category?
These values are important in two ways. If the values
defined in the standard are not exceeded by the operation of
the respective equipment, the ignition source “mechanically
generated impact sparks” is classified “not a potential ignition
source.” If there is any other potential ignition related to the
equipment, the equipment is under the scope of Directive
94/9/EC, otherwise it is not. The following requirements
will be defined in the revised standard:
If the following conditions are met, a mechanically
generated spark is classified as not a potential ignition
source.
Either
a) the impact velocity is less than 1 m/s and the
maximum potential impact energy is less than
500 J and
(1)
(2)

(3)
(4)
(5)

than 60 J for gas/vapor-atmospheres or less than
125 J for dust atmospheres.
Situation 2: When do ignition sources generated
solely by single impacts, depending on the category, need
not to be considered as potential ignition sources?
The energy values documented in this standard are
dependant on the equipment category and explosion
group. They are provided for manufacturers who want to
reach a certain equipment category for an intended explosive atmosphere. If these values are not exceeded the equipment fulfills the requirements for the intended equipment
category according to the equipment related ignition
source mechanical generated sparks.
The limits of mechanically generated sparks are based
on published values as well as on extensive tests executed by
BAM (2005)/8/.
Additionally, the chapter about mechanically generated sparks will also include statements about grinding
sparks resulting from the recently finished MechExProject/4/.

ELECTRICAL IGNITION SOURCES
The electrical ignition sources were included in this standard with their links to the relevant IEC-standards of IEC
EN 60079ff/5/. Thus, the interfaces to the standards on
the field of electrical equipment were defined as the basis
for unified standards.

DOCUMENTATION
The chapter “Documentation” was extended. It includes the
technical documentation which has to be archived by the
manufacturer and the accompanied documentation for the
user. The chapter documentation shall give guidance
especially to the manufacturers of non-electrical equipment
of equipment group II category 2 regarding selection of the
documentation to be stored (e.g. at the Notified Body).
The objective defined at the beginning of the revision
should be achieved by the described modifications. Hence,
this revised standard should better fulfill the task to put
the requirements of Directive 94/9/EC for non-electrical
equipment into concrete terms and to help the manufacturer
of non-electrical equipment executing the ignition hazard
assessment.

Aluminium is not used in combination with ferritic
steel, or
Aluminium is only to be used in combination with
stainless steel (16,5% Cr), if the steel cannot
corrode and no iron oxide and/or rusty particles can
be deposited on the surface (appropriate reference to
the properties of the stainless steel shall be given in
the technical documentation and instructions for
use), or
Hard steel is not used in combination with hard steel,
or
Hard steel is not used where it can impact in granite,
or
Aluminium is only to be used in combination with aluminium if no iron oxide and/or rusty particles can be
deposited on the surface.

SPECIAL CASE: MECHANICAL EQUIPMENT
WITHIN PROCESS PLANTS
IGNITION HAZARD ASSESSMENT FOR
MECHANICAL EQUIPMENT WITHIN PROCESS
PLANTS (“PROCESS EQUIPMENT”)
EN 13463-1 (2001) states that the manufacturer of equipment has to perform an ignition hazard assessment for all
possible applications and define measures to prevent
ignition sources from becoming effective. The mechanical
equipment within the interior of process plants (“processequipment”) is often not used permanently but only during

or
b) where a combination of non-sparking materials is
used the impact velocity is less than or equal to
15 m/s and the maximum potential energy is less
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Table 3. Procurement of equipment intended for use in explosive atmospheres

Non-electrical-(“mechanical”)
equipment-process-equipment

Electrical equipment
interior of
process-plants
exterior of
process-plants

category according to the presence of
explosive mixtures “in terms of a zone”
category according to zone

category independent of process- and operation
(i.e. category 2 or 3) þ risk assessment by the user
(acc. to Directive 1999/92/EC, Annex II B/7/)
category according to zone

Remark: The use of an equipment which deviates from the manufacturer’s instruction for use must be reassessed by the risk assessment of the user. (acc.
to Directive 1999/92/EC, Annex II B or its implementation into national regulations)/7/

certain well defined phases of the process. During those
phases the occurrence of explosive mixtures can deviate
from the overall occurrence of explosive mixtures of the
complete process, which often would require category-1equipment. If the occurrence of the explosive mixture
depends on the process phase, an optimized/tailor-made
ignition hazard assessment requires the knowledge of
detailed process information, which is only available from
the user’s side.
Often, the manufacturer of fast running process equipment (e.g. mixers with rotor-stators or choppers) is asked to
design process-equipment for interiors in which explosive
dust/air mixtures are either present for long periods or on a
frequent basis. In that case (i.e. “category-1-equipment”),
the manufacturer has to evaluate all possible applications in
a potentially explosive atmosphere and rare malfunctions
leading to effective ignition source and this without
knowing the process. On the other hand, the user has detailed
knowledge of the process and can perform a customized risk
assessment for the phases of the process when the equipment
is actually in use. This is done by choosing standard-, category-3 or -2-equipment (no ignition source in normal operation or even in the case of malfunction), assessing the
presence of explosive mixtures during the phase of operation
and defining the necessary measures for prevention of
ignition sources during that phase. A basis for the user’s
risk assessment can be the ignition hazard assessment of
the manufacturer of category-3 or -2-equipment which
needs to be reassessed. On top of this, if necessary, the user
defines special measures for explosion protection in his risk
assessment. The documentation of this additional (i.e. the
user’s) ignition hazard assessment is part of the explosion
protection document (-.Directive 1999/92/EC, Annex II
B/7/).The procedure is shown in Table 3.

were made as to which kind of intervention should be done
by the manufacturer only and which kind may be done by
the user without losing the conformity of the product.
Presently, two extreme positions can be found in most
of the operation manuals. In some cases, the manufacturer
prohibits any intervention on his product by clever
wording thus hindering the user to appropriately use the purchased product. In other cases, poor or even no support is
given, which opens the trap for both, manufacturer and
user to be in conflict with the law.
Undoubtedly, maintenance or repair very often is in
the responsibility of the user. Nevertheless, the manufacturer has the obligation to allow at least the intended use
of the sold equipment. This includes a clear statement to
clarify the extent and responsibility of maintenance
measures. Therefore, it would be highly appreciated if a distinction would be made in future operation manuals whether
a measure is just standard work (e.g. one-to-one exchange of
a spare part) or whether it could affect the explosion protection of the product (e.g. dressed to size of a shaft feed
through in flameproof enclosure design).
SUMMARY/NEXT STEPS
Special problems with mechanical equipment used in the
interior of process plants (“process-equipment”) were identified and practical solutions for the user were described.
However, as the last remarks prove, there are still some
aspects to be treated and with the revised EN 13463ff a
good standard which was eagerly awaited by the industry
becomes easier to apply. And a second statement is
proven: Without the contribution of all stakeholders, an adequate standard will never become reality. Therefore, take
any invitation to participate in the elaboration of standards
which may cost money but will bring us even more – safety.
The revision of the other parts will follow shortly – a
good chance to start.

MAINTENANCE AND REPAIR OF NONELECTRICAL EQUIPMENT
Within the operation manual the manufacturer shall give
comprehensive information about maintenance and repair
of the supplied equipment. As this is a sensitive field at
the interface between users and manufacturer’s responsibility, the content of the requirements has to be evaluated very
carefully. It would be highly appreciated if clear distinctions
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Industrial explosion protection systems for industrial processing plants offer protection against the
known or perceived explosion hazards. All safety systems have a residual risk that they fail to
achieve their mission, whether it be via hardware failures; personnel errors, errors in the theoretical
assumptions or inadequacies in the quantification of prevailing hazards. Even if these individual
risk factors were quantifiable and known, which they are often not on both counts, their combinations to generate an overall residual risk of mission failure for the system is not obvious nor
simple to quantify.
Safety system design engineers and safety officers alike rely on their expertise and experience to
ascribe adequate and appropriate explosion protection. Operators, who carry the ultimate responsibility, are making a key decision on the acceptability of the prevailing residual risk – often
without a clear methodology to quantify or ascribe this residual risk. This paper sets out a systematic methodology for quantifying this residual risk in the context of industrial explosions and
installed explosion mitigation provisions in the process industry,- thus allowing those responsible
to be guided through the often challenging balance of ascribing the most cost efficient explosion
protection provisions.
It will show that a directed graph representation can be used to represent the process plant and
the intended or installed explosion safety (prevention and/or mitigation) system as a whole, comprising a set of nodes linked by arcs. Two types of building blocks are used: process blocks and
protection blocks. Each block, of either type, is characterised by connectivity, characteristic and
probability parameters. The connecting arcs are directed, thus specifying the flow through the
process. Multiple entry or exit arcs represent multiple inputs or outputs for each node. This conceptual architecture allows the cumulative probability of failure to be computed via the summation of
all the contributing paths in the event tree.
The paper demonstrates the computation of residual risk using this methodology for two
“typical” examples of process plant where explosible dust represents the principle explosion
hazard. The two selected examples consider the prevalent issues of a spray drying process, and
of a grinding, classification and product collection/storage process. For each application the
explosion protection options of explosion venting, explosion suppression and explosion isolation
(using either chemical barriers or fast acting valves) are considered and the “trade offs” in terms
of residual risk are defined based on reasonable input assumptions.
With the overall residual risk of failure computed, the paper will go on to illustrate the sensitivity of risk with regards to the protection system design and the critical input assumptions. It is
inevitable that decisions made by safety system design engineers or safety officers in the selection
of explosion protection measures, and indeed the selection of the specific hardware, itself, will
have a profound effect on the computed residual risk of an unmitigated industrial explosion
occurrence. This methodology assists operators in meeting their obligations under the European
ATEX Regulations to assess and ascribe the residual risk of an unmitigated explosion in industrial practice.

KEYWORDS: residual risk, network and graph theory, hazard, explosion protection

errors, errors in the theoretical assumptions, or inadequacies
in the quantification of the hazard. Even if these individual
risk factors were identifiable and quantifiable, which they
are often not on both counts, their combinations to generate
an overall residual risk of mission failure for the explosion
protection system is not obvious. The residual risk

INTRODUCTION
Explosion protection systems designed and installed on
industrial processing plants offer protection against the prevailing and the envisioned explosion hazards. All safety
systems have a residual risk that they fail to achieve their
mission, whether it be via hardware failures; personnel
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computations are challenging and not simple to determine.
Details of earlier investigations are reported in [Moore,
2004], [Heino, 1995].
Safety system design engineers and safety officers
alike rely on their expertise and experience to ascribe adequate and appropriate explosion protection. Owners/operators, who carry the ultimate responsibility, are making a
key decision on the acceptability of the prevailing residual
risk – often without a clear methodology to quantify or
ascribe residual risk. This paper sets out a systematic methodology for quantifying residual risk in the context of the
installed explosion mitigation provisions in the process
industry, thus allowing those responsible to be guided
through the often challenging balance of ascribing efficacious and cost efficient explosion protection provisions.
A directed graph representation [Christofides, 1975]
is used to represent the process plant and the intended or
installed explosion safety (prevention and/or mitigation)
system as a whole, comprising a set of nodes linked by
directed arcs. Each node represents a process block (e.g. a
vessel such as a drier or a cyclone) and is characterised by
a set of connectivity and probability parameters. The connecting arcs are directed allowing flow in one or more directions, thus specifying the flow through the system. Multiple
entry or exit arcs represent multiple inputs or outputs for
each node. This conceptual architecture allows the cumulative probability of failure to be computed by a simple algebraic model. The computation model and the processing
algorithm explicitly accounts for both the principal mechanisms of failure; viz. complete failure of the safety system
(e.g. due to a critical hardware failure) and failure due to
inadequate protection (e.g. due to the reduced explosion
pressure of a suppressed or vented explosion occurrence
still being greater than the pressure shock resistance of the
vessel).
The paper demonstrates the computation of residual
risk using this methodology for two typical examples of
process plant where explosible dust [Barton, 2002] represents the principal explosion hazard. The selected
examples illustrate some of the prevalent protection issues
in a simple spray drying process and in a simple product
milling and collection process. The explosion protection
options of explosion venting, explosion suppression and
explosion isolation (using either triggered chemical barriers
or fast acting valves) are considered and the “trade-offs” in
terms of residual risk are ascribed based on reasonable input
assumptions.
With the overall residual risk of failure for the
example systems computed, the paper illustrates the sensitivity of risk with regards to the protection system design
and specific critical input assumptions.
It is inevitable that decisions made by safety system
design engineers or safety officers in the selection of pertinent explosion protection measures, and indeed the selection
of the specific hardware itself, has a profound effect on the
computed residual risk of an unmitigated industrial
explosion occurrence. This methodology assists operators
in meeting their obligations under the European ATEX

Regulations [ATEX, 2005] to assess and ascribe the residual
risk of unmitigated explosions.

DIRECTED GRAPH REPRESENTATION
The industrial applications under study are to be represented by a directed graph methodology. A directed
graph consists of a set of nodes linked by directed arcs.
Associated with each graph is some type of flow. In the
proposed architecture, each component in the system is
represented as a composite node with multiple indegrees and multiple out-degrees. Any arc in the process
system represents the flow of only one type of material.
Figure 1 shows a simple spray drying process. A wet
dairy product is spray dried, and then passes through two
bed driers that further reduce the moisture content of the
final product. Dust content in the drying air is separated
by a ganged pair of cyclones, and returned through a fines
return line to the spray drier. Spray drier designs that use
a fines return loop are known to be more susceptible to
dust explosion incidents because of the higher level of connectivity between the fluid bed driers and the spray drier.
Figure 2 shows the corresponding directed graph representation for this process.
In this example, explosion protection is achieved by
appropriate explosion relief vent panels installed on the
spray drier and the cyclones, and by a two-zone explosion
suppression system installed on the fluid bed driers. Two
triggered chemical barriers are incorporated as explosion
isolation means between some of the connected vessels.
In Figure 1, note that the “fines feedback” is a virtual
node i.e. it does not represent a physical block or a vessel.
Virtual nodes may be necessary for representation purposes
as they allow us to distinguish between the flame propagation from different sources (cyclones and fluid bed
driers in this case) to a common destination (spray drier in
this case). We can use nodes and process blocks interchangeably; keeping in mind that one is an abstract representation of the other.
Similarly, Figure 3 shows a milling and collection
process and Figure 4 depicts the corresponding directed
graph representation. In this process a granulated pharmaceutical product is fed into a grinder, and the product fines
are pneumatically transported to the collection hopper.
Residual dust from the cyclone is extracted by a bag-filter
before the process air is returned to atmosphere. The
cyclone and bag-filter are protected by appropriately sized
explosion vent panels, whilst the grinder and product
hopper are protected by explosion suppression systems.

A MODEL FOR COMPUTATION OF RESIDUAL
RISK
ASSUMPTIONS
We first introduce the assumptions1 and the notations, which
are used to specify the residual risk model.
1

2

These assumptions can be modified as appropriate to the application.
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Figure 1. Schematic representation of an example spray drying process. The grey arrows represent material flow through the plant .
The volumes of the spray dryer, cyclones and fluid bed dryers are 100 m3, 15 m3 and 6 m3 respectively. D1 and D2 represent two
different types of pressure detectors both with activation pressures ( pa) set at 0.05 bar(g). All vents are assumed to have yield
pressures (pstat) of 0.1 bar(g) and are 5.5 m2 (6 panels) and 1.5 m2 (3 panels) for the spray dryer and cyclones respectively

. The probability of ignition in any vessel is assumed to be
equally likely under given explosible conditions that can
prevail, and equally probable at all locations within each
component.
. An unmitigated explosion2 in a critical process block or
a node is considered as a failure. Process blocks with
redundant protection and virtual process blocks, such
as the “fines feedback” in spray drier process above,
are considered to be non-critical, since the risk of
failure of the former is considered to be negligible relative to process blocks with no redundant protection and
the failure of the latter alone does not constitute a plant
failure.
. Given an ignition event at a process block or a node,
only the probabilities of an unmitigated explosion in
the same block or in the blocks directly connected to it
are considered in the computation of risk.
. Given an ignition or a propagating flame in any process
block with two types of detectors and two types of suppressors, an unmitigated explosion is assumed to occur
when all detectors of both types (holds true for explosion
protection but not necessarily for explosion isolation) or
any one suppressor fails. Thus we are assuming that
there are at most two different types of detectors and
at most two different types of suppressors on any

.

process block. Further, any process block with a redundant suppressor is assumed to have a negligible risk of
an unmitigated explosion due to suppressor hardware
failure, compared to blocks with no redundancy.
The assumption about the number of detectors associated with any one process block can be relaxed and a
more general computational model is still tractable.
However, the simpler model presented here with the

Figure 2. Directed graph representation for the example spray
drying process. The arrows represent material flow and the node
abbreviations are defined in Figure 1

2

By unmitigated we mean when pred (i), the reduced pressure after an
explosion event and its mitigation, is still greater than ps (i), the pressure
shock resistance on the vessel.

3
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Figure 3. Schematic representation of an example milling process. The grey arrows represent material flow through the plant. The
volumes of the grinder, cyclone, bag-filter and storage hopper are 1.0 m3, 10 m3 5 m3 and 30 m3 respectively. D2 represents the
pressure detector with an activation pressure (pa) set at 0.05 bar(g). All vents are assumed to have yield pressures ( pstat) of 0.1
bar(g) and are 1.0 m2 (2 panels) and 0.5 m2 (1 panel) for the cyclone and bag-filter respectively

above assumption about detectors is adequate to present
our central argument and the two demonstrations chosen
adhere to this assumption.
. We use failure probability as a proxy for residual risk. In
reality, ignition events, which may lead to explosion, are
rare and failures in some vessels may simply lead to an
inconvenience rather than to a catastrophe. However, we
assume that failure of every process vessel is catastrophic3 and that the probability of ignition is 1 at
each node. These assumptions lead to very conservative
risk estimates for any individual protection system configuration. However, the degree of conservatism is the
same while comparing different configurations and the
model is valuable from the point of view of comparing
the residual risk yielded by different choices of safety
system configurations.

be 1 year for all cases. Seven more parameters
l1 (i), . . . , l6 (i) are defined for each process block i using
the relations tabulated in Table 1.
The mean times before failure (MBTF) shown in
Table 1 are not meant to be accurate or even pertinent for
the specific hardware, but are deemed to be representative
for our purpose. In fact they can be different for different
process blocks (e.g. a spray dryer may have a suppressor
with a different MTBF than a fluid bed dryer). In general,
each process block (corresponding to node i in our architecture) will have its own list of ascribed MBTFs.

DEFINITIONS OF MODEL PARAMETERS
In the model for computation of risk using graphs each node
i of the system is characterised by a set of parameters
described in this section.
PE (i) is the probability of an occurrence of an ignition
event in any process block i, which, if not effectively suppressed or vented, will result in an unmitigated explosion.
We have set the value to be 1 over a given time span of 1
year for each block. k1 and k2 are the number of suppressors
of type 1 and type 2 respectively. The unit of time is in
accordance with the maintenance period and is assumed to
3

Figure 4. Directed graph representation for the example
milling process. The arrows represent material flow and the
node abbreviations are defined in Figure 3

No allowance is made for the severity of any failure

4
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Table 1. Relations between l(i) and the elected MBTF for possible hardware on each process
block years
Relations
1=l1 (i)
1=l2 (i)
1=l3 (i)
1=l4 (i)
1=l5 (i)
1=l6 (i)

Hardware Component

MBTF in years

Explosion Vent
Detector (type 1)
Detector (type 2)
Suppressor (type 1)
Suppressor (type 2)
Fast-Shutting Isolation Valve

50,000 per panel
4,000
6,000
30,000
50,000
2,000

tb (i, j) and tf (i, j) assumed4 to be independent normal variables with specified means and variances which are stationary through time. Once again the specified values of these
parameters are invariably very conservative, both representing the worst case to err on the side of caution. For reasons
similar to those employed for pred (i) and ps (i), we have
chosen to assume a standard deviation of 10% of the
nominal value for both tb (i, j) and tf (i, j), and that the
values quoted for tb (i, j) and tf (i, j) are two standard deviation limit values.
Pbarrier (i, j) in Equation 4 represents the probability
that the isolation barrier hardware is actuated and the
barrier is established, but the barrier is deployed too late
to stop the flame from reaching the next process block.

The probability of failure of a particular component in
one random year is given by Equation (1).

pj (i) ¼ 1  elj (i)

(1)

Equation 2, describes the criticality parameter, 1i , as
defined in the assumptions.

1i ¼

1 if block i is critical
0 otherwise


(2)

pred (i) is the reduced pressure after an explosion event
and its mitigation, and ps (i) is the pressure shock resistance
of the process block. pred (i) and ps (i) are independent normal
variables with specified means and variances which are
assumed to be stationary through time. The specified
values of these parameters are intentionally very conservative both representing the worst case to err on the side of
caution. A judgement needs to be made about the choice
of mean values of these variables to ensure that the computation of risk is realistic and is not affected excessively by
the built-in safety factors in the design of any protection
system. We have elected a standard deviation of 10% of
the nominal value for both pred (i) and ps (i), and that the
values quoted for pred (i) and ps (i) are two standard deviation
limit values, thus completely specifying the distribution of
pred (i) and ps (i).
Pdiff (i) represents the probability that the explosion
protection hardware system does not fail but the reduced
pressure is still higher than the pressure shock resistance
of the vessel, and is described by the inequality in
Equation 3.
Pdiff (i) ¼ P rob{Pred (i)  Ps (i) . 0}

Pbarrier (i, j) ¼ Pr ob{tb (i, j)  tf (i, j) . 0}

(4)

The total flame propagation probability from node i to
node j is the summation of propagation due to complete
hardware failure of barrier and propagation due to late activation of barrier, see Equation 5;
0

0

PS (i, j) ¼ PS (i, j) þ (1  PS (i, j))  Pbarrier (i, j)

(5)

0

where PS (i, j) is the probability of flame propagation from
node i to node j, either due to hardware failure or due to
the absence of an installed isolation barrier. For the
purpose of our examples, we will assume that
0
0
PS (i, j) ¼ PS (j, i), although this may not be the case in
S0
general. P (i, j) will depend on various parameters such
as; the MTBF of the isolation barrier, the barrier establishment time and the connectivity between the two vessels
(relative vessel volume, duct length and diameter).
When all the above parameters are specified for each
block in the system, we have all the information necessary to
compute residual risk in the system. There are a variety of
ways in which this information can be represented in software. The purpose of this paper is, however, to explain
the methodology rather than to explain a particular software
realization.

(3)

This allows us to represent the proximity of pred (i) to
ps (i) in the system design and account for any intentional
design safety factors in our computation of residual risk.
In a similar manner we can define the following set of
parameters relating to the connectivity between plant items
and any isolation barriers installed. tb (i, j) is the time, from
ignition, for the flame propagation barrier (either chemical
barrier or a valve) to be established and tf (i, j) is the time
that the flame front will arrive at the barrier location.

4

The assumption of independent variables is reasonable since the
causes (sources) of uncertainty in these two parameters are independent.

5

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153
Table 2. Computation of a1 and a2 based on the number of suppressors (k1 and k2 ) and pj (i)
defined in Equation 1
k1 . 0,k2 ¼ 0

k1 ¼ k2 ¼ 0

a1

kP
1 1

0

(1  p4 (i))j  p4 (i)

j¼0

a2

k1 . 0,k2 . 0

0

0

kP
1 1
j¼0
kP
2 1

(1  p4 (i))j  p4 (i)
(1  p5 (i))j  p5 (i)

j¼0

where there is no unmitigated explosion in process block
i, given an ignition in the same process block i, however,
the flame propagates to a neighbouring process block j
and causes an unmitigated explosion in block j.
The overall residual risk is the summation of gi over
all nodes as shown in Equation 9.

ALGEBRAIC FORMULA FOR COMPUTATION
OF RISK
The total risk of failure of any node i is denoted by Ri and it
can be computed using Equations 6 and 7:
R0i ¼ min½p1 (i),p2 (i)p3 (i) þ ½1  p2 (i)p3 (i)
 ½a1 þ (1  a1 )  a2 
Ri ¼

R0i

þ (1 

R0i )

(6)

 Pdiff (i)

R¼

(7)

gi ¼ PE (i) Ri  1i þ (1  Ri )

X

P (i, j)  1j  Rj

(8)

j[f

where f is the set of nodes connected directly to node i
(possibly through a protection system). Each Ri is computed
as in Equation 7. PE (i) is the probability of occurrence of an
ignition event and is multiplied with Ri , which is the
explosion
event in that particular block. The term (1  Ri ) 
P S
P (i, j)  1j  Rj in Equation 8 represents an event
j[f

Table 3. Pertinent explosion protection and process plant parameters together with Pdiff (i) for each component in the
example spray drying process
Nodes
1
2
3
5
6

(9)

EXAMPLES OF THE COMPUTATION OF
RESIDUAL RISK
A SPRAY DRYING PROCESS
Figure 1 shows our example of a simple spray drying
process. The powdered diary product is assumed to have a
fuel explosibility rate constant, Kmax, of 130 bar.m/s and
a maximum explosion pressure of 10 bar(a). Using the
vessel volumes, vessel strengths (ps (i)), pressure detection
( pa) and vent activation pressures (pstat) for the protection
system it is possible to derive predicted reduced explosion
pressures (pred (i)) for each plant item, either using proprietary [Siwek, 2003] or in-house software packages [ATEX,
2006]. Of course, other means for calculating or deriving
these pressures are equally valid. Those pertinent to our
example are shown in Table 3, together with Pdiff (i) which
is the calculated probability that even without a hardware
failure, the reduced pressure is still greater that the pressure
shock resistance of the vessel.
Table 4 lists the tb (i, j) and tf (i, j) values for those
plant interconnections where explosion isolation is
employed, together with Pbarrier (i, j) which is the probability
that even without a hardware failure, flame still passes the
barrier. These values have been calculated using our inhouse software package [ATEX, 2006] with representative

#
S

gi

i[nodes

where a1 and a2 are computed based on the number of suppressors and are summarised in Table 2 and pj (i) were
defined in Equation (1). The first “min” term in the
expression for R0i represents an explosion due to an ignition
event not being vented or detected. All the remaining terms
represent an explosion due to suppression or isolation hardware failure. a1 represents the explosion due to failure of
suppressor of type 1 and a2 represents the explosion due
to failure of suppressor of type 2. Note that the failure of
block i can be due to complete failure of protection
system (the first term in Equation 7) or due to partial or
inadequate protection (the second term in Equation 7).
The residual risk due to an ignition in block i is
denoted by gi and can be computed using Equation 8:
"

X

Components

Reduced Explosion
Pressure / bar(g)

Pressure Shock
Resistance / bar(g)

Probability that
pred (i) . ps (i)

SD
FBD1
FBD2
C1
C2

pred (1) ¼ 0:25
pred (2) ¼ 0:72
pred (3) ¼ 0:72
pred (5) ¼ 0:31
pred (6) ¼ 0:31

ps (1) ¼ 0:25
ps (2) ¼ 0:8
ps (3) ¼ 0:8
ps (5) ¼ 0:5
ps (6) ¼ 0:5

Pdiff (1) ¼ 2:34  103
Pdiff (2) ¼ 2:28  106
Pdiff (3) ¼ 2:28  106
Pdiff (5) ¼ 2:25  107
Pdiff (6) ¼ 2:25  107

6
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Table 4. Pertinent explosion isolation parameters and Pbarrier (i,j) for the spray drying process
Nodes
SD to FBD1
FBD1 to FF
FBD2 to FF

Barrier establishment time
from ignition/ms

Time for flame to
arrive at barrier/ms

Probability that
tb (i, j) . tf (i, j)

tb (1,2) ¼ 165
tb (2,4) ¼ 70
tb (3,4) ¼ 70

tf (1,2) ¼ 165
tf (2,4) ¼ 100
tf (3,4) ¼ 100

Pbarrier (1,2) ¼ 2:34  103
Pbarrier (2,4) ¼ 7:90  108
Pbarrier (3,4) ¼ 7:90  108

Impact of Changes in Explosion Protection System Design
The real power of the proposed methodology for residual
risk computation is the ease with which we can quantify
the change in risk with a change in input assumptions or a
change in protection system design. We consider three
changes to demonstrate this point, all of which start from
the configuration shown in Figure 1:

Table 5. Probability of flame propagation between nodes in the
spray drying process
Probability of flame propagation
from node i to node j

Nodes

0

Ps (1,2) ¼ 0:005
0
Ps (2,3) ¼ 0:1
s0
P (2,4) ¼ 0:005
0
Ps (3,4) ¼ 0:005
s0
P (5,4) ¼ 0:001
0
Ps (6,4) ¼ 0:001
0
Ps (4,1) ¼ 0:5
0
Ps (1,5) ¼ 0:7
s0
P (1,6) ¼ 0:7

SD to FBD1
FBD1 to FBD2
FBD1 to FF
FBD2 to FF
C1 to FF
C2 to FF
FF to SD1
SD to C1
SD to C2

.

.
hardware and input parameters such as the duct diameter
and process air flow. Once again, other means for calculating these times are equally valid.
Next we must ascribe flame propagation probabilities
between connected plant items. Those shown in Table 5 are
deemed to be representative for the example plant and the
specifics of the explosion isolation barriers fitted, and are
of course dependent of a certain degree of subjectivity.
The residual risk of failure for each component,
assuming ignition in each component, can now be computed
and are shown in Table 6. Clearly g1 , which refers to the
spray drier, is the component most at risk
(g1 ¼ 2:52  103 ) with 1 in every 397 ignition events in
this component resulting in a critical failure of the safety
system.

.

Table 6. Residual risk of safety system failure for each node in
the spray drying process

Nodes
1
2
3
4
5
6

Components
SD
FBD1
FBD2
FF
C1
C2

Residual risk due to
an ignition in block
i

g1
g2
g3
g4
g5
g6

¼ 2:52  103
¼ 2:48  104
¼ 2:36  104
¼ 1:23  103
¼ 1:76  103
¼ 1:76  103

The spray drier in this example yielded the greatest risk
in the process. To address this, an increase in the area of
the explosion vent from 5.5 m2 to 6.0 m2 reduces the calculated pred (1) from 0.25 bar(g) to 0.22 bar(g). This
increase in safety margin between pred (1) and ps (1)
decreases the calculated residual risk5 for the spray
drier (g1 ) by over an order of magnitude to 2.78  1024.
The removal of the isolation barriers between the spray
drier and fluid bed drier1, and that between the fluid
bed driers and the fines feedback has a profound effect.
In particular, the residual risk of the fluid bed drier1
(g2 ) increases from 2.48  1024 to 2.41  1023. This
is due to the increase in flame propagation probability
0
between the spray drier and fluid bed drier1 (Ps (1,2))
0
and via the fines feedback Ps (4,2). Such connectivity
will result in a flame jet ignition event, with the resulting explosion incident being more severe than the point
ignition assumption that was used in designing the
explosion protection on these plant components. The
same is true for the spray drier but the change is less
pronounced (2.52  1023 to 4.17  1023) since g1 is
already high.
Replacement of the explosion venting on the spray drier
with explosion suppression only marginally effects the
residual risk of the spray drier (g1 ) which decreases to
2.35  1023. This is due to the combination of the
elected MBTFs for the suppression system components
over that of explosion vents. More interestingly, changing to protection by suppression on the spray drier
also reduces the probability of flame propagation to
the fluid bed driers and the cyclones. Fluid bed drier1
benefits the most from this phenomena and results in
a lower residual risk of 2.04  1024.

Moreover, if we were now to remove both the isolation barriers from this modified configuration, we get
only a slight increase in the residual risk at the fluid bed
driers, in contrast to our earlier example. For fluid bed
5
The exact parameters for nodes are omitted for brevity; full data used
for computation is available from the corresponding authors.

Overall residual risk, R 5 7.75 3 1023
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Table 7. Pertinent explosion protection and process plant parameters together with Pdiff (i) for each component in the
example milling process
Nodes
1
2
3
4

Components

Reduced Explosion
Pressure / bar(g)

Pressure Shock
Resistance / bar(g)

Probability that
pred (i) . ps (i)

G
C3
BF
SH

pred (1) ¼ 2:0
pred (2) ¼ 0:68
pred (3) ¼ 0:55
pred (4) ¼ 0:49

ps (1) ¼ 2:5
ps (2) ¼ 0:80
ps (3) ¼ 0:60
ps (4) ¼ 0:50

Pdiff (1) ¼ 2:09  105
Pdiff (2) ¼ 3:72  105
Pdiff (3) ¼ 2:91  104
Pdiff (4) ¼ 1:48  103

drier1 the change is from 2.04  1024 to 4.28  1024, the
difference being due to the reduction in flame propagation
probabilities when the source vessel is suppressed. Thus,
with protection of the spray drier by explosion suppression
instead of explosion venting, we may determine that the
small additional benefit of incorporating explosion isolation
is an inefficient use of the financial resources directed to
plant safety.

the change in this residual risk if we elect a change in protection system design.
In this example, with the assumption that ignition is
equally likely in each component, we see that the cyclone
represents the biggest residual risk. However it is intuitively
clear that ignition will in practice be more likely in the
grinder – where we are mechanically working the
product; and that because of the connectivity between the
grinder and the cyclone/bag-filter, any ignition at the
grinder will give rise to explosions in these downstream
components. This would lead the safety engineer to
specify installation of explosion isolation between the
grinder and the cyclone.
The inclusion of a fast-shutting explosion isolation
valve between the grinder and the cyclone is one solution.
The closing time of such a valve is typically 40 ms, and
must be positioned such that it closes before flame arrives
at the barrier location – that is tb (1,2)  tf (1,2) ¼ 142 ms.
For the specific valve we calculate that it needs to be
deployed some 12.0 m from the grinder to be effective.
Installation of such an isolation barrier shows material
benefit in reducing the residual risk at the cyclone (g2 )
from 2.68  1023 to 3.90  1024.
If we deployed a chemical acting isolation barrier at
12.0 m instead of the fast-shutting valve, the former
having a much faster deployment time, we see a further
reduction in g2 to 3.59  1024. This is a consequence
of tb (1,2) now being much less than tf (1,2) and this
additional safety factor is of course taken into account
in the calculation of g2 .
However, consider the situation where it is not practicable for the isolation valve to be installed at 12 m since
the duct is simply not long enough. Instead, installation

A MILLING AND COLLECTION PROCESS
Figure 2 shows our second example of a simple milling and
collection process. The milled pharmaceutical product has a
fuel explosibility rate constant, Kmax, of 300 bar.m/s and a
maximum explosion pressure of 10 bar(a). Once again using
the vessel volumes, vessel strengths (ps (i)), pressure detection ( pa) and vent activation pressures (pstat) for the protection system it is possible to derive predicted reduced
explosion pressure (pred (i)) for the each plant item. Those
pertinent to our example are shown in Table 7, together
with Pdiff (i) which is the calculated probability that the
reduced pressure is greater that the pressure shock resistance
of the vessel.
Next we must ascribe flame propagation probabilities
between connected plant items. Those shown in Table 8 are
deemed to be representative for the example plant, and are
of course dependent of a certain degree of subjectivity.
The residual risk of failure, assuming ignition in each
component, can now be computed and are shown in Table 9.
Impact of Changes in Explosion Protection System Design
Again, we can demonstrate the usefulness of the proposed
methodology for residual risk computation by quantifying

Table 9. Residual risk of safety system failure for each node in
the milling process

Table 8. Probability of flame propagation
between nodes for the milling process

Nodes
G to C3
C3 to BF
BF to SH
C3 to SH

Probability of flame
propagation from
node i to node j

Nodes
1
2
3
4

0

Ps (1,2) ¼ 0:70
0
Ps (2,3) ¼ 0:5
s0
P (3,4) ¼ 0:25
0
Ps (2,4) ¼ 0:001

Components
G
C3
BF
SH

Residual risk due to an
ignition in block i

g1
g2
g3
g4

¼ 1:74  103
¼ 2:68  103
¼ 2:03  103
¼ 1:68  104

Overall residual risk, R 5 6.62 3 1023
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can only be made at 6.0 m from the grinder outlet. Re-calculating the worse case (earliest) time for the flame to
arrive at the 6.0 m location yields a reduced tf (1,2) of 116
ms. Thus we get a much increased risk of flame propagation
into the cyclone and a consequential increase in g2 to
1.06  1023.
This undesirable increase in risk can avoided by
selecting chemical isolation instead of the fast acting
valve, thus decreasing tb (1,2) such that it is once again
less than tf (1,2). The resulting residual risk of an unmitigated explosion in the cyclone (g2 ) is decreased to
3.68  1024.
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CONCLUSION
This paper has set out a calculation methodology that can be
used to ascribe residual risk for process safety – in this case
for explosion protection. From appropriate input assumptions we can derive a meaningful residual risk that a critical
safety system will fail to mitigate an explosion incident.
Moreover, by interrogating the safety system options,
we can select the most efficacious protection methodologies
and quantify the cost/benefit implications of the elected
safety solution. The facility to consider the trade-offs
between protection methodologies, and the tangible benefits
of incorporating redundancy into safety schemes can be
defined.
The authors assert that adoption of a systematic methodology that ascribes expected residual risk factors allows
for better and more informed design decisions, leading to
enhanced overall process safety and greater overall cost
effectiveness in safety solution election.
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MODEL-BASED ONLINE FAULT DETECTION AND DIAGNOSIS (FDD)
STRATEGY FOR A CHEMICAL REACTOR
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This paper presents a Fault Detection and Diagnosis (FDD) method for stochastic nonlinear
dynamic systems. Our contribution consists to show an another way of tackling the problem of
the physical origin diagnosis of faults by combining the technique based on the innovations and
the technique using the multiple Kalman filters for a nonlinear dynamic system strongly nonstationary. The usefulness of this combination is the implementation of all the fault dynamics
models if the decision threshold on the standardized innovation exceeds a fixed value. In the
other case, one filter is enough to estimate the process state. An algorithm is described and
applied to a perfectly stirred chemical reactor functioning in a semi-batch mode. In this paper,
the chemical reaction used is an oxido reduction one, the oxidation of sodium thiosulfate by hydrogen. This chemical reaction is a very exothermic system already used for a thermal runway analysis
of chemical reactors.

KEYWORDS: safety, reliability, risk analysis, fault detection, diagnosis, dynamics modelling, extended
kalman filter (EKF)

knowledge-based systems and analytical redundancy techniques. An impressive number of works has been devoted
to fault detection. Fault detection, in signals and dynamic
systems, has been the subject of works in many fields:
chemical processing (King and Gilles, 1990, MacGregor
and Jaeckli, 1994), geophysical signal segmentation
(Basseville and Benveniste, 1983), signals segmentation
and biomedical signal processing (Gustavson et al.,
1978, Sanderson and Segen, 1980), vibration monitoring
(Basseville and Benveniste, 1980), seismic (Nikiforov and
Tikhonov, 1986), nuclear industries (Desaı̈ and Ray,
1984), continuous speech recognition (André-Obrecht,
1988), etc. Various techniques for fault detection have
been proposed. The main aim is to detect changes in
dynamic systems, to estimate changes, or to compensate
state of the process. Mehra and Peschon (Mehra and
Peschon, 1971) have suggested several approaches to fault
detection based on innovations. Jones (Jones, 1973) has
approached the fault detection problem by using a statistical
reference model in invariant continuous systems. Willsky
and Jones (Willsky and Jones, 1976) and Gustafsson (Gustafsson, 1996) have used the maximum likelihood principle
to detect jumps in signals. Albuquerque and Biegler (Albuquerque and Biegler, 1996) have applied a method based on
statistical analysis of data provided by sensors. Other
approaches have been extensively discussed such as
approaches that consist in detecting faults in the parity
space (Gertler and Singer, 1990), by using analytical redundancy of sensors (Fathi and Ramirez, 1992) or artificial
intelligence (Johannsen and Alty, 1971).
We are interesting in the anomaly detection module
intended to supervise the functioning state of the system
(Chetouani, 2004). The former has to generate on-line information concerning the state of the automated system. This

INTRODUCTION
A chemical process can only be implemented for industrial
application if a complete study has been carried out to guarantee its safety and the quality of its products. As a consequence,
before this industrial stage, phenomena occurring during the
chemical process are characterized to make sure that this
process is the most adapted. The optimization of the chemical
process relies on the operating mode ensuring a satisfying
safety (Chetouani, 2004).
Plants in the chemical and biochemical industries are
becoming larger and more complex. The growing safety and
environmental demands are forcing industry to look for new
and more powerful techniques for processes supervision.
Due to the seriousness and frequency of chemical incidents
that have occurred during recent decades, the importance of
incipient fault detection and diagnosis in complex process
plants has become apparent. These faults could be due to
chemical origins, to faults in the equipment or in the
control system. A fault can be defined as a non-permitted
deviation of a characteristic property of the process which
will cause a certain level of deterioration in the performance
of the process. The deviation can be caused by temporary or
permanent physical changes in the system. This can be compared to a failure, which can be defined as a complete degradation of performance of the process. Obviously, it is
desirable to detect and diagnose faults as soon as possible
after their occurrence (Chetouani, 2006).
Fault detection and isolation (FDI) is an active area of
research due to increasing complexity of process plants and
growing demand for safety and reliability. Many fault detection and isolation techniques have been proposed in literature. These techniques can in general be classified as
hardware redundancy, logic-based or information flow
graphs, data-driven approaches, model-based approaches,
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state is characterized not only by control and measurement
variables (temperature, rate, etc.), but also by the general
behavior of the process and its history, showing in time
whether the behavior of the system is normal or presents
drifts. In the context of numerical control, fault detection
proves a vital complement to the adaptive means of dealing
with instationarities in nonlinear highly non-stationary
systems. Under normal conditions, the fault detection
module allows all information to be processed and managed
according its general behavior. In other case, it detects any
anomaly and alerts the operator by setting on the appropriate
alarms. In this paper, the proposed FDD approach is the
model-based approach. The basic idea of the adopted approach
is to reconstruct the outputs of the system from the measurement using observers or Kalman filters and using the residuals
for fault detection (Mehra and Peschon, 1971, Franck, 1990,
Chetouani, 2006). The reactor is modeled by mathematical
expressions translating the heat and mass balances applied to
the reaction mass. These expressions constitute the model,
which describes the behavior of the process under normal
conditions. The purpose is to detect the presence of abrupt
changes, and pinpoint the moment when it occurs. The
evolution of the statistical information generated by the state
estimation is observed and discussed.

filters generate innovations which must be low. They
depend only on the intrinsic errors and the random variations of the measurement equipment. In the other case
where the process dynamics is not respected, these same
signals evolve differently according to their spacing compared to an established reference and the extent of the
fault on the general state of the plant. Consequently, the
aim of the method consists in determining the nearest
filter which generates the lowest innovation.
By supposing that the behaviour model of the chemical reactor is described by a finished set of stochastic and
nonlinear models indexed i ¼ 1, . . . , N; and by the input
u(k) and the output z(k) for k ¼ 1, 2, . . . , this model is
written as follows:
x_ i (t) ¼ fi (xi (t), ui (t),t) þ wi (t)

(1)

where f denote the nonlinear function of the state x [ <n .
Notice also that w(t) is a zero mean gaussian noise vector
and the corresponding covariance matrix is Q, i.e.
w  N(0,Q).
The measurement model adopted in this work is:
zi (k) ¼ hi (xi (tk )) þ vi (k) k ¼ 1, 2, . . .

(2)

where h is also a nonlinear function, and vi (k) denote the
measurement noise vector. The measurement noises are
again assumed to be normally distributed with zero mean,
i.e. n  N(0,R) where R is the covariance matrix associated
with n.
By noting that the model i is the model representing the
dynamics of the real system, its probability can be defined online according to a multiple test of hypothesis. Unlike to the
standard Kalman Filter, this method has for inputs and
outputs Ii (k) ¼ fui (0), . . . , ui (k  1), zi (1), . . . , zi (k)g. By
applying the Bayes’ law, the probability of each model is:

FAULT DIAGNOSIS STRATEGY BY USING THE
STANDARD MULTIPLE KALMAN FILTERS
The diagnosis method (figure 1) is based on the analysis of
the innovations evolution representing the difference
between the real and predicted outputs. It solves simultaneously the detection problem of faults and the localization of their physical origin. The filters number is defined
from the exhaustive list of all the models of faults.
The multiple filters method allows to establish the
link between the detected anomalies in the system evolution
and one (or several) situation(s) indexed of the system
faults. It consists in processing the observations by a set of
EK Filters. Each EKF corresponds to an assumption of a
particular fault. During a normal functioning, the EK

pi (k þ 1) ¼

pðzi (k þ 1=Hi ), Ii (k), ui (k)Þpi (k)


p zj (k þ 1=Hj ), Ij (k), uj (k) pj (k)

N
P

j¼1

Figure 1. FDD scheme

2

(3)
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where N is the sample size, which depends on the system
dynamics. The size of the representative observation
sample depends on the system response; if the latter is
slow the size will be large. Otherwise, when the dynamics
evolves rapidly, samples will be taken at frequent intervals
in order to enable the decision to be made as early as possible. h̄ s refers to the true mean of the sample. Under the
hypothesis (Ho ), h̄^ s has a gaussian distribution with a zero
mean and a covariance E(h̄^ sh̄^ sT ) ¼ I=N. However,
beyond a given level of acceptance (hypothesis H1 ) such
as above a, the hypothesis (Ho ) is rejected:
 
h̄^ s  a
(8)

where the density of the conditional probability p(zi (k þ
1=Hi ),Ii (k),ui (k)) is calculated according the noises nature.
Its distribution follows a normal law:
pðzi (k þ 1=Hi ), Ii (k), ui (k)Þ
¼
(2p)

m=2



1

1=2
det (hi (k þ 1)



1
 exp  gi (k þ 1)T h1
(k
þ
1)
g
(k
þ
1)
(4)
i
i
2
where m is the dimension of the measurements vector. Under
the null hypothesis H0 , the innovation gi (k þ 1) has a
zero mean and a covariance hi (k þ 1) ¼ Ci (k)Pi (k þ 1=k)
Ci (k)T þ Ri (k) for each model i. C is the jacobian matrix of
h compared to the components of the state vector.

The threshold a is the probability of false alarms.
THE PROPOSED FDD APPROACH
The standard multiple filters method is based on all the
models (normal and abnormal) of the mathematical library
of faults. The implementation of all the models is carried
out upon the starting of the process. The disadvantage of
this approach is that it requires an important computing
time. We propose an algorithm whose objective is to scan
the state of the standardized innovation i.e. the use of only
one Extended Kalman Filter. During a normal functioning,
this filter allows to estimate the no-measurable states of the
system (moles number, concentrations, etc. . .) and could be
even used for the development of the control laws based on
the process predictions. If the statistical threshold on the standardized innovation exceeds a fixed level of significance
including the measurements noises and the modelling
errors, the phase of faults localization is engaged. The usefulness of this combination is to avoid the matrices inversions
and numerical integrations when the reactor functioning
is near to a normal one. The combination of these two
techniques is described in figure 2.

FAULT DETECTION STRATEGY BY USING THE
STANDARDIZED INNOVATIONS
The statistical threshold allows to delimit two distinct
regions; the first region is called safe region where the innovation variation is considered acceptable. The second region
is not acceptable (fault region) and is where the innovation
variation exceeds the statistical threshold. Considering a
fault region p in the sample space <n , an acceptable
region Cp is defined as the complement of p in <n . Let M
be a point of size n representing the sample. The sampling
corresponds to a real representation of the process. The
decision rule is defined as follows:
. Hypothesis Ho is true if M  p
. Hypothesis H1 is true if M [ p
Notice that it is convenient to use the standardized
innovation sequence for the standardized hypothesis of statistical tests (Chetouani, 2006). This sequence is expressed as
following:
 T 
hsk ¼ (Hk (^x
xk ) þ R)1=2 (yk  hk (^x
k )Pk Hk (^
k ))

¼ (hk )1=2 gk

APPLICATION OF THE PROPOSED
FDD APPROACH
EXPERIMENTAL DEVICE: A CHEMICAL REACTOR
The chemical reactor represented in figure 3 works under
atmospheric pressure. It is a glass-jacketed reactor with a
tangential input for heat transfer fluid. The capacity of
the reactor is two liters. It is equipped with an electrical
calibration heating, a stirring system (anchor) and an
input system (two dosing pumps and two scales, with
measurement temperature at input). It is equipped also
with Pt100 temperature probes. Five probes are inserted
through the chemical reactor in the reaction mass, in the
cooling, in the condenser and in the flow rate introduction.
The heating-cooling system, which uses a single heat transfer fluid, works within a temperature range from 215 to
þ200 8C. Supervision software allows the fitting of the
parameters and their instruction value. The parameters
introduced in the supervision system are the control
modes of the reaction mass temperature (isothermal or
slope of the temperature) and of the jacket fluid (constant

(5)

with
E(hsj hsTk ) ¼ I d jk

(6)

d and I respectively represent the Kronecker symbol and the
identity matrix. hsk has a zero mean and an unit variance.
Any deviation from the normal behavior will cause a substantial change of these statistical properties. Thereby, our
study has shown, by analyzing the statistical test and/or
their combinations, that the test on the mean is the best
choice for our application. Thus, a test on the mean of the
normal law N(0,I) is carried out to verify whether the standardized innovation sequence (Chetouani, 2006) has a zero
mean. The latter is estimated by:
h̄^ s ¼

N
1X
hsj
N j¼1

(7)
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chosen reaction is a very exothermic oxido-reduction
one (Aime, 1991), the oxidation of sodium thiosulfate by
hydrogen peroxide. This reaction can be expressed by the
following equation:
Na2 S2 O3 þ 2H2 O2 ! 0:5Na2 S3 O6 þ 0:5Na2 SO4 þ 2H2 O
CHEMICAL REACTOR MODEL
The dynamic behavior of the reactor is modeled by a system
of differential equations translating molar and heat balances
in the reactor. The used model is based on the following
hypotheses (Chetouani, 2004):
.

.
.
Figure 2. The proposed FDI approach

The reactor is perfectly stirred: reaction mass temperature and concentrations are homogeneous through the
mass volume
No phase change in the reaction mass
The density, the specific heat of the cooling and the reaction mass heat are independent of the temperature.

By taking into account the thermal inertia of the wall,
three energy balances were established, in the reaction mass,
in the jacket fluid and in the reactor wall, including the
thermal inertia of the wall.

or slope of the temperature). The distillation mode (the
difference between the reaction mass temperature and the
fluid jacket temperature is maintained constant) can also
be introduced. The supervision software allows also the
regulation of the flow rate introduction and the stirring
rate of the reactor. It displays and stores data during the
experiment for further exploitation.

mR CpR

 

d TR (t)
E
¼ hR AR TR (t)  Tw (r, t)r ¼0  k0 e RT
dt
 ðno (M  x)=VÞa ðno (Z  x)Þb VDH
TðF j

CHEMICAL REACTION CHOICE
In order to illustrate the proposed FDD approach, a chemical
synthesis in a laboratory-size reactor is carried out. The

þ Fj
TR

Figure 3. Diagram of the chemical reactor
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 ðTa  TR (t)Þ
Cpj d T þ Kc

(9)
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t.0

Table 1. Selected flows of the cooling


@ Tw (r, t)
(15)
@ t r¼R1



@ Tw (r, t)
(16)
hf Af Tw (r, t)jr¼R1þe Tf (t) ¼ lw Af
@ t r¼R1þe

Volumic
1.33.1023 0.80.1023 0.60.1023 0.20.1023
flow ( m3.s21 )
Dynamics
Qv1
Qv2
Qv3
Qv4

hR AR ðTR (t)  Tw (r, t)jr¼R1 Þ ¼ lw AR

 ðTa  TR (t)Þ is the thermal power exchanged by
where Kc
natural convection and radiation with the ambient air at
 is tabulated by
temperature Ta . Overall conductance Kc
the constructor as a function of Ta .

Using the normalized reaction extent (Villermaux,
1993), the mass balance in the reaction mass can be
written according to an Arrhenius’s law:



d Tf (t)
¼ m†f Cpf T fe (t)  Tf (t)
mf Cpf
dt


þ hf Af Tw jr¼eþR1 Tf (t)


@ Tw (r, t)
@
@ Tw (r, t)
¼ aw
r
@t
@r
@r

d x n0
¼ k0 exp (  E=RTR )ðM  xÞa ðZ  xÞb
dt
V

The constituent orders values for reactants are a ¼ 1.5
and b ¼ 0.6 when the concentration ratio between the
hydrogen peroxide concentration and sodium thiosulfate is
maintained greater than 1.96 during the reaction (Cohen
and Spencer, 1962). The wall equation (11–16) is used in
order to improve the model. In practice, the model of a
system provides only an approximation of the real behavior.
As the observer is built from this model, the provided state
and the output are sensitive to the errors coming from the
difference between the system and its model. This point is
particularly significant if one is interested in fault detection.
Indeed, the built tests are established by analyzing the reconstruction error which is sensitive to the detected faults and
also to the modeling errors.

(10)
(11)

With boundary conditions:

t ¼ 0; Tw (r, 0) ¼ (m ln (r) þ t)R1 rR1 þe

(12)

where


m¼


t¼

Tw (r, t)jr¼R1 Tw (r, t)jr¼R1þe


R1 þ e
ln
R1



Tw (r, t)jr¼R1 ln (R1 þ e)  Tw (r, t)jr¼R1þe ln (R1 )


R1 þ e
ln
R1

(17)

(13)


SIMULATION RESULTS
In order to illustrate the pertinence of the proposed approach,
we apply it to a fault of the flow cooling during the phase of
pre-heating of a reaction mass. The fault occurs at 500 s. To

(14)

Figure 4. Temperatures generated by the different dynamics
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Figure 5. Evolution of the different probabilities

1.33.1023 m3.s21 adequately represents the profile of the
abnormal behavior of the process (figure 5). The analysis
of the probabilities shows that the FDD method adopted in
this study allows to reduce the computing time considerably.
In fact this method requests the library mathematics of faults
320 s after the fault occurrence. The evolution of the probability is conditioned by the evolution of the innovation
generated by the Extended Kalman Filter (figure 6).

test the method, we choose as normal conditions those which
correspond to the flow Qvn ¼ 0.40.1023 m3.s21 and as fault
conditions those which correspond to the flow 1.10.1023
m3.s21. Theoretically, this last unknown flow by the operator
provides the measurement dynamics ys. The aim of the
method is to identify it by comparing its dynamics with
those given in real-time by the mathematical library of the
different models. For that, we build different dynamics corresponding to different flows of the cooling. This flow change
does not modify the structure of the model equations, only
the partial transfer coefficient hf is modified. The selected
flows of the cooling are as follows (table 1).
The results of different simulations are given by the
figure 4.
By analyzing the probability results so that a model
approaches the fault dynamics (1.10.1023 m3.s21), we
note that the dynamics which corresponds to the flow

CONCLUSION
This paper shows that the combination of the multiple filters
method and the standardized innovations method allows to
detect the change of the process behavior compared to the
normal mode. It also allows to identify the new model
describing most accurately possible the evolution of the
system. This method can be applied to many industrial

Figure 6. Evolution of the generated innovation by the EK filter
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processes (heat exchanger, distillation column, . . .) if a
modeling of the process is carried out.

Chetouani, Y., Fault detection by using the innovation signal:
application to an exothermic reaction, 2006, Process Safety
and Environmental Protection, 84: 27 – 32.
Chetouani, Y., Fault detection by using the innovation signal:
application to an exothermic reaction, 2004, Chemical
Engineering and Processing, 12: 1579– 1585.
Desaı̈, M.A. and Ray, A., 1984, A fault detection and isolation
methodology—theory and application, Proceedings of the
American Control Conference, San Diego, 262– 270.
Fathi, Z. and Ramirez, W.F., 1992, A knowledge-based system
with ambedded estimation components for fault detection
and isolation in process plants, Proccedings of the IFAC
Symposium on On-line Fault Detection and Supervision in
the Chemical Process Industries, 32 – 39.
Frank, P.M., Fault diagnosis in dynamic systems using analytical and knowledge-based redundancy. A survey and some
new results, 1990, Automatica, 3: 459– 474.
Gertler, J. and Singer, D., 1990, A new structural framework for
parity equation-based failure detection and isolation, Automatica, 2: 381– 389.
Gustafsson, F., 1976, The marginalized likelihood ratio test for
detecting abrupt changes, IEEE Trans. Autom. Control, 1:
66 – 78.
Gustavson D.E., Willsky, A.S., Wang, J., Lancaster, M.C. and
Triebwasser,
J.H.,
1978,
ECG/VCG
rhythm
diagnosis using statistical signal analysis. Part I: identification of persistent rhythms, IEEE Trans. Biomed. Eng., 3:
344– 353.
Johannsen, G. and Alty, J.L., 1991, Knowledge engineering for
industrial experts systems, Automatica, 1: 97 – 102.
Jones, H.L., 1973, Failure detection in linear systems, Ph.D.
Thesis, MIT, Department of Aeronautics and Astronautics.
King, R. and Gilles, R., 1990, Multiple filter methods for detection of hazardous states in an industrial plant. AIChE,
11:1697 – 1706.
MacGregor, J.F. and Jaeckli, C., 1994, Process monitoring and
diagnosis by multiblock PLS methods, AIChE, 5: 826– 838.
Mehra, R.K. and Peschon, J., 1971, An introduction approach to
fault detection and diagnosis in dynamic systems, Automatica, 5: 637– 640.
Nikiforov, I.V., Tikhonov, N., 1986, Detection of Abrupt
Changes in Signals and Dynamical Systems, Springer,
Berlin.
Sanderson, A.C. and Segen, T., 1980, Hierarchical modelling of
EEG signals, IEEE Trans. Pattern Anal. Machine Intell, 2:
405– 414.
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NOMENCLATURE
A:
Exchange area [m2]
ko: frequency coefficient [m3.mol21.s21]
E:
Energy activation [J.mol21]
Cp: Specific heat [J.kg21.K21]
e:
Wall thickness [m]
F:
Flow feeding [mol.s21]
h:
Heat transfer coefficient [W.m22.K21]
n:
Moles number [mol]
M: Molar mass [kg.kmol21]
m:
Mass [kg]
†
:
Rate
flow [kg.s21]
m
R:
Ideal gas constant [J.mol21.K21]
R:
Reactor ray [m]
r:
Reaction rate [mol.m23.s21]
T:
Temperature [K]
t:
Time [s]
V:
Volume [m3]
Subscript
f:
Fluid jacket
R:
Reactor
w:
Wall
Greek letters
r:
Density [kg.m23]
x:
Normalized reaction extent [ ]
DH: Reaction enthalpy [kJ.mol21]
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GAS EXPLOSION SAFETY CHARACTERISTICS AND ANOMALIES
AT UNUSUAL CONDITIONS
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The EU project SAFEKINEX was directed towards process safety of hydrocarbon oxidation by
investigating and modelling oxidation kinetics and collecting data on gas explosion properties at
ambient and elevated conditions. The fuels comprised methane, ethylene, propane and propylene,
and n-butane. To obtain a better insight such fuels as ammonia, carbon monoxide and hydrogen
were also included. Conditions covered temperatures up to 250oC and initial pressures up to 30
bara. The data on various explosion indices were acquired by experiments carried out at different
locations by five partners of the consortium over a range of vessel volumes making it a unique exercise. The operating procedure was standardised. The data were assembled in a data base.
The objective of the project was to study and possibly enhance yield while conserving safety
of hydrocarbon oxidation processes for the manufacture of intermediates for polymers and other
products: these processes are performed with excess of fuel. The emphasis was on self-ignition
and phenomena near the upper explosion limit. Self-ignition was investigated separately in equipment under pressure up to 30 bar in vessels with volumes up to 20 litres. Reaction ranged from slow
oxidation, (repetitive) cool flame to (two-stage initiated) explosion. Model simulation of these reactions with full detailed kinetics will be shown.
Explosion phenomena including development of the history of flame ball after ignition in
fuel rich mixtures were mapped. Saturated hydrocarbons with more than one carbon atom which
give a relatively easy rise to cool flame tend to have a broad region of rich mixtures with low
Kg-value (Kg is volume normalised maximum rate of pressure rise and equal to (dp/dt)exV1/3).
Although these mixtures have to be considered explosive, the explosion severity is relatively
low and a realistic risk estimate has to be developed.
Separately laminar burning velocity was calculated and a model developed to describe the
explosion pressure history in a closed vessel including effects of heat losses, flame ball touching
wall, non-centric ignition, effect of obstacles and venting. The results will be illustrated by
examples in which model and experiment outcomes are compared. Further information about
the project can also be found on www.safekinex.org.

KEYWORDS: process safety, hydrocarbon oxidation, combustion phenomena, combustion regions

However, the explosion indices mentioned, which are
essential for design and safety assessment, are not complete.
It is, for example, widely believed that a fuel-rich, flammable mixture kept in process apparatus below its autoignition temperature cannot ignite and therefore can not
explode. Unfortunately this is not always true, since
phenomena like cool flames may lead to unwanted sidereactions and, in the worst case, to explosion. The resulting
by-products may spoil the quality of the main product
through contamination. The process in which a cool flame
is followed by ignition resulting in explosion is called
two-stage ignition.
The EU project SAFEKINEX [1] was directed
towards process safety of hydrocarbon oxidation by investigating and modelling oxidation kinetics and collecting data
on gas explosion properties at ambient and elevated

INTRODUCTION
Partial oxidation processes, carried out at elevated conditions, are widely used in the chemical industry. Propylene
oxide, ethylene oxide, methanol, and phthalic anhydride
are examples of versatile, widely applied petrochemicals.
These basic chemical intermediates are produced at elevated
temperature and pressure. Such conditions demand rigorous
safety considerations. Due to these conditions, explosion
hazard increases as flammability limits become wider while
minimum ignition energy and auto-ignition temperature
decrease. A detailed knowledge about relevant explosion
indices is essential for operating not only safely, but also in
the economically most efficient way. Such explosion
indices must be known under realistic process conditions;
thus at (high) temperature, (high) pressure (and high turbulence) conditions, as are encountered in practice.
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conditions. The emphasis was on self-ignition and phenomena near the upper explosion limit. The fuels comprised
methane, ethane, ethylene, propane and propylene, and nbutane. To obtain a better insight such fuels as ammonia,
carbon monoxide and hydrogen were also included. Conditions covered temperatures up to 2508C and initial pressures up to 30 bara. The data on various explosion indices
were obtained with experiments carried out at different
locations by five partners of the consortium over a range of
vessel volumes making it a unique exercise.
The objective of the project was to study and possibly
enhance yield while conserving safety of hydrocarbon oxidation processes for the manufacture of intermediates for
polymers and other products: these processes are performed
with excess of fuel.

applicable for super-ambient experimental conditions is still
missing. The nomenclature used for the purpose of the
SAFEKINEX project report is summarized as follows.
The lowest temperature in a given test set-up in which
a mixture, will spontaneously self-ignite after a certain
(short) induction time or ignition delay time, IDT, when
instantaneously exposed to, is called ignition temperature
or IT. At an optimal fuel concentration the minimum
ignition temperature, MIT, is found. The lowest temperature
at which some reaction can be noticed is the reaction
threshold temperature, RTT, which is less sharply defined.
In between is an area of partial oxidation phenomena, in
which slow combustion, perhaps better called slow oxidation (SO), takes place and in a certain band of temperature
cool flame (CF). In glass equipment cool flames can be visually detected. Alkanes of C4 and higher are more prone to
produce cool flame than the smaller chains and alkenes.
This also reflects in lower IT values. At any given fuel concentration a lowest temperature of cool flame occurrence is
called the Cool Flame Temperature, CFT.
Two different test set-ups have been used for the selfignitions tests: a quartz glass vessel based on the standard
equipment for determining the auto-ignition temperature
[2], and a stainless steel vessel designed to investigate the
effect of higher pressures. Induction times and ignition
temperatures for methane, ethylene and n-butane at three
different fuel gas-air compositions were investigated, see
also [1] and Liebner et al. [5].
At an initial pressure of 1 bara the mean values of the
time to an event, here all called ignition delay times or IDT,
of the two experimental set-ups can be compared and is
shown for 9.5 mol% n-butane in air mixtures in Figure 1.
The phenomena occurring: Cool Flame, Slow Oxidation or
Explosion, are indicated. IDT first decreases verp reproducibly until 700 K for all vessel volumes and materials, then
increases upto a maximum is reached depending on vessel

SELF-IGNITION
Oxidation phenomena (e.g. self-ignition, cool flame) of
gaseous hydrocarbon-air or, in general, oxidiser mixtures
are of great interest for safety engineering purposes. Influences such as chemical and physical influences of the test
apparatus parameters, the determination procedure
applied, the initial temperature, the initial pressure and
others are not completely understood yet. In the following
the influence of initial conditions and vessel volume on oxidation phenomena and related characteristics will be shown.
Comparing existing standards like DIN, BS, ISO, NFPA and
ASTM and also safety related literature the use of different
terms for the same phenomenon and identical terms with
different meanings sometimes causes ambiguity. Since
common standards usually focus on inhomogeneous
mixture cases (leakages) it became necessary to further
develop nomenclature with respect to oxidation phenomena
observed when homogeneous mixtures are investigated.
Additionally, unambiguous advice for terms and definitions
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Figure 1. Ignition delay versus initial temperature of 9.5 – 9.7 mol% n-butane-air mixtures; Pi ¼ 1.0 bar(a); results in glass flasks of
100, 200 and 500 ml and stainless steel autoclave, V ¼ 200 ml are identical below 700 K; big black dots are experiments performed in
the stainless steel vessel
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volume and finally decreases again. The region of increase is
called Negative Temperature Coefficient (NTC) region,
while it is contrary to the usual Arrhenius type behaviour.
It was found that the steel vessel apparatus is also suitable
to identify NTC regions. The delay times obtained in the
0.2 dm3 closed steel vessel fit the findings in the 0.5 dm3
quartz glass flask. This behaviour explains the wide range
of ignition temperatures found in literature. It is therefore
important to understand what happens.
Although below 700 K significant self-heating is only
occurring in the last stage of an ignition delay, the IDT
versus T till 700 K can be quite well correlated with an
Arrhenius description (between 50 and 700 K with activation energy E ¼ 36.5 kcal/mol). Experimental results
regarding the pressure dependency of IT shown in Figures
2 and 3, can also be correlated assuming an Arrhenius
equation (Semenov criterion of run-away: A homogeneous
fluid mix producing heat, just passes the point at which
heat loss to the surrounding balances heat production.) A
relationship can be obtained of the form [5]:

dm 3

IT/°C

0.2

300

6.3

250

0

10

20

30

Pi / bar(a)

Figure 3. Volume and pressure dependence of the ignition
temperature of n-butane-air mixtures at l
¼ 1.0
(stoichiometric case, 3.1 mol%) [3]

and small volume, and natural convection due to buoyancy
as a result of self-heating causing mass and heat transfer
between warmer more intensively reacting parts and
cooler regions, which is particularly important at higher
pressure and large volume. The latter can cause oscillatory
behaviour resulting in a sequence of cool flames. Also
multi-stage ignition can occur in which the temperature
rise in cool flame triggers other mechanisms taking it over
to hot flame ignition. Simulations can at this moment only
handle the full set of equations (n-butane is relatively
simple: 127 species, 730 reactions) under uniform conditions in a volume. Heat loss can be simulated as a transfer
coefficient at the wall with a constant temperature, but
appears not to have much influence on IDT, only on the
maximum temperature reached. At low temperature the calculated IDT outcome is systematically lower than experiment. An example is shown in Figure 5. This may be
attributed to wall effects too. Reliable prediction of practical
situations with gradients is therefore a matter for future
research.


ln

dm 3

350


Pni
A
¼ þB
Ti
Tim

This equation yields for example for ethylene the
straight lines fitted to the data points shown in Figure 4.
Currently cool flames are reasonably understood.
Griffiths, see e.g. [1][8] and others have unravelled many
aspects of the mechanism. It is the progressively accelerated
formation and decomposition of organic peroxides and the
chain branching radical mechanism that causes the sudden
phenomenon which increases temperature by some hundreds of degrees. At initial temperatures above 700 K
other chemistry takes over and hydrogen peroxide plays
then a major role as an intermediate. In the project the chemistry has been well described and formulated in 1000 or
more equations, Battin-Leclerc Deliverable No. 35 [1]. Problems include the description of wall reactions of which
some type seem to have in particular influence between
700 and 800 K and are most vapparent at low pressure
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16

λ = 1,5

300
200

λ = 1,0
λ = 0,3

0

10

20

λ = 1,0

λ = 1,5

15

400

ln(Pi)

IT/°C

500

14

λ = 0,3

13
12

30

11
1,3

Pi/bar(a)

1,4

1,5

1,6

1,7

1,8

1,9

1000/IT/K−1

Figure 2. Pressure dependence of the ignition temperature of
different ethylene-air mixtures [4]. l is the oxidiser-fuel
mixture ratio relative to stoichiometry: for l ¼ 1.5, 1.0 and
0.3 resp. 4.5, 6.5 and 18.9 mol%

Figure 4. Pressure dependency of IT for ethylene-air mixture
results of IDT versus T shown in Figure 2 correlated by a
Semenov fit as indicated by the equation above
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Figure 5. Result of calculation of ignition delay times as a function of temperature for 9.5 mol% n-butane in air at 10 bara compared
with experimental results
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one has to take into account that the breadth of such concentration ranges is strongly dependent on the step size selected
for the variation of the fuel concentration.
Although these mixtures have to be considered explosive according to existing standards, the explosion severity
is low as appearing in particular from the very low KGvalues over a large concentration range of fuel rich mixtures. (Right-hand graphs in Figure 6).
Schildberg [1][9] investigated as part of the Safekinex
project mixtures of a.o. (?) propylene with oxygen and nitrogen in a 20 litres sphere and observed in particular at higher
pressure an area in which after ignition strong pressure
oscillations developed, resulting in detonation (detonation
like ?) with pressures up to 20 times initial one. This area
is shown in Figure 7 by the triangle with base between 58
and 94 mol% O2 and top at 58 mol% N2. The frequency
of the oscillations initially is that of a wave travelling the
cross-section of the sphere and reflecting off the walls. At
the periphery of the triangle no detonation but a single
pressure peak occurred which can be attributed to ignition
and thermal explosion in the gas ahead of the flame when
this is compressed by the approaching flame. Pressures
just inside the detonation area could run up to even 5 to
10 times that of stable detonation!
On the basis of the experiments different combustion
regions have been identified as shown in Figure 8. The
explosion pressure ratio of 1.5 for the examples mentioned
in Figure 6 is a limiting value for the crossing from violent
to weak deflagration and was therefore called (pex/pi)weak.
This limiting value is different for different fuels and furthermore dependent on the initial conditions. In fact when ones
to operate a process within the flammability limits the

FORCED IGNITION
The data on various explosion indices such as the lower and
upper explosion limits LEL and UEL, explosion pressure
pex, rate of pressure rise (dp/dt)ex, were obtained by experiments carried out at different locations by five partners of
the consortium over a range of vessel volumes between
2.8-dm3 and 2000-dm3 [6] making it a unique exercise. To
start those forced ignition experiments it was necessary to
standardise the operating procedure. The main points have
been recommended ignition source (exploding wire
igniter) and ignition energy of 10 J to 20 J, a sampling frequency greater or equal to 5000 Hz for proper data analysis
and a pressure threshold criterion of 5% for the determination of the explosion limits. In this way more than 2000
explosion indices have been determined which are freely
available in a project database called “SAFEKINEX LabViewer”, Meissner Deliverable No. 4 [1].
Special attention was given to the explosion severity:
ratio of explosion pressure pex and initial pressure pi, equal
to pex/pi and KG-values, the volume normalised rate of
pressure rise equal to (dp/dt)exV1/3, of fuel rich mixtures.
A few examples are presented in Figure 6. For fuel concentrations higher than stoichiometric the course of the
explosion pressure ratios at elevated initial conditions
widens as can be expected due to the pressure and temperature dependence of the UEL. There is though no sharp
decrease to a pressure ratio below 1.05 (explosion criterion
for EL) as in case of LEL. The ratios decrease firmly to
values of about 1.5 and are then rather stable over a fairly
large concentration range till UEL. This range increases
with increasing initial pressure and decreases with increasing initial temperature. Beside this general observation
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1 Detonation region
2 DDT region
3 violent deflagration region
(upwards + downwards
flame propagation)
4 weak deflagration region
(upwards flame propagation
+ cool flames)
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Figure 8. Schematic classification of combustion regions on the basis of explosion pressure ratios in dependence of the fuel
concentration. The value (pex/pi)weak is different for different fuels and different initial conditions

matter of self-ignition has to be looked at initially and its
dependence on temperature, pressure and residence time,
subsequently in which region of combustion one can enter
and what pressure equipment can be used to cope with the
consequences. A risk analysis for region 4 with also low
KG-values may come out favourably.

MODELLING EXPLOSION
Within the project a program called “Fireball” was developed [7] based on an earlier Shell program SCOPE [10].
This describes the explosion pressure-time history in a
closed vessel including effects of heat losses, flame ball
touching of the wall, non-centric ignition, and effect of
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Figure 9. Model calculation of explosion experiments in a 1.25 m3 closed nearly spherical vessel, centrally ignited, methane-air
mixtures, initially at 1 bara and 300 K. 9.5% methane in air is near stoichiometric. (The thin gray line representing the model
result without correction runs to about 0.9 s; the ones corrected for free convection to about 1.2 s. The experimental line covers
the whole time range of the diagram)
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obstacles and venting. It has become a useful tool to estimate and evaluate explosion hazards at industrial conditions. The program is based on zero-dimensional,
spherical and deflagrative flame propagation. Fresh and
burnt mixtures are treated as separate homogeneous mixtures and the products of combustion are in thermo-chemical
equilibrium. Furthermore it is possible to simulate explosion
in spherical, cylindrical, or cubic vessels. Different sub
models have been integrated to the software code in order
to:

Environment and Sustainable Development, contract
EVG1-CT-2002-00072, Project SAFEKINEX is gratefully
acknowledged.
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PLANNING PROTECTION MEASURES AGAINST RUNAWAY REACTIONS
USING CRITICALITY CLASSES
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e-mail: francis.stoessel@swissi.ch
A systematic approach to the assessment of thermal risks linked with the performance of
exothermal reactions at industrial scale was proposed a long time ago1. The approach consisted
of a runaway scenario starting from a cooling failure and a classification of these scenarios into
criticality classes2. In the mean time these tools became quite popular and many chemical companies use them. Recently the international standard IEC 615113 prescribed the use of protection
systems with a reliability depending on the risk level. Since the criticality classes were developed
as a tool for the choice of risk reducing measures as a function of the criticality, it seems obvious
that the criticality classes may be used in the context of the standard IEC 61511, which provides a
relation between the risk level and the reliability of protection systems. The objective of the present
work is to show how criticality classes can be used as a tool for the choice of adequate protection
system against runaway reactions.
For this purpose the risk assessment criteria were made more quantitative and more flexible
by using a four level scale for severity and a six level scale for probability of occurrence, as used in
many risk assessment methods. The thermal data of a chemical process are determined as an answer
to six key questions allowing building a cooling failure scenario as a worst case approach. These
results can be summarised in four characteristic temperature levels, i.e. the process temperature
(Tp) the maximum temperature of the synthesis reaction (MTSR), the maximum allowed temperature for technical reasons (MTT) and the temperature at which the time to maximum rate is equal to
24 hrs (TD24). These temperature together with some technical aspects concerning the industrial
equipment are a sufficient data base for the risk assessment, as well as for the choice and the
reliability assessment of protection systems. Using the criticality class and taking the nature of
the system into account i.e. open or closed and gassy or vapour as well as some technical characteristics of the equipment, the consequences of a potential runaway can be determined. Then using
the estimation of the thermal activity at the relevant temperature level, the probability of loss of
control can be assessed and the required IPL and SIL can be determined. Thus no additional
data are required to accomplish the assessment with recommendations concerning adequate
protection systems.
In a first part the runaway scenario and the criticality classes will be shortly described. Then
the assessment criteria for severity and probability of occurrence of a runaway scenario will be
described together the required data and their interpretation in terms of risk. In a third part, the
assessment procedure is exemplified for the different criticality classes. Finally the design of protection measures against runaway and the required IPL and SIL are based on the risk assessment
obtained from the criticality classes. This approach allows minimising the required data set for
the safety assessment and for the definition of the protection system designed in order to avoid
the development of the runaway.

KEYWORDS: runaway reaction, risk assessment, safety integrity level

consisted of a runaway scenario starting from a cooling
failure [Gygax, 1988] and a classification of these scenarios
into criticality classes [Stoessel, 1993]. In the mean time
these tools became quite popular and many chemical companies use them [Stoessel, 1995]. Recently the international
standard IEC 61511 [IEC, 2004] prescribes the use of protection systems with a reliability depending on the risk
level. Since the criticality classes were developed as a tool
for the choice of risk reducing measures as a function of
the criticality, it seems obvious that the criticality classes
may be used in the context of the standard IEC 61511,

INTRODUCTION
A systematic approach to the assessment of thermal risks
linked with the performance of exothermal reactions at
industrial scale was proposed a long time ago. The approach
1
R. Gygax, Chemical reaction engineering for safety. Chemical Engineering Science, 1988. 43(8): p. 1759–1771.
2
F. Stoessel, What is your thermal risk? Chemical Engineering Progress, 1993(October): p. 68 –75.
3
Funktionale Sicherheit - Sicherheitstechnische Systeme für die Prozessindustrie IEC 61511., Nr. IEC 61511, Rev. 2004, DIN VDE.
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which provides a relation between the risk level and the
reliability of protection systems. The objective of the
present paper is to show how the criticality classes can be
used as a tool for the choice of adequate protection system
against runaway reactions.
For this purpose the risk assessment criteria were made
more quantitative and more flexible by using a four level scale
for severity and a six level scale for probability of occurrence,
as used in many risk assessment methods. The data used to
build the cooling failure scenario, together with some technical
aspects concerning the industrial equipment are sufficient for
the risk assessment, as well as for the choice and the reliability
assessment of protection systems. Thus no additional data are
required to accomplish the assessment with recommendations
concerning adequate protection systems.
In a first part the runaway scenario and the criticality
classes will be shortly described. Then the assessment
criteria for severity and probability of occurrence of a
runaway scenario will be described together with the
required data and their interpretation in terms of risks. In a
third part, the assessment procedure is exemplified for the
different criticality classes. Finally the design of protection
measures against runaway is based on the risk assessment
obtained form the criticality classes.

Tend

T
Secondary
Reaction

Desired
Reaction

3
ΔTad

5
MTSR
6
ΔTad 2

TMRad

Tp
Cooling
Failure
1
Normal
Process

t

4

Figure 1. Runaway Scenario. The left part of the scheme is
devoted to the desired reaction and the temperature increase
to the MTSR in case of a failure. In the right part, the
temperature increase due to a secondary exothermal reaction
is shown, with its characteristic time to maximum rate. The
numbers represent the six key questions

RUNAWAY SCENARIO
The cooling failure scenario was developed by R. Gygax
[Gygax, 1988 and 1993] for the systematic assessment of
thermal risks linked with exothermal chemical reactions.
This scenario works as follows (Figure 1): If a cooling
failure occurs while the reactor is at the process temperature
(TP), the temperature increases due to the completion of the
reaction. This temperature increase depends on the amount
of non-reacted material, thus on the process conditions.
It reaches a level called the Maximum Temperature of the
Synthesis Reaction (MTSR). At this temperature, a secondary decomposition reaction may be initiated. The heat
produced by this reaction may lead to a further increase in
temperature reaching the final temperature (Tend). The following questions represent six key questions that help to
develop the runaway scenario and provide guidance for
the determination of data required for the risk assessment:

addressed. In this sense, they represent a systematic way of
analysing the thermal safety of a process and building the
cooling failure scenario. Once the scenario is defined, the
next step is the determination of the criticality class allowing
the actual assessment of the thermal risks.

DETERMINATION OF THE CRITICALITY CLASS
The cooling failure scenario presented above, uses the temperature scale for the assessment of severity and the time
scale for the probability assessment. Starting from the
process temperature (TP), in case of a failure, the temperature first increases to the maximum temperature of the synthesis reaction (MTSR). At this point, it must be checked if a
further increase due to secondary reactions may occur. For
that purpose, the concept of Time to Maximum Rate
under adiabatic conditions (TMRad) is very useful. Since
TMRad is a function of temperature, it may also be represented on the temperature scale. If we assume that for a
TMRad longer than 24 hrs, triggering the decomposition
reaction becomes unlikely, the temperature at which
TMRad is 24 hrs (TD24) becomes a relevant threshold
level to be considered. This assumption is only valid for a
reaction and not for storage or transportation.
In addition to the three temperature levels
(TP, MTSR, TD24), there is another important temperature:
the temperature at which technical limits of the equipment
are reached: the Maximum Temperature for Technical
reasons (MTT). This may be governed by the resistance of
construction materials, or by the reactor design parameter
as pressure or temperature etc. In an open reacting system,
i.e. operated at atmospheric pressure, the boiling point is

Question 1: Can the process temperature be controlled by
the cooling system ?
Question 2: What temperature can be attained after
runaway of the desired reaction?
Question 3: What temperature can be attained after
runaway of the secondary reaction?
Question 4: At which moment does the cooling failure
have the worst consequences?
Question 5: How fast is the runaway of the desired reaction?
Question 6: How fast is the runaway of the decomposition
starting at MTSR?
The six key questions presented above ensure that the
essential knowledge about the thermal safety of a process is
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often used. In a closed system, operated under pressure, it
may be the temperature, at which the pressure reaches the
set pressure of the pressure relief system. Therefore, the
MTT is of particular importance, since it may represent
the temperature level at which a runaway can be stopped
by appropriate means.
Thus by considering the temperature scale, and for
reactions presenting a thermal potential, we can consider
the relative position of four temperature levels:

secondary reactions could be triggered, but the technical
limit may serve as a barrier. In Class 5 the secondary reactions are triggered and the technical limit is reached as the
runaway is too fast for a safety barrier to be efficient.

CONSEQUENCES OF A RUNAWAY REACTION
A runaway reaction may have multiple consequences: The
high temperature by itself may be critical. The higher the
final temperature, the worse are the consequences of
the runaway. In case of a large temperature increase, some
components of the reaction mixture may be vaporised or
some gaseous or volatile compounds may be produced.
This may lead to further consequences: a pressure increase
in the system and/or release of gases or vapour, which may
cause secondary damages by their toxicity or flammability.

. The process temperature (TP): The initial temperature in
the cooling failure scenario. In case of non isothermal
process, the initial temperature will be taken at the
instant when the cooling failure has the most severe
consequences (worst case)
. Maximum temperature of synthesis reaction (MTSR):
This temperature depends essentially on the degree of
accumulation of non-converted reactants and therefore
it is strongly dependant on the process design
. Temperature at which TMRad is 24 hours (TD24): This
temperature is defined by the thermal stability of the
reaction mixture. It is the highest temperature, at
which the thermal stability of the reaction mass is unproblematic.
. Maximum temperature for technical reasons (MTT). In
an open system, it is the boiling point. For a closed
system, it is the temperature, at which the pressure
reaches the maximum permissible, i.e. the set pressure
of a safety valve or bursting disk.

TEMPERATURE
The adiabatic temperature rise, which is proportional to the
reaction energy, represents an easy to use criterion for the
evaluation of the severity of an uncontrolled energy
release as a runaway reaction. The adiabatic temperature
rise can be calculated easily by dividing the energy of
reaction by the specific heat capacity:
DTad ¼

Q0
c0P

In Classes 1 to 3, the energy to be considered is the reaction
energy only, whereas in Classes 4 and 5 the energy to be considered is the sum of the reaction and decomposition energies.
The temperature increase may represent a threat by itself, but
in most cases, it will result in a potential pressure increase.

These four temperature levels allow classifying the
scenarios into five different classes (Figure 2) [Stoessel,
1993]. Depending on the relative order of the different temperature levels described in the previous subsection, different
types of scenarios can be obtained. These differ by their
respective criticality, which allows the classification in
criticality classes. Therefore, the criticality class is a
useful tool not only for the risk assessment, but also for
the choice and the definition of adequate risk reducing
measures. In Classes 1 and 2, the loss of control of the
main reaction does not trigger secondary reactions and the
technical limit is not reached. In Class 3 the technical
limit is reached and may serve as a safety barrier, but the
secondary reactions are not triggered. In Class 4 the

PRESSURE
The pressure increase depends on the nature of the pressure
source, i.e. gas or vapour pressure. Furthermore the characteristics of the system, i.e. if the reactor is closed or open to
the atmosphere will determine the consequences: in an open
system, the gas or the vapour will be released from the
reactor, whereas in a closed system the result of a

T
MTT

MTT
MTSR

MTSR

TD24
MTT
MTSR

MTT
MTSR

MTSR
MTT

Tp
Criticality
Class

1

(1)

2

3

4

5

Figure 2. Criticality Classes of Scenario, obtained by combining the four temperature levels: TP, MTSR, TD24 and MTT
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runaway will be a pressure increase. The resulting pressure
can be compared to the set pressure of the pressure relief
system (Pset) or to the maximum allowed working pressure
(Pmax) or also to the test pressure (Ptest) of the equipment.

OPEN GASSY SYSTEM
In an open system with gas production, the volume of gas
can be obtained from equation (2), and the volume calculated either for a toxicity limit as the IDLH or from the
lower explosion limit LEL:

RELEASE
In an open system, since the gas or the vapour will be
released from the reactor, the consequences depend on the
extension of the release and on the properties of the gas or
vapour (e.g. toxicity or flammability). The extension can
be assessed by using the volume of the toxic cloud by
calculating its dilution to a critical limit. For toxicity, the
limit may be taken as the IDLH or other limits defined
by law (e.g. EPRG-2. . ..). In case the gas or vapour is flammable, the lower explosion limit (LEL) is the critical limit.
Since it is easier to have a good representation of a distance
than of a volume, it is proposed to use the radius of a half
sphere to describe the extension of the gas or vapour
cloud. Such a simple approach has nothing to do with
dispersion calculation using complex models and meteorological information, but is useful for the purpose of assessing the risks due to a runaway.
Thus we have to consider four different cases:

Vhazard

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3 3  Vtox
2

(4)

In this equation, the extension is calculated as the radius of a
half sphere. The assessment is performed by comparing the
extension to characteristic dimensions, e.g. of the equipment, plant and site.

OPEN TEMPERED SYSTEM
An open tempered system is a system in which the latent
heat of evaporation can be used to halt the temperature
increase, i.e. to temper the system. This can be achieved
at atmospheric pressure by reaching the boiling point or at
a higher pressure by applying a controlled pressure relief.
The first step is to calculate the mass of vapour that may
be relieved form the latent heat of evaporation and the
characteristic temperatures:

. Closed gassy system: gas release in a closed reactor,
. Closed tempered system: vapour pressure in a closed
system,
. Open gassy system: gas release from an open system,
. Open tempered system: vapour release from an open system.

Mv ¼

ðTmax  MTT Þ  c0p  Mr
DHv0

(5)

The maximum temperature can be the MTSR for
Class 3 or Tend for Classes 4 and 5. This mass is converted
into a volume by using the vapour density that may be estimated as an ideal gas and the extension is calculated in a
similar way as for open gassy systems bay using either a
toxicity limit or the lower explosion limit:

CLOSED GASSY SYSTEM
The volume of gas potentially released by a reaction (including secondary reactions in criticality Classes 4 and 5) can be
known from the chemistry or measured experimentally by
appropriate calorimetric methods as e.g. Calvet calorimetry,
mini-autoclave, Radex or Reaction Calorimetry (as V’g at
Tmes). It must be corrected for the temperature to be
considered, MTSR (Class 2), MTT (Class 3 or 4) or Tf
(Class 5). In case the gas stems from the main reaction,
only the accumulated fraction (X) may be released:
TðK Þ
Vg ¼ Mr  Vg0  X 
TmesðK Þ

Vg
)r¼
¼
Limit

Vhazard

Mv
)r¼
¼
rv  Limit

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3 3  Vtox
2

(6)

The assessment can be performed using the criteria
summarised in Table 1. In cases where more than one criterion applies, the highest rating is taken (worst case) to
assess the severity.

(2)

This volume can be converted in a pressure increase by
taking the available free volume in the reactor (Vr,g)
P
Vg
¼
(3)
P0 Vr,g

Table 1. Assessment criteria for the severity using the energy
(DTad), the pressure for closed systems and the extension for
open systems

CLOSED VAPOUR SYSTEM
In this case the pressure increase is due to the vapour
pressure of volatile compounds. Since often the volatile
compound can be considered to be the solvent, its vapour
pressure can be obtained form a Clausius-Clapeyron
equation or by an Antoine equation. For complex systems
it may be obtained from a a phase diagram P ¼ f(T,x).

Severity
Catastrophic
Critical
Low
Negligeable

4

DTad

P

Extension
(r)

.400 K
200– 400 K
50 – 200 K
,50 K

.Ptest
Pmax – Ptest
Pset – Pmax
,Pset

.Site
Site
Plant
Equipment
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extrapolation:

PROBABILITY OF LOSS OF CONTROL
DURING RUNAWAY
For the probability assessment no quantitative failure rates
will be used, a semi-quantitative approach based on the
probability of loss of control will be used instead. The principle is that the thermal activity at a given temperature as
MTT for example, will be estimated with the aim of predicting the behaviour of the reacting mixture at this temperature
level. A low activity means that the temperature course is
easy to control, whereas a high activity rends it difficult. It
is assumed that the same reaction that releases heat
also causes the gas release and obviously the evaporation
of volatiles. The heat release can directly be compared to
the cooling capacity of an emergency cooling system. The
control of gas or vapour release is assessed using the
maximum gas or vapour velocity in the equipment.

q0ðT Þ ¼ q0ðTD24 Þ  exp

THERMAL ACTIVITY
The dynamics of the secondary reaction plays an important
role in the determination of the probability of an incident.
The probability can be evaluated using the time scale:
If, after the cooling failure, there is enough time left to
take measures before the runaway becomes too fast, the
probability of the runaway will remain low. For chemical
reactions on an industrial scale (not for storage or transportation), we can consider the probability to be low if the
time to maximum rate of a runaway reaction under adiabatic
conditions is longer than one day. The probability becomes
high if the time to maximum rate becomes less than eight
hours (one shift). These time scales are only orders of magnitude and are dependent on many factors, among them the
degree of automation, the training of the operators, the frequency of electrical power failures, size of the reactor, etc.
This scaling of probabilities is only valid if something is
done to cope with the known severity (planned emergency
measures).

decreases reaction rate

The heat release rate of the reaction at process temperature is known from an experiment in a reaction calorimeter. If it is unknown, as worst case assumption, the
cooling capacity of the reactor can be used instead, since
for an isothermal process the neat heat release rate of the
reaction is certainly inferior to the cooling capacity.

GAS RELEASE RATE
If we consider that thermal effects are the driving force of a
runaway, we may assume that the gas release is due to the
same reaction. Thus the gas release rate can be calculated
from:

ACTIVITY OF SECONDARY REACTION
For cases where the secondary reaction plays a role
(Class 5), or if the gas release rate must be checked
(Classes 2 or 4), the heat release rate can be calculated
from the thermal stability tests. Secondary reactions
are often characterised using the concept of Time to
Maximum Rate under adiabatic conditions (TMRad)
[Townsend, 1980]:
TMRad ¼

c0p  R  T 2
q(T)  E

v_ g ¼ Vg0  Mr 

2
c0p  R  TD24
24  3600  Edc

q0(MTT)
Q0

(11)

Here the heat release rate and the energy represents the sum
of all active reactions. It may be only the main reaction
(Class 3 and 4) or both main and secondary reactions
(Class 5). This allows calculating the gas velocity in the
equipment using the narrowest tube section. The capacity
of a scrubber may also be used as an assessment criterion.

(8)
VAPOUR RELEASE RATE
The vapour mass flow rate is proportional to the heat release
rate and can be calculated from:

A long time to maximum rate means that the time available
to take risk reducing measures is sufficient. At the opposite a
short time means that the runaway may not be halted at
the given temperature. The heat release rate at the temperature at which TMRad is equal to 24 hours (TD24) may be
calculated from following equation:
q0ðTD24 Þ ¼

(10)

This allows extrapolating the heat release rate for calculating the time to maximum rate at different temperatures
by using equation (8).

ACTIVITY OF THE MAIN REACTION
Starting from process temperature (Tp), the reaction is accelerated by the temperature increasing to MTT and slowed
down by the reactant depletion. This may be expressed as
a function of the temperature levels assuming a first order
kinetics:
 

E 1
1
MTSR  MTT


(7)
qðMTT Þ ¼ qrx  exp
R Tp MTT
MTSR  T
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ} |ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄpﬄ}
increases reaction rate

 

Edc
1
1

R TD24 T

_v ¼
m

q0(MTT)  Mr
DHv

(12)

It can be converted to a volume flow rate by using the
vapour density and to a velocity, by using the section of
the vapour tube. The assessment of the equipment vapour
flow capacity should also take the cooling capacity of the

(9)

This heat release rate may serve as a reference for the
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61511 standard [3]. It was adapted to the assessment of
runaway reactions with the criteria as defined above. In
such a risk matrix, the different fields corresponding to
accepted (white), non accepted risks (dark grey or black)
can be identified. The black field corresponds to risks that
cannot be reduced by a safety instrumented system (SIS)
alone. The intermediate field (light grey) is used corresponding to risk that should be reduced as far as the costs are in
relation with the risk reduction, following the ALARP principle (as low as reasonably possible). Quantitative failure
frequency data are difficult to obtain for multipurpose
batch plants as they are often used in the fine chemicals
and pharmaceutical industries. Moreover, a quantitative
assessment requires a detailed knowledge of the control
instruments, which may not be available during process
development. Therefore a semi-quantitative approach is
proposed, that provides the required reliability for future
plant equipment.

Table 2. Assessment criteria for the probability of loss of
control during a runaway reaction

Criteria

TMRad
(h) From
MTT

q’ (W/kg)
Stirred

q’ (W/kg)
Unstirred

u m/s

Frequent
Probable
Occasional
Low
Remote
Not credible

,1
1–8
8 – 24
24 – 50
50 – 100
.100

.100
50 – 100
10 – 50
5 – 10
1–5
,1

.10
5 –10
1–5
0.5– 1
0.1– 0.5
,0.1

.20
10 – 20
5 – 10
2–5
1–2
,1

condenser into account. Further the swelling of the reaction
mass due to the presence of bubbles may also become critical for high degrees of filling of the reactor [Wiss, 1993]. If
both vapour and gas are released, obviously the sum of both
velocities must be used for the assessment. A proposal for
the assessment criteria based on time, on heat release rate
and on gas or vapour velocities is summarised in Table 2.

DETERMINATION OF THE REQUIRED
RELIABILITY FOR SAFETY INSTRUMENTED
SYSTEMS
The probability considered here, is the probability that a
runaway may not be stopped at the level MTT, and as
explained above, this probability increases with the
thermal activity at this temperature. The criticality classes
were used to describe the behaviour of the reaction mass
at this temperature and to determine the appropriate type
of measure that should be implemented. Such a measure
like for example quenching a reaction mass will be triggered
by an alarm (e.g. temperature) that opens a valve allowing
the quenching medium to be flushed into the reactor. Such
a device comprising a sensor, a logical unit (alarm) and an
actuator (the valve) is called a safety instrumented system
(SIS). Such a system provides one independent protection
layer (IPL). For a high risk, more than one IPL may be

PROTECTION SYSTEM DESIGN BASED
ON RISK ASSESSMENT
Obviously not all the parameters described above must be
evaluated for each scenario. In this context, the criticality
classes are a useful tool in the sense that they help in selecting the required data for the assessment of severity and probability (Table 3). The criticality classes also give a back
bone for a systematic design procedure. Once the severity
and the probability corresponding to a scenario were estimated, they can be used for the risk assessment and following for the determination of the required reliability of the
protection system.

RISK ASSESSMENT
The four severity levels and the six probability levels
described above can be arranged in a risk diagram, sometimes also called risk matrix. The matrix presented here
(Figure 3) is derived from an example given in the IEC
Table 3. Required data set for the different criticality classes
Data

Class

Gas main reaction V’(2)
g,rx
Gas sec. reaction V’(2)
g,dc
Vapour (Pv) (2)
Power main reaction q’rx
Power sec. reaction q’dc

(1)

1

2

3

4

5

þ
(þ)

þ
(þ)

þ

þ
þ
þ
þ
(þ)

þ
þ
þ
(þ)
þ

þ
þ

Frequent

1:2

1:3 + 1:1
2:2

2:2 + 1:3
3:1 + 1:2

2:3
3:2

Probable

1:1

1.2 + 1:1
3:1

1:3 + 1:1
2:2

2:2 + 1:3
3:1 + 1:2

Occasional

1:2
2:1

1.2 + 1:1
3:1

1:3 + 1:1
2:2

Low

1:1

1:2
2:1

1.2 + 1:1
3:1

Remote

1:1

1:2
2:1

Not credible

1:1

1:1

Critical

Catastrophic

Negligible

Low

Figure 3. Risk matrix adapted from IEC 61511 standard
indicating the accepted, non accepted risks as well as an
intermediate field. The numbers represent the number of
required Independent Protection Levels together with the
required safety Integrity level (IPL:SIL)

(1) The determination of the class requires the knowledge of four temperature levels: Tp, MTSR (i.e. Xac), MTT and TD24.
(2) Beside the volume or vapour pressure the toxicity limit or the Lower
Explosion Limit (LEL) must be known. The calculation of the velocities
also requires information about the diameter of the piping system.
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required. Moreover the reliability of the SIS is defined by
the standard IEC 61511 as the safety integrity level (SIL).
The design of a protection system against runaway comprises the definition of the nature of the system as well as
its reliability. Let us consider that the probability decreases
by one order of magnitude, from each level to the level
below, e.g. “probable” means a ten times higher probability
than “occasional” and so forth. Then a risk that should be
reduced from “frequent” to “remote” corresponds to a
reduction by a factor 1024 and requires for example two
IPLs with an SIL 2, coded 2:2 or 1 SIL 3 and 1 SIL 1
coded 1:3 þ 1:1 in Figure 3. When more than one IPL is
required one of them may be a non instrumented system
requiring human intervention as procedural measures do.
The assessment scales given in the matrix as well as
the required IPL and SIL are given as an example in order
to show how thermal data may lead to a systematic
definition of the protection systems and the corresponding
SIL levels to be used. They should be defined according
to a company’s own safety policy.
For a high risk, emergency measures as pressure relief
or containment must be taken to mitigate the consequences
of a runaway that cannot be anymore avoided. Nevertheless,
by far a better measure is to redesign the process in order
to reduce the accumulation to an acceptable level, i.e.
MTSR to a level below TD24. This may be achieved e.g.
by using a semi-batch reactor instead of a batch reactor
and ensuring that the feed rate is properly limited and interlocked with the temperature and the. A lower concentration
could achieve the same result, but on cost of the process
economy. Of course other process changes should be
considered, as continuous reactors, other synthesis route
avoiding instable reaction masses (increase TD24) etc.

for the Promotion of Safety & Security for fruitful discussions and suggestions during the elaboration of the tool
presented here.

NOTATIONS

Symbol
cP ’
E
DH’v
_
m
Mr
P
q’
Q’
r
R
T
Tmes
DTad
u
v_
V
Vr,g
Vg’
X

Name

Unit

Specific Heat capacity
Activation energy
Spec. latent heat of evaporatiom
Mass flow rate
Reaction mass
Pressure
Specific heat release rate
Specific energy
Radius
Universal gas constant
Temperature
Temperature of gas measurement
Adiabatic temperature rise
Linear velocity
Volume flow rate
Volume
Available volume for gas
Specific gas volume
Conversion

kJ.kg21.K21
J.mol21
J.kg21
kg.s21
kg
bar
W.kg21
kJ.kg21
m
J.mol21.K21
8C or K
8C or K
8C
m.s21
m3.s21
m3
m3
m3.kg21
–

SUBSCRIPTS
CONCLUSION
In this work a systematic procedure was shown allowing
defining the thermal data required for an assessment. The
six key questions shown in the cooling failure scenario
serve as a guide in this task. Once the data are determined,
the next step is positioning the four characteristic temperature levels (Tp, MTSR, MTT and TD24) in order to determine the criticality class. Using the criticality class and
taking the nature of the system into account i.e. open/
closed and gassy or vapour as well as some technical
characteristics, the consequences of a potential runaway
can be determined. Then using the estimation of the
thermal activity at the relevant temperature level, the probability of loss of control can be assessed and the required
IPL and SIL can be determined. This approach allows
minimising the required data set for the safety assessment
and for the definition of the protection system designed
in order to avoid the development of the runaway.

Subscript
0
ac
dc
end
g
max
p
r
rx
test
tox
v

Meaning
Initial value
accumulation
decomposition
end
gas
maximum
process
reaction mass
reaction
test
toxic
vapour
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Filling and emptying normal FIBC (Flexible Intermediate Bulk Containers) in hazardous areas
represents a high electrostatic ignition hazard. Manufacturers of FIBC have therefore designed
different measures to reduce the ignition risks from static electricity. Depending on the measures
applied FIBC are categorized into types A, B, C and D. End of 2005 a new international standard
for testing Type D FIBC has been published. Type D FIBC have now to be certified according to
this standard. Since this standard requires comprehensive ignition testing on a test rig especially
designed for this purpose, industry is looking for a simpler test method, which can be used for
the development of new FIBC fabric and in production quality control. In the present paper it is
attempted to apply the method of charge transfer measurement to assess the ignition probability
of static discharged from FIBC during filling and emptying and to correlate the results with the
ignition tests performed on the standard test rig.

KEYWORDS: FIBC, static electricity, gas explosions, dust explosions

performance within an explosive atmosphere. Therefore a
new international standard (IEC 61340-4-4) for testing
Type D FIBC has been published by the end of 2005 [2].
This standard includes a test rig for filling FIBC and performing ignition tests with a gas probe under well defined
climate conditions. This test is very expensive, laborious
and time-consuming. Therefore there exists the need from
industry to develop a more simple test at least for the development of new fabrics as well as for in production quality
control during FIBC manufacturing.
The measurement of the charge transfer in discharges
from plastic surfaces has been performed in the past by
different authors and subsequently it has already been
used to characterize the incendivity of discharges form
plastic surfaces [1– 4]. Thus, the basic idea of the present
work is to combine each ignition trial with the standardized
gas probe at the test rig described in the standard IEC
61340-4-4 with a simultaneous measurement of the charge
transferred to the probe. These measurements are then
analysed to find a possible correlation between the amount
of charge transferred in an individual discharge and the
fact whether it caused ignition or not.
If such a correlation can be identified it can be used to
set up a new standard for the measurement and assessment
of the ignition hazard associated with FIBC handling,
filling and emptying at least for the development of new
fabrics and for in production quality control during FIBC
manufacturing

INTRODUCTION
Nowadays Flexible Intermediate Bulk Containers (FIBC)
are widely used in the process industry for the transport
and storage of powders, granular material or pellets. Very
often these products are flammable and my generate an
explosive dust atmosphere and/or the FIBC is filled or
emptied in a hazardous area, where in addition flammable
gases or vapours may be present. FIBC are usually made
from woven polypropylene with a thin polyolefin coating.
Since most FIBC are made from highly insulating material,
charge build-up can hardly be avoided during handling,
filling and emptying. In addition, when charged powder
particles, granules or pellets are filled into the FIBC, the
cumulative effect of all the individually charged particles
bulked within the FIBC results in a high electric field on
the outside and in the surroundings of the FIBC. The build
up of charge on powder particles, granules or pellets is
intrinsically related to filling operations, as soon as the conductivity of the product and/or equipment is poor, which
usually applies to most organic products. The resulting
ignition hazard by discharges of static electricity (ESD) is
high and has lead to many fires and explosions in the past.
Manufacturers of FIBC have been very innovative to
solve this ignition hazard problem. Various types of FIBC
are available on the marked. They can be categorised
into four distinct types (type A, B, C, D) by their mode of
construction [1]. Whereas Type A, B and C FIBC have to
meet requirements concerning resistances, break down
voltage and geometry of conductive structures, which
can be assessed by the measurement of physical quantities,
Type D FIBC are not defined by limits of physical
quantities but rather by the requirement that they must not
generate incendive discharges when being filled and
emptied without being earthed. Thus Type D FIBC are not
defined by any limits of physical parameters but by their

EXPERIMENTAL SET-UP
FIBC TEST RIG
The Swiss Institute for the Promotion of Safety and Security
has built a FIBC test rig according to the standard IEC
61340-4-4 [2]. On the FIBC test rig FIBC gas ignition
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Figure 1. Schematic drawing of the FIBC test rig

.
tests are performed under standardized filling and emptying
conditions. These conditions represent a worst case
situation compared to what has commonly to be expected
in practice. Figures 1 and 2 show a schematic drawing and
photographs of the test rig and the gas probe respectively.
The most important requirements of this test method are
as follows:

The FIBC is filled with polypropylene pellets at a filling
rate of (1.1 + 0.1) kg/s.
Tirbocharging of the pellets is increased and adjusted
with corona charging in the inlet pipe to an inlet
current of (3.0 + 0.2) mA.
During filling and emptying at least 200 ignition tests
have to be performed by approaching a gas ignition
probe to the surface of the FIBC.
The design and geometry of the ignition probe is exactly
specified and the gas flow rate is adjusted to
(0.21 + 0.04) l/s.
The volume concentration of the gas is (5.4 + 0.1) %
ethylene in air corresponding to a minimum ignition
energy of (0.14 + 0.1) mJ.
The concentration of the gas mixture has to be checked
periodically e.g. with an infra-red ethylene gas analyser.
Ignition tests have to be performed under both the
following atmospheres:
W (23 + 2) 8C and (20 + 5) % relative humidity
W (23 + 2) 8C and (60 + 10) % relative humidity
Test samples (FIBC) and apparatus have to be conditioned under the atmospheres listed above. The
FIBC passes the test if no ignition occurs in at least
200 ignition trials in each test atmosphere.

CHARGE TRANSFER MEASUREMENTS
For the measurement of the charge transferred to the gas
probe the electrode of the gas probe was used. For this
purpose the spherical metal measuring probe with a
diameter of 20 mm was connected in parallel with a shunt
resistance of (0,25 + 0,05) V, as shown in Figure 3. The
shunt resistance was made from 4 discrete high-frequency
resistors connected in parallel. The shunt resistors have
been connected to earth. The probe was connected to an
oscilloscope input via a high quality 50 V coaxial cable.
A high-speed digital storage oscilloscope LeCroy Waverunner LT 342 L with the following specifications has been
used: Input impedance 50 V, bandwidth 500 MHz, sampling
rate 0.5 GS/s, vertical resolution 8 bit, maximum input
voltage 5 V at 50 V.
The data have been exported to a computer system
and analysed with the EXCEL program. The charge transferred in the discharge was calculated by dividing the

. The FIBC is mounted without being earthed (resistance
to earth .1012 Ohm).

Figure 3. Schematic drawing of the electrode for the
measurement of charge transfer 1) Spherical brass electrode
(diameter 20 mm) 2) Coaxial HF resistors (total resistance
0.27 + 0,05) V 3) Coaxial connector (50 V) 4) Coaxial cable
(50 V)

Figure 2. Photographs of the test rig an the gas probe
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Figure 4. Typical electrostatic discharge waveform from a
single peak discharge with a total of 61 nC of transferred
charge. This discharge did not cause ignition

Figure 7. Typical electrostatic discharge waveform from a
multiple peak discharge with a total of 250 nC of transferred
charge. This discharge caused ignition

FIBC SLSI12 / 60% rh / 13 s / trial No. 36
10
0
0
-10
-20
-0.02
-30
Voltage
-0.04
-40
Charge transferred
-50
-0.06
-60
-0.08
-70
-80
-0.1
-5.0E-07 0.0E+00 5.0E-07 1.0E-06 1.5E-06 2.0E-06 2.5E-06

The FIBC have been tested with numerous ignition trials
at low (20%) relative humidity and high (60%) relative
humidity conditions. Even for a given type of FIBC there
can be observed a large scatter in the total charge transferred
in the individual discharges as well as a variety of waveforms (single and multiple peaks) as shown in Figures 4
to 7. Nevertheless the waveforms and particularly the
number of peaks seem to be a characteristic property of an
FIBC and the ambient climate as shown in Table 1 and
Figure 8.

Charge transferred (nC)

Voltage (V)

0.02

Time (s)

Figure 5. Typical electrostatic discharge waveform from a
single peak discharge with a total of 62 nC of transferred
charge. This discharge caused ignition

CORRELATION BETWEEN CHARGE TRANSFER
AND IGNITION
Figure 10 shows the amount of charge transferred in each
individual ignition trial for all FIBC and climate conditions
investigated. Since the relaxation time of the measuring
circuit was very low (see section on charge transfer
measurements) the charge transfer could also be registered
in case an ignition occurred. In case of FIBC 04-0555 ignitions occurred also when no charge transfer could be
measured. This fact has no physical meaning; it is an artefact
which is related to the measuring circuit and the setting of
the triggering level.

FIBC SLSI12 / 60% rh / 30 s / trial No. 7
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Figure 6. Typical electrostatic discharge waveform from a
multiple peak discharge with a total of 291 nC of transferred
charge. This discharge did not cause ignition

ANALYSIS AND DISCUSSION
OF RESULTS
Figures 9 and 10 clearly show, that the probability of
ignition increases with increasing charge transfer in an electrostatic discharge. It is however not possible to identify a
clear correlation between the charge transferred and the
incendivity of a discharge. There must be other parameters
such as for example the characteristics of the waveform
which are as important for ignition as the total integrated
charge.
In addition, in case of very large amounts of charges
transferred (e.g. see Figure 10) the approach of the ignition
probe to the FIBC surface may have initiated a cone discharge. In this case the charge transferred can not be attributed to discharges from the FIBC fabric.

voltage signal on the oscilloscope by the resistance of the
shunt and integrating the area under the resulting current
curve. Typical electrostatic discharge waveforms are
shown in Figures 4 to 7.

MEASUREMENTS AND RESULTS
WAVEFORM CHARACTERISTICS
Measurements of charge transfer in combination with
ignition testing have been made from 4 different FIBC.
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Table 1. Percentage of discharges showing single and multiple peaks in their waveforms
Single peak
Number of trials

Discharges without ignition
Discharges with ignition
Total

118
12
130

Discharges without ignition
Discharges with ignition
Total

84
0
84

Discharges without ignition
Discharges with ignition
Total

80
0
80

Discharges without ignition
Discharges with ignition
Total

115
2
117

Discharges without ignition
Discharges with ignition
Total

170
4
174

Discharges without ignition
Discharges with ignition
Total

92
3
95

Multiple peak
%

Number of trials

%

Number of trials

FIBC 04-0555 / 60% rh / 2388 C / 13 s
85.5%
8
5.8%
8.7%
0
0.0%
94.2%
8
5.8%
FIBC 04-0658 / 60% rh / 2388 C / 13 s
58.7%
55
38.5%
0.0%
4
2.8%
58.7%
59
41.3%
FIBC 06-0524 / 20% rh / 2388 C / 13 s
94.1%
5
5.9%
0.0%
0
0.0%
94.1%
5
5.9%
FIBC 06-0524 / 60% rh / 2388 C / 13 s
84.6%
11
8.1%
1.5%
8
5.9%
86.0%
19
14.0%
FIBC SLSI12 / 20% rh / 2388 C / 13 s
87.6%
15
7.8%
2.1%
4
2.1%
89.7%
19
9.8%
FIBC SLSI12 / 60% rh / 2388 C / 13 s
69.7%
32
24.2%
2.3%
5
3.9%
72.0%
37
28.0%

Nevertheless the following conclusions can be drawn
from the results and their analysis:

.

. The discharges with multiple peak waveforms cause
more often ignitions than those with single peak waveforms.

.

FIBC 04-0555
60% rh / 23°C / 13 s
multiple peak
6%

Total

multiple peak
14%

92.9%
7.1%
100%

139
4
143

97.2%
2.8%
100%

85
0
85

100%
0.0%
100%

126
10
136

92.6%
7.4%
100%

185
8
193

95.9%
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126
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The delay time between different ignition trials has a
large influence on the charge transferred and the ignition
probability.
The type of FIBC strongly affects the waveforms of the
discharges and the correlation between charge transferred and ignition.

FIBC 04-0658
60% rh / 23°C / 13 s

single peak
59%
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Figure 8. Percentage of discharges showing single and multiple peaks in their waveforms
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Figure 9. Charge transferred during ignition trials with different types of FIBC at different relative humidity (time delay between
different trials: 13 s)
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. It is difficult to specify an amount of charge transferred,
below which no longer any ignition occurs.
. It is impossible to specify an amount of charge transferred above which always ignition occurs.

CONCLUSIONS
The correlation between the charge transferred in electrostatic discharges from FIBC fabrics depends on many parameters. The present results do not yet allow giving a
clear answer. Further investigations are required before
any reliable more detailed conclusion can be drawn.

5

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153

INFLUENCE OF METAL NETWORKS ON THE EXPLOSION BEHAVIOUR OF GAS
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The maximum explosion pressure and the maximum rate of pressure rise associated with gas
explosions in closed vessels can drastically be reduced by the presence of metal networks in the
vessel. So far little results have been published in this context. In the present investigations the
effect of such metal networks (Certinite) of different materials, shapes and surface areas (material
densities and filling levels) on propane gas explosions have been performed in the 20 litre sphere.
Under optimum conditions the maximum explosion pressure was reduced by more than 80% in the
presence of a metal network requiring only a volume of less than a few percent of the total volume
of the vessel. More detailed results are reported in the paper.

KEYWORDS: gas and vapour explosions, explosion protection, flame quenching

approximately 10 J, located in the centre of the sphere has
been used as ignition source. Propane gas at different concentrations in air has been used to generate the explosive
mixtures. The propane/air mixtures have been prepared
with a gas flow mixing station. The explosion pressure
and the rate of pressure rise were measured with piezoelectric pressure transducers. The data were recorded and stored
electronically. The evaluation of the data was carried
out with the data evaluation program KSEP 332 of the
20 litre sphere.

INTRODUCTION
If a gas or vapour explosion is initiated in a closed vessel a
very rapid pressure build up occurs. The explosion is commonly characterized by the rate of pressure rise and the
explosion pressure. If these quantities are plotted against
the fuel concentration, maximum values, which represent
a worst case, can be derived. In spherical or cubical enclosures the maximum explosion pressure is independent of
the volume, whereas the rate of pressure rise drops according the cubic law with increasing volume. For Hydrocarbons
typical values of maximum explosion pressure are 7 to 9 bar
and for the rate of pressure rise in a 1 m3 vessel (K-value)
100 bar . m/s, if the explosive atmosphere is ignited in
quiescent state [1,2].
The process of flame and pressure propagation may
drastically be reduced by the presence of a metal network
of high surface area within the explosion vessel, even if
this network only requires a small percentage of the
volume of the whole vessel. This reduction is based on the
effect of flame quenching similar to the mechanism responsible for the effectivenes of flame arrestors in pipe work.
In the following the experiments and results with
metal networks of different materials shapes and packing
densities are described.

TEST PROCEDURE
After the addition and placement of the network to be tested
in the 20 litre sphere, the sphere was evacuated to an absolute residual pressure of approximately 100 mbar. Subsequently the evacuated sphere was filled with an
appropriate propane/air mixture to atmospheric pressure.
In the field of explosion technology propane is usually
used as a standard hydrocarbon fuel to perform explosion
tests representative for the characteristics of flammable
organic gas and vapour explosions [2].
For each network set-up one series of explosion tests
within the whole explosive range have been performed. In
the region of the maxima of the explosion pressure and of
the rate of explosion pressure rise two additional explosion
test series have been performed.
The results presented in the next section correspond to
the average values of these 3 explosion test series.
Unless stated otherwise, the network was distributed
all over the 20 litre sphere as homogeneously as possible.
Only at the location around the permanent spark (ignition
source) a volume of approximately 0.6 litres was not filled
with the network.

TYPES OF METAL NETWORKS USED
IN THE EXPERIMENTS
The samples used in the investigations are listed in Table 1
and shown in Figures 1 to 5 and they have been made available by ProTecht Solutions S.A.

EXPERIMENTAL SET-UP
The explosion tests have been performed in the 20 litre
sphere (see Figure 6). A permanent spark with energy of
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Table 1. Samples tested in the 20 litre sphere
Sample

Sample description

CertiNet
CertiSphere
CertiStrand aluminium
CertiStrand stainless steel

Photographs

Punched aluminium sheet
Aluminium spheres made from punched aluminium sheets
Aluminium strands
Stainless steel strands

1)

MEASUREMENTS AND RESULTS
CERTINET – HOMOGENEOUS DISTRIBUTION –
DIFFERENT PACKAGING DENSITIES
In principle there exist two possible systematic ways to vary
the amount of network within the explosion chamber:

2)

Figure
Figure
Figure
Figure

1,2
1,3
1,4
1,5

The packaging density is varied in such a way, that
always the whole volume of the explosion chamber
is filled with the network (with the exception of the
region around the ignition source in case of the tests).
The network is always filled with the same packaging
density into the explosion chamber, but only part of
the volume of the explosion chamber is really filled
with the network.

The results obtained in explosion tests with CertiNet
at different packaging densities specified by the total

Figure 1. Different forms and materials of Certinite.
1 CertiStrand stainless steel; 2 CertiStrand aluminium;
3 CertiNet; 4 CertiSphere.
Figure 3. CertiSphere

Figure 2. CertiNet (punched sheets)

Figure 4. CertiStrand aluminium
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CERTINET – PARTIAL FILLING – CONSTANT
PACKAGING DENSITY
The results obtained in explosion tests with CertiNet at constant packaging density (corresponding to a total surface
area of 4.5 m2 when filled into the whole 20 litre sphere)
but partial filling of the 20 litre sphere are summarised in
Table 3 and Figure 10. The indication of the surface area
refers to one surface of the network. CertiNet has been
arranged in shells covering the wall of the 20 litre sphere
and has been kept in place by a thin metal grid.

CERTISTRAND
The results obtained in explosion tests with CertiStrand are
summarised in this section (see Table 4 and Figure 11).
These tests have been designed to investigate the influence
of the geometry (punched sheets versus strands) as well as
the influence of the material (aluminium versus stainless
steel) of the network. Therefore the tests have been performed at a medium packaging density of 4.5 m2 of the
network in the 20 litre sphere. The sphere was filled
homogeneously with the network except for a volume of
approximately 0.6 litres around the permanent spark
(ignition source).
Figures 12 and 13 show the arrangement of Certinite
in strand form within the 20 litre sphere and around the electrodes of the permanent spark.

Figure 5. CertiStrand stainless steel

DISCUSSION OF RESULTS AND CONCLUSIONS
The accuracy – or in other words the reproducibility of the
results – is affected by two different phenomena. One is
the reproducibility of the packaging geometry of Certinite
in the 20 litre sphere. According to experimental evidence
this reproducibility amounts to approximately 10 to 20%.
The other is the reproducibility of the gas explosion
course in the 20 litre sphere. From the different explosion
test series this reproducibility amounts also to approximately 10 to 20%. Thus, the overall reproducibility of the
maximum explosion pressure and the maximum rate of
pressure rise amount approximately to 30%. With regard
to these accuracies, the following conclusions concerning
the reduction of the maximum explosion pressure can be
drawn:

Figure 6. 20 litre sphere used for the explosion tests

amount of surface area in m2 filled into the 20 litre sphere
are summarised in Table 2 and Figure 7. The indication of
the surface area refers to one surface of the network.
Figures 8 and 9 show the arrangement of the network
within the 20 litre sphere and around the electrodes of the
permanent spark.

1)

The maximum explosion pressure for the standard gas
Propane in the explosion chamber is reduced from 9.2
bars without Certinite to 1.7 bars, when filled with

Table 2. Effect of CertiNet on explosion characteristics of propane in the 20 litre sphere at different packaging densities specified by
the total surface area of the network homogeneously filled into the explosion chamber
Propane
Amount (total surface area) of CertiNet
Maximum explosion pressure
Maximum rate of pressure rise

Pmax in bar
(dP/dt)max in bar/s

3

0 m2

3 m2

4.5 m2

6 m2

9.2
470

4.0
955

3.3
891

1.7
260
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Figure 7. Effect of CertiNet on explosion characteristics of propane in the 20 litre sphere at different packaging densities specified by
the total surface area of the network CertiNet filled into the explosion chamber

Figure 8. CertiNet in the 20 litre sphere

2)

3)

Certinite corresponding to a surface area of 6 m2 in
the 20 litre sphere.
The effect of Certinite basically depends on the
surface area placed into the explosion chamber. The
geometrical arrangement (net or strand) and material
(aluminium or stainless steel) has a minor effect (see
Table 4 and Figure 11).
In case of the two tests performed with a surface of 3
m2 in the 20 litre sphere the statement 2) even applies

Figure 9. CertiNet wrapped around the electrodes

to different spatial distributions of Certinite. For
homogeneous distribution see Table 2 and Figure 7
and for partial filling of 67% see Table 3 and
Figure 10. In both cases the maximum explosion
pressure is reduced to 4.0 bars.
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Table 3. Effect of CertiNet on explosion characteristics of propane in the 20 litre sphere at a constant packaging density (corresponding to a total surface area of 4.5 m2 when filled into the whole 20 litre sphere) partially filled into the explosion chamber
0%

33%

67%

100%

Amount (total surface area) of CertiNet
Pmax in bar
(dP/dt)max in bar/s

0 m2
9.2
470

1.5 m2
5.5
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3 m2
4.0
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Figure 10. Effect of CertiNet on explosion characteristics of propane in the 20 litre sphere at a constant packaging density
(corresponding to a total surface area of 4.5 m2 when filled into the whole 20 litre sphere) partially filled into the explosion chamber

4)

The course of the rate of pressure rise as a function of
the void volume in the case of the experiments with
partial filling of the 20 litre sphere suggests, that the
measured rate of pressure rise corresponds more or
less to the pressure rise within the void volume not
filled with Certinite (see following arguments as
well as the calculations and results in Table 5).

says that the product of the rate of pressure rise times the
3rd root of the volume is a constant (so called K-value
characterizing the explosive atmosphere). If this law is
applied to the data of Table 3 by using the void volume
(volume not filled with CertiNet) as the total explosion
chamber volume, the results listed in Table 5 are obtained.
These results support the hypothesis, that in all cases
the increase of the rate of pressure rise with Certinite is
due to the very small void volumes around the ignition
source.

In cubical and spherical explosion chambers the rate of
pressure rise dp/dt follows the cubic law [1,2]. This law

Table 4. Effect of geometry and material of Certinite on explosion characteristics of propane in the 20 litre sphere

Pmax in bar
(dP/dt)max in bar/s

9.2
470

CertiNet 4.5 m2

Propane
CertiStrand aluminium 4.5 m2

CertiStrand stainless steel 4.5 m2

3.3
891

3.7
1660

3.1
1511

5

# 2007 IChemE

10
9
8
7
6
5
4
3
2
1
0

1800
1600
1400
dp/dt in bar/s

Pex in bar

IChemE SYMPOSIUM SERIES NO. 153

0

1

2

3

4

5

6

7

8

9 10

1200
1000
800
600
400

Propane conc. in vol%
200
0
0 1 2 3 4 5 6 7 8 9 10
Propane conc. in vol%

l
ee
st
ss

ra
pi
tiS

C

C

er

er

C

tiS

er

pi

tiS

ra

pi

ls

ra

ta

in

la

le

lu

C

m

er

in

tiN

an
op
Pr

iu

et

e

l
ee
ss

ta
ls

ra
pi
tiS
er
C

m

1800
1600
1400
1200
1000
800
600
400
200
0

in

la

le

lu

C

m

er

in

st

iu

et
tiN

an
op
Pr

m

dp/dtmax bar/s

10
9
8
7
6
5
4
3
2
1
0
e

Pmax in bar

Propane
Certnet
CertiSpiral aluminium
CertiSpiral stainless steel

Influence of geometry and material

Influence of geometry and material

Figure 11. Effect of geometry and material of Certinite on explosion characteristics of propane in the 20 litre sphere

Figure 13. CertiStrand wrapped around the electrodes

Figure 12. CertiStrand in the 20 litre sphere
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Table 5. Effect of void volume around the ignition source on the rate of pressure rise in the 20 litre sphere Even if the explosion
chamber is 100% filled with Certinite there remains a small void volume around the ignition source
Volume filled with CertiNet
Void volume in the 20 litre sphere Vv
(dP/dt)max in bar/s
(dP/dt)max  V1/3
in bar.m/s
v

0%

33%

67%

100%

0.02 m3
470
128

0.0134 m3
674
160

0.0066 m3
756
141

0.003 m3
910
131

2. W. Bartknecht, ”Explosionsschutz – Grundlagen und
Anwendung”, Springer-Verlag, 1993.
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AMMONIUM NITRATE BEHAVIOUR IN A FIRE
E.I.V. van den Hengel, R.J.A. Kersten, F.A.M.H. Jacobs, R. Oostdam and N.H.A. Versloot
TNO Defence, Security and Safety, P.O. Box 45, 2280 AA Rijswijk, The Netherlands; Tel.: þ31 15 284 3254,
e-mail: esther.vandenhengel@tno.nl
Until recently the probability of an explosion of ammonium nitrate under fire conditions was
considered to be very low. Despite the low probability of incidents like this, the fire and explosion
scenario is one of the most likely mechanisms for an accidental detonation. At the moment the
mechanism of an explosion of ammonium nitrate under fire conditions is still unclear. From literature and experiments it can be concluded that pure ammonium nitrate without confinement or contamination is not able to detonate by a deflagration to detonation transition. Confinement, shock
initiation or gas phase reactions appear to be important parameters for the initiation of ammonium
nitrate at elevated temperatures. A fundamental approach to study these parameters remains necessary to determine the mechanism of an explosion of ammonium nitrate under fire conditions.

KEYWORDS: ammonium nitrate, fire, incidents, shock initiation

explosion occurred in a warehouse that contained 200–300
tons of granular ammonium nitrate. In the explosion, 29
people were killed and nearly 2500 were wounded, of
which 30 severe. The strength of the explosion not only
caused severe damage to the AZF plant, but also to the
surroundings. The material damage was estimated at 2.3
billion Euros (Kersten et al., 2004).
Fire and subsequent detonations occurred before the
50’s due to the use of organic coatings on the ammonium
nitrate prills or granules. The use of different manufacturing techniques after this period significantly increased
the safety of ammonium nitrate when it comes to fire
hazards. The first major exception was the explosion of a
railcar in Traskwood (1960).
From the incidents that occurred in the past, it appears
that the explosions fall into two groups (Medard, 1989). The
first group consists of explosions that were caused by a
shock to detonation transition (SDT). The initiation of the
explosion occurred by either an explosive mass going off
in the material or by the detonation of a shell thrown into
the mass, or by the detonation of an explosive mixture in
contact with the ammonium nitrate. Well known examples
of this type include Kriewald, Morgan, Oppau, Tessenderloo
and Traskwood.
The second group consists of explosions that followed
a fire which spread either to the ammonium nitrate (Texas
City, Brest, Oakdale, etc.) or to nitrate that became mixed
with combustible substances during the fire (Repauno,
Cheroke, etc). Recent incidents of an explosion that followed a fire are an explosion in a farmer’s barn (France,
2003), two railcar explosions (Iran and North Korea,
2004) and two truck explosions (Romania and Spain,
2004). With respect to this group it must be mentioned
that there are numerous examples of fires in which the
ammonium nitrate was impure but which still did not lead
to an explosion. Some level of confinement appears to be
an important boundary condition for the transition of a fire
to an explosion.

INTRODUCTION
Ammonium nitrate (AN) is primarily used as a fertiliser but
can also be used as a blasting agent when mixed with fuel.
The annual use of ammonium nitrate of 22 million tons
per year worldwide indicates its importance for the
society. Regarding its hazardous properties ammonium
nitrate is a compound with a complex behaviour. The
specific hazardous properties are determined by the physical
properties (particle size, porosity, density), chemical properties (stabilisers, moisture) and environmental factors (confinement, contamination, temperature and pressure). In
general, the risk associated with the use, production, transportation and storage of ammonium nitrate is low. Depending upon the type of ammonium nitrate, the relevant
hazardous properties differ from fire to decomposition and
detonation. Because of its oxidising properties, ammonium
nitrate facilitates the initiation of a fire and it intensifies the
fires in combustible materials. For this reason, the fire risk
potential is generally considered higher than its explosive
risk potential. However, detonation is the most destructive
event, usually with a large impact on the surroundings.
Until recently, the probability of an explosion of ammonium
nitrate under fire conditions was considered to be very low.
Recently, several incidents occurred in which ammonium
nitrate, involved in a fire, exploded. These incidents clearly
showed that this hazard cannot be ignored. As a matter of
fact, despite the low probability of incidents like this, the
fire and explosion scenario is one of the most likely mechanisms for an accidental detonation. Therefore, it is very
important to understand the behaviour of AN under fire
conditions to determine guidelines how to prevent the incident to occur or the decrease the effects.

INCIDENTS WITH AMMONIUM NITRATE
The most recent example of a large incident with
ammonium nitrate is the explosion at the AZF factory
in Toulouse, France, on Friday 21 September 2001. The
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(coating, plastic) or fuel and a prolonged fire exposure
(intense heat).
Based on these common conditions and the findings
of the various studies in which the DDT behaviour of
ammonium nitrate or ammonium nitrate mixtures was
studied, the fault tree shown in Figure 1 was constructed.
According to Figure 1, it is assumed that an explosion
(detonation) is possible via three routes:

POSSIBLE SCENARIOS
The mechanism of a decomposition/deflagration to a
detonation was studied after the Traskwood incident by
the Bureau of Mines in the US in the early 70’s. The investigated mechanisms included initiation of the ammonium
nitrate by:
. The impact of projectiles (shock initiation).
. An explosion or detonation in adjacent explosive
systems.
. Accelerated burning of ammonium nitrate and fuel
systems.

1.

In relation to the mechanisms listed above, additional
issues such as the effect of temperature or moisture content
on the initiation sensitivity of AN were studied. The studies
showed that large scale fires with AN or AN contaminated
with urea and fuel oil did not burn very rapidly. External
fire exposures even with contaminants such as tar from
roofs etc. would result in only slow decomposition of the
surface layers of AN and reaction at the surface with the
contaminants. This behaviour is typical of that noted in
many accidental fires in which no explosion occurred. In
raw AN, no DDT could be accomplished even when hot
AN was used. Pressures as high as 275 bars in hot AN and
550 bars in AN at ambient temperatures failed to yield reaction rates that were rapid enough to cause a transition to
detonation.
Although after the studies many questions remained
unanswered, it was concluded that the occurrence of a
DTT under fire conditions was a rare event. Nevertheless,
as already mentioned, it cannot be ignored in view of the
recent incidents. In these incidents the common conditions
are the presence of high nitrogen content ammonium
nitrate (mostly Fertiliser Grade AN (FGAN) although the
quality may be questioned), the presence of organic material

2.

3.

A deflagration to detonation transition (DDT). For a
scenario to proceed according to this route, a sufficiently rapid pressure increase in the ignition region is
required to produce an incipient shock wave at some
point beyond the ignition region. The second requirement for this scenario to occur is that the unburned
explosive beyond the burning region must be sufficiently shock sensitive to be initiated by a shock wave
equal in amplitude to the high pressure achieved in
the burning region. The presence of contaminants,
pre-mixing and preheating play an important part in
this route as contaminants increase the reactivity
while premixing and preheating increase the sensitivity.
Shock initiation of the bulk of the material by a local
explosion of (partly) confined material. Again, the
bulk of the material must be sufficiently sensitised.
An uncertain issue in relation to this route is the high
temperature behaviour of ammonium nitrate. Under
experimental conditions, depending upon the heat loss
to the surroundings and initial heat-up, a temperature
rise to well above 350 8C is possible.
Premixing and prolonged fire exposure. The premixing
of ammonium nitrate with a contaminant (fuel, plastic,
paper, metals, etc.) in combination with a prolonged
engulfment causes, at some stage, heat release in a
very large quantity of material. Under conditions like
this the occurrence of an explosion cannot be excluded.

explosion

sensitised AN or
increased reactivity
local initiation

accelerated burning

molten
AN

organics/
fuel

premixing

thermal explosion

(molten)
AN in
trapped
area

heating under
confinement

hot gasses
through AN
bed

heat

moisture

Figure 1. Fault tree leading to explosion
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In the use of Figure 1 it must be kept in mind that the
figure was constructed on basis of a combination of incident
scenarios and the known hazardous properties of ammonium
nitrate. Although the figure helps to structure the complexity
of the problem, the different routes are not yet verified by
research. Furthermore, it can not be excluded that other
mechanism are possible.
The mechanism of an explosion of AN in a fire scenario according to route 1 and 2 is thought to proceed via a
chain of events. The beginning of the chain is the actual
initiation of a limited amount of material to an explosion
(initiation). This local initiation has to be amplified by sufficiently sensitised material that serves as a booster (amplification) for the insensitive bulk of the material. The last step
in the chain is the actual initiation of the bulk of the material
to a detonation. The amplification step has to be strong
enough for this to take place. This means that sufficiently
sensitised material has to be present in relation to the sensitivity (critical diameter) of the bulk material. Note that
although the mechanism is presented as a chain (initiation,
amplification, bulk detonation), all these steps have to be
related and take place within milliseconds.
The presence of contaminants or pre-heating plays an
important role in the initiation and amplification step of the
DDT due to an increase of reactivity and shock sensitivity.
The different steps in the “chain” described above cannot be
distinguished in route 3. The initiation process itself,
however, would be that of a deflagration to a detonation
transition (route 1).

small fragments from exploding gasoline tanks or a gas
explosion.
In the literature and in experiments it is never verified
that pure ammonium nitrate without confinement is able to
detonate by DDT. Overall it can be concluded that confinement and/or contamination appear to be important
parameters for causing an AN explosion by the action of
heat alone.

LITERATURE STUDY
From literature and previously performed experiments
information can be found about the sensitivity of AN and
the behaviour of AN in fire.
Under conditions of fire exposure contaminants likely
to form deflagrating mixtures with ammonium nitrate and
which can increase the shock sensitivity of the ammonium
nitrate include: Charcoal (from paper, wood, etc.), organic
fuels such as diesel oil, plastics, chlorine, polyethylene
(from bags, etc.), aluminium (from conduit or wiring) and
copper (from wiring, etc.). The reaction of ammonium
nitrate with these types of materials would be expected
to be more violent and rapid if the ammonium nitrate is
in a molten state than at ordinary temperatures (Bauer
et al., 1979).
The detonation characteristics of molten AN, like its
shock initiation characteristics, are strong functions of
density, hence temperature. Molten ammonium nitrate is
somewhat unique among explosive compounds in that its
density can be varied by either raising or lowering the temperature in the fluid, especially at temperatures higher than
210 8C. This property, more than anything else, is responsible for the high increase in shock sensitivity, especially
at elevated temperatures approaching 260 8C. When the
temperature is higher, the density is lower and the shock
and heat sensitivity is increased (Bauer et al., 1979).
Molten AN would not likely be initiated by a falling roof,

.

EXPERIMENTAL STUDY
From Figure 1 it was concluded that there are three possible
routes for an explosion of AN of which two routes are for
pure (not contaminated) AN: Deflagration to detonation
(DDT) and shock to detonation (SDT). These two routes
should be verified experimentally and this experimental
study should be performed systematically.
The first step in this approach was the determination of
the reactivity of AN under high temperature (..2508C)
conditions, including an assessment of the effects of contamination (plastic, diesel oil) and pressure on this reactivity. These experiments were performed in an Advanced
Reactive System Screening Tool (ARSST). The ARSST is
a calorimeter that can quickly and safely identify potential
chemical hazards of (energetic) materials and is designed
to determine the potential for runaway reactions and to
determine the (quasi) adiabatic rates of temperature and
pressure rise during a runaway reaction as function of
the process, vessel and other parameters (see Figure 2).
From the results of the experiments the following can be
concluded:

.
.
.

.

All materials tested showed an exothermic reaction
around 250 8C.
The occurrence and violence of an exothermic reaction
is dependent on the heating rate.
No reaction occurs under atmospheric pressure.
AN reacts much more violent under high pressure (10
bar) conditions, i.e. the temperature and pressure
increase are much higher than under a pressure of
1 bar (with closed vessel). The onset temperature for
the reactions at 1 bar and 10 bar is equal.
Copper and diesel oil only have a small effect on the violence of the reaction. Polyethylene however has a very
strong effect on the reaction. The pressure and temperature were far above the maximum pressure and temperature the equipment can handle.

Note that the onset temperatures in the ARSST differ
from the onset temperatures at larger scales or practical situations. The results of the ARSST experiments can only be
used to give a ‘quick scan’ of the effect of different parameters and to compare the different materials to each other.
In the next step the effect of contamination was
studied on a larger scale. In these experiments a steel tube
with an internal diameter of 10 cm and a height of 60 cm
was used. The diameter of the tube was larger than the critical diameter of molten AN. The tube was filled with 3 kg
AN, which was heated with band heaters. The temperature
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Figure 2. (A) Schematic illustration of the experimental set-up of the ARSST. (B) Detailed drawing of the assembly of the test cell

of the AN and the gas phase above the AN was measured
with thermocouples. When the temperature of the AN was
around 230 8C, 1.5 wt% polyethylene was added to the
AN and the material was heated to more than 300 8C.
Between 240 8C and 270 8C the material started to boil or
‘cavitate’, foam was formed and an exothermic reaction
occurred. This exothermic reaction was not observed in
the pure AN without polyethylene. Although the exothermic
reaction was very strong (temperatures up to 1000 8C) no
explosion occurred. From these experiments it was concluded that molten AN without confinement, even when
contamination is added to the AN, cannot detonate under
the action of heat alone.
The third step in the experimental study was to
perform experiments to determine the critical initiation
pressure to initiate molten AN. In these experiments the
same set-up as in the previous experiments was used. In
the first experiment the pure ammonium nitrate was
heated to 250 8C. At 250 8C the foam inside the tube
started to rise, which can be detected by measuring the
temperature with the thermocouple in the gas phase. At

2508C a detonator, hanging in the gas phase of the tube,
was initiated and the material inside the tube detonated.
Unfortunately it was difficult to determine the critical
shock initiation pressure of the material in this set-up.
Therefore a more fundamental approach was used. Underneath the bottom of the tube a hexocire booster was
placed. Between the booster and the bottom a PMMA gap
was present to reduce the pressure of the booster. The
pure ammonium nitrate was heated to 250 8C. When the
foam started to rise in the tube at 240 8C the booster was
initiated. If the test was positive (detonation, see
Figure 3), the PMMA gap was increased; when the test
was negative (no detonation, see Figure 3) the PMMA gap
was decreased.
From the results of these experiments it can be concluded that the critical initiation pressure for the tested
AN is between 3.5 and 5.1 GPa. Experiments performed
by Bauer (1979) up to a temperature of 260 8C show the
same results. Extrapolation of Bauer’s results shows low
initiation pressures (about 0.6 GPa) at 300 8C. This shows
that AN is very sensitive for detonation at these high

Figure 3. Left: Fragments of a detonated tube test; right: Bottom of a tube which is not detonated
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temperatures. However, these pressures are still too high for
initiation in practical situations.
Experiments at 300 8C are not very easy to perform
for two reasons:

Based on these result it can be concluded that the
study on the mechanism of an explosion of ammonium
nitrate under fire conditions is very complex. A fundamental
approach remains necessary. In this approach it is recommended to perform tube tests with a vent in which the
vent size can be changed. In these tests the effect of confinement can be studied, since this appears to be a very important parameter. The results of these tests should be verified in
larger scale tests (100 kg material). Also a fundamental
study to relation between the gas and condensed phase
reaction is important and should be studied in the larger
scale tests.

. The decomposition is very fast at this temperature.
. The liquid phase is expanding and forming decomposing
gases.

CONCLUSIONS AND RECOMMENDATIONS
From the literature study and the experiments the following
conclusions can be drawn:
. A spontaneous detonation is not seen in an open system.
. It is never verified that pure ammonium nitrate without
confinement or contamination is able to detonate by
DDT.
. From the experiment with shock initiation with a detonator it might be concluded that the gas phase detonated,
which initiated the sensitised molten ammonium
nitrate. However, at the moment the relation between a
gas phase reaction and condensed phase reactions is
unclear. It is unclear if a gas phase detonation can take
place at a temperature of about 250 8C and if the
shock pressure is high enough to initiate the molten
material.
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MICROREACTORS FOR PROCESSING OF HAZARDOUS AND EXPLOSIBLE REACTIONS
S. Loebbecke, J. Antes, W. Ferstl, D. Boskovic, T. Tuercke, M. Schwarzer and H. Krause
Fraunhofer Institute for Chemical Technology ICT, P.O. Box 12 40, 76318 Pfinztal, Germany; e-mail: sl@ict.fhg.de
Microstructured reactors are well known to provide far better heat exchange characteristics than
attainable in macroscopic batch or flow-through reactors due to their high surface-to-volume
ratios. In the last decade, a large number of studies have impressively demonstrated that the
accumulation of strong reaction heats and hot spots, which result in unwanted side, subsequent
and decomposition reactions, can be successfully surpressed in microreactors. Consequently, the
use of microreactors greatly reduces the hazardous potential associated with reactions that are
highly exothermic or potentially explosive. Greater safety is also attained with toxic substances
due to the small hold-up of microfluidic devices.
Here we report on the use of microreactors for the safe processing of strong exothermic reactions in the liquid and liquid/liquid regime, such as nitrations, oxidations, esterifications, etc. The
hazardous potential of such reactions often arises from the huge reaction enthalpy and/or the thermolability of the reaction products or intermediates.
Microreactors have been particularly used in our studies to systematically investigate strong
exothermic reactions under unusual process conditions such as higher temperatures, higher concentrations or varied stoichiometries which are not possible to apply on a macroscopic scale. Such parameter screenings provide valuable routes for process intensification in terms of yield and
selectivity but also with respect to energy savings and improved safety. Hence, microreactors
have been deliberately used as tools for safety analyses to investigate experimentally worst case
scenarios at the threshold of decomposition and runaway reactions.
Moreover, we use microreactors also as measurement tools to quantify the heat release under
strong exothermic process conditions. For this purpose, we have developed a continuous mL-flowthrough calorimeter which consists of a microreactor embedded between thermoelectric modules
(Seebeck and Peltier elements). This new mL-calorimeter has a very small time constant of
about 2 s which is by a factor of 20 –30 smaller than that of conventional reaction calorimeters.
Hence, it is ideally suited to measure enthalpies of fast and highly exothermic reactions under
both isothermal and continuous process conditions.

KEYWORDS: microreactor, safety, nitration, nitroglycerine, diazomethane, point-of-use synthesis,
calorimeter

processes can be run isothermally. Consequently, the use
of microreactors greatly reduces the hazardous potential
associated with reactions that are highly exothermic or
potentially explosive. Greater safety is also attained with
toxic substances due to the small hold-up of microfluidic
devices.
In addition to better heat exchange, microstructured
reactors also intensify mixing and mass transport. This
advantage is particularly important in multi-phase reaction
systems (gas/liquid or liquid/liquid) and all other types of
mixing sensitive processes.
As microreactors permit greatly intensifying the heat
and mass transport together with highly precise continuous
process management, the resultant improvements in yield,
selectivity, product quality, and safety are significant
indeed compared to conventional synthesis processes. In
addition, microreaction technology offers access to new
synthetic products and process methodologies. A remarkable number of successful applications of MRT have been
described in literature. Recently published reviews
[Jaehnisch 2004, Pennemann 2004, Jensen 2001] and

INTRODUCTION
Microreaction technology (MRT) is today one of the most
exciting innovations in chemical and pharmaceutical
synthesis, chemical processing and process technology. It
is at the threshold of widespread application in industry
and research.
In the last decade, worldwide research activities have
impressively demonstrated that microstructured reactors,
mixers, and other microprocess components whose internal
dimensions fall within the sub-millimeter and/or submilliliter range offer a multitude of advantages in chemical
reaction technology. Today, microstructured reactors are
well known to provide far better heat exchange characteristics than attainable in macroscopic batch or flow-through
reactors due to their high surface-to-volume ratio – which
is by a factor of at least 100 higher than in conventional
devices. A large number of studies have impressively
demonstrated that the accumulation of strong reaction
heats and hot spots, which result in unwanted side,
subsequent and decomposition reactions, can be successfully surpressed in microreactors; strong exothermic
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books [Hessel 2004, Kockmann 2006] are recommended to
interested readers.
Nowadays, microreaction technology has successfully lost its mark of a mere academic plaything and is
now broadly accepted as a tool for process screening and
optimization in the R&D labs of chemical companies and
research institutions. An indication of a considerable progress in this direction is the appearance of new companies
that provide products for MRT applications such as microfluidic devices made of different materials and even
complex microreaction systems, for example based on
toolkit concepts.
Here we report on the use of microreactors for the safe
processing of strong exothermic reactions in the liquid and
liquid/liquid regime. The hazardous potential of such reactions often arises from the huge reaction enthalpy and/or the
thermolability of the reaction products or intermediates. As
a first example, the synthesis and subsequent work-up of
trinitroglycerine in a fully automated microreaction process
is described. As a second example, we report on the synthesis and point-of-use conversion of diazomethane, a
highly toxic and explosible reactant.
In our studies microreactors have been particularly
used to systematically investigate hazardous reactions
under unusual process conditions such as higher temperatures or higher concentrations which are not easy to apply
on a macroscopic scale. Such parameter screenings offer
valuable routes for process intensification in terms of
improved yield and selectivity but also with respect to
energy savings and improved safety. Hence, microreactors
have been deliberately used as tools for safety analyses to
investigate experimentally worst case scenarios at the
threshold of decomposition and runaway reactions.
Moreover, we use microreactors also as analytical
tools to quantify the heat release under strong exothermic
process conditions. For this purpose, we have developed a
continuous mL-flow-through calorimeter which consists of
a microreactor embedded between thermoelectric modules.
With its small hold-up and very short time constant the
microfluidic calorimeter is ideally suited to measure enthalpies of fast and highly exothermic reactions under both isothermal and continuous process conditions.

Figure 1. Synthesis of trinitroglycerin (GTN)

The hazardous potential of GTN synthesis arises from
both the huge reaction enthalpy and the thermolability of the
reaction product. Moreover, crude GTN that is obtained
after the nitration step features a significant higher instability compared to pure GTN due to acid residues. As a consequence, crude GTN has to be washed by water and a weak
base (e.g. soda) until its pH becomes neutral.
To significantly reduce the hazardous potential of the
entire GTN process a microreaction process was developed
in co-operation with Dynamit Nobel GmbH Explosivstoffund Systemtechnik, Leverkusen, Germany (now part of
the Novasep Group). The microfluidic process comprises
both the nitration reaction and the subsequent washing
steps of crude GTN.
The continuous nitration step was conducted by
mixing glycerin and HNO3/H2SO4 in temperature controlled microreactors made of silicon and glass that were
specially designed to provide high mixing efficiencies
(Figure 2). Pumping of the viscous reactants was realized
with reasonable care by using continuously operating
syringe pumps to avoid any pulsation and thus to ensure
constant stoichiometric conditions. The latter are also
important for safety reasons since an excess of glycerin
might result in uncontrolled runaway reactions.
The nitration step was investigated under systematic
variation of process conditions such as temperature, stoichiometry (within reasonable limits), residence time, and
composition of the nitrating agent to identify process
optima. The microreaction process allowed even to screen
unusual process conditions such as temperatures up to 458C
(in contrast to industrial batch processes at significantly
lower temperature) in a safe way (Note: process temperatures .458C may result in spontaneous decomposition/
deflagration reactions due to the thermolability of GTN!
Although the small hold-up of the microreactors prevent
serious damages, deflagration of GTN in microchannels
will definitively lead to the destruction of the microdevices).
In comparison to industrial processes the GTN
synthesis in microreactors provides significantly increased
space-time yields (no dosing time) and an excellent phase
separation of crude GTN and the mixed acid when leaving
the microreactor. This is an additional key benefit compared
to macroscopic processes since it allows a much more faster
separation of crude GTN for further processing steps
without any losses.
Continuous washing of crude trinitroglycerin was
conducted in micromixers made of silicon and glass by
mixing crude GTN with excess of water or soda solution
in only 3 to 4 successive washing steps at temperatures up

EXAMPLE I: SYNTHESIS AND PURIFICATION
OF TRINITROGLYCERIN IN A MICROREACTION
PROCESS
Trinitroglycerin (glyceroltrinitrate, GTN) is a colourless
liquid explosive, which is used in pharmaceutical industry
as a heart medication agent (medicine for angina pectoris/
coronary heart disease). It is synthesized by the nitration
(resp. esterification) of glycerin in the presence of nitrating
acid (mixed HNO3/H2SO4 acid), a strong exothermic reaction that requires accurate temperature control (Figure 1).
Since GTN is a highly shock and impact sensitive oil that
tends to abrupt decomposition at temperatures above 458C
safety is a key issue in GTN production processes.

2

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153

Figure 2. Exemplary microreactors made of glass (left) and silicon (right) with internal passive mixing microfluidic channels
(channel diameters: 50 – 350 mm)

to 408C. It turned out that specially designed micromixers
are indispensable to provide sufficiently high mixing qualities which are required to completely remove acid residues
from GTN and fulfil pharma grade specifications. Again, an
excellent phase separation can be achieved which accelerates the entire continuous washing procedure drastically
and leads also to significantly reduced waste water contaminations. Moreover, the amount of washing water was also
significantly reduced by more than 50%.
In summary, a continuous microreaction process was
realized that allows a safe, remarkably intensified synthesis
and subsequent purification of trinitroglycerin.

In contrast to its very useful chemical properties,
diazomethane is physiologically hazardous. It is known to
be a powerful carcinogen, allergen, and it is also highly
toxic. However, the major drawback of diazomethane is
its extreme explosive nature.
To overcome these safety problems a continuous
microreaction process was developed that allows the
synthesis and subsequent conversion of diazomethane at
the “point-of-use”. Owing to the precise control of heat
and residence time in microreactors highly toxic and explosible diazomethane can be continuously synthesised and
instantaneously converted to the target product in a safe way.
In the microreaction process, diazomethane is synthesised under isothermal conditions by intensively mixing
N-methyl-N-nitroso urea (dissolved in diethyl ether/THF)
with a 5% aqueous potassium hydroxide solution (Figure 3).
Following standard protocols described in literature [Archibald 1998] a maximum yield of 82 + 2% diazomethane
was obtained within 6 seconds. However, by using methytert.-butyl ether (MTBE) instead of diethyl ether/THF the
diazomethane yield could be increased to 95 + 2%.
The size and internal microfluidic structure of the
microreactor depend highly on the nature of the intended
subsequent reaction. For example, the kinetics of the reaction define the hold-up and residence time that must be provided by the microreactor, the viscosity of the reactants
might have an impact on the microchannel dimensions to
provide a certain pressure drop.

EXAMPLE II: SYNTHESIS AND “POINT-OF-USE”
CONVERSION OF DIAZOMETHAN
IN MICROREACTORS
Diazomethane, CH2N2, is a highly reactive gas, useful in a
wide range of chemical reactions. It reacts readily with
carboxylic acids, yielding the corresponding methyl esters
in excellent yields. The only side product following transfer
of a methyl group is gaseous nitrogen. Further common and
extremely useful reactions employing diazomethane are
reactions with alcohols to form methyl ethers, cyclopropanations of olefins, methylations of aldehydes to methylketones, and diazoketone formations starting from acid
halides.

Figure 3. Continuous synthesis of diazomethane in a microreaction process by conversion of N-methyl-N-nitroso urea
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Figure 4. Synthesis of cyclopropylbenzene by “point-of-use” reaction of diazomethane with styrene in a microreaction process

As an example, the reaction of diazomethane with
styrene in presence of a Pd catalyst was conducted in a
microreaction process (Figure 4). Styrene is completely converted at room temperature within 60 seconds forming
cyclopropylbenzene quantitatively. For this mixing sensitive reaction a passive mixing microreactor made of glass
containing internal chaotic mixing elements was used
(Figure 5). To ensure that the microreaction process provides sufficient residence time a microstructured residence
time unit comprising additional passive mixing microchannels was connected to the microreactor.
Since the total hold-up of the entire microreaction
process is in the sub-milliliter range a significant reducting
of the hazardous potential of diazomethan chemistry can
be achieved. This offers new opportunities for a wide
range of safe single-step chemical reactions.

To identify optimal operating conditions of a chemical
process, knowledge on kinetic and thermodynamic parameters of the most important main and side reactions is
required. Furthermore, for a detailed risk scenario analysis
experimental studies have to be carried out to investigate
how the process behaves under unsual process conditions.
Hence, the limits of safe operation have to be determined
to avoid any hazardous incidents.
Such safety parameters of chemical reactions are
usually measured with reaction calorimeters, such as the
RC1 from Mettler Toledo or comparable instruments from
other suppliers. Most of the existing reaction calorimeters
consist of a reaction vessel and a surrounding jacket with
a circulating fluid that transports the heat away from the
reactor. Such calorimeters require an unfavourable large
test volume of about 0.3 – 2.0 l and thus a relatively huge
amount of test substance. Hence, the safety analysis of
fast exothermic reactions raises several problems. For
example, the control of the reaction temperature and a sufficiently rapid mixing are difficult to achieve which may
cause significant selectivity and safety problems. Moreover,
critical process conditions have to be strictly avoided. For
understanding the behaviour of the reaction mass at critical
process conditions other analytical techniques have to be
used, e.g. Differential Scanning Calorimetry (DSC) or
Accelerated Rate Calorimetry (ARC).
Here we report on the development of a continuouslyoperating reaction calorimeter based on microreaction
technology, that permit fast screening of reaction and safety
parameters as well as determining the thermokinetic characteristics of chemical reactions. The microreactors used in
this calorimeter are distinguished by high surface-to-volume
ratios, small internal volumes (approx. 80 ml) short residence
times, and high-precision continuous process control. As
these microstructured reactors are capable of resisting high
pressures and temperatures, even secondary reactions such
as decomposition reactions may be experimentally analysed.
The microreactors themselves may be made of glass or
silicon and may be exchanged to adapt the microstructured
device to the reaction being analysed, for example in terms
of residence time or mixing performance.
Figure 6 shows the set-up of the microstructured reaction calorimeter. The microreactor is embedded between
Seebeck elements. This sandwich set-up is placed into a

REACTION CALORIMETRY IN
MICROREACTORS: FAST SCREENING
OF REACTION AND SAFETY PARAMETERS
Chemical reactions are often accompanied by a significant
heat release and must therefore be thoroughly understood
to allow a profitable and safe processing on a plant scale.

Figure 5. Microreactor made of glass with internal structures
for chaotic mixing
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Figure 6. Set-up of the microreactor-based continuous reaction calorimeter; total set-up (a), microreactor (b), calorimetric cell (c),
and set-up of the calorimetric cell (d)

thermostated heat reservoir (cryostat) to control the chosen
reaction temperature. The power of the Seebeck elements
is recorded by a LabView program. The calorimetric
measurement is performed by measuring continuously
the heat flow (caused by the chemical reaction) from the
microreactor through the Seebeck element to an additional
Peltier element. The latter is regulated by a PID controller
to generate a constant temperature difference between the
microreactor and the lower Seebeck element by varying
the power of the Peltier element. The heat pumped by the
Peltier element is removed by the cryostat. Since a heating

foil (as a part of the sandwich set-up) is used to calibrate
the measuring system, there is no need for time-consuming
heat transfer calibrations as they are required for conventional reaction calorimeters. Even spatially-resolved
measurements of reaction heat are possible by using
several miniaturised high-performance Seebeck elements
mounted above and below the microreactor. Such spatially
resolved calorimetric analysis provides kinetic data of the
investigated chemical reaction.
The huge surface-to-volume ratio of the microchannels ensures an instantaneous transfer of the reaction

Figure 7. Calorimetric monitoring of the strong exothermic nitration of toluene at 508C
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heat towards the thermoelectric modules. Hence, the mlcalorimeter has a very small time constant of,3 seconds
and is thus by a factor of 20 faster than conventional
(macroscopic) reaction calorimeters. Therefore, this device
is ideally suited for measuring fast and highly exothermic
reactions at isothermal conditions under almost realtime
conditions. The microreaction calorimeter allows also
running chemical reactions at critical process conditions,
for example at the threshold of decomposition and
runaway reactions.
Figure 7 shows as an example the calorimetric monitoring of the strong exothermic nitration of toluene at 508C.
The heat of reaction can be determined from the slope of the
measured heat flow (here: 110 kJ/mol).
The performance and the accuracy of the microreaction calorimeter have been demonstrated for several other
strong exothermic reactions in the liquid and liquid/liquid
regime [Antes 2005]. The kinetic and thermodynamic parameters obtained from the calorimetric measurements
agree well with literature values in cases where they are
available.
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FIRE PROTECTION MEASURES FOR VESSELS CONTAINING REACTIVE CHEMICALS†
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Several explosions have been reported at chemical plants handling and storing pressurised self-reacting
chemicals. Some of these explosions resulted from of an external source heating up a reactor or
storage vessel.
For vessels containing non-reactive liquid chemicals, fire exposure will cause the pressure to
increase due to vaporisation of liquid and by thermal expansion of the vapour. However, if a vessel containing a self-reactive chemical is exposed to fire, an exothermic runaway is initiated at a much earlier
point in the conversion of reactants to products than would be the case with a process induced runaway.
The temperature is raised without a corresponding consumption of reactant and the resulting higher
concentration produces a much higher reaction rate than would have been the case if the fire were
not present. There is a highly, non-linear relationship between the amount of heat transmitted into a
vessel and its contents and the time taken to reach the onset temperature.
Current practice for the protection of storage and transport pressure vessels containing reactive, flammable chemicals against external fires is typically to follow the standards (pressure relief
and fire protection) developed to protect liquefied petroleum gas storage vessels against hydrocarbon pool fires. However, recent work has shown that this may not be safe. For chemicals undergoing decomposition or self-reaction (e.g. polymerisation) at elevated temperatures, there is
insufficient knowledge of the amount of heating to which they may be safely exposed when held
in pressure vessels. Such information is needed to correctly design an adequate fire protection
system to be certain that a runaway reaction, which might be triggered by the heat from an external
fire, may be prevented or mitigated. Notably, the adequacy in such circumstances of pressure relief,
sized using current standards, is uncertain.
Furthermore, current industry trends include more use of temperature-controlled transport
instead of using chemical inhibitors. There have also been recent changes in UN Transport of
Dangerous Goods Model Regulations that remove the specific reference to ‘inhibition’ and replace
it with the term ‘stabilised’. Inhibitors can loose their effectiveness as the temperature is increased,
as they are thermally unstable. The inhibitor will become ineffective at temperatures well below the
critical failure temperature (circa 3008C) used in the assessment of the passive fire protection for LPG.
This paper describes the development of an experimental calorimetric system for the simulating
the effects on chemicals in vessels under fire loading, the evaluation of the validity of theoretical
corrections to self-heat rates measured without external heating and the development of a procedure
to calculate the required relief rate for such cases.

KEYWORDS: reactive chemicals, fire protection, vent sizing, simulation

process induced runaway. The temperature is raised
without a corresponding consumption of reactant and the
resulting higher concentration produces a much higher reaction rate than would have been the case if the fire were not
present. There is a highly, non-linear relationship between
the amount of heat transmitted into a vessel and its contents
and the time taken to reach the onset temperature.
Current practice for the protection of storage and
transport pressure vessels containing reactive, flammable
chemicals against external fires is typically to follow the
standards (pressure relief and fire protection) developed to
protect liquefied petroleum gas storage vessels against

INTRODUCTION
Several explosions have been reported at chemical plants
handling and storing pressurised self-reacting chemicals.
Some of these explosions resulted from of an external
source heating up a reactor or storage vessel.
For vessels containing non-reactive liquid chemicals,
fire exposure will cause the pressure to increase due to
vaporisation of liquid and by thermal expansion of the
vapour. However, if a vessel containing a self-reactive
chemical is exposed to fire, an exothermic runaway is
initiated at a much earlier point in the conversion of
reactants to products than would be the case with a
†
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hydrocarbon pool fires. However, recent work has shown
that this may not be safe. For chemicals undergoing
decomposition or self-reaction (e.g. polymerisation) at elevated temperatures, there is insufficient knowledge of the
amount of heating to which they may be safely exposed
when held in pressure vessels. Such information is needed
to correctly design an adequate fire protection system to
be certain that a runaway reaction, which might be triggered
by the heat from an external fire, may be prevented or mitigated. Notably, the adequacy in such circumstances of
pressure relief, sized using current standards, is uncertain.
Furthermore, current industry trends include more use
of temperature-controlled transport instead of using chemical inhibitors. Inhibitors can loose their effectiveness as the
temperature is increased, as they are thermally unstable. The
inhibitor will become ineffective at temperatures well below
the critical failure temperature (circa 3008C) used in the
assessment of the passive fire protection for LPG.
This paper describes the plans and initial work in an
HSL research project on “Fire Protection Measures for
Vessels Containing Reactive Chemicals”, which has the
following main work areas:

Figure 1. Critical temperature

For a runaway reaction, the critical temperature is
defined as the temperature at which the rate of reaction
just exceeds the rate of heat loss. This is illustrated graphically in Figure 1. Under normal circumstances (i.e. not in a
fire), the rate of heat release depends on the volume of
material but the rate of heat removal depends on the
surface area. Hence, as the size of vessel increases, the critical temperature will reduce. In a fire, the surface will be
heated and the additional heat input into the reactive chemical will depend upon the vessel surface area. If passive fire
protection (PFP) is fitted to the vessel, this will lower the
rate of transfer to the stored material in a fire but will also
lower the heat losses during normal storage. In these circumstances, active cooling may be required to prevent a
runaway reaction. This has been the case for the tank transport of some organic peroxides. If PFP is used, even a relatively small fire that is extinguished fairly rapidly, can result
in a temperature rise, which, because of the insulating effect,
can result in thermal runaway, particularly if local decomposition occurs resulting in an autocatalytic effect. Careful
consideration is required, on a case-by-case basis, of the
possible effects and the need to empty the vessel, inhibit
the reaction or cool the contents.
In order to properly assess the requirements, for each
reactive chemical, it is necessary to know the:

. Development of an improved experimental calorimetric
system for simulating the effects on chemicals in vessels
under fire loading.
. Evaluation of the validity of theoretical corrections to
self-heat rates measured without external heating.
. Development of a procedure to calculate the required
relief rate for such cases.

SAFETY ISSUES
Thermal runaway begins when the heat generated by a reaction (e.g. decomposition, polymerisation etc.) exceeds the
heat that can be removed to the surroundings. The surplus
heat increases the temperature of the reaction mass, which
causes the reaction rate to increase and in turn accelerates
the rate of heat production. Thermal runaway occurs
because the rate of reaction (and hence rate of heat production) increases exponentially with temperature whereas
the rate of heat removal only increases linearly. Hence
thermal runaway can start slowly, but then accelerate, until
eventually it may lead to an explosion. If there is fire engulfment, there are effectively no heat losses. Thermal runaway
is particularly hazardous if the temperature can be raised to:
a)
b)

.
.
.
.
.

the boiling point of the mixture at the maximum
pressure permitted in the vessel; or
to a temperature high enough to initiate a decomposition or polymerisation and the properties of the reaction products are more hazardous than those of the
reactive chemical. Examples include reaction products
that: include a permanent gas which will greatly raise
the pressure; are more volatile than the reactants; cause
auto-catalytic effects and increase the reaction rate; or
are highly viscous or solid so that cooling of the
reaction mixture becomes difficult and venting of the
reaction mixture is difficult or impossible.

rate and quantity of heat generation;
rate of gas evolution;
ideally, the kinetics of reaction;
heat loss characteristics of the vessel; and
thermal properties of the chemical and vessel walls.

Self-reactive chemicals are often stored with reaction
inhibitors, which are only effective in preventing reactions at
low temperatures. How they operate chemically also varies.
Two examples of self-reactive chemicals, 1, 3 butadiene
and styrene, which are stored with inhibitors will be
considered.
1,3 butadiene polymerization occurs in two ways: by
peroxide initiation and temperature initiation. The usual
inhibitor tert butyl catechol acts only to inhibit the peroxide
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initiated reaction. It is also prudent to keep the system
oxygen free. Thermal polymerization will start slowly at
about 1008C and full auto-polymerization will occur at
about 1508C. The critical temperature used in the assessment of passive fire protection is about 3008C, but an insulated tank containing 1,3 butadiene will start to react at
temperatures as low as 1008C.
Styrene storage also uses tert butyl catechol (12–
15 ppm) inhibitor. Here oxygen is required for the inhibitor
to work effectively. The recommended storage temperature
for styrene is below 328C; 188C should not be exceeded for
long-term storage. At 288C, styrene can be stored in a vessel
saturated with oxygen for 1 to 2 months; with less than
3 ppm oxygen, the styrene can only be stored for 4 to 5
days. Again in conditions of fire exposure, the inhibitor
will cease to be effective.

THEORETICAL SIMULATION
Adiabatic data, measured without external heating, can be
corrected for the effects of any external fire. The proposed
method of correction is based upon Huff (1982).
The temperature rate calculation is:
(dT/dt)adj ¼ (dT/dt)0 rxn þ (dT/dt)fire

(1)

The temperature rate due to the reaction alone is
scaled to a higher temperature T’ (produced because of
the fire) based on same extent of reaction.
(dT=dt)0rxn ¼ (dT=dt)rxn exp {(  E=R)½(1=T0 )
 (1=T)}

(2)

To do the simulation, the temperature rise for the fire
heating case must first be estimated, then the temperature
rate due to the reaction alone is calculated using equation
(2), the time taken for the temperature rise is calculated by
dividing the temperature rise by the temperature rate for
the reaction alone. The total temperature rate adjusted for
the fire is then calculated using equation (1). The temperature rise for the fire heating case can now be checked: by
multiplying the total temperature rate by the time taken
for the temperature rise. The correct value for the temperature rate is achieved by iteration, easily done by implementing macros on a spreadsheet. The new temperature, with
external heating, is obtained by adding the iterated temperature rise to the previous temperature, with external heating.
Huff (1982) gave an equation to allow the pad gas corrected
pressure to be calculated for fire case.
Theoretical simulations were undertaken for two
example reactions. The first was the reaction between acetic
anhydride and water giving acetic acid. This is a vapour
pressure system, but is also autocatalytic. Figure 2 is the
self-heat rate plot (log temperature rate versus reciprocal
temperature) for the total temperature rate, with no external
heating and with external heating rates of 38C min21 and
108C min21. The total temperature rate is shown for the fire
cases. It would be expected that the temperature rates would
always be higher for the fire cases, but this is not the case.
This is because the reaction is autocatalytic. With external
heating the conversion will be lower for a given temperature.
The rate of an autocatalytic reaction increases with increasing
product concentration. As the conversion is lower for the
external heating case, the reaction rate will also be lower.
This will cause the temperature rate due to the reaction to be
lower except at the maximum temperature rates see Figure 2.
The second was the decomposition of an organic peroxide in an organic solvent. The peroxide was a peroxy
ester in isododecane. The reaction is a gassy system and can
be treated as simple first order reaction. Figure 3 is self-heat
rate plot for the total temperature rate, with no external
heating and with external heating rates of 18C min21 and
38C min21. Figure 3 shows how the total temperature rate
increases significantly for the fire simulation cases. There is

EXPERIMENTAL SIMULATION
Fire simulation calorimetry allows measurement of the
rate of heat production and pressure rise due to both the
exothermic reaction and applied heat load. The presence of
a fire outside a vessel containing a reactive chemical will
heat the system and cause the chemical to react at a higher
rate than would be the case if the fire were absent. When
there is external heating less reactant conversion is needed
to reach a given temperature. The reaction rate at any temperature can therefore be higher than that measured at the
same temperature under adiabatic conditions. This would
lead to different venting characteristics and vent requirements. It is necessary to measure the rate of heat generation
as a function of temperature conditions of external heating,
which simulate the full-scale rate of external heating.
The method using a standard Phi Tec Calorimeter
(Singh 1989) is to increase the temperature of guard
heaters above that of the sample. This is similar to a heat
loss compensation scheme. The software limits the
maximum allowable temperature difference to 308C. Thus
the effective maximum heat input is 1 W, which is equivalent to 0.8 K min21. For a 2 tonne tank, this compares with
about 2 K min21 using API 520, based upon pool fires
and about 24 K min21 for exposure to a 2 kg s21 flashing
liquid propane jet fire. The new heat input system will use
an analogue heater power supply (up to 70 W). The
power input will be varied to enable the simulation of fire
impingement on a range of storage vessel sizes. The calorimeter electronic rack will need upgrading. Software development and commissioning work will be needed and also the
evaluation of heat losses with compensation if necessary.
It is planned to firstly undertake fire simulation calorimetry tests on a model vapour pressure system (acetic
anhydride hydrolysis), using stainless steel test cells, with
internal cartridge heaters. Secondly a similar series of
calorimetric tests on (stabilized or temperature controlled)
reactive monomer system or organic peroxide in a solvent
will be performed.
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Figure 2. Acetic Anhydride – Water, PA81

no evidence of autocatalytic behaviour with this reaction
system.

(4) (where there is no prompt fire fighting nor poor
drainage).

VENT SIZING ISSUES
There are three vent-sizing cases. For fire relief alone, using
API (1997) to estimate the heat input and assuming vapouronly flow. For runaway reaction alone, assuming no heat
comes from the fire engulfment, using two-phase flow
methods. For a runaway reaction, allowing for the heat
coming from the fire engulfment, using API methods to estimate the heat input and using two-phase flow methods.
Etchells (1998) deals with runaway reactions and both
two-phase and vapour-only flow.

Q ¼ 43200 F S0:82
w

(3)

Q ¼ 70 960 ¼ F S0:82
w

(4)

The required relief rate W is calculated using
equation (5). The vent mass flux G (assuming vapour only
flow) is calculated using equation (6). The vent area A is
then calculated using equation (7).
(5)

W ¼ Q=hfg
1=2

G ¼ Cd Csv P(Mw =Zo T)

FIRE RELIEF ALONE
The heat input Q is calculated using equation (3) (where
there is prompt fire fighting and good drainage) or equation

A ¼ W=G

Figure 3. 20% Trigonox 21 in Shellsol T, PA58
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RUNAWAY REACTION ALONE
The heat release rate per unit mass q is calculated as:
q ¼ Cp (dT=dt)rxn

for this reaction system. For a reaction system without autocatalysis the vent size for 108C/min will be larger than that
for 38C/min external heating.

(8)

The mass flux G for a two-phase flow could be calculated using the Equilibrium Rate Model (equation 9). The
vent area A is calculated using the Leung Equation (for
vapour pressure runaway reactions) (equation 10).
G ¼ (dP=dT)m (Tm =Cpm )1=2

DISCUSSION AND RECOMMENDATIONS
. It is important to consider whether a fire will give rise to
a runaway reaction. If so, two-phase venting will be
expected and larger required vent sizes will result.
. Fire simulation calorimetry may be required to obtain
data for vent sizing but may not be feasible in all
cases. It is planned to develop an improved calorimeter.
. For reactive chemicals, the PFP needs to protect the wall
of the vessel from reaching a temperature where weakening can occur, if possible, prevent a runaway reaction
from being initiated and reduce the heat transfer to the
vessel so that a relief device with a practical vent size
can be used.
. The comparison and guidance work being done at HSL
is designed to evaluate the suitability of the theoretical
models by comparison with the experimental data,
develop a procedure to calculate the required relief
rate in such cases and give recommendations on the suitability of possible design methods.

(9)

A ¼ mo qm ={G½{(V=mo )(hfgm =vfgm )}

1=2

þ {Cpm DT}1=2 2 }

(10)

RUNAWAY REACTION AND FIRE RELIEF
The extra temperature rate (dT/dT)fire which is applied to
the calorimeter throughout the experiment is calculated
using equation (11). The rate of temperature rise due to
the reaction alone (dT/dt)’rxn is obtained by subtracting
the temperature rate which is simulating the fire from the
total temperature rate (dT/dt)adj (see equation 12). The
heat release rate per unit mass (q) is calculated using
equation (8) with (dT/dt)rxn being replaced by (dT/dt)’rxn.
A modified heat release rate per unit mass (equation 13) is
used in equation (10).
Q ¼ msample Cp (dT=dt)fire

UNITS AND SYMBOLS
A
vent area (m2)
reactant mixture specific heat
Cp
(J kg21 K21)
discharge coefficient
Cd
flow correction factor, function of isenCsv
tropic coefficient
E/R
activation temperature (K)
F
environmental factor
back pressure correction factor
FB
G
mass flux (kg m22 s21)
latent heat of reactant mixture (J kg21)
hfg
reactant mass (kg)
mo
sample mass used in calorimetric test
msample
(kg)
molecular weight
Mw
P
vessel pressure (Pa)
dP/dT
rate of change of pressure with temperature (Pa K21)
q
heat release rate per unit mass of reactant
(W kg21)
heat release from reactant plus external
qmodified
heat (W kg21)
Q
heat input (W)
effective wetted surface area of vessel
Sw
(m2)
T
reactant temperature, runaway reaction
alone (K)
reactant temperature, runaway and fire
T0
together (K)
DT
temperature difference between temperatures at the relief set pressure and the
maximum accumulated pressure (K)

(11)

(dT=dt)0rxn ¼ (dT=dt)adj  (dT=dt)fire
qmodifed ¼ q þ 2Q=mo

(12)
(13)

EXAMPLE
Table 1 shows vent sizing results for the acetic anhydride –
water system. The reactor was the AWARD 2 m3 vessel
(Snee 2006 and Hare 2006). The set pressure was 2 bara
and the maximum pressure 3 bara. The fill levels were 50,
60 and 70%. Vent sizes shown are for nozzle flow so the
effect of vent lines has been ignored. Vents were sized for
runaway alone and for runaway reaction and fire relief (3
and 108C/min external heating), see the self heat rate data
in Figure 2. The vent sizes for the runaway plus external
heating cases were similar and larger than the runaway
alone case. However there is little difference between the
3 and 108C/min cases. This is again due to autocatalysis
Table 1. Vent sizing calculations for Acetic Anhydride/Water
(Award 2 m3 reactor)
Vent diameters (mm)
for various fills
Case

50 % fill

60% fill

70% fill

Runaway alone
Runaway þ38C/min
Runaway þ108C/min

285
319
319

317
355
354

347
388
387
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(dT/dt)rxn
0
(dT/dt)rxn

(dT/dt)fire
(dT/dt)adj
vfg
V
W
Zo

rate of temperature rise due to reaction,
runaway reaction alone (K s21)
rate of temperature rise due to reaction,
runaway and fire together (K s21)
rate of temperature rise to simulate the
fire, runaway and fire together (K s21)
total rate of temperature rise, runaway
and fire together (K s21)
difference between vapour and liquid
specific volume (m3 kg21)
vessel volume (m3)
required relief rate (kg s21)
compressibility factor
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Subscripts
m

mean conditions between relief set
pressure and maximum accumulated
pressure
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A COARSE METHOD OF REVIEWING EXPECTATIONS OF OVERFILL PROTECTION†
Andrew G Rushton
Chemical Industries Strategy Unit (CI4), Hazardous Installations Directorate, HSE, 4N2 Redgrave Court,
Bootle Merseyside, L207HS; e-mail: andrew.rushton@hse.gsi.gov.uk
There are practically no standards specifying overfill protection for storage tanks containing hazardous (COMAH-controlled) substances at ambient conditions. It seems reasonable to expect, therefore, that protections will be applied on a case-by-case basis, supported by suitable and sufficient
risk assessment and following any appropriate standards on design (such as IEC 61508/11).
For a large organisation wanting to assure itself that protections are appropriate, a check on
all elements of a risk assessment for overfill protection may not normally be practical or proportionate. This note sets out some expectations against which to review the protections (risk reduction
“measures” in place). A significant mismatch between the expectations described here and the
protections provided could justify further scrutiny of the risk assessment.
The approach first identifies and characterises typical protection arrangements, then uses
measures of the potential spill size and spill rate to indicate which arrangement may be expected.
The approach is aimed at helping to target reviews aimed as assuring adequacy of the protection in
place. It is not proposed as a substitute for case-specific assessment by the designer.
The possibility of overpressure during overfilling is often significant, but the means of preventing and controlling overpressure are not within the scope of this work.
Differences between the expectation and the implemented protections can then be explored
as a “gap analysis”.

KEYWORDS: overfill protection, necessary measures, COMAH, hazardous substances

industries, particularly in relation to fires. Tank fires or
explosions arising from all causes are relatively frequent,
estimated by Kletz (1971) as about 1 fire per 1000 tankyears for fixed roof tanks containing volatile hydrocarbons
(his precise estimate is 1 in 833 tank-years, i.e. 12  1024
per tank year, this estimate was made in 1971 so may be outdated, also if the estimate is derived from a population including some relatively well protected tanks - with trips/alarms then it may under-indicate the “raw” frequency that would
apply to less well protected tanks). Fires or explosions with
tanks containing non-hydrocarbons were estimated to occur
at a frequency of about 1 per 10 000 tank-years. In many
tank fires more than one tank becomes involved. One of the
most frequent causes of tank fires or explosions is overfilling.
The LASTFIRE project (Ramsden undated) has estimated the frequency of “large bund fires (major spillage)”
for open top floating roof storage tanks as 6  1025 per
tank year (i.e. 1 per 17000 tank years).
Since, it is generally believed, a large fraction of
overfilling events do not result in ignition, it follows that
overfilling is probably more frequent than 1 event per
1000 tank-years. An establishment with many tens of
tanks can anticipate at least one over-filling incident in a
period of 20 years of so.
Lees refers to a high level alarm being “normally the
minimum requirement” (Lees 1996), but tanks without
alarms are not uncommon. Possibly the determinant of
this “minimum requirement” is protection from economic
loss (not health, safety or environmental concerns).

INTRODUCTION
There are practically no standards specifying overfill
protection for storage tanks containing hazardous substances at ambient conditions, such as those controlled by
the UK Control of Major Accident Hazards Regulations,
COMAH (HSE 2006, EC 1996). Some standards do describe
options (API 2005) and there is advice to be found in
relevant texts (e.g. Grossel and Crowl 1995). It seems
reasonable to expect, therefore, that protections will be
applied on a case-by-case basis, supported by suitable and
sufficient risk assessment.
This paper sets out some expectations against which
to consider the outcome of the risk assessment (i.e. the protections or “measures” in place). A mismatch between the
expectations described here and the protections provided
could justify further scrutiny of the risk assessment.
The approach described first identifies broad classes
of typical arrangements, and then uses measures of the
potential spill size and spill rate to indicate which arrangement may have resulted from the risk assessment. The
approach is not proposed as a substitute for case-specific
risk assessment for design of overfill protection.
The possibility of overpressure during overfilling is
often significant, but the means of preventing and controlling overpressure are not within the scope of this paper.
BACKGROUND
Historically, overfilling has contributed significantly to
large (predominantly financial) losses in the process
†
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Because there will often be a clear economic argument for provision of overfill protection, based on the potential loss of product or plant or the cost of downtime or
clean-up, a complete lack of overfill protection should be
exceptional. It does not necessarily follow that the “industry
standard” arrangements for protection can be enforced in
relation to health and safety.

Continuous level indication, to allow monitoring
during filling, should normally be provided where interruption of the flow is routinely necessary to prevent overfilling.
The arrangements described above are grouped
together here as “basic” protection. Arrangement 1 is to
have these “basic” arrangements in place.

ARRANGEMENT 2: ALARM OR TRIP
In case the basic arrangements fail to prevent overfill, an
alarm or trip will often be provided.
An alarm will normally provide at least audible indication that action is needed to prevent overfilling. Alarms
can be more appropriate than trips. This may be so, for
example, where there is plenty of time to respond and
there are several possible causes of the alarm condition
which can be investigated and attended to. In such cases a
trip may be impractical because of the many actions
which it would have to perform in order to be effective.
Audio-visual alarm at the tank, aimed at warning people
to evacuate the area, may be appropriate.
Where reasonably practicable a trip should be provided. It will normally be necessary for the trip to also
have an alarm action. This alarm action is needed to
ensure that an operator is aware that the trip action has
been initiated. This in turn is necessary firstly because the
operator will need to check that the trip action has been executed (e.g. the trip valve has closed) and has been effective
(i.e. the level in the tank has stabilised) and secondly
because the trip may have implications for other actions or
plants in order to prevent “knock-on” demands on other
protective systems.
A “pre-alarm” may be used to advise an operator that
a trip condition is being approached. If the pre-alarm and the
trip share the same sensor, then the pre-alarm will not generally add much to the protection achieved by the alarm/trip
system.
The alarm/trip needs to be substantially independent
of the basic arrangements (which may vary from case to
case). What is needed to achieve “substantial” independence
of the alarm (or trip) will depend on the basic arrangements.
Three cases can be distinguished:

APPROPRIATE PROTECTION AGAINST
OVERFILLING
Appropriate protection against overfilling can be selected on
the basis of installation-specific risk. The purpose of this
paper is not to prescribe the outcome of such a risk assessment. However a very crude assessment of the installation
can be used to indicate an expectation of protection and
this could be used, for example by an insurer, to identify
cases where the operator’s assessment1might deserve
further scrutiny (because the operator’s assessment has led
them to accept significantly different protection).
There is no simple satisfactory way of determining
the necessary measures for overfill protection. This is
because of the many features of a case that can influence
the decision. Some of these features are listed in Appendix 1.
This makes it difficult to decide whether to question any
specific arrangement. A usable approach to aiding this
decision is the aim here.
OVERFILL PROTECTION ARRANGEMENTS
There are many means available to prevent, control and
mitigate the potential consequences of overfilling.
However a few basic arrangements can be broadly described
and, for simplicity, these are used in the approach set out in
this note. The arrangements selected for this discussion are:
“basic” (defined below): alarm or trip; second trip.
ARRANGEMENT 1: BASIC OVERFILL PROTECTION
Minimal requirements are, for batch transfers:
knowledge of the volume available in the tank;
knowledge of the volume to be transferred (e.g. known
tanker capacity);
a means of limiting the transfer to the intended amount (e.g.
level-monitoring/quantity-meter and manual/automatic
pump-stop/valve-closure);

continuous filling with a level sensor which is part of the
filling control loop, in this case an alarm/trip fed by
this sensor is NOT normally independent enough to
add significant protection;
batch filling where a level sensor is provided for level monitoring, but the routine successful completion of the filling
operation does not rely on this monitoring (e.g. a check
on the available volume in the tank – independent of
the level sensor – and the limited size of the delivery
package should ensure that overfill is prevented), in
this case an alarm/trip fed by this sensor is normally
independent enough to add significant protection;
batch filling where a level sensor is relied upon to confirm
the space available prior to filling OR is relied upon to

and for continuously supplied tanks:
automatic level control.
In batch transfers there is an important distinction
between cases where the volume to be transferred is part
of the available supply (so interruption of the flow is routinely necessary to prevent overfilling) and cases where the
volume to be transferred is all of the available supply (so
interruption of the flow is not routinely necessary to
prevent overfilling).
1

“Operator”, in the context of COMAH, meaning a person who is in control of the operation of an establishment or installation etc.
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prompt the routine stopping of flow, in this case an
alarm/trip fed by this sensor is NOT normally independent enough to add significant protection.

and large (.10%). This proposition will need to be
adapted for the purposes of any specific review.
The potential quantity of substance released by an
overfill incident is often easy to estimate. In “packet”
filling, it will be fixed by the maximum delivery load.
This maximum load varies widely from drums (of the
order 0.1 m3) through road tankers (of the order 10 m3) to
ship loads (of the order 1000 m3). In continuous filling it
will be the quantity available upstream (including, where
appropriate, the quantity produced during the period of the
incident). This available quantity can be practically infinite.
The potential quantity of substance released by an
overfill incident is defined here as the “overfill potential”,
M [te].
The opportunity for, and the success of, any mitigation during the overfill event will tend to relate to the
filling rate, G [te hr 21]. An approximation to this will be
the packet size divided by the filling time for packet
filling and the “open valve” flow (or maximum upstream
production rate, if smaller) for continuous filling. The
range of possible filling rates is wide. Sometimes the
filling rate will be much higher in faulty conditions and
that higher value may need to be considered.
These two measures, overfill potential, M, and filling
rate, G, can be scaled to the threshold quantity, i.e.:

Arrangement 2 is the provision of an independent trip
or alarm in addition to basic arrangements.

ARRANGEMENT 3: SECOND TRIP
Where the reliability of a single alarm or trip is insufficient
to reduce the frequency of overfilling to a tolerable value (or
where further protection may be reasonably practicable),
consideration should be given to a second trip (or, exceptionally, a second alarm).
The tolerable predicted frequency of overfilling will
be related to the predicted consequence. The identification
of cases where a single alarm or trip would be inadequate
will arise from risk assessment in which the frequency and
consequence are considered. When such a case is identified
there may be several potentially practicable measures that
would improve the risk. For simplicity, here, it is assumed
that a second trip will be the practicable measure considered, and employed if reasonably practicable.
Any second trip should also have an alarm action (for
the same reasons as described above).
Arrangement 3 is the provision of an independent
second trip in addition to a trip or alarm and basic
arrangements.

scaled overfill potential, M0 ½ ¼ overfill potential ½te=
threshold quantity ½te; ½1
scaled filling rate, G0 ½hr1  ¼ filling rate [ te hr1 =
threshold quantity ½te; ½2

OVERFILL PROTECTION EXPECTATIONS
It is assumed, for the purposes of this discussion, that the
significance of a spill is directly related to the quantity of
material spilled and that, in general three cases can be distinguished:

where the threshold quantity is adopted or adapted from the
Regulations (the Seveso II Directive).
A CHART FOR EXPECTATIONS IN OVERFILL
PROTECTION
The scaled overfill potential and scaled filling rate are crude
measures of how much things can go wrong (scale) and how
fast things can go wrong (pace). Figure 1 shows how expectations for overfill protections can be associated with these
measures. The chart distinguishes nine zones with small,
medium and large scaled overfill potential and small,
medium or large scaled filling rates. In principle, any
filling operation can be located on the chart.
In zones 1,2 and 3 there is significant variation in
pace, but the overfill event is so limited in scale such that
it is likely to be inconsequential. In such cases basic protections (Arrangement 1) are unlikely to be worth questioning.
In zone 4 the potential scale of an overfill event is
greater, but the pace is so low that basic protections
(Arrangement 1) are unlikely to be worth questioning.
In zones 5 and 6 the scale of an overfill event and the
pace are likely to justify an alarm or possibly (particularly in
zone 6) a trip (Arrangement 2). In zone 5, if neither an alarm
nor a trip is provided this could be worth questioning. In
zone 6 some clear justification for an alarm rather than a
trip could be expected.

small spills, where the spill is likely to be inconsequential;
medium spills, where the spill is unlikely to be consequential;
large spills, where the spill is unlikely to be inconsequential.
Ideally one would choose substance-specific quantities to distinguish these cases. Coarsely, and as an initial
indication, use can be made of the quantity defined in
COMAH setting the threshold for “lower tier”
establishments.
In broad terms the lower-tier threshold quantity of a
substance is an indication of hazard potential. The indication
is imperfect partly because of social, historic and pragmatic
influences on the scope of the Regulations and partly
because of the broad classes of substances to which a
single threshold quantity is allocated. In particular, the
hazard potential of different specific substances in the
“toxic” and “very toxic” classes varies widely.
For the sake of discussion, it may be supposed that in
a particular case the judgement is that spills of less than 1%
of the threshold quantity are rarely consequential and that
spills of more than 10% are rarely inconsequential. Spills
can then be classed as small (,1%) medium (1 to 10%)
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Figure 1. A Chart for expectations in overfill protection

In zones 7 and 8 the potential scale of an overfill event
is high, but the pace is low or medium. Because of the potential scale, absence of an alarm would be worth questioning.
Depending on circumstances (e.g. where the tank is remotely sited) a trip would be a reasonable expectation. In
zone 8 some clear justification for an alarm rather than a
trip could be expected.
In zone 9 the pace and potential scale of an overfill
event are both high and are likely to justify at least one trip.
If no trip is provided this would be worth questioning. If no
trip or alarm is provided this could indicate a “potential
serious deficiency”. Consideration may have been given to a
second independent trip (Arrangement 3). Either a second trip
or other unusual measures (aimed at reducing the frequency or
consequence of overfilling) may have been applied.

OTHER MEASURES
This paper has focussed on some common measures that are
taken to prevent an overfill event. The discussion has inevitably been rather narrow and based on broad assumptions. In
particular it has been assumed that the overfilling event will
lead to release of hazardous substance to atmosphere.
Release at high levels can sometimes be avoided by a
piped overflow arrangement. Where the substance being
handled is particularly hazardous, the avoidance of an
arrangement whereby overfilling can lead directly to spillage should have been considered.

CONCLUSIONS
A method has been described which could be used to give a
crude and quick indication of what might be appropriate
overfill protection, based only on the scale and pace of possible overfill events for COMAH liquids stored at ambient
conditions.
The method does not provide an alternative to installation-specific risk assessment for dutyholders. The expectation provided by the method is not accurate, so stronger
or weaker protection may be justifiable. Nevertheless, the
approach may be useful, for example, for a third party
review of arrangements (to help prioritise attention or to
select a sample for fuller review). Subsequently discussion
of the operator’s justification (accounting for the gap
between the expectation and measures in place) would
provide the focus for seeking assurance that the protections
in place are reasonable.

LIMITATIONS OF THE EXPECTATIONS
INDICATED
Some limitations of the described approach have already
been hinted at above. The reduction of the description of a
filling operation to the two measures inevitably makes the
expectations very imprecise. There will be cases where the
indicated expectation is too high or too low.
Reasons why the expectation indicated may be too
low include: hazards of clean-up; proximity of sensitive
people; escalation potential).
Reasons why the expectation indicated may be too
high include: use of other measures (overflow treatment,
“high collar” bunds etc.); low hazard potential for class of
substance (e.g. low volatility toxic substance).
Other dimensions of the filling operation that may be
important will include: reliability of supervision; potential
for unintentional filling (e.g. back-flow from process,
service leak); size of tank (horizontal area of which will
affect rate of rise); frequency of filling.

AUTHORS’ NOTE
The views expressed in this document are the opinions of the
authors and may not represent the official position of HSE.
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enabling condition is where a spilled substance
reacts with water to produce toxic gas. The risk
will generally be lower with less immediate
hazards. The duration of exposure required to
sustain harm may also be important.
2.2 Hazard range. The hazard range may vary. For
example a more volatile substance will normally
present a larger hazard range. The risk will be
reduced by a lower hazard range.
2.3 Ease of recovery. Even if the spill is uneventful
the operation of recovering from the spill may
present hazards. This topic is too broad to cover
in depth here, but where there are particular difficulties in recovery it would be reasonable to have
recovery plans and equipment thought out in
advance (e.g. piped diluents/neutralisers,
pumped recovery arrangements) and to expect a
higher standard of protection against overfilling.
3. The likelihood of overfilling. Generally a higher likelihood of overfill will lead to higher risks. Contributory
factors include:
3.1 Complexity. For example where “hose pits” are
used for flexible hose coupling or manifolds are
provided to allow various interconnections of
sources, pumps and destinations the risk will generally be higher (because false or faulty connections may lead to inadvertent filling of tanks or
connection to unintended sources).
3.2 Frequency of filling. Generally a high frequency
of filling operations will increase the risk of overfilling (but not necessarily on a simple linear
basis, see “familiarity”).
3.3 Familiarity. Generally a lack of familiarity of
personnel with the plant or procedures will
increase risks. For example dip checks, connections and monitoring operations will be less
reliably performed. Particularly this will be
significant where a mistake could lead to a
hazard that is not directly connected with the
operations being performed or within the
normal concerns of the operator, for example
where a false connection by a delivery driver
could cause spillage (by overfilling) through displacement of a more hazardous substance unfamiliar to that driver.
4. Presence and vulnerability of persons who may be
harmed. Generally the risk will be higher if more
people are likely to be in the hazard range of any overfill. The risk will be increased if the people are vulnerable. The risk is likely to be lower if protection can be
effected. Contributory factors will be.
4.1 Availability and effectiveness of personal protective equipment (PPE). Risk will be reduced if
PPE is available and its use likely and likely to
be effective.
4.2 Familiarity with and effectiveness of any practised response. Risks will be reduced if practised
mitigatory measures are available and effective.
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APPENDIX 1: FACTORS INFLUENCING THE RISK
(LIKELIHOOD AND SCALE OF CONSEQUENCES)
FROM STORAGE TANK OVERFILLING
1. The extent of the overfill. Generally a larger overfill will
lead to higher risks. Contributory factors include:
1.1 Tank capacity relative to source capacity. Small
capacity of supply (tank/process/vehicle) would
reduce risk where scale of overfill is important.
1.2 Bund capacity. Large bund capacity can reduce
risk where scale of spread is important.
1.3 Fill rate. Low fill rate would reduce risk where
discovery of the overfill is likely and the scale
of spillage is significant.
1.4 Discovery of the overfill. High probability of discovery of the overfill can reduce risk. Contributory factors are visibility of the overflow,
vigilance of staff, opportunity for and effectiveness of action by the observer.
2. The spilled substance. Generally a “more hazardous”
substance will lead to higher risks. Contributory
factors include:
2.1 Immediacy of the hazard. The hazard potential of
the overflowing substance may require further
conditions or events to be realised. For example
a volatile very toxic liquid presents a relatively
immediate hazard, whereas a high flashpoint,
high ignition energy flammable substance may
require both adverse ambient conditions and a
strong ignition source. Another example of an
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MEASURES TO AVOID A HOT BLEVE OF A LPG TANK
Menso Molag(MSc. Chem. Eng.), Dr. Johan Reinders and Stefan Elbers(BSc. Chem. Eng.)
TNO Environment and Geosciences, Department of External and Industrial Safety, P.O. Box 342, 7300 AH Apeldoorn,
The Netherlands; Tel.: þ 31 55 549 3550, fax: þ 31 55 549 33 90, www.tno.nl, e-mail: Menso.Molag@mep.tno.nl
The risk assessment of the LPG product chain in the Netherlands showed that the transport of LPG
with road and rail tankers and the LPG delivery to a LPG fuel station with a road tanker caused high
societal risks in the Netherlands. Over 25 % of the 2300 LPG fuel stations had a societal risk above
the indicative standard. The LPG road and rail transport caused societal risks above the standard in
major cities like Amsterdam, Rotterdam, Dordrecht, Breda and Eindhoven. The high societal risk
were caused by a Boiling Liquid Expanding Vapour Explosion of the LPG tank exposed to an
intense fire (hot BLEVE). For that reason the Dutch Ministry of Environment and the Dutch
LPG Association agreed to implement additional measures to avoid a hot BLEVE of a LPG tank
vehicle ultimately in 2010.
The research to select the most appropriate measure to prevent a hot BLEVE of a road tanker
was performed by TNO. TNO identified measures to avoid a hot BLEVE. The paper ranks the state
of technical maturity, effectiveness to avoid a hot BLEVE, the reliability, loss of pay-load, influence on maintenance and prescribed regular tank inspections and investment costs of measures
like a Pressure Relieve Valve (PRV), thermal insulation of the tank, internal conductive cooling
of tank wall with aluminium alloy bulbs or tissue. The preferred measure was to insulate the
tank with an epoxy coating. For this measure additional cooling is required by a fire brigade.
The required protection time of the thermal insulation layer to retard the hot BLEVE was based
on an assessment of the time for effective response of the fire brigade in urban, sub urban, industrial
and rural areas. The results of a bonfire test with a 3 m3 LPG tank to demonstrate that the thermal
coating gives the required delay of the time to BLEVE by 75 minutes are described in the paper.
The paper concludes with an comparison of the effectiveness of stationary LPG tanks with a
protective thermal coating and the usual protection of such tanks with PRVs and additional water
deluge systems.

Breda and Eindhoven. An analysis of the results of the
risk assessment showed that the dominant accident scenario
for these high societal risks was a Boiling Liquid Expanding
Vapour Explosion of the LPG tank exposed to an intense fire
(hot BLEVE). For that reason the Dutch Ministry of
Environment and the Dutch LPG Association agreed to
implement additional measures to avoid a hot BLEVE of a
LPG tank vehicle ultimately in 2010. The Dutch government also proposed to the joint meeting of the RID/ADR
to take additional measures for tank trucks and tank
wagons to avoid a hot BLEVE (V&W 2005).
This paper describes the identification and selection
of the measures to prevent a hot BLEVE The paper ranks
the state of technical maturity, effectiveness to avoid a hot
BLEVE, the reliability, loss of pay-load, influence on maintenance and prescribed regular tank inspections and investment costs. The bonfire test of 3 m3 thermally insulated LPG
tank is described in this paper.

EXTERNAL SAFETY RISKS OF THE LPG
PRODUCT CHAIN IN THE NETHERLANDS
The Dutch Ministry of Environment, Land Use Planning
and Housing commissioned TNO to perform the risk
assessment of the LPG product chain in the Netherlands
[Molag 2003, Klooster 2004]. The use of LPG as an
automotive fuel has a significant influence on the
Dutch LPG product chain. Two LPG import terminals,
Amsterdam and Flushing together with five refineries
supply 2137 LPG fuel stations by means of road tankers.
There are 11 regional storage farms for the LPG automotive
fuel supply and for distribution for heating purposes. Some
large chemical plants import LPG as feedstock. Approximately 10 plants fill aerosol cans and use LPG as propellant.
These plants have store LPG. Large quantities of LPG
are transported by road, rail and ship from the refineries
to the chemical plants and partly exported mainly to
Germany.
The risk assessment of the LPG product chain in the
Netherlands showed that the transport of LPG with road
and rail tankers and the LPG delivery to a LPG fuel
station with a road tanker caused high societal risks in the
Netherlands. Over 25% of the LPG fuel stations had a
societal risk above the indicative standard. The LPG road
and rail transport caused societal risks above the standard
in major cities like Amsterdam, Rotterdam, Dordrecht,

MEASURES TO AVOID A HOT BLEVE OF A ROAD
OR RAIL TANKER
This chapter describes the measures to avoid a hot BLEVE
of a LPG road or rail tank when it is exposed to an external
fire. First a description is given of the hot BLEVE
phenomena.
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THE HOT BLEVE PHENOMENA
A ‘thermally induced’ BLEVE can occur if an LPG tank is
exposed to an external fire. At the liquid side (bottom) of the
tank the heat of the fire will be transferred via the steel wall
to the liquid and cause a temperature increase of the liquid
LPG and consequently an increase of the vapour pressure.
The tank wall near the liquid LPG will only have a slightly
higher temperature than the liquid LPG inside. However the
temperature of the wall on the gas side (top) of the tank will
strongly rise due to the poor heat transfer to the gas inside
the tank. The steel on the vapour space will loose its strength
above 300–4008C. The vapour pressure will increase
because of the temperature increase of the liquid e.g. for
propane 19 bar at 558C. The tank can resist this vapour
pressure. However if the temperature of the steel on the
gas side of the tank exceeds 450–5508C the steel will
loose its integrity and the tank will rupture. This will also
occur if a tank is equipped with a Pressure Relief Valve
(PRV). The set point of the PRV of the Dutch tank vehicles
is generally set at 1.93 MPa for propane/butane mixtures.
The material stress can be calculated with:

s¼

pi Di
2t

Figure 1 the strength of a few steel qualities used for LPG
tanks is shown as a function of temperature. The material
stress exerted on the by the pressurised LPG is shown for comparison. For the two steel grades used for Dutch LPG tanks
(P355NH and P460NH) the yield strength is shown. This is
the stress at which the steel starts to show irreversible deformation (often expressed as Rp0,2). It is a conservative
measure for the ‘actual’ strength, i.e. the stress that would
be required to rupture the tank, for which the ultimate
(tensile) strength is a better measure. For comparison the ultimate strength for a steel grade used in Canada for LPG tanks
(TC 128 B) is shown also (measured as the tensile stress
required to break a steel sample after 100 minutes) in
Figure 1. A tank will fail if the material stress exceeds the ultimate strength of the steel of the tank. Figure 1 shows that for
TC 128 B this will be the case at 6008C. For P355NH this
value is not known, but irreversible damage to the tank can
occur at temperatures starting at about 4008C.
The time to BLEVE of a tank engulfed in a pool fire is
proportional to the tank diameter [Birk, 2006]. Tanks with a
diameter of 1 m have a BLEVE after about 8 minutes
exposure to a fire. This means that the Dutch road tanker
will BLEVE after approximately 20 minutes. In general
this time is not enough to evacuate the people in the surroundings of the tank or for an effective response of the
fire brigade to cool the tank.

(1)

with:

s
pi
Di
t

¼ material stress
¼ internal pressure tank
¼ internal diameter of the tank
¼ thickness the tank wall

MEASURES TO AVOID A HOT BLEVE
Several measures were identified to avoid a BLEVE of a
LPG road tanker if it is engulfed in a fire. Some technical
measures are described below.

:1:93 MPa
:2:4 m
:0:0122 m

This results in a material stress of 189 MPa. The LPG
tank should be able to withstand this pressure. If the material
stress exceeds the strength of the tank the tank will fail. In

Pressure relief valve
The heating of liquefied gas by the fire will increase the
vapour pressure. A PRV will limit the maximum pressure

Material stress and strength LPG tank
500
yield strength P355NH

stress and strength [MPa]

yield strength P460NH

400
ultimate tensile strength TC 128 B
Material stress

300

200

100

0
0

100

200

300

400

500

600

700

Temperature [°C]

Figure 1. Yield strengths of Dutch LPG tank steel P355NH (B) and P460NH (O) and ultimate tensile strength of Canadian steel
quality TC 128 B (*) compared to the material stress exerted by the pressurised LPG (horizontal line) shown as a function of
temperature
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in the tank if it has enough venting capacity. As indicated in
the previous section the total inventory of the tank
(25000 kg) should be vented within 20 minutes. This
means a venting capacity of 20.8 kg/sec. The presently
installed PRVs on the Dutch road tanker have a capacity
of 10.3 kg/sec. It is very difficult to install larger PRVs.
Large PRVs might open unwanted due to movement of
the LPG liquid in the tank because of a sudden stop of the
vehicle.

accident location included (Molag, 2006a). The results are
presented in Table 1.

RANKING OF MEASURES
The BLEVE prevention measures have been ranked for
different criteria [Molag 2006b]. Table 2 shows the results.
From Table 2 it can be concluded that only thermal
insulation without or with a PRV are demonstrated measures
that can reliably avoid a hot BLEVE or significantly delay
the ‘time to BLEVE’. The fire brigade should cool the
tank and extinguish the fire to definitely avoid the hot
BLEVE. Table 1 shows that the additional measures on
the tank vehicle and on the tank wagon must delay the
‘time to BLEVE’ by 75 minutes for a tank vehicle and by
105 minutes for a tank wagon.

Conductive cooling
Additional conductive cooling of the tank wall at the vapour
side of the tank by heat transfer from the tank wall to the
liquid LPG can be applied to avoid heating of the tank
wall above the critical temperature. This can be done by:
– An alloy tissue net fitted in the entire volume of the tank
in order to distribute the heat evenly.
– Filling the tank completely with porous alloy bulbs in
order to distribute the heat evenly.

BONFIRE TEST INSULATED 3 M3 LPG TANK
Test conditions and measurements
A full description of the bonfire test is given in [Elbers
2006]. Heat resistant coatings are already used on LPG
road tankers in Hong Kong and rail tankers in Canada and
USA. In those countries other materials, wall thicknesses
and PSVs are applied then in the Netherlands, or not
known (e.g. heat resisting properties of the coating). The
existing bonfire tests [BAM 1993,1994, Birk 2006] were
not representative for tank properties of the Dutch road
tanker. TNO made a theoretical model to assess the effect
of the insulating coating, applied steel, wall thickness and
PRV [Molag 2006b]. The temperature behaviour of the ultimate stress of the applied steel was unknown. For that
reason a conservative maximum temperature of 3008C for
the steel wall was defined to assure that the ultimate stress
would be above the calculated material stress of 189 MPa.
The model calculations showed that application of a
10 mm heat resistant epoxy coating on the outer wall of
the LPG tank would not result in wall temperatures above
3008C within 75 minutes. However the model had several
non validated assumptions. Therefore it was decided to
perform a bonfire test with a 3 m3 LPG tank coated with
5 mm heat resistant insulating epoxy coating, then a

This measure is only effective if the tissue net or the
alloy bulbs are in close contact with the wall and the liquid
LPG in order to act as a heat conductive medium. A boundary condition is that transport vibrations, collisions, overturning or derailment do not reduce the contact area
between the wall and the heat conductive bulbs or tissue
nets. Sufficient additional conductive cooling in combination with a PRV will theoretically avoid a hot BLEVE.
Thermal insulation
The main cause of a hot BLEVE is heating of the steel wall
at the vapour side of the tank to temperatures in excess of
4008C. Thermal insulation around the tank can significantly
retard the excessive heating of the tank wall in a fire. This
will allow fire fighters enough time to reach the accident
location and to cool the LPG tank to avoid the BLEVE, to
extinguish the fire or to evacuate the people in the vicinity
of the accident. Important is that the insulation retards the
heating of the tank wall long enough. Additional research
has been done to determine the response time of the fire
brigade to cool the tank, the time required to supply sufficient water over 2.5 km distance to the fire engines on the

Table 1. Fire brigade response time for effective prevention of a BLEVE
Fire brigade response
time [minutes]
Accident location
Tank vehicle

Tank wagon

45

105

75
75

105
–

City centre, urban area,
industrial area
Rural area
Highway with multiple
accident and blocked
access for fire brigade
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Table 2. Ranking of measures to prevent a hot BLEVE

PRV
Thermal insulation
Thermal insulation þ PRV
Conductive cooling and PRV

Effectiveness to
avoid BLEVE

Reliability

Pay-load

Periodic
control

Costs

low
high
very high
?

low
high
high
?

0
22%
22%
22%

difficult
good
good
difficult

low
considerable
considerable
considerable

carbon fibre liner and a second layer 5 mm layer. The tank
diameter was 1.25 m, tank wall thickness 5.1 mm. length
2.6 m. The bonfire test of a small tank is only representative
for the tank on the road tanker if the material stress is identical. The ratio wall thickness to tank diameter for the 3 m3
was 0.0051/1.25 and for the tank of the LPG road tanker
0.0122/2.40. The set point of the PRV was set to
1.56 MPa to have the same material stress (see equation 1)
for the test tank. The PRV was replaced by electronic
pressure control valve to avoid spring softening of the
PRV during the bonfire test. The tank was placed in a
8 m2 poolfire. During the bonfire test the temperatures of
the poolfire, liquid and gaseous LPG, inner and outer wall
were measured with 18 thermocouples measured with a 5
seconds interval. Also the internal tank pressure was
measured [Elbers 2006].

tank during the test, was 2278C. However visual observations and temperature measurements showed that frequently during the test the tank had not been fully exposed
to the flames, because of the wind. Therefore the temperature at the left side of the tank had fallen below the required
minimum of 5908C.
The second test was performed with a tank filled with
1500 litres LPG. In the first test only 25% of the inventory
was vented, therefore it was decided to fill the tank 50%
in order to have more severe test conditions. After 75
minutes the maximum wall temperature of the tank was
2668C (Figure 3). After 96 minutes the wall temperature
reached 3008C. At the end of the experiment after 112
minutes the wall temperature had reached 3288C. During
this period the pressure relief valve opened 10 times, 800
of the 1500 l LPG were vented. Both visual observations
and temperature measurements showed that the tank was
fully engulfed by flames during the whole test period.
Also the other test criteria were met.

Test criteria
The following test criteria for the Bonfire test were
applied:
1. Within 5 minutes after ignition the temperature of the
fire should be at least 5908C. This minimum temperature should be maintained during the full test period;
2. The tank should be fully engulfed by flames during at
least 75 minutes;
3. The tank should contain liquid LPG during at least 75
minutes;
4. LPG can only escape from the tank through the PRV;
5. The opening pressure of the PRV should be equal to the
set-point value of 15.6 bar. The closing pressure of the
PRV for this tank should be 90% of the opening
pressure;
6. The wall temperature of the tank should not exceed
3008C within 75 minutes after ignition.

CONCLUSIONS
The quantitative risk assessment of the Dutch LPG product
chain showed that the occurrence of a hot BLEVE during
road and rail transport of LPG and unloading of road

The bonfire test is successful if these criteria are met.
Results bonfire tests
Two bonfire tests were performed with identical 3 m3 insulated tanks. The first test was performed with a tank filled
with 2400 litres LPG (80% filling). Total duration of the
test was 98 minutes. During this period the pressure relief
valve opened 5 times, approximately 25% of the LPG was
vented. After 75 minutes the temperature measured at
the outside on top of the tank was 2158C. The maximum
temperature, measured at the top on the outside of the

Figure 2. Tank located above the pool and the location of three
exterior thermocouples (T17 – T19)
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T_gas

T_wall (top)
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2:00
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Figure 3. Temperature and pressure of the 3 m3 LPG tank 50% filling bonfire test
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the production chains of ammonia, chlorine and LPG, Delft:
TNO.
Molag M. ed. 2003, Product-chain-analysis ammonia, chlorine
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R2003/205 Apeldoorn: TNO.
Molag M & A.J. Kruithof 2005, BLEVE prevention of a LPG
tank vehicle or a LPG tank wagon, TNO report B&O-A R
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tankers at LPG fuel stations cause high societal risks. For that
reason the Dutch government agreed with the Dutch automotive gas association to implement additional measures to
avoid a hot BLEVE of a road tanker. Hot BLEVEs can be
avoided if the tanks are insulated with a heat resistant
coating. The coating must delay the heating of the tank
wall to 3008C, if the tank is exposed to a hydrocarbon poolfire, by 75 minutes. The fire brigades are capable to guarantee
sufficient water cooling of the tank within 75 minutes after the
first alarm. The bonfire test of a 3 m3 tank insulated with a
10 mm epoxy coating has demonstrated that the delay of
heating of the steel tank wall to 3008C was 96 minutes.
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CHARACTERIZATION OF UPPER FLAMMABILITY LIMITS OF METHANE/AIR
MIXTURES AT ELEVATED PRESSURES: GAS COMPOSITION MEASUREMENT
AND FLOW VISUALIZATION
Jenq-Renn Chen, Ruei-Hsiung Jen, Hsaio-Yun Tsai and Huang-Jen Pan
Department of Safety, Health and Environmental Engineering, National Kaohsiung First University of Science & Technology,
1 University Rd, Yenchau, Kaohsiung, 824, Taiwan; e-mail: jrc@ccms.nkfust.edu.tw
In this work, the UFL of methane/air mixtures were measured with the double containment
explosion testing apparatus developed by Chen and Liu (2003). An online gas chromatograph
system is developed and incorporating into the explosion testing apparatus for analyzing gas composition before and after ignition. The system comprises of a TCD detector and dual GC columns
that capable of separating and quantifying oxygen, nitrogen, methane, carbon monoxide, and
carbon dioxide from the test mixtures. For methane/air mixtures at a pressure of 0.6 MPa, it is
found that the previously reported cool flame near the upper flammability regime showed small
but non-quantifiable increase in the concentration of carbon monoxide and carbon dioxide. Only
those ignitions with strong pressure increase showed production of carbon monoxide and carbon
dioxide. Direct visualizations of ignition flame were also obtained with a modified test cell with
double-sided plexiglasses and a containment vessel with double-sided glasses. The visualization
found that only non visible flame near the cool flame while inside the UFL the flame generated
from the top of test cell, far away from the igniter, and then propagated downwards throughout
the test cell. Both results suggested that the cool flame in the flammability tests, usually characterized by small pressure rises, was a localized combustion around the fusing ignition wire rather than
a partial oxidation of methane. Thus, it is concluded that the cool flame can be excluded from the
definition of upper flammability.

KEYWORDS: flammability limits, methane, pressure, GC, visualization

oxygen, nitrogen, methane, carbon monoxide, and carbon
dioxide from the test mixtures. Direct visualizations of
ignition flame were also obtained with a modified test cell
with double-sided plexiglasses and a containment vessel
with double-sided glasses. Both high speed video and
color video camera are both used to record the flame.
The present investigation will help to resolve the
ambiguity in the definition of upper flammability and will
also be useful in developing a realistic physical model for
predicting the pressure dependence on flammability limits.

INTRODUCTION
The upper flammability limits (UFL) of hydrocarbon at
elevated pressure are important operating data for the
partial oxidation of hydrocarbons. The oxidation was
usually operated in the fuel rich regime to avoid the potential deflagration from unconsumed oxygen. The precise UFL
is thus crucial for the safe operation of partial oxidation of
hydrocarbons. However, the UFL data at elevated pressure
are scarce and direct measurements are needed.
Current measurement of flammability is done by
pressure measurement in which flammable is defined by
increase in pressure after ignition. The pressure measurement is however affected by the testing configuration and
the spark from the igniter. Many criteria have been proposed
for defining the flammability boundary. For example, the
7% and 3 % criteria in which if the pressure ratio, defined
by the ratio of pressure after ignition to the initial pressure,
is greater than 7% or 3%, respectively. Alternatively, a
tangent criterion, in which the intersection between the
two tangent line from flammable pressure rise and zero
pressure rise, may be use. None of these criteria produce
consistent results.
An online gas chromatograph system is developed
and incorporating into the explosion testing apparatus for
analyzing gas composition before and after ignition. The
system comprises of a TCD detector and dual GC
columns that capable of separating and quantifying

EXPERIMENTAL SETUP
ONLINE GAS CHROMATOGRAPHY SETUP
Gas chromatography has been widely used for measuring
gas composition prior to explosion tests to confirm the
initial gas composition, e.g. Vanderstraten et al. (1997)
and Pfahl (2000). However, it is not yet applied to the
measurement of gas after the explosion tests probably due
to the difficulty in separating and quantifying the oxidant –
oxygen, the fuel – such as methane, and the combustion
products such as carbon monoxide and carbon dioxide.
In this work, the UFL of methane/air were measured
with the double containment explosion testing apparatus
developed by Chen and Liu (2003). An online gas chromatograph system is developed and incorporating into the
explosion testing apparatus for analyzing gas composition
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Figure 1. Sampling and injection for the gas chromatography system. (a) Sample loop fill. (b) Sample loop inject

Before CO2 eluting from PLOT-Q column, the valve is
switched back to “LOAD” state such that the CO2 and
higher alkanes enters the detector directly without entering
PLOT-5A column. Thus, only oxygen/nitrogen mixture,
methane, and CO entered the PLOT-5A column for
further separation. The switching is done with a timedactuator from VICI Valve Instrumentation Co. The gases
eluting from the PLOT-5A column enter PLOT-Q again
before entering the detector. An analysis cycle is thus completed. The sample loop is ready for another injection. Certainly, if the gases mixture containing hydrocarbon larger
than methane, they may be overlapping with the gases
from the PLOT-5A column. However, it is always possible
to avoid overlapping by adjusting the switching time or the
column length. The current switching method gives a single
chromatogram which avoid the ambiguity from dual column
linked in parallel which results in two sets of
chromatograms.

before and after ignition. The system comprises of a
TCD detector and dual GC columns that capable of
simultaneously separating and quantifying oxygen, nitrogen, methane, carbon monoxide, and carbon dioxide from
the test mixtures.
Although it is possible to separate oxygen, nitrogen,
from other component with only one column such as a
CP-Silica PLOT column, it will require a very low temperature down to 280 8C which is cumbersome as well as costly.
Thus, two columns were used. Column 1, the PLOT-Q
column, is capable of separating the fuel gas such as
methane and but is unable to separate the air. Column 2,
the PLOT-5A which has a durable molecular sieve 5A
coating, is capable to separate nitrogen and oxygen but is
suspected to large molecules such as CO2. Connecting the
two columns in serial will result in plugging of CO2 in
the PLOT-5A column. It is thus necessary to avoid CO2
from entering the PLOT-5A column.
A ten port valve is used in directing the gas into two
different columns at different time before entering the detector. The connection of the ten port valve is shown in
Figure 1. During “Loop fill”, the sampled gas enters the
sample loop through port 1.When the loop is filled and
stabilized, the valve is then switched to “INJECT” in
which the sampled gas will be carried into PLOT-Q
through the Helium carrier gas from port 4. The sampled
gas was separated into oxygen/nitrogen mixture, methane,
CO, CO2, and other components. The separated gas then
flow through port 6 and port 5 into PLOT-5A column.

VISUALIZATION
Traditional gas explosion tests were carried out by pressure
vessel that is capable to withstand the full overpressure
from the explosion. Although stainless steel vessel can be
easily made to resist very high pressure by increasing the
vessel thickness, the view port requires even thicker glass
which renders the fabrication difficult and costly. Thus,
typical gas explosion testing at elevated pressure such as
Vanderstraten et al. (1997) used vessel without any view

Figure 2. (a) Front view of test cell (b) side view of test cell (c) arrangement of shadowgraph and double contaminant explosion
testing system
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Figure 3. Chromatogram for methane/air with methane concentration of 18.36% at an initial pressure of 0.602 MPa. Red line: after
ignition. Dark line: before ignition

port and visualization of gas explosion at elevated pressure
was not possible.
In the present work, the direct visualizations of
ignition flame were also obtained with a modified test cell
with double-sided plexiglasses and a containment vessel
with double-sided glasses. Figure 2(a) and (b) shows the
design of the test cell. The test cell is a rectangular vessel
with inner height of 8 cm, length and width are both 4 cm.
Total volume of the test cell is 128 cm3. Wall thickness of
the test cell is 1 cm. Two sides of the cell are open and
sealed by plexiglass. The plexiglass has been tested to
resist pressure up to 1 MPa. The test cell is placed in a contaminant vessel that fitted with pressure-resistant glass that
resists pressure up to 10 MPa. The glass view port has a
length of 13.5 cm and a width of 1.7 cm. Before the
explosion ignition, the contaminant vessel is pressurized
by nitrogen to the same pressure as the test cell. The contaminant vessel has an internal volume of 4 L. When the
plexiglasses are ruptured by overpressure, the overpressure
will be buffered and reduced by the contaminant vessel by
a factor of about 30. As the normal peak overpressure
reaches about 10 times of the initial pressure, the present
double contaminant system will allow test pressures up to

7.5 MPa. This is well above the pressures of most oxidation
processes.
A shadowgraph system is setup in Figure 2(c) to
measure the flame front during ignition and explosion.
The shadowgraph shows the density fluctuation in the gas
and can be a good indication of flame front or thermal convection wave. A high speed camera with 500 frames/second
is used to record the shadowgraph. In addition, a color video
camera is also used to record the flame directly from the
view port. The color video recorded the flame structure,
color and intensity at a speed of 30 frames/second.

RESULTS
GAS CONCENTRATION MEASUREMENT
Figure 3 shows the chromatogram for methane/air with
methane concentration of 18.36% at an initial pressure of
0.602 MPa. There are some significant decreases in
methane and oxygen peaks while carbon dioxide and
carbon oxide peaks are increased significantly. A small
water peak is also identified. The current TCD detector
has a poor sensitivity for water. Thus, only CO and CO2
peaks will be used for the measurement. Peak overpressure

Figure 4. Chromatogram for methane concentration of (a) 18.50% at an initial pressure of 0.593 MPa (b) 19.27% at an initial pressure
of 0.600 MPa
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Figure 5. Summarizes the results of pressure ratio and GC counts for CO and CO2 for methane concentration greater than 18.45%

recorded was 1.918 MPa, giving a pressure rise ratio of 3.18.
Thus, this concentration is classified as flammable.
Figure 4(a) shows the chromatogram for methane/air
with methane concentration of 18.5% at an initial pressure
of 0.593 MPa. Very minor carbon dioxide and carbon
oxide peaks are found but their peak area are below the
TCD quantifying detection limits of 0.1% for CO2 and
0.5% for CO. Peak overpressure recorded was 0.609 MPa,
giving a pressure rise ratio of 1.027. This is close to the traditional 3% criterion for defining flammability. Figure 4(b)
shows the chromatogram for methane/air with methane
concentration of 19.27% at an initial pressure of
0.600 MPa. The carbon dioxide and carbon oxide peaks
are even smaller than those of 18.5% mixture and are also
below the TCD quantifying detection limits. Peak overpressure recorded was 0.6044 MPa, giving a pressure rise ratio
of 1.007. This is smaller than the traditional 3% criterion
for defining flammability.
Figure 5 summarizes the results of pressure ratio and
GC counts for CO and CO2 for methane concentration
greater than 18.45%. Although all data in Figure 5 lies
below the 3% criterion, there is a clear connection
between pressure rise and CO/CO2 GC counts. The

pressure rises are always below 1% with methane concentrations greater than 18.80%. CO and CO2 GC counts are
also proportional lower than those with methane concentration below 18.8%. The range of methane concentration
between 18.45  18.80% corresponds to the cool flame
region according to Vanderstraten et al. (1997). Cool
flames are often referred to as the phenomena associated
with partial or intermediate oxidation reactions. Aldehydes,
carbon monoxide and other intermediate products are
formed, rather than the water and carbon dioxide produced
by normal combustion flames (Pekalski et al., 2002). The
present results however found both CO and CO2 even in
these so called cool flame region. It is interesting to visualize
these cool flame in the visualization tests.

FLAME VISUALIZATION
Figure 6 is the sequence of frame captured by high speed
camera for ignition of methane/air mixture with methane
concentration of 19.05%. Initial pressure is 0.60 MPa.
Each frame is differed by 30 ms. Figure 7 is the sequence
captured by color video camera with each frame differed
by 33.3 ms. Apparently, the ignition generated by the

Figure 6. Sequence of frame captured by high speed camera for methane/air mixture with methane concentration of 19.05%. Each
frame is differed by 30 ms
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Figure 7. Sequence of frame captured by color video camera for methane/air mixture with methane concentration of 19.05%.
Each frame is differed by 33.3 ms

Figure 8. Sequence of frame captured by high speed camera for methane/air mixture with methane concentration of 18.00%.
Each frame is differed by 30 ms

Figure 9. Sequence of frame captured by color video camera for methane/air mixture with methane concentration of 18.00%.
Each frame is differed by 33.3 ms

Nichrome wire produces only a hot plume around the igniter
with no visible flame as seen by the color video. The mushroom type of the plume is a characteristic result of high
Raleigh number convective flow driven by very large
density difference. The recorded pressure transient is flat
and shows no clear overpressure which is in consistent
with the visualization results.
Figure 8 is the sequence of frame captured by high
speed camera for ignition of methane/air mixture with
methane concentration of 18.00%. Initial pressure is
0.60 MPa. Each frame is differed by 30 ms. Figure 9 is the
sequence captured by color video camera with each frame
differed by 33.3 ms. Initially, the ignition produced a hot
plume and then when the plume reached top of the test
cell a visible flame propagate downwards. Figure 10
shows the comparison between pressure transient and
flame propagation. It is clearly seen that pressure rises
only during flame propagation. Before the flame formed
the pressure rise is insignificant. After the flame propagation
stopped, the pressure also stopped to rise and started to fall.
It is still not clear when the flame did not generate right in
the fusing wire. Extensive efforts have been made to

ensure that the gas mixture inside the test cell is perfectly
mixed. Yet in most tests with concentration near the upper
flammability limit, the flame initiated from top of the test
cell when the hot plume reached. Flame initiated directly
from the igniter is possible when the methane concentration
is far below the UFL. The visualization results are also differed from the visualization tests by Pfahl et al. (2000) at
ambient pressure. We also performed tests for methane at
ambient pressure and produced flame directly from the
igniter as seen in Figure 11.
It is interesting to visualize the ignition near the socalled cool flame region which very similar to the non-flammable region. Figure 12 shows the pressure transient and
flame propagation for methane concentration of 18.22%.
The cool flame region in the visualization test cell was
found to be slightly different from the normal test cell.
Namely, 18.17  18.33% for the visualization cell verse
18.45  18.80% for the normal cell. The difference may
be attributed to the cell geometry, namely rectangle verse
cylinder. Despite the difference, the visualization results
suggest that the small pressure rise was a localized reaction
of methane around the fusing wire and the reaction front or
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Figure 10. Comparison between pressure transient and flame propagation for methane concentration of 18.00%

Figure 11. Test results for 13.5% methane at ambient pressure. Each frame is differed by 1/30 second

Figure 12. Comparison between pressure transient and flame propagation for methane/air mixture with methane concentration
of 18.22%
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the flame did not propagate to the test cell wall. Further
investigations are needed in order to resolve the peculiar
flame phenomena near the UFL.
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CONCLUSIONS
Despite the difference in cool flame region, both concentration measurement and visualization results suggest that
the small pressure rise in the cool flame region was a localized reaction of methane around the fusing wire and the
reaction front or the flame did not propagate to the test
cell wall. The presence of small amount of CO and CO2
also suggest that the cool flame was a localized reaction
of methane around the fusing ignition wire rather than the
partial oxidation of methane. Thus, based on the present
visualization and concentration measurement the cool
flame, characterized by small pressure rise, can be excluded
from the definition of flammability. The present investigation also revealed the peculiar phenomena at elevated
pressure in which flame generated far from the igniter
rather than directly from the igniter. Such observation will
also be useful in developing a realistic physical model for
predicting the pressure dependence on flammability limits.

REFERENCES
1. Chen, J. R. and K. Liu, “Simple and Safe Method for Determining Explosion Limits at Elevated Pressures”, AIChE J.,
49, 2427-2432 (2003).
2. Pfahl, U. J., M. C. Ross, J. E. Shepherd, K. O. Pasamehmetoglu, C. Unal, “Flammability limits, ignition energy, and
flame speeds in H2 – CH4 –NH3 – N2O– O2– N2 mixtures,” Comb. Flames, 123, 140-158 (2000).
3. Pekalski, A. A., J. F. Zevenbergen, H. J. Pasman, S. M.
Lemkowitz, “The relation of cool flames and auto-ignition
phenomena to process safety at elevated pressure and
temperature,” J. of Hazard. Mat., 93, 93-10 (2002).
4. Vanderstraeten, B., D. Tuerlinckx, J. Berghmans,
S. Vliegen, E. Van’t Oost, B. Smit, “Experimental study
of the pressure and temperature dependence of the upper
flammability limit of methane/air mixtures,” J. Hazard.
Mat., 56, 237-246 (1997).

7

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153

ANALYSIS OF DETONATION WAVE SUPPRESSION BY INJECTION OF SOLID PARTICLES
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Parameters of stationary one dimensional detonation wave in gas-particles mixtures are calculated.
The algorithm of estimation of detonation cell size in such heterogeneous mixtures is presented.
Detonation wave parameters and cell size in the stoichiometric hydrogen-oxygen mixture with
particles of W, Al2O3 and SiO2 have been calculated.
Results of calculations of detonation parameters and cell sizes are used for analysis of the
method of detonation suppression by particles injection before the leading shock front of the
wave. The minimal total mass of the particles and characteristic size of the cloud, which are necessary for detonation suppression, have been calculated. It is shown, that such suppression is more
effective, if the particles have high heat capacity, low melting point and high heat of melting.
Among the particles under consideration the particles of Al2O3 are the best for DW suppression.
KEYWORDS: detonation, explosion suppression, solid-wave interaction

outside of intensive theoretical modelling. Thus, theoretical
investigation of parameters of steady detonation waves and
calculation the detonation cell size in such mixtures still has
scientific and practical interest.
The available experimental investigations of suppression of gaseous detonation by injection of particles before
the wave front are non-systematic (Nettleton, 1987, Laffitte
et al., 1959). Theoretical modelling of such process is very
far to be completed. For example, traditional explanation
of the mechanism of detonation wave suppression by solid
or liquid particles is the following (Borisov et al., 1975).
The particles injection leads to decrease of wave velocity,
pressure and temperature and corresponding increase of
reaction zone. The heat losses in a tube walls from the reaction zone rise and steady propagation of detonation wave
ceases if particles concentration is more, than some critical
value. In this way the existence in the powder of a substantial
concentration of fine particles can lead to the impossibility of
steady detonation in a dusty combustible mixture. In the
frames of this consideration it is difficult to estimate, what
level of energy losses is high enough for suppression of detonation wave. Moreover, the following questions still need to
be answered: what should be the total mass of injected particles and characteristic size of the cloud and which kind of
particles is more effective for detonation suppression? To
solve these problems, it is more physically relevant to consider the relation between detonation cell size and internal
diameter of a tube: if detonation cell size starts to be more,
than some critical value (which depends on tube diameter),
detonation wave propagation is impossible. Such approach
is similar to the corresponding one, which are generally
accepted now and was successfully used in estimation of
detonation limits in gaseous mixtures (see, for example,
Nettleton, 1987, Nikolaev et al. 2003). In the present work
a method of injection of solid powder for quenching confined
detonations is analyzed. The physical nature of such effect
assumed to be the following. Injection of particles led to

INTRODUCTION
Chemically inert solid particles addition is the effective way
for control and modifying of combustion and detonation
processes in gaseous systems. This way can be used, for
example, to vary the detonation velocity and the reaction
zone length (Borisov et al., 1975). Accelerated streams of
heated suspended particles (solid and liquid) are used for a
number of practical applications, such as detonation application of coatings (Nikolaev et al., 2003). A variety of
powders have been found to quench confined detonations
(Nettleton, 1987, Laffitte et al., 1959). Industrial equipment
for suppression detonation wave (DW) by particles injection
is in commercial offer now.
It is well known, that detonation wave in gases
(which propagates far from the limits) represents the
quasi-stationary multi-front system that consists of shock
and rarefaction waves, contact discontinuities and local
zones of chemical reaction. The transverse waves are
among the main elements of detonation wave structure
and play critically important role in initiation and propagation of such multi-front detonation waves. If detonation
wave propagates far from limits, the movement of transverse waves carries periodic character and their trajectories
form the cellular structure, which can be seen, for example,
on smoked foils. Detonation cell size is used now in calculations of the most detonation characteristics of a gaseous
mixtures like detonation limits, critical energy of direct
DW initiation and so on (Nettleton, 1987, Nikolaev et al.,
2003). It should be expected, that transverse waves play
important role in detonation phenomena in mixtures of combustible gases with chemically inert particles. But there are
practically no experimental measurements of detonation cell
sizes in these mixtures. Thus, at the present moment, theoretical estimations can be the main source of information
about detonation cell size in such heterogeneous mixtures.
Unfortunately, detonation waves in mixtures of
combustible gas with chemically inert particles were
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detonation wave, a and b – width and longitudinal size of
detonation cell, D – tube diameter, M – mass of particles,
which should be injected into gas for detonation suppression,
L – distance between the leading shock front and ChapmanJouguet surface of detonation wave, index “0” corresponds to
the initial stage, index “P” correspond to a gas without particles, indexes “C.-J.” and “SW” correspond to the parameters
in Chapman-Jouguet point and behind the leading shock front
of detonation wave respectively.

change parameters of detonation wave behind the leading
shock front (for example, the temperature of the mixture is
decreases). As a result, detonation cell size is increase. If
mass fraction of injected particles is high enough, detonation
cell size starts to be more, than some critical value, above
which detonation wave propagation is impossible.
To calculate the critical mass of injected particles
which is necessary to suppress detonation wave, the following procedure is used. For the first, parameters of stationary
detonation wave in gas – chemically inert particles mixture
are calculated for different mass fractions of condensed
phase. For the second, detonation cell size is calculated by
generally accepted explicit algebraic formula, presented by
Vasil’ev et al. (1979). According to this formula, detonation
cell size depends on the detonation velocity, temperature and
density of the mixture behind the leading shock front of detonation wave. Results of calculation of detonation cell size
used for estimation of the mass of particles, which should
be injected into gas for successful quenching of DW.
Calculations will be performed for stoichiometric
hydrogen-oxygen mixture with different metal particles. It
will be analyzed, what kind of particles is more effective
for detonation wave suppression, what total mass of particles
should be injected for detonation suppression and what
characteristic size of cloud will be enough for suppression.
Detonation cell sizes, which can be calculated by the
method, presented here, can be used in standard procedures
of estimation of other detonation characteristics of the gasparticles mixtures (i.e. energy of initiation and critical diameter for successful transition of detonation wave from tube
into semi-infinite space).
In the frames of present calculations of detonation
wave thermodynamic parameters of gas-particles mixture
in state of chemical equilibrium will be described by
model of Fomin et al. (2004). This model is the development of the model of chemical equilibrium for gaseous
mixtures, presented by Nikolaev and Zak (1988). The
model is quite simple and accurate to be used in scientific
and engineering calculations. The molar mass of gas,
internal energy and adiabatic index of gas-particles
mixture can be calculated by the explicit algebraic formulas of the model. Temperature, gas density, mass
fraction of the condensed phase and heat capacity of the
particles material will be the parameters of these formulas.

PARAMETERS OF DETONATION WAVE AND
DETONATION CELL SIZE IN GAS-PARTICLES
MIXTURE
The model of chemical equilibrium, presented by Fomin
et al. (2004), has been used for calculation parameters of
detonation waves and estimations of detonation cell size
in gas-particles mixtures. According to this model, condensed phase is incompressible. The particles are in mechanical and heat equilibrium with the gas (i.e. the velocity
and temperature of gas and particles are equal). The
partial pressure and total volume of particles and the
pressure of saturated vapours of condensed phase are negligibly small. Specific internal energy and molar mass of gas
are described by equations:
U(T,m) ¼ ½3=4  (m=ma þ 1) þ 3=2  (m=ma  1)
 u=T=( exp (u=T)  1)
 <T=m þ E(1=m  1=mmin ),

(1)

r=m  (1  m=m)2 exp (E=<T)=(m=mmin  1)
¼ AT 3=4 =4Kþ  (1  exp (  u=T))3=2

(2)

Parameters m, ma, mmin, mmax in (1), (2) correspond to
gaseous phase only.
The following generally accepted assumptions are
used here for calculation parameters of stationary onedimensional DW without losses in gas-particles mixtures.
The structure of the wave corresponds to Zel’dovich-von
Neymann-Doering model and in the C.-J. point the
mixture is in the state of chemical equilibrium. The closed
system of algebraic equations for calculation parameters
of the wave can be written in the following form:

NOTATIONS
T, m, r, P, u are temperature, molar mass, density, pressure
and velocity of gas, U, H and U C, H C are specific internal
energy and enthalpy of gas and condensed phase respectively,
rC is volume density of condensed phase, a is the mass fraction of condensed phase in gas-particles mixture, ma, mmin,
mmax are the molar masses of gas in the atomic, completely
dissociated and completely recombined states, u is the
effective temperature of excitation of the vibrational degrees
of freedom of the molecules, E is the average energy of dissociation of the reaction products, A, Kþ are the rate constants
of dissociation and recombination of the generalised reaction
products, < is the universal gas constant, uD – velocity of

r1 u1 ¼ r0 uD
P1 þ 1=(1  a)  r1 u21

¼

P0 þ 1=(1  a)  r0 u2D

(3)
(4)

r1 u1 (U(T1 ,m1 ) þ P1 =r1 þ u21 =2) þ a=(1  a)
 r1 u1 (H C (T1 ) þ u21 =2)
¼ r0 uD (U0 þ P0 =r0 þ u20 =2)
þ a=(1  a)
 r0 uD (H C (T0 ) þ u20 =2)

2

(5)
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P1 =r1 ¼ <T1 =m1

(6)

PSW =rSW ¼ <TSW =mSW
mSW ¼ m0

(7)

The notations in the systems (3)–(8) and (9)–(13) are
the same. Index “SW” points the parameters behind the
leading shock front of detonation wave. Equations (9) –
(11) are the laws of conservation of the mass, momentum
and energy, written in the system of coordinates, connected
with the wave front. Equations (9)–(13) together with formulas for calculation enthalpy of condensed phase and
internal energy of the gas are the closed system of algebraic
equations for calculation rSW ,uSW ,PSW ,TSW ,mSW . The
systems (3)– (8) and (9) –(13) have been solved by
Newton numerical algorithm. The value gSW (TSW ,mSW ,a)
can be calculated by explicit formulas of the model of
Fomin et al. (2004) at T ¼ TSW and m ¼ mSW ¼ const.
The results of calculation of detonation wave parameters and the parameters of the mixture behind the
leading shock front are presented in the Figures 1 and
2(a –d) respectively. The stoichiometric hydrogen-oxygen
mixtures with particles of W, Al2O3 and SiO2 are considered. Calculations are performed until the values a at
which the temperature behind the leading shock front
starts to be less, than 850K.

r1 =m1  (1  m1 =mmax )2 exp (E=<T1 )=(m1 =mmin  1)
¼ AT13=4 =4Kþ  (1  exp (  u=T1 ))3=2
u1 ¼ (1  a)g (T1 ,m1 ,a)P1 =r1

(8)

The variables of the system of equations are: r1, u1,
P1, T1, m1, uD. Index “1” corresponds to the parameters of
the wave in C.-J. point; uD is the velocity of detonation
wave, H C (T0 ) and H C (T1 ) are the enthalpies of condensed
phase at T ¼ T0 and T ¼ T1 respectively. Equations (3– 5)
are the laws of conservation of the mass, the momentum
and the energy, written in the system of coordinates, connected with the wave front. Formula (6) is the equation of
state for the gas. Equation (7) describes the state of chemical
equilibrium. Formula (8) is the C.-J. condition. The values
U(T1 ,m1 ) and g (T1 ,m1 ,a) can be calculated by formulas
(1) and explicit algebraic formulas of the model of Fomin
et al. (2004) at T ¼ T1, m ¼ m1.
Note, that if a ¼ 0, then the system of equations
(12) –(20) transforms to the system of algebraic equations,
which was successfully used before by Mitropetros et al.
(2006) for the calculation parameters of detonation waves
in gaseous mixtures.
Equations (3) –(8) together with (1), algebraic formulas of the model of Fomin et al. (2004) for calculation
adiabatic index and formulas for calculation enthalpy of
condensed phase and internal energy of the gas in initial
stage are the closed system of algebraic equations for calculation r1, u1, P1, T1, m1, uD.
The gas parameters behind the leading shock front of
detonation wave (von Neymann spike parameters) can be
calculated by the following system of algebraic equations:

ESTIMATION OF DETONATION CELL SIZE
IN A GAS-PARTICLES MIXTURE
According to Vasil’ev et al. (1979) the longitudinal detonation cell size b depends on detonation velocity and gas parameters (density and temperature) behind the leading shock
front:

(9)

b  GuD =rSW  Ea =<TSW  exp (Ea =<TSW ),

(10)

where Ea is the activation energy of Arrenius formula for
induction period of chemical reaction, factor G depends
mainly on physical and chemical parameters of initial
mixture and in present estimations will be assumed as constant. From this formula the following equation can be
obtained:

rSW uSW ¼ r0 uD
PSW þ 1=(1  a)  rSW u2SW ¼ P0 þ 1=(1  a)  r0 u2D

(12)
(13)

rSW uSW (USW þ PSW =rSW þ u2SW =2) þ a=(1  a)
 rSW uSW (H C (TSW ) þ u2SW =2)
¼ r0 uD (U0 þ P0 =r0 þ u2D =2)
þ a=(1  a)
 r0 uD (H C (T0 ) þ u2D =2)
3000 uD, m/s
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Figure 1. Detonation velocity and parameters C.-J. in mixtures: 2H2 þ O2 þ metal particles (Al2O3, SiO2, W); P0 ¼ 1 atm, T0 ¼ 273
K. a: velocity of detonation; b – e: temperature, pressure, molar mass and adiabatic index of the mixture; f: velocity of the mixture in
the system of coordinate, connected with the wave front
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surface equals V ¼ pD2 =4  L. Owing to rCSW ¼ a=(1  a)
rSW , the total mass M of condensed phase between a
leading shock front and C.-J. surface in the gas-particles
mixture can be estimated as:

where bP and b are the detonation cell sizes in pure (without
particles) gas and in gas-particles mixture. Results of
calculations of this dimensionless cell size are shown on
Fig’s 2e,f. Corresponding parameters for calculation b/bP
can be found in Figures 1 and 2. According to White
(1967) the following value of activation energy is used:
Ea ¼ 36.103 J/K/mol.

M ¼ V rCSW ¼ pD2 =4  LrCSW ¼ pa=(1  a)  D2 =4  LrSW
¼ pa=(1  a)  D2 =4  ar0 uD =uSW

ANALYSIS OF DETONATION WAVE
SUPPRESSION BY MICRO-PARTICLES INJECTION
It is well known, that DW can propagate in different modes
like multi-front, spin, galloping and low-velocity modes
(Nikolaev et al., 2003). In present work suppression of
multi-front (cellular) mode of DW will be considered,
because such mode is the most dangerous and, hence, the
most important for safety engineering. For estimation of
the mass of micro-particles M which should be injected in
a tube for suppression of this mode of DW propagation,
the following scenario will be considered. Detonation
wave propagates in a pure gas in a tube with internal diameter D. Chemically inert micro-particles are injected before
the wave front and form the cloud. Particles distribution in a
gas is uniform and a longitudinal size of the cloud is H. The
mass of injected particles is high enough to increase the cell
size of DW above some certain limit, at which the multifront mode of wave propagation is impossible.
The following critical condition of DW propagation
in cellular mode will be used (Nikolaev et al., 2003):
a ¼ pD,

This mass of particles should be injected before the
wave front to suppress the cellular mode of wave propagation. Taking into account (9), the cloud of particles
should have the longitudinal size H ¼ LuD =uSW .
Formula (15) can be used, if the values a and a,
which correspond to the critical conditions of wave propagation, are preliminary calculated. To calculate these
values, equation (14) and then Figures 2e,f should be
used. First, the value a should be calculated from (14).
Then, it is necessary to calculate the value a=aP , where
aP is the cell width in a pure gas without particles (this
value assumed to be known). After that, the corresponding
value a can be obtained from Figures 2e,f. To use these
Figures, it is necessary to assume additionally, that particles do not change the relation between the cell sizes:
b=bP ¼ a=aP .
As can be seen from the results of calculations
(Fig. 1a,b,c and Fig.2a,b) at the same values of a the parameters of DW in a mixture with tungsten (i.e. velocity of
the wave, pressure and temperature behind the leading
shock front and in C.-J. point) are higher, as compare with
corresponding parameters in mixtures with SiO2 and
Al2O3. As a result, the values b=bP in the mixtures with
Al2O3 and SiO2 are higher, than corresponding values in
the mixtures with tungsten (Fig. 2e,f). It can be easily
explained, because the heat capacities of SiO2 and Al2O3
are higher, than the corresponding value of tungsten. As a
result, for such mixtures the energy losses for heating of particles to the same temperature are essentially higher, than in

(14)

where a is the width of detonation cell. Note the distance
between the leading shock front of detonation wave and
C.-J. surface as L. According to Nikolaev and Gaponov
(1995), L can be essentially less, than detonation cell size.
In present estimations it will be assumed, that L ¼ a. The
total volume between the leading shock front and C.-J.
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Figure 2. Von Neymann spike parameters and cell size of detonation wave in the mixtures: 2H2 þ O2 þ metal particles (Al2O3, SiO2,
W); P0 ¼ 1 atm, T0 ¼ 273 K. a– d: pressure, temperature, density and adiabatic index of the mixture; e: velocity of the mixture in the
system of coordinate, connected with the wave front, f –g: the dimensionless cell size
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corresponding mixtures with tungsten. That is why particles
of Al2O3 and SiO2 are essentially more effective for DW
suppression, than particles of tungsten. It means, that the
mass of particles of Al2O3 and SiO2, which should be
injected for quenching DW is less than corresponding
value for tungsten particles. Among the particles under consideration the particles of Al2O3 are the best for DW suppression (Fig. 2e,f). Obviously, that the energy losses for
heating of particles will be even higher if the particles
have low temperature of melting point (melting temperature
should be below the temperature in C.-J. point or even below
the temperature behind the leading shock front) and high
heat of melting.
To demonstrate the presented algorithm for calculation suppression of detonation wave, let’s consider
industrial equipment handles stoichiometric hydrogenoxygen mixture at normal conditions. Detonation cell
width in such mixture equals 1.5 mm (Strehlow, 1985). To
suppress the multi-front mode of DW propagation, injection
of SiO2 and Al2O3 particles will be used. Results of calculations of the values M and H for the tubes with internal
diameters D ¼ 5.1023 m and D ¼ 1022 m are shown on
the Table 1.
As it was discussed above, in present estimations it is
assumed, that gas and particles are in thermodynamic and
mechanical equilibrium (particles assumed to be relatively
small). If gas and particles are not in such equilibrium
(particles have relatively big size), the efficiency of DW
suppression will be less and the mass of particles, which
should be injected for DW suppression, will be higher,
than the value, estimated here.
Note, that the paper of Terao and Kobayashi (1982)
suggests that suppression of DW by energy losses in
quenching device only occurs when the velocity of the
leading front is decreased sufficiently for the temperature
in the flow behind it to be low enough to prevent initiation.
This is an over-simplistic approach in view of the complex
nature of detonation wave structure and local increase of
temperature behind transverse waves. As can be seen from
the calculations, presented above, such approach can not
be used in calculations of DW suppression by microparticles injection, because the temperature behind the
leading shock front of DW in mixtures with critical
amount of particles is quite above the temperature, which
is necessary for initiation of chemical reaction.

CONCLUSIONS
The approximate model of chemical equilibrium in heterogeneous mixtures of a combustible gas with chemically
inert solid or liquid particles is presented. It includes explicit
algebraic formulas for calculation molar mass of the gas,
internal energy and heat capacities of gas-particles
mixture and ordinary differential equations for calculation
adiabatic compression and adiabatic index of the system.
The model is quite simple and high accurate to be used
for scientific and engineering purposes. For example, it
can be used for the simulation of combustion and detonation
processes in corresponding gas-particles systems and determination of possible safe operating conditions of industrial
equipment and engines. It can be also useful for the rough
estimations of thermodynamic parameters of gaseous mixtures with particles of soot.
Detonation wave in gas-particles mixtures is considered. The system of algebraic equations for calculation
C.-J. parameters and parameters of the flow behind the
leading shock is presented. Thermodynamic parameters
and adiabatic index of the mixture are described by the
model of chemical equilibrium, presented here. It allows
us to take into account the change of these parameters
owing to increase of mass fraction of condensed phase
and shift of chemical equilibrium. Parameters of DW in
the stoichiometric hydrogen-oxygen mixture with particles
of tungsten, Al2O3 and SiO2 have been calculated.
The algorithm of estimation of detonation cell size in
gas-particles mixture is presented. Results of calculations of
detonation parameters and cell size are used for analysis of
the method of detonation suppression by particles injection
before the leading shock front of the wave. The minimal
total mass of the particles and characteristic size of the
cloud, which are necessary for successful quenching of detonation have been calculated. It is shown, that suppression of
DW is more effective, if the particles have high heat
capacity, low melting point and high heat of melting.
Among the particles under consideration the particles of
Al2O3 are the best for DW suppression.
If particles have relatively big size, the gas and condensed phase will be not in mechanical and heat equilibrium. Thus, the efficiency of DW suppression by such
particles will be less and the mass of condensed phase,
which should be injected, will be higher, than the
corresponding value, estimated in the frames of present

Table 1. Results of calculation of DW suppression by injection of Al2O3 and SiO2 particles
D ¼ 5.1023 m, a ¼ 1.57.1022 m

a
uD, m/s
uSW, m/s
M, kg
H, m

D ¼ 1022 m, a ¼ 3.14.1022 m

Al2O3

SiO2

Al2O3

SiO2

0.47
1.85.103
2.75.102
9.1.1027
0.11

0.54
1.72.103
2.5.102
1.2.1026
0.11

0.53
1.66.103
2.4.102
9.5.1026
0.22

0.59
1.6.103
2.15.102
1.3.1025
0.24
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work. To increase the efficiency of DW suppression it is
necessary to use as small particles, as possible.
A variety of flame arresters have been combined successfully with an expansion in area to suppress of DW (see,
for example, Nettleton, 1987). Seems, another promising
way for control and quench of DW is the combination of
particles injector and subsequent abrupt expansion in area.
The algorithm for estimation detonation cell size in gasparticles mixtures can be easily used for design of such
equipment. A combination of particles injector and abrupt
tube expansion can be useful even in case, if the increase
of cell size owing to particles injection is not enough for successful quenching of DW. Anyhow, DW can be suppressed,
if the increase of DW cell size by particles injection will be
enough to comply with the requirements of detonation suppression by wave diffraction into infinite area.
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FIELD TESTS OF RELEASE, IGNITION AND EXPLOSION FROM SILANE CYLINDER
VALVE AND GAS CABINET
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This work presents field test results of silane releases from the cylinder valve and into a gas cabinet.
For safety reasons the release was from a cylinder valve that was attached to a cylinder cut in half.
This was attached to the test system which was setup remotely from the test valve. The following
release tests were performed: (1) Leak from DISS valve outlet connector with and without a restrict
flow orifice (RFO), (2) Leak directly from cylinder valve with and without a RFO, (3) Leak from
cylinder valve stem retainer thread. In addition, high pressure releases from a 1/8” and 1/4” tube
into a ventilated single cylinder gas cabinet were also performed. Release pressure varied from 120
psig to the full cylinder pressure of 1250 psig. Both digital video and high speed cameras were used
to record the ignition, pop, or explosion behavior. The results clearly demonstrated the value of an
RFO and will be useful for safety improvement in the semiconductor and TFT-LCD industries.

KEYWORDS: silane, release, explosion, field test

pressure was regulated between 120 to 480 psig. Both
digital video and high speed cameras were used to record
the ignition, pop, or explosion behavior.

INTRODUCTION
Silane is a well known pyrophoric gas which normally
ignites upon contact with air. It is also the most commonly
used silicon source gas in the semiconductor and TFT-LCD
industries. However, a silane release from a pressure source
may not always lead to prompt ignition and frequently the
ignition occurs when the release is shut-off. In a confined
space, significant quantities of silane can accumulate prior
to ignition leading to an explosion, causing significant
damage. Although many silane release tests have been performed [1,2], none of them was released directly from the
cylinder valves which is one of the most frequent sources
of accidental silane release.
The testing was conducted outdoors at a fire training
grounds in Kaohsiung County, Taiwan, over a 2 day
period in May 2006. For safety reasons the source cylinder
of silane and the controls were located remotely from the
cylinder valve or the gas cabinet.
The following release tests were performed:
(1)
(2)
(3)
(4)

TEST SYSTEM FOR CYLINDER
VALVE RELEASES
The test system for the cylinder valve releases (1–3) consisted of a 49 liter carbon steel cylinder (test cylinder) cut
in half with a manual 316 stainless steel tied diaphragm
valve (Ceodeux, D300) with a DISS 632 outlet threaded
into the top of the cut cylinder. The valve was tapped at
the outlet for a restrictive flow orifice (RFO). For all of
the tests requiring a RFO a 0.010” dia (0.25 mm) was
used. This is the most common size used for cylinders of
Silane. The Cv of the cylinder valve when it is fully
opened is 0.31. The test cylinder was then clamped into a
chain vise that was mounted to the ground to hold it upright.
A 1/4” high pressure copper tube was attached to the
bottom of the cylinder valve and the other end was attached
to the supply cylinder manifold located 20 m away. A 49
liter cylinder containing 1250 psig of 100% Silane was
attached to the manifold as the supply. The manifold was
also attached to a cylinder of high pressure Nitrogen
which was used as the purge gas. A high pressure gauge
was located in the manifold between the Nitrogen and
Silane cylinders and was used to record the Silane pressure
prior to each test. Quick opening valves between the manifold and each cylinder were used to control the flow of the

Leak from DISS valve outlet connector with and
without a restrict flow orifice (RFO)
Leak directly from cylinder valve with and without a
RFO,
Leak from cylinder valve stem retainer thread.
High pressure releases from a 1/8” or 1/4” tube into a
ventilated single cylinder gas cabinet.

To simulate the worst case, release pressures were all
at the cylinder pressure. Tests 1–3 with the cylinder valve
varied from 1250 to 950 psig. The gas cabinet test release
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Figure 1. Setup for the cylinder valve leak tests

gases. Prior to each test, the system is purged with Nitrogen
to remove any air or silane.
In all tests, the test cylinder valve handwheel was
fully open to simulate the maximum silane flow rate.
Figure 1 shows the setup for the cylinder valve leak tests.

The first test was with a RFO installed and the silane
cylinder source at a pressure of 1250 psig. As soon as the
silane was introduced it ignited immediately at the valve
outlet. A visible flame and white smoke with a flame
length of 0.5 m was formed from the valve outlet.
Figure 2(a) shows the flame and the smoke from the test.
Figure 2(b) is the Silicon Oxide mass formed during the
release. The solids formed a mushroom shape from the
valve outlet upward. The flames were moderate in intensity
and the burning noise was subdued which is indicative of a
slow release. This allowed the mass to be formed even as the
silane continued to be released. This started to slow the
release even more causing less air to be mixed with the
silane jet. It inhibited the full oxidation of the silane
leading to the brown solids which were formed at the end.
In the second test, the RFO was removed from the test
cylinder valve. When silane was admitted from the silane
cylinder source at a pressure of 1250 psig, no pop or
flame was observed. The expansion of the released silane
from such a high pressure cooled it to the boiling point at
1 atm of 21128C forming a 2 phase jet of liquid and

TEST RESULTS
LEAK FROM OPEN CYLINDER VALVE WITH AND
WITHOUT RFO
This test aims to simulate the potential release directly from
the cylinder valve without any restriction on the valve
outlet. Such a release, although very unlikely, represents
the catastrophic release from a total failure of the cylinder
valve connection or a valve is accidentally opened after
the removal of the vapor tight outlet cap. Silane cylinders
are normally shipped with a vapor tight outlet cap to seal
the valve outlet during transportation and storage. For the
test, this was completely removed from the test cylinder
valve outlet.

Figure 2. (a) Flame and smoke from fully opened cylinder valve with RFO. (b) Silicon Oxide mass formed during release
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Figure 5. Sequence of frames captured by digital video when
flow resumed and silane ignited. Each frame differs by 0.033
second

Figure 3. The silane gas jet with condensation occurring in the
jet center

gaseous silane. As shown in Figure 3 the liquid silane is a
narrow white jet for 10 –12 cm after the valve outlet. It
vaporizes and mixes with the air quickly. When the flow
is shutoff the jet immediately disappears and a few
seconds later a sudden pop occurred. Unfortunately, the
pressure decrease was too quick to visual note what the
pressure was when this happened. Figure 4 shows a
sequence of frames during flow shutoff captured by the
digital video camera. Each frame differs by 1/30 second.
There was flame only in the second frame. All the subsequent frames showed only white smoke. The first frame
also shows that the condensation disappeared before pop.
To insure that the release would ignite, the source
cylinder valve was reopened gradually. The slowly released
silane ignited immediately giving an intense and noisy fire.
Figure 5 shows the sequence of frames captured by digital
video when flow resumed and silane ignited. The sequence
of frames clearly indicates that ignition occurs at the valve
outlet when the released silane first contacts air. At full
flow from a source pressure of 1250 psig, the flame length
reached about 3 meters as shown in Figure 6(a). After
flow shutoff, there was not a large accumulation of Silicon

Dioxide solids near the valve outlet due to the high flow
of Silane, only a light dusting. See Figure 6(b).
In summary, the above tests confirmed previous literature results that ignition of the silane release is strongly
influenced by the release conditions. A high pressure
release with the valve being immediately opened did not
ignite while a slow opening of the same valve immediately
ignited. The addition of an RFO increases the likelihood of
ignition. As expected the RFO was also found to be very
effective in limiting the potential silane release rate with
flames of 3 meters (No RFO) versus 12 meter (RFO). As
reported by others the silane jet that was not burning
ignited at flow shutoff with a pop.
The exact condition of ignition or no ignition remains
to be found by more extensive tests. More delicate instrumentation is also required to monitoring the release conditions. These studies are outside the scope of the present
work and have become part of our ongoing studies.

Figure 4. Sequence of frames captured by digital video when
flow stopped and pop occurred. Each frame differs by 0.033
second

Figure 6. (a) Flame and smoke from open cylinder valve
without RFO. (b) Small Amount of Silicon Oxide formed
after the silane source shutoff

LEAK FROM CAPPED CYLINDER VALVE OUTLET
WITH AND WITHOUT RFO
This test aims to simulate the potential release from the
DISS seal cap installed on the cylinder valve outlet. Pyrophoric gas cylinders are shipped with the cylinder valve
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Figure 7. (a) Flame and smoke from capped cylinder valve with RFO. (b) Silicon Oxide mass formed during release

outlet capped. This release is possible when the cylinder
valve is leaking or in the extreme case cylinder valve is accidentally opened and the outlet cap is not installed correctly.
The release can also occur in use if the cylinder is not connected properly to the pigtail in the gas cabinet. Leaks
have occurred as a result of improper torque, operator mistakenly removing the wrong cylinder, damaged DISS bead,
damaged washer, etc. Most of the leakage from the DISS
nut will occur at the 2 leak check holes positioned 1808 apart.
Setup of the test is the same as previous test except
that the valve outlet is sealed with a DISS 632 nut but no
washer is used. In the first test, the test cylinder valve is
equipped with a RFO. When silane flow was admitted
from the silane cylinder source at a pressure of 1250 psig,
prompt ignition and a visible flame was observed. White
smoke with flame lengths of 0.3 m was formed from the 2
leak check holes, one was directed upwards and the other
downward impinging onto the cylinder collar. The noise
was subdued. Figure 7(a) shows the flame and the smoke
from the test. Figure 7(b) is the Silicon Oxide formed.
The release continued for over 1 minute and the
burning was similar to the RFO release in Test 1. It was

slow flame which led to partial oxidation forming the
brown solids. The mass stayed intact above the DISS leak
hole, the one on the bottom broke off during the release.
In the second test, the RFO was removed. When
silane flow was admitted from the remote silane cylinder
source at a pressure of 1250 psig, prompt ignition and a
visible flame was observed. Significant white smoke with
a flame length of 1 m was directed upwards. The flame
directed downward toward the cylinder collar was so
intense that it wrapped onto the cylinder shoulder. There
were also small flames behind the DISS nut. The burning
was intense and loud. Figure 8(a) shows the flame and the
smoke from the test. Figure 8(b) shows the light dusting
of Silicon Oxide. Only slight brown powder formed
around the cap. This is similar to Test 1 and attributed to
the larger release aperture and thus higher release rate
which prevent a gradual powder built up. The cylinder
paint and label were burned
In summary, both tests showed prompt ignition and
flame even though the release pressure was 1250 psig. The
prompt ignition is probably attributed to the flow restriction
from the seal cap. The RFO was again found to be very
effective in limiting the potential silane release rate. Equipping a RFO should limit the extent and potential damage to
the operator should such a release occurred when the cylinder valve is opened in a gas cabinet.
LEAK FROM CYLINDER VALVE RETAINER
This test aims to simulate the potential release from the
cylinder valve retainer thread. Typical silane cylinder
valve used in semiconductor industries is a tied diaphragm
valve, where the valve lower stem and diaphragm are
mechanically linked to the upper stem and operating handwheel. The retainer is a nut threaded into the valve body
to retain and seal the diaphragm. A very high torque
(.100 Nm) is applied to the retainer for tightness. The
applied torque is much larger than the required torque for

Figure 8. (a) Flame and smoke from capped cylinder valve
without RFO. (b) Silicon Oxide mass formed during release
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Figure 9. The sequence before and after pop at the end of flow shutoff from the valve retainer nut thread

turning the hand wheel or the valve stem. A human hand
cannot loosen the retainer nut; a large wrench must be
used. A potential problem with tied diaphragm valves is
that once the retainer is loosened, the retainer can be
moved in the same direction by continuing to open the handwheel after the valve has been opened. The linked actions
between the retainer and the handwheel will pose a hazard
should the retainer be loosened in the first place. A tied diaphragm valve has a leak check port added for leak testing of
the valve diaphragm and retainer. This test is to determine if
a silane leak from a loose retainer nut will ignite or not. An
ignited leak will be immediately uncovered by the operator
and is considered safe compared with an unignited leak
which may lead to delayed ignition and explosion.
In the first test, the retainer nut was loosened 1/4 turn
and the valve outlet pressurized with Nitrogen to 1200 psig.
There was no leak with the valve opened or closed. The
retainer nut was then loosened to 1/2 turn and no leak
was found with the valve opened or closed. The retainer
nut was then loosened 3/4 turn, no leak was found for a
closed valve. When the handwheel was fully opened, the
linked action between the retainer and the handwheel was

visually confirmed. Even with the diaphragm under significant Nitrogen pressure, the valve handwheel was easy to
turn counterclockwise by hand which also turned the retainer nut. At this point a leak developed at the retainer nut
thread. Silane with a source pressure of 950 psig was then
admitted to the valve. No ignition was observed in the
leak. To make sure that a small flame was not missed, an
infrared camera was used to check the temperature in the
area of the leak and confirmed that there was no flame.
The Silane source was then shutoff slowly while watching
the pressure gauge. The leak continued without ignition
until the source pressure reached about 50 psig, a pop
occurred and small silane flame jets were coming out all
around the retainer nut. Figure 9 showed the sequence
before and after the pop.
After the pop, the silane flow was resumed by gradually opening the source cylinder valve. Since the silane
residue was still burning at the retainer nut, no ignition
was required to develop flames which shot upward from
around the retainer nut. At a cylinder pressure of 950 psig,
the flame length reached about 0.4 meters as shown in
Figure 10(a). After flow shutoff, large powder built up

Figure 10. (a) Flame and smoke from retainer thread. (b) Silicon Oxide mass formed during release
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Figure 11. The gas cabinet test setup

near the retainer thread outlet as shown in Figure 10(b). As
with Tests 1 and 2 with an RFO, the slow burning Silane
flame was smooth and not noisy. It developed long thin
Silicon oxide tubes which extended from the circumference
of the retainer nut like spaghetti.
In summary, the present tests showed that the retainer
nut can be loosened without immediate detection at the leak
check port. This could then continue to be loosened when
the valve handwheel is opened. The retainer nut threads
created a flow restriction similar to that of an RFO except
that there was no ignition with the high pressure release.
The results confirmed that release geometry affects the
silane ignition behavior. More studies are needed in order
to clarify the peculiar ignition characteristics of silane
releases.

Air Products and Chemicals, Inc. The cabinet has a door
with dimension of 0.406 m wide and 1.778 m height.
Upper part of the door has a reinforced glass window with
size of 0.33 m in width and 0.457 m in length. Lower part
of the door has a louver which has an array 10  14 of
0.02 m square opening. The cabinet is bolted to ground at
its four corners. A 5-in venturi eductor was secured to the
6” diameter exhaust opening at the top of the cabinet. This
generates exhaust suction for the cabinet with the use of
Nitrogen. The exhaust flow can be varied by changing the
Nitrogen pressure.
The Silane source and purge cylinders were located
50 meters away. In the system manifold a bypass loop contained a high pressure regulator to allow Silane to flow at a
set pressure. High pressure 1/4” copper tubing connected the
source cylinders and the gas cabinet. Immediately outside of
the cabinet was a high flow pneumatically actuated valve
inline and a tee with another pneumatically actuated valve
leading to a vent stack. This setup allowed the system to
be purged with nitrogen and then fill the system with
silane up to the gas cabinet by using the vent. To insure
that the system is adequately purged with Silane it is pressurized and vented of Silane 3 times. The system is then filled
with Silane to the test pressure. The Silane is introduced into
the cabinet through a tube which enters the left side of the
cabinet at a height of 1.2 meters. The tube outlet is
pointed upwards at a 45o angle. Prior to each test the
venturi eductor is activated and the ventilation flow rate is
measured at the outlet and recorded.
In the first test a 1/8” dia. tube was used. Silane was
introduced at 120 psig with the air flow in the cabinet
estimated to be 8.8 m3/min (320 cfm). No flame was
observed during the release, it was then shutoff and no
flame was observed. The tube was immediately inspected
prior to any purging and the outlet had silicon oxide
coating on the outlet. With sufficient ventilation and a low
flow there was not enough flammable mass to create a significant fire or overpressure.

LEAK INTO CABINET
This test aims to reproduce the explosion of unignited silane
in a confined space. It has been shown by others [1,2] and
above tests that a high pressure silane release may not
ignite immediately in the air. This then ignites upon
shutoff of the silane flow. Ideally the unignited silane is
rapidly diluted by the ventilation to below LEL forming a
small flammable mass or in the worst case it can form a significant mass of flammable gas due to insufficient ventilation
and/or obstructions. The flammable mixture can be ignited
by an external source or during flow shutoff. In a gas cabinet
the ignition of a large flammable mass could produce an
explosion similar to a vapor cloud explosion in a confined
space. Tests by Hazards Research Co. found that a 2 cylinder gas cabinet detonated 5 seconds after the flow of silane
was stopped and the cabinet had already had 2 complete air
exchanges [2]. The present test will try to reproduce this
result with five video cameras, including one high speed
camera, viewing from different angles.
Figure 11 shows the arrangement of the cabinet test.
The cabinet is a high flow single cylinder gas cabinet from
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Figure 12. Sequences of cabinet explosion taken by video camera. Each frame differs by 0.033 second

So as to not prematurely ignite the Silane, the 1/8” dia
tube end was cut off to remove the Silicon Oxide coating
before the next test. The second test was at the same air
flow rate of 8.8 m3/min (320 cfm) but at a much higher
silane pressure of 480 psig. No flame was observed during
the release, it was then shutoff and a flash was observed
when the video was reviewed later. The tube was immediately inspected prior to any purging and the outlet had
silicon oxide coating on the outlet.
In the third test, the 1/8” dia tube was replaced by
1/4” tube. The test was at the same air flow rate of
8.8 m3/min (320 cfm) and same silane pressure of 480
psig. No flame was observed during the release, it was
then shutoff and a flash was observed when the video was
reviewed later. The tube was immediately inspected prior
to any purging and the outlet had silicon oxide coating on
the outlet.

The 1/4” tube end was cut off and the cabinet ventilation was lowered significantly to 4.0 m3/min (144 cfm).
The gas cabinet air baffles were also removed. The silane
pressure was maintained at 480 psig. No flame was observed
during the release, it was then shutoff and the ignition produced a significant explosion which not only blew off the
cabinet door but also sheared the bolts attaching the gas
cabinet to the ground. The explosion occurred at about 3
seconds after the flow shutoff. At these flow conditions
there was sufficient flammable mass to cause a significant
deflagration which over pressurized the cabinet. Figures
12 and 13 show the sequences of cabinet explosion taken
by video camera and high speed camera. As seen from
Figure 13, the high speed camera captured successfully
the ignition and deflagration before the cabinet door was
blown out. This occurred in 0.008 – 0.010 seconds, the
2nd frame shows the ignition and the 3rd frame shows it

Figure 13. Sequences of cabinet explosion taken by high speed camera. Each frame differs by 0.002 second
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Figure 14. Distribution of cabinet fragments after the explosion

propagating out the top and an intense flame in the window.
The reaction continues in the 4th frame and the gas cabinet
door is just starting to be pushed out. Finally the 5th frame
shows the reaction at the cabinet top while the lower part
of the window is dark. The last frame of Figure 12 also
shows that the flame continued from the 1/4” tube even
after the cabinet door blew out. The blast wave blew the
cabinet door 15 meters away as shown in Figure 14. Both
the window and air louver also separated from the door by
the blast. The results confirmed that significant damage
can occur from the ignition of large flammable silane/air
mixture in a gas cabinet that is under constant air ventilation.

release in a confined space such as a gas cabinet or a gas
room. As it is impossible to prevent the ignition at
reduced flow, evacuation of all personnel including emergency response team is recommended should such a
release occur in a confined space like a gas room or
cabinet. A silane release with immediate ignition is considered the safer condition as the formation of a potential
explosive mixture is prevented. The RFO is also found to
be very useful in significantly reducing the silane flow and
increasing the chances of ignition regardless of the release
pressure. Finally, more research is required in order to completely elucidate the peculiar ignition behavior of silane
release.

CONCLUSIONS
The above results confirmed the unique behavior of silane
releases. In particular, the ignition behavior is strongly
related to the release pressure, flow rate, aperture, and geometry. In these tests we demonstrated how silane can easily
be released without ignition. As flow rate and/or pressure is
reduced it can ignite. The ignition will pose a significant
explosion hazard in cases of a high pressure, unignited
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NEW SIMPLE METHOD FOR CALCULATION FLAMMABILITY LIMITS OF MIXTURES
OF FLAMMABLE FUELS
Pavel A. Fomin and Jenq-Renn Chen
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A simple method for calculation the flammable limits of a mixture of two or more fuels, based on
chemical thermodynamics, is presented. Flammable limits of separate fuels assumed to be known.
The method allows taking into account the possibility of condensed carbon formation in fuel-rich
mixtures (i.e. mixtures of cyclohexane with acetylene) and can be used for normal and elevated pressures and temperatures. In the frames of presented method a simple algebraic formulas for calculation
adiabatic flame temperature and corresponding heat release of chemical reaction are proposed.
The upper flammable limits for mixtures of H2, C2H2, CH4, C6H12 and CO have been calculated.
Results of calculations for cyclohexane/acetylene mixture practically coincide with corresponding
results, based on Le Chatelier’s mixing rule.

KEYWORDS: flammability, mixture, thermodynamics

other properties and for upper flammable limit (including
upper flammable limit of fuel-rich mixtures) is still not
developed. It seems to be interesting for safety assessment
and better understanding of processes, governing of
flammability limits, to find that fuels mixtures and set of
assumptions, at which Le Chatelier’s mixing rule is valid.
In present work a simple method for calculation the
flammable limits of a mixture of two or more fuels, based
on chemical thermodynamics, will be presented. Flammable
limits of separate fuels assumed to be known. The method
will allows taking into account the possibility of condensed
carbon formation in fuel-rich mixtures. To calculate the
flammable limits of fuels mixture, adiabatic combustion of
a gas at constant pressure to its final state of chemical
equilibrium will be considered. Additional assumptions
about the value of heat release of chemical reaction or products temperature will be used.
Thermodynamic parameters of gaseous reaction products in state of chemical equilibrium will be described by
the high accuracy model of chemical equilibrium, presented
by Nikolaev and Fomin (1983), Nikolaev and Zak (1988).
This model allows calculating the molar mass and thermodynamic parameters of gas by explicit algebraic formulas.
The model is quite simple and accurate to be used in scientific and engineering calculations.
The model of chemical equilibrium was modified
later by Fomin et al. (2004) for gaseous mixtures with
chemically inert particles. This modified model is valid
for approximate description of chemical equilibrium in
mixtures of gas with particles of condensed carbon too.
The model will be used in present calculations of flammable
limits for description of thermodynamic parameters of gassoot mixtures. In correspondence with this model a set of
assumptions about the properties of condensed carbon
particles will be used.
The use of preliminary known values of flammable
limits of single fuels, the simple models of chemical

INTRODUCTION
The flammable limits of fuels mixtures are the results of
complex chemical transformation and should be described
in the frames of chemical kinetics. Unfortunately, for
many fuels, including most heavy hydrocarbons, the mechanism and constants of chemical reactions are not completely known. Moreover, the presence of condensed carbon
particles (soot) in reaction products is the essential feature
of combustion processes in a wide range of chemical compositions of single fuels (i.e. acetylene and cyclohexane)
and fuels mixtures, at which the upper flammable limits
are registered. Usually such particles are formed as a
result of chemical reaction and subsequent carbon condensation if the total number of carbon atoms in a mixture is
more as compare with the total number of oxygen atoms.
The kinetics of soot formation is still under investigations.
Non-comprehensive understanding of reaction mechanism
and process of carbon condensation and low accuracy of
kinetic constants prevent the adequate theoretical consideration of flammable limits of fuels mixtures, based on
detailed system of equations of chemical kinetics. As a
result, simple empirical and semi-empirical methods are
still used for preliminary estimations of these limits. The
further development of such kind of methods remains to
be useful, especially for calculation of upper flammable
limit of fuels mixtures at normal and elevated parameters.
Well known Le Chatelier’s mixing rule is the most
simple and frequently used method for estimation of flammable limits of fuels mixtures. The rule is empirical and
still there is no comprehensive proof of it for wide range
of fuels and initial parameters. Mashuga and Louvar
(2000) presented a proof to Le Chatelier’s mixing rule for
lower flammable limit, based on thermodynamics and
number of assumptions about adiabatic temperature rise,
combustion kinetics and thermodynamic parameters of
reaction products. The theoretical proof of Le Chatelier’s
mixing rule for lower flammable limit of mixtures with
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equilibrium for gaseous and gas-soot mixtures and assumptions, related to heat release and products temperature will
give us the possibility to calculate flammability limits of
fuels mixture by only one algebraic equation. Despite the
simplicity of the method for calculation of flammable
limits, the real thermodynamic properties of a gas and presence of condensed particles in reaction products will be
taken into account. Note, that present work can be considered as some proof of Le Chatelier’s mixing rule in
case of good coincidence between results of flammable
limits calculations, based on this rule and suggested method.
There are no principal problems in theoretical calculation of adiabatic flame temperature, based on detailed
system of equations of atomic balance and chemical equilibrium. Nevertheless, the systems of equations are quite
cumbersome, especially in case of fuel-rich mixtures. That
is why for many scientific and engineering applications it
is useful to have simple, but high accuracy formulas for
calculation adiabatic flame temperature of a mixture with
known initial composition. In the frames of present work
such simple formula will be presented. It can be used for
any hydrocarbon-air mixtures, including fuel-rich mixtures
with condensed carbon in reaction products.

considered:
K U Cn Hm Ol þ (1  K U ) (0:21O2 þ 0:79 N2 )
! products in chemical equilibrium

(1)

The pressure of the mixture assumed to be constant.
The mole fraction of the fuel is noted as K U . The value
K U , initial pressure P0, temperature T0 and chemical
composition of the fuel (the values n, m, l) assumed to be
known. Index “U ” notes the UFL-composition, UFL ¼
U
 100%.
Kmix
The molar mass of the fuel, molar mass of air and
initial molar mass of fuel-air mixture are: mfuel ¼ nmC þ
U
mmH þ lmO , mAir ¼ 0:42mO þ 1:58mN , mU
0 ¼ K mfuel þ
U
(1  K )(0:42mO þ 1:58mN ). The enthalpy of air and
the chemical and thermodynamic parts of this enthalpy
chem
¼ (0:21mO2 HOchem
þ
at initial conditions equal: HAir
2
chem
therm
þ
0:79
m
0:79mN2 HN2 )=mAir , HAir ¼ (0:21mO2 HOtherm
N
2
2
HNtherm
)=mAir . Here HOchem
, HNchem
and HOtherm
, HNtherm
are
2
2
2
2
2
the chemical and thermodynamic parts of the enthalpy of
chem
therm
þ HAir
.
oxygen and nitrogen respectively, HAir ¼ HAir
U
The mass fractions of single fuel and air equal: bfuel ¼
U
U
U
U
U
K U mfuel =mU
0 , bAir ¼ (1  K ) mAir =m0 , bfuel þ bAir ¼ 1.
Note the enthalpy and the thermodynamic and chemical parts of the enthalpy of fuel at initial conditions as
chem
therm
and Hfuel
respectively. According to defiHfuel , Hfuel
chem
therm
.
nition, Hfuel ¼ Hfuel þ Hfuel
The specific enthalpy of gaseous reaction products
and the thermodynamic and chemical parts of the enthalpy
will be described here by the following explicit formulas
of the model of chemical equilibrium, presented by
Nikolaev and Fomin (1983), Nikolaev and Zak (1988):
H(T,m) ¼ H therm (T,m) þ H chem (m),

NOTATIONS
T, m, P are temperature, molar mass and pressure of gas; H,
H chem , H therm are the enthalpy and the chemical and thermodynamic parts of the enthalpy; ma, mmin, mmax are the molar
masses of gas in the atomic, completely dissociated and
completely recombined states, Q is the effective temperature of excitation of the vibrational degrees of freedom of
the molecules, E is the average energy of dissociation of
the reaction products, R is the universal gas constant, b is
the mass fraction, K is the molar fraction of fuel or fuels
mixture, a is the molar fraction of fuel on combustible
basis, ZC and Zg are the mass fractions of condensed
phase and gas in gas-particles mixture, Qfuel is the heat of
chemical reaction per mass of the fuel, LFL and UFL are
the lower and upper flammable limits, LFL-composition
and UFL-composition are the initial chemical composition,
at which the lower and upper flammable limits are
registered. Indexes 0, L and U notes the initial stage,
LFL-composition and UFL-composition, indexes “i”,
“fuel” and “mix” correspond to single fuel and mixture of
fuels respectively, index  notes adiabatic conditions.

H therm (T,m) ¼ ½3=4(m=ma þ 1)
þ 3=2(m=ma  1)Q=T=( exp (Q=T)  1)
(2)
 RT=m þ RT=m
H chem (m) ¼ E(1=m  1=mmin )

(3)

The mixtures, which have condensed carbon (soot) in
reaction products, will be called as fuel-rich mixtures. The
model, presented by Fomin et al. (2004) will be used here
for calculation thermodynamic parameters of gaseous mixtures with particles of condensed carbon in state of chemical
equilibrium. Thus, in correspondence with this model the
following assumptions assumed to be valid. There is no
soot, if the total number of carbon atoms in the mixture
(regardless of the components, that received these atoms)
is less as compare with total number of oxygen atoms
(regardless of the components, that received these atoms,
too). All atoms of carbon, which lack of oxygen atoms for
forming CO, are in the condensed state. Particles of condensed carbon are in mechanical and heat equilibrium
with the gas (i.e. the velocity and temperature of gas and
soot particles are equal). The total volume of condensed particles is negligibly small. The pressure of saturated vapour

AN ALGORITHM FOR CALCULATION ADIABATIC
FLAME TEMPERATURE AND HEAT RELEASE
OF CHEMICAL REACTION OF LFL- AND
UFL-COMPOSITION MIXTURE OF A SINGLE
FUEL WITH AIR
The initial chemical composition of a fuel-air mixture, at
which the lower and upper flammable limits are registered,
will be called as LFL-composition and UFL-composition.
The following chemical transformation of the UFLcomposition mixture of the single fuel with air is

2
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The molar masses of single fuels and fuels
P mixture
equal: mfueli ¼ ni mC þ mi mH þ li mO , mfuelmix ¼ ai mfueli .
i
Initial molar mass of the fuels-air mixture
is:
U
U
mU0 ¼ Kmix
mfuelmix þ (1  Kmix
)mAir . The mass fractions of
single fuels
P on a combustible basis are: bfueli ¼ ai mfueli =
mfuelmix ,
bfueli ¼ 1. The total mass fraction of fuels and
i
U
U
U
mass fraction of air (bU
fuelmix þ bAir ¼ 1) equal: bfuelmix (Kmix )
U
U
U
¼ Kmix
mfuelmix =mU0 , bUAir (Kmix
) ¼ (1  Kmix
)mAir =mU
Note
0.
the total enthalpy of fuels and the thermodynamic and
chemical parts of the enthalpy at initial conditions as
chem
therm
Hfuelmix , Hfuel
and Hfuel
respectively. These values can
mix
mix
therm
chem
be calculated by the formulas: Hfuelmix ¼ Hfuel
þ Hfuel
,
mix
mix
P
P
chem
chem
therm
therm
Hfuelmix ¼ bfueli Hfueli , Hfuelmix ¼ bfueli Hfueli ,
where
i
i
chem
therm
Hfuel
and
H
are
the
chemical
and
thermodynamic
fueli
i
parts of the enthalpy of single fuel.
U
U
U
U
Parameters mU
min , mmax , ma , ZC and Zg for fuel-air
mixture under consideration can be calculated by algorithm,
presented by Nikolaev and Fomin (1983). These parameters
U
. Note the chemical and thermodynamic parts
depend on Kmix
therm,U
chem,U
and Hproducts,mix
. The enthalpy
of the enthalpy as Hproducts,mix
of the gaseous reaction products of the mixture equals
therm,U
chem,U
U
¼ Hproducts,mix
þ Hproducts,mix
.
Hproducts,mix
Typically, as in case of single fuel, the temperature of
reaction products of UFL-composition mixture of fuels with
air is relatively low. As a result, the chemical composition of
gaseous products corresponds to completely recombined
state and mU ¼ mU
max . Thus, according to (2) and (3):

of carbon is negligible small. Thermodynamic parameters of
condensed carbon are assumed to be as corresponding parameters of graphite.
U
U
U
U
Parameters mU
min , mmax , ma , ZC and Zg can be calculated by algorithm of Nikolaev and Fomin (1983). These
parameters depend on K U . Here ZCU and ZgU are the mass
fractions of condensed carbon and gas in gas-particles
mixture, ZgU ¼ 1  ZCU . The enthalpy of the gaseous reaction
chem,U
U
¼ Hproducts
þ
products of the mixture equals: Hproducts
therm,U
chem,U
chem,U
Hproducts , where Hproducts and Hproducts are the chemical and
thermodynamic parts of the enthalpy. Typically, the temperature of reaction products of UFL-composition mixture
is relatively low. As a result, the chemical composition
of gaseous products of chemical reaction corresponds to
completely recombined state and molar mass of gas in
reaction products equals: mU ¼ mmax .
chem,U
¼ E(1=mU
According to (2) and (3) Hproducts
max 
therm,U
U
U
U
U
1=mmin ), Hproducts (T ) ¼ ½3=4(mmax =ma þ 1) þ 3=2(mU
max =
mUa  1)u=TU =( exp (u=TU )  1)RTU =mUmax þ RTU =mUmax ,
where TU is the adiabatic flame temperature of UFLcomposition mixture.
Note the enthalpy of condensed carbon and the
chemical and thermodynamic parts of the enthalpy as
HC , HCchem and HCtherm respectively, HC ¼ HCtherm þ HCchem .
In adiabatic process at constant pressure the enthalpy of
mixture does not change. Thus, the following equation
of enthalpy conservation for process (1) can be written:
U
bUfuel Hfuel þ bUAir HAir ¼ Hproducts
 ZgU þ HCU  ZCU .
Taking into account the formulas, presented above,
this equation can be written in the following form:

  U

U
3 mmax (Kmix
)
þ
1
U
4 mU
a (Kmix )
 U


U
3 mmax (Kmix
)
u=TL
 1  u=T L
þ
U
2 mU
e  1
a (Kmix )

U
U
H therm,U
products,mix (Kmix ,T ) ¼

therm
U
chem
therm
bUfuel (H chem
fuel þ H fuel ) þ bAir (HAir þ HAir )
therm,U
U
U
¼ ½H chem,U
products þ H products (T )  Zg

þ ½HCchem þ HCtherm,U (TU )  ZCU :



From this algebraic equation the value TU can be calculated.
The heat release of chemical reaction of UFL-composition
mixture per mass of the fuel equals:

þ

RTU
U ,
U
mmax (Kmix
)

U
U
U
U
U
H chem,U
products,mix (Kmix ) ¼ E(1=mmax (Kmin )  1=mmin (Kmix ))

chem,U
U
chem
U
QUfuel ¼ ½bUfuel H chem
fuel þ bAir HAir  H products  Zg



RTU
U
U
mmax (Kmix
)

Two algorithms for calculation the flammable limits are
suggested. In the frames of the first algorithm the explicit algebraic formula for calculation adiabatic flame temperature of
fuels mixture, corresponding to UFL-composition, is proposed. According to the formula, this temperature depends
on mass fractions of single fuels on combustible basis, adiabatic flame temperatures TUi and heat releases of chemical
flammable limits of
reaction QU
fueli , whichPcorrespond toP
U
=
QU
separate fuels: TU ¼ bfueli  QU
fueli
fueli  Ti .
i
i
This temperature should be used in equation of
enthalpy balance:

HCchem ZCU =bUfuel :

CALCULATION OF THE UPPER AND LOWER
FLAMMABLE LIMIT OF FUELS MIXTURE
The following chemical transformation of the UFLcompositionPmixture of fuels with air is considered:
U
U
ai Cni Hmi Oli þ (1  Kmix
)(0:21O2 þ 0:79 N2 )
Kmix
P
i
ai ¼ 1.
The
! products in chemical equilibrium,
i

pressure of the mixture assumed to be constant. The total
U
, UFL ¼
mole fraction of the fuels is noted as Kmix
U
 100%. Initial pressure, temperature, chemical comKmix
position of the fuels (the values ni, mi, li), the mole fraction
U
assumed to be
of fuels on a combustible basis ai and Kmix
known.

U
U
therm
U
chem
therm
bUfuelmix (Kmix
)(H chem
fuelmix þH fuelmix ) þ bAir (Kmix )(HAir þ HAir )
therm,U
U
U
U
U
U
¼ ½H chem,U
products,mix (Kmix ) þ H products,mix (Kmix ,T )  Zg (Kmix )
U
):
þ ½HCchem þ HCtherm,U (TU )  ZCU (Kmix

3

(4)
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U
From this algebraic equation the value Kmix
can be
easily calculated.
The second algorithm uses the assumption that the
heat release of chemical reaction, which corresponds to
flammable limits of fuels mixture, equals to the sum of products of corresponding heat releases of separate fuels and
mass fractions of fuels on a combustible basis:
U
bUfuelmix (Kmix
)

X

condensed carbon in reaction products at all values of
aC6 H12 and aC2 H2 . For example, if aC6 H12 equals 1 and 0,
the value ZCU equals 0.338.1021 and 0.685 respectively.
Results of calculations of UFL for C6H12/H2-air mixtures at P0 ¼ 1 atm and CH4/CO-air mixtures at P0 ¼ 6 atm
are presented on Figure 1. Results of calculations, obtained
by II algorithm, better correspond to the Le Chatelier’s
mixing rule, than corresponding results, based on I algorithm (formula (4)).
Some results of calculations for mixtures of three
fuels with air, based on II algorithm and Le Chatelier’s
mixing rule, are presented in Tables 2 and 3. Additionally,
the mass fraction of condensed carbon in reaction products
is shown. The values UFL, calculated by II algorithm
are less, than the corresponding values, obtained by Le
Chatelier’ mixing rule.

U
b fueli QUfueli ¼ bUfuelmix (Kmix
)  H chem
fuelmix

i
chem,U
U
chem
U
þ bU
Air (Kmix )  HAir  H product,mixs (Kmix )
U
U
 ZgU (Kmix
)  HCchem  ZCU (Kmix
):

(5)

U
The value Kmix
is the variable of this algebraic equation and
can be easily calculated.
All formulas, presented here, are written for UFLcomposition mixtures. Similar formulas will be valid for
corresponding LFL-composition mixtures, if index “U”
will be changed into index “L”, which corresponds to
LFL-composition mixture.

CONCLUSIONS AND DISCUSSIONS
The simple method for calculation the upper and lower flammable limits of a mixture of two or more fuels, based on
chemical thermodynamics and list of assumptions, are
presented. Flammable limits of separate fuels assumed to
be known. The method can be used for any fuels mixtures,
including fuels-rich mixtures (i.e. mixtures of cyclohexane
with acetylene) with possibility of condensed carbon formation in reaction products.
The use of the simple models of chemical equilibrium
for gaseous and gas-soot mixtures and assumptions, related
to heat release and products temperature give us the possibility to calculate flammability limits of fuels mixture by
only one algebraic equation. Such calculation of flammable
limits is essentially simpler, as compare with calculations,
based on detailed kinetic scheme.
Calculations of adiabatic flame temperatures and UFL
for single fuels and mixtures of two and three fuels have
been performed. The following fuels have been considered:
H2, C2H2, CH4, C6H12 and CO.
Adiabatic flame temperatures of single fuels, calculated by the presented formulas, very good correspond to
the results of “exact” calculations, based on detailed
equations of chemical equilibrium. Such good coincidence
can be considered as additional proof of high accuracy of
the used simple explicit formulas for calculation thermodynamic parameters of a gas in chemical equilibrium state.
Results of calculations of UFL for C6H12/H2
and CH4/CO mixtures, based on the second algorithm,
better correspond to the Le Chatelier mixing rule, than

RESULTS OF CALCULATIONS
Calculations of adiabatic flame temperatures and UFL for
mixtures of fuels have been performed for the following
substances: H2, C2H2, CH4, C6H12 and CO. The algorithm,
presented by Nikolaev and Fomin (1983), Nikolaev and
Zak (1988) have been used to calculate the values
chem
, HNchem
, HOtherm
, HNtherm
, HCchem , HCtherm and Hfuel
,
E, u, HOchem
2
2
2
2
therm
chem
Hfuel for H2, C2H2, CH4, and CO and the data Hfuel and
therm
for C6H12. Experimental values of flammable limits
Hfuel
for single fuels, presented in book of Crowl and Louvar
(2002) are used in present calculations of adiabatic flame
temperature and flammable limits of fuels-air mixtures.
Adiabatic flame temperatures of single fuels, calculated by the formulas, presented above, very good correspond to the results of “exact” calculations, based on
detailed equations of chemical equilibrium (Table 1). Such
good coincidence can be considered as additional proof of
high accuracy of the used simple explicit formulas for
calculation thermodynamic parameters of a gas in chemical
equilibrium state.
The upper flammable limit of all kinds of C6H12/
C2H2 mixtures (0  aC6 H12  1) at P0 ¼ 1 atm, calculated
by the algorithm II (formula (5)), practically ideal (better,
than 0.5%) coincides with the corresponding calculations,
based on Le Chatelier’s formula. Note, that there is

Table 1. Adiabatic flames temperature for UFL- and LFL-composition of CH4/Air and C2H2/Air mixtures
Mixture
CH4/Air, LFL-composition
C2H2/Air, LFL-composition
CH4/Air, UFL-composition
C2H2/Air, UFL-composition

Present calculations
TL ¼ 1524 K
TL ¼ 1273
TU ¼ 1742 K
TU ¼ 2900 K

4

“Exact” calculations
1481
1268
1774
2831

K (Mashuga and Crowl, 2000)
(Mashuga and Crowl, 2000)
K (Arpentinier et al. 2001)
(Arpentinier et al. 2001)
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0.8

0.75

C6H12/H2-air, P0 = 1 atm

CH4/CO-air, P0 = 6 atm

0.4

KUmix

KUmix

I algorithm

II algorithm
Le Chatelier
I algorithm

0.0
0.0

0.5

a

0.50

Le Chatelier
II algorithm

1.0

αH2

0.25
0.00

0.25

b

αCH4

0.50

Figure 1. The upper flammable limit of fuel-air mixtures. a - C6H12/H2-air, P0 ¼ 1 atm, b - CH4/CO-air, P0 ¼ 6 atm

Table 2. The upper flammable limits of C6H12/C2H2/CH4 mixtures with air, aC6 H12 =aC2 H2 ¼ 1, P0 ¼ 1 atm

aC6 H12

aC2 H2

aCH4

U
Kmix
(Le Chatelier’s formula)

U
Kmix
(II algorithm)

ZCU

0.5
0.45
0.4
0.3
0.2
0.1
0

0.5
0.45
0.4
0.3
0.2
0.1
0

0
0.1
0.2
0.4
0.6
0.8
1

0.145
0.146
0.146
0.147
0.148
0.149
0.15

0.145
0.138
0.131
0.13
0.137
0.139
0.15

0.82.1021
0.55.1021
0.31.1021
0
0
0
0

corresponding results, based on the first one. The values of
UFL for mixture of three fuels (C6H12/C2H2/CH4), calculated by II algorithm, are less, than the corresponding
values, obtained by Le Chatelier’ mixing rule.
The upper flammable limit of C6H12/C2H2 mixtures
P0 ¼ 1 atm, calculated by the algorithm II, practically
ideal coincides with the corresponding calculations, based
on Le Chatelier’s mixing rule. Note that at all molar
fractions of components on a combustible basis there is
condensed carbon in reaction products.
As it pointed above, in the work of Matshuga and
Crowl (2000) it was possible to obtain the proof of Le

Chatelier mixing rule only for LFL of the narrow range of
fuels and initial conditions. The results of calculations for
C6H12/C2H2 mixtures show, that the methods for UFL
and LFL calculations, presented here, can be considered
as further step in proof of Le Chatelier’s mixing rule for
rich fuels-air mixtures with carbon condensation in reaction
products. At least for C6H12/C2H2-air mixtures the
calculations, based on chemical thermodynamic and the
assumptions, presented above, give the same UFL as Le
Chatelier’s mixing rule. Additional calculations are necessary to investigate the range of fuels mixtures, at which the
methods of UFL and LFL calculations, presented here,

Table 3. The upper flammable limits of C6H12/C2H2/CH4 mixtures with air, P0 ¼ 1 atm

aC6 H12
0.5
0.5
0.5
0.5
0.5
0.5
0.4
0.3
0.2
0.1
0

aC2 H2

aCH4

U
Kmix
(Le Chatelier’s formula)

0.5
0.4
0.3
0.2
0.1
0
0
0
0
0
0

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

0.145
0.134
0.126
0.118
0.111
0.104
0.111
0.119
0.128
0.138
0.15

5

U
Kmix
(II algorithm)

ZCU

0.145
0.128
0.114
0.103
0.104
0.103
0.108
0.115
0.123
0.134
0.15

0.82.1021
0.52.1022
0.37.1022
0.17.1022
0
0
0
0
0
0
0
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will give the same results as Le Chatelier’s mixing rules and
can be considered as some proof of Le Chatelier’s mixing
rules.
The method for calculation flammable limits of fuels
mixtures, proposed here, can be generalized for fuels
mixtures in presence of water and chemically inert small
particles. For such generalization it is necessary to change
only the equation of enthalpy balance to take into account
water or inert particles additions.
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MEDIUM-SCALE EXPERIMENTS OF FIRE WAREHOUSES
S. Duplantier and N. Gobeau
Institut National de l’Environnement et des Risques, INERIS, Parc Technologique ALATA, 60550 Verneuil-en-Halatte, France;
e-mail: Stephane.duplantier@ineris.fr
This study, funded by AFILOG, focuses on the threat caused by the large heat releases from
warehouse fires. The objective is to improve the understanding of the propagation of the fire
inside the warehouse and to quantify the heat fluxes experienced in the vicinity of the warehouse.
This will ultimately help refine the modelling tool presently employed by INERIS [1] to evaluate
the thermal effects from warehouse fires on nearby populations and/or other industrial installations.
Such an evaluation is important, for example, to help land-use planning.
Medium-scale experiments of warehouse fires (see Figures 1 and 2) were conducted in a purposedly built 3 metres high building with a section of 4.3  4 m2. One side of the building was open
and the top was covered with a plywood. This roof was meant to help the propagation of the fire and
then disappear so as to be representative of a fully-developed fire in a large warehouse. Four steel
racks were set up inside the building on which were stacked 40 cm  40 cm  50 cm high wood
cribs made of pine sticks. To monitor the fire propagation, 52 measurements of temperature were
undertaken with thermocouples throughout the storage area. Outside the building, heat fluxes were
measured at a total of 20 locations in front of the building and on the two sides. The heat flux metres
were located at different distances from the building and different heights. Videos were recorded
from 4 cameras around the building and an infrared camera. The images allowed to time events
such as the appearance and propagation of smoke, the collapse of the roof and stacks and to determine the shape and size of the flames. The fire was set by a burner located beneath the third rack
towards the rear of the building. The heat release rate from the fire was deduced from the measurement of the total mass loss.
The influence of a number of parameters on the longitudinal fire propagation along the racks, the
lateral propagation from one rack to another and the shape and height of the flame once the roof
collapsed was investigated. These parameters were the stockage compacity, the thickness of the
roof and the number of rack shelves. The most important results will be presented and compared
where appropriate to previous work, in particular to studies on fire propagation in warehouses
[eg. 2] Thermal effects of fire warehouses on their surroundings have been less studied and will
be analysed here in some details. In particular, the measured heat fluxes will be compared with
the values predicted by the in-house tool FNAP. The limitations of FNAP which assumes a solid
parallelepipedic flame will be discussed in the light of the observations of the shapes and
heights of the flames. Future steps aimed to improve FNAP and to carry out full-scale experiments
will be briefly presented.

KEYWORDS: fire, warehouse, experiment, thermal radiation

level of containment (roof thickness and draft curtain
depth).
Previous work [for example 2,3] has investigated the
effect of various parameters on the fire propagation in warehouses. However, very little work has been carried out on
the effect of these parameters on the radiative thermal
effects further away from the fire.

INTRODUCTION
This study, funded by AFILOG, focuses on the threat caused
by the large heat releases from warehouse fires. The objectives are two-fold: to improve the understanding of the
propagation of the fire inside the warehouse and to quantify
the heat fluxes experienced in the vicinity of the warehouse.
This will ultimately help refine the modelling tool presently
employed by INERIS [1] to evaluate the thermal effects
from warehouse fires on nearby populations and/or other
industrial installations. Such an evaluation is important,
for example, to help land-use planning.
The influence of a number of parameters on fire
propagation, the shape and height of the flame once the
roof collapsed and the radiative heat fluxes emitted in the
vicinity of the building was investigated. These parameters
were the storage compacity, the number of rack tiers and the

EXPERIMENTAL SET-UP
Medium-scale experiments of warehouse fires (see Figure 1)
were conducted in a purposedly built 3 metres high building
with a section of 4.3  4 m2. One side of the building was
open with a 0.6 m deep draft curtain made of a 5 mm
thick plywood. The top of the building was covered with a
5 mm thick plywood. This thin roof was meant to help the

1
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Figure 1. Picture of the experimental set-up (of the 3-tier,
highly compact storage with a low containment level)
Figure 2. Sketch of the experimental set-up

propagation of the fire and then disappear so as to be representative of a fully-developed fire in a large warehouse. Four
steel racks were set up inside the building on which were
stacked 40 cm  40 cm  50 cm high wood cribs made of
pine sticks. The racks were fixed to the building so that
they could not collapse. This was safer but it should be
born in mind that it is not representative of a real fire in a
warehouse. The fire was set by a burner located beneath
the third rack towards the rear of the building.
_ from the fire was deduced
The heat release rate (Q)
_ Unfortufrom the measurement of the total mass loss (m).
nately, the humidity rate (h) of the wood employed was
not negligible and varied with the scenario. This was
taken into account by employing the following equation:
_ ¼ (1  h)mDH
_
Q
c

throughout the storage area as can be seen in Figure 2. In
addition, 4 thermocouples were placed underneath the roof.
Outside the building, heat fluxes were measured at
9 locations in front of the building, 7 locations on one side
and 4 on the other side. Below are considered the measurements obtained the fluxmetres located in front of the building at a height of 1.5 m, corresponding roughly to the heat
received by the head of a standing person. The fluxes
were measured at five distances from the building: 3, 4, 6,
8.5 and 11 m. The time-dependent fluxes are characterised
by three values: the maximum flux, the time Tmax at
which the maximum flux is reached. It is these three characteristic values that are compared. The maximum flux is
plotted against the distance from the building for the different scenarios whilst the values of the characteristic times are
given for each scenario since they depend very little on the
distance from the building.
The influence of a number of parameters on the fire
propagation and thermal radiative effects around the building were studied. These parameters were the storage compacity, the number of tiers of the racks and the level of
containment of the building.

(1)

This is based on the assumption that the heat release
rate will be reduced proportionally to the mass loss throughout the duration of the fire. In reality, the initial mass loss
will be due mainly to the vaporisation of water and relatively little to the burning of wood. Once the water is
vaporised, the mass loss will correspond to the burning of
wood. So the assumption made will tend to make the heat
release start a bit early and may under-predict the
maximum heat release rate. In some cases, when all the
scenarios on which conclusions are drawn have a similar
humidity rate, the presence of humidity has little influence
on the outcome of this study. If otherwise, this is
highlighted.
Videos were recorded from 4 cameras around the
building and an infrared camera. The images allowed to
time events such as the appearance and propagation of
smoke, the collapse of the roof and stacks and to determine
the shape and size of the flames. To monitor the fire propagation, 48 measurements of temperature were undertaken
with thermocouples, which were uniformly distributed

EFFECT OF THE STORAGE COMPACITY
The effect of the storage compacity was investigated by
comparing the case where the wood cribs are stacked next
to each other with the one where a space of 10 cm is left
between them. This was done for a 3-tier and a 4-tier
storage. The experimental conditions are summarised in
Table 1.
The lower the compacity, the sooner the maximum
heat release rate is reached (see Figure 3). Also, the peak
is much higher in the case of a 4-tier storage whilst it is independent of compacity for a 3-tier storage. The faster propagation of the fire in the case of a storage of low compacity is
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Table 1. Experimental conditions for studying the influence of the storage compacity
Compacity:
space between
the cribs
No space (high)
10 cm (low)
No space (high)
10 cm (low)

Number of
tiers

Roof
thickness

Draft curtain
depth

Humidity
rate

0.6 m

23.2%
16.2%
20.6%
17.1%

3
5 mm
4

Storage
height
2m
2.7 m

Initial mass
of dry wood
1850 kg
1480 kg
2623 kg
1915 kg

storage compacity.The fire of the low compact 4-tier
storage may be particularly fast and powerful due to the
larger supply in both oxygen and combustible compared
to the other cases. The humidity rates varied greatly
between the storages of low and high compacity for a
given number of tiers and were higher for the storages of
high compacity. It is believed that qualitatively, the trend
would remain the same if the humidity rates were similar.
However, quantitatively, the differences between the peak
times may be higher and the differences between the peak
values may be smaller.
As for the radiative effect from the fire, the maximum
heat flux received at the front of the building is higher for the
4-tier storage of low compacity than the one of high compacity but the trend is opposite for the 3-tier storage (see
Figure 5). In fact, for the 3-tier storage the peaks of the
heat release rate for the low and highly compact storage
are of the same order but the flame was smaller and narrower
for the storage of high compacity. The heat radiated from
this flame was thus higher. For the 4-tier storage, the size
of the flames were similar for the two different compacities
and the peak heat release rate was higher for the low
compact storage, leading to a higher radiative flux. On the
other hand, for both the 3-tier and 4-tier storages, the
times Tmax at which the maximum heat flux are reached
(see Table 2) are higher in the case of the high storage compactity. The latter are related to the times at which the peak
heat release rates are reached.

Figure 3. Comparison of the heat release rates for the storage
compacity

confirmed by the events observed (see Figure 4): a hole
appears more rapidly in the roof and the fire propagates
quicker to the other racks, thus increasing the power of
the fire. In the case of low compacity, air can more easily
circulate between the cribs, making more oxygen available
thus facilitating the burning of the stored goods. This
trend was also observed at a smaller scale [4]. Other
studies [5,6] have also shown that the propagation,
especially in the vertical direction, depended on the

Figure 4. Effect of the number of tiers on the fire propagation
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Figure 6. Comparison of the heat release rates for storages
with different number of tiers
Figure 5. Effect of the storage compacity on the radiative heat

and the additional wood increases the power of the fire
which is shorter in duration.
The maximum radiative heat fluxes received at the
front of the builing are of the same order for the highly
packed storage, with slightly higher values for the 3-tier
storage than the other two (see Figure 8). For the lower
storage compacity, the radiative fluxes emitted by the fire
of the 4-tier storage are higher than the ones from the 3tier storage.This follows the trend observed for the
maxima of the heat release rates. The times at which
the highest radiative flux is received correspond for all
cases to the times at which the peak release rates are
reached, with a few minutes’ delay.

EFFECT OF THE NUMBER OF TIERS
OF THE RACKS
The number of tiers varied from 2 to 4 tiers in the case of a
high compact storage and from 3 to 4 in the case of a low
compact storage (see Table 3).
For the highly compact storage, the maximum heat
release rate is about the same no matter the number of
tiers but the time at which it is reached increases with the
number of tiers (see Figure 6). It seems that the increased
amount of wood available due to the additional tiers does
not burn faster, maybe because the supply of oxygen is
limited by the storage compacity. So the fire is of similar
power but lasts longer when there are more tiers (see
Figure 7). On the other hand, for the low compact storage,
the additional tier leads to a faster propagation of the fire
and the maximum heat release rate is reached relatively
early, about 25 minutes after the ignition of the fire. In
this case, the fire is not limited by the supply of oxygen

EFFECT OF THE CONTAINMENT
The level of containment was investigated: the thickness of
the roof was increased from 5 to 15 mm and the height of
the draft curtain from 0.6 to 1.2 m. Two experiments were
conducted with a 4-tier highly compact storage (see
Table 5).
The behaviour of the fire was drastically different
between the two levels of containment: a flashover happened about 20 minutes after the fire started when the building had the highest level of containment. That moment
corresponded to the peak of the heat release rate which
neared 40 MW and was the highest value of all scenarios.
The rapid propagation due to the flashover can be seen in
the series of major events shown in Figure 9 which happened within the first 20 minutes compared to 60 minutes

Table 2. Effect of the storage compacity on Tmax

3tiers
4 tiers

Compacity

Tmax (minutes)

Low
High
Low
High

40
60
25
85

Table 3. Experimental conditions for studying the influence of the number of rack tiers
Number
of tiers
2
3
4
3
4

Compacity: space
between the cribs

Roof
thickness

Draft
curtain depth

Humidity
rate

Storage
height

Initial mass
of dry wood

0.6 m

13.3%
23.2%
20.6%
16.2%
17.1%

1.35 m
2m
2.7 m
2m
2.7 m

1565 kg
2410 kg
3303 kg
1767 kg
2310 kg

No space (high)
5 mm
10 cm (low)
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Figure 7. Effect of the number of tiers on the fire propagation

Figure 8. Effect of the number of tiers on the radiative heat
Figure 9. Effect of the number of tiers on the fire propagation

in the case of a lower containment. The fire was also
observed to be more homogeneous than for any of the
other scenarios with a flame that had a shape closer to a parallelepiped whilst in the other cases, the flame had a triangular shape. The humidity rates of the two scenarios under
investigation here were quite different. The propagation of

Table 4. Effect of the number of tiers on Tmax
Number of tiers

Tmax (minutes)

2
3
4
3
4

42
60
85
40
25

High compacity

Low compacity

Figure 10. Effect of the number of tiers on the heat release rate
Table 5. Experimental conditions for studying the level of containment
Roof
thickness
5 mm
15 mm

Draft
curtain depth

Number of
tiers

Compacity: space
between the cribs

Humidity
rate

Storage
height

Initial mass
of dry wood

0.6 m
1.2 m

4

No space (high)

20.6
10.6

2.7 m
2.7 m

2623 kg
2515 kg
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Table 6. Effect of the containment
level on Tmax
Containment level

Tmax

Low
High

85
26

strength that lasts longer. Reinforcing the enclosure of the
building has also the effect to increase the strength of the
fire, to the extent in this study that a flashover happened.
The effects of these parameters on the radiated heat
away from the fire followed the trend of the heat released
by the fire for the time at which the maximum radiative
heat is received. However, the amount of radiative heat
received does not necessary follow the trend of the heat
released: it also depends on the shape and size of the
flame. The latter was found to have a triangular shape in
all scenarios but the case of a high level of containment.
The height and width varied.
The tools usually employed to predict the thermal
radiative effects of a fire on the surroundings are based
on the assumption that the flame is a solid parallelepiped.
It is thus expected to provide conservative, but not
accurate, predictions for most of the cases investigated
here. Improvement will need to be made to refine the predictions. INERIS plan to undertake full-scale experiments to
check if the trends observed here are the same and to
employ a three-dimensional numerical tool to predict the
shape of the flame and calculate the radiative effects. Both
the full-scale measurements and three-dimensional predictions will help further develop the simple and practical
tools for predicting thermal radiative effects.

Figure 11. Effect of the level of containment on the radiative
heat

the fire for the low containment case is likely to have been
slowed down by the presence of humidity. However, none
of the other cases, that all had a low level of containment,
led to a flashover. It is thus believe that the flashover is
mainly caused by the relatively high level of containment:
the heat from the fire and inflammable gases accumulate
in the building and at some point take fire.
The radiative heat fluxes received in front of the
building are much higher in the case of a high level containment than in the case of a lower containment level (see
Figure 11). They are in fact the highest values measured
among all the scenarios. Ten metres away from the building,
the difference between the low and high level of containment is still significant, of the order of 3 kW/m2. This is
consistent with the larger amount of heat released by the
fire. It is also likely that the rectangular instead of triangular
shape of the flame contributed too to the high radiative
fluxes. The times at which the maximum radiative fluxes
are reached correspond to the times at which the peaks of
the heat release rate are reached.

REFERENCES
1. Bernuchon, E., 2002, Feux de Nappe, Ed. INERIS, France
(in French).
2. McGrattan, K. and Sheppard, D., 2000, Sprinkler, vent,
draft curtain: experiments, Proceedings of the Sixth
International Sympoisum of IAFSS, Ed. Int. Assoc. For
Fire Safety Science, Boston, USA.
3. Lonnemark, A. and Ingason H., 2005, Fire spread in large
industrial premises and warehouses, Ed. SP Fire Technology, Sweden.
4. Carreau, A., Fournier, L. and Patej S., 2004, Characterisation of industrial fires, Ed. INERIS, France (in French).
5. Block, 1971, A theoretical and experimental study of
non-propagating free-burning fires, Proceedings of the
Thirteenth International Symposium on Combustion, Ed.
The Combustion Institute, Pittsburg, USA, 971– 978.
6. Delichatsios, M.A., 1976, Fire growth rates in wood cribs,
Combustion and Flame, 27:267 – 278.

CONCLUSION AND FUTURE WORK
This study showed that the storage compacity and the
number of tiers both affect interactively the fire propagation
and the heat radiated from the fire. The lower the compacity,
the faster the propagation of the fire. However, this trend is
more or less emphasised depending on the number of tiers.
Reciprocically, when the storage has a low compacity, it is
well ventilated and the heat release rate increases with the
number of tiers as well as the fire propagation. The fire is
more violent and shorter. On the contrary, when the
storage has a high compacity, and is thus less ventilated,
increasing the number of tiers results in a fire of similar
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APPLICATION OF INHERENT SAFETY PRINCIPLES TO DUST EXPLOSION PREVENTION
AND MITIGATION
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The aim of the current work is to explicitly link the inherent safety principles of minimization,
substitution, moderation and simplification with strategies for dust explosion prevention and
mitigation. A brief review of inherent safety and its basic principles is first given. This is followed by a discussion of various ways in which the dust explosion hazard can be minimized,
substituted, moderated and simplified. Particular attention is paid to the relationship between
each inherent safety principle and (i) various dust explosibility parameters, (ii) alternate
methods of processing, (iii) selection of process equipment, and (iv) development and implementation of safe-work procedures. Original research results are presented, along with industrial case
studies and previously published results that have been reinterpreted in terms of inherent safety
and its basic principles. It is anticipated that this research will be of value to industry as a complement to the relatively well-established suite of engineered and procedural dust explosion risk
reduction measures.

KEYWORDS: inherent safety, dust explosion prevention, dust explosion mitigation

Additional motivation for explicitly linking inherent
safety with dust explosion risk reduction can be found in a
series of recent reports from the US Chemical Safety and
Hazard Investigation Board (CSB). Three of these reports
(CSB, 2004, 2005a, 2005b) deal with investigations into
the causes of serious dust explosion incidents that occurred
in the United States during 2003. The fourth report (CSB,
2006) gives the findings of a study of dust explosions in
general industry which was initiated following the three catastrophic incidents in 2003. Although inherent safety terminology is not used in these CSB reports, many of the
findings with respect to incident causation are directly
rooted in the concept of inherent safety. Several examples
to support this statement are given in the remainder of the
current paper.

INTRODUCTION
Inherent safety is a proactive approach to process safety in
which hazards are eliminated or lessened so as to reduce
risk without engineered (add-on) or procedural intervention.
Four basic principles are available to attain an inherently
safer design – minimization, substitution, moderation and
simplification. The subject of the current research is the
application of all four principles to the prevention and mitigation of dust explosions. The specific objective is to
provide a bridge between these inherent safety principles
and new and existing strategies for dust explosion risk
reduction. The motivation for this work stems from the
authors’ belief that although inherent safety is increasingly
viewed as an integral component of process safety – and
a key aim of process safety is the avoidance of loss from
explosions – sustained research efforts are required to
further the usage of inherent safety principles. To paraphrase David Edwards in his recent review of barriers to
inherent safety adoption (Edwards, 2005) – inherent
safety is common sense; inherent safety is increasingly
common knowledge; inherent safety is not yet, however,
common practice.
Further motivation for the current work can be found
in the comprehensive review of explosion prevention and
protection systems conducted by Pekalski et al. (2005).
These authors comment that when designing or modifying
a process, the concept of safety should already be present
at the earliest stages of the design. In other words, one
should not simply jump in and begin applying commercially
available preventive and protective systems. Pekalski et al.
(2005) recommend the adoption of various modern design
and safety management approaches, the first of which they
list as inherently safer design (ISD).

INHERENT SAFETY
This section summarizes the discussion previously given by
Amyotte et al. (2006a). Loss prevention in the process
industries is generally considered in three ways: (i) inherent
safety, (ii) engineered safety (passive and active), and
(iii) procedural safety. Engineered, or add-on, safety
involves the addition of safety devices at the end of the
design (e.g. an explosion relief vent or automatic suppression system). These safety devices do not perform any
fundamental operation, but are designed to act when a
process upset occurs. Procedural safety measures, or administrative controls, utilize safe work practices and procedures
to reduce risk (e.g. hot-work permits). On the other hand,
inherent safety uses the properties of a material or process
to eliminate or reduce the hazard. The fundamental difference between inherent safety and the other two categories
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Table 1. Inherent safety principles
Principle
Minimization

Substitution
Moderation
Simplification

Description
Use smaller quantities of hazardous materials when the use of such materials cannot be
avoided. Perform a hazardous procedure as few times as possible when the procedure is
unavoidable.
Replace a substance with a less hazardous material or processing route with one that does not
involve hazardous material. Replace a hazardous procedure with one that is less hazardous.
Use hazardous materials in their least hazardous forms or identify processing options that
involve less severe processing conditions.
Design processes, processing equipment, and procedures to eliminate opportunities for errors
by eliminating excessive use of add-on safety features and protective devices.

is that inherent safety seeks to remove the hazard at the
source as opposed to accepting the hazard and looking to
mitigate the effects. The four key principles of inherent
safety are summarized in Table 1.
The formal concept of inherent safety was first proposed in the late 1970’s by Trevor Kletz in his Jubilee
Lecture to the Society of Chemical Industry in Widnes,
UK (Kletz, 1978). Since that time inherent safety has
made several inroads into the process industries, with its
current status having been the subject of several recent
reviews (e.g. Khan and Amyotte, 2003; Kletz, 2003;
Hendershot, 2006).

core of the layers. Hopkins (2005) uses the phrase hierarchy
of controls to describe essentially the same idea; i.e. that
there is a hierarchical ordering of controls to deal with
hazards, covering the spectrum from elimination (at the
top of the hierarchy) through engineering and administrative
(procedural) controls, to PPE (personal protective equipment) at the bottom of the hierarchy.
Early application of the hierarchy of controls in the
design cycle affords many opportunities for systematic
application of the inherent safety principles of minimization, substitution, moderation and simplification. This is
the thesis of the remainder of the current paper in which
several examples are given to demonstrate how ISD can
help reduce the dust explosion problem at its root source –
the material itself, the processing route, the process equipment, and the work procedures employed. It is important
to note our use of the word help in the previous sentence;
inherently safer design might not reduce the explosion risk
to an acceptable level on its own. Engineered devices such
as pressure relief valves, rupture discs, isolation valves
and suppression canisters, as well as procedural safeguards
such as grounding and bonding, all have an important part
to play in the hierarchy of controls. It is likely though,
that by applying the principles of inherent safety one can
either eliminate the need for some engineered and procedural measures or achieve a state of lessened reliance on
engineered devices and procedures (which may fail or not
be followed, respectively). Simply put, what you don’t
have, can’t explode (a restating of the title of Trevor
Kletz’s seminal paper, Kletz, 1978).

DUST EXPLOSION RISK REDUCTION
For a complete assessment of dust explosion risk, it is
necessary to consider the likelihood of occurrence of a
dust explosion as well as the severity of the consequences
arising from such an incident. Once the material hazard
itself has been identified, risk reduction measures in the
form of both prevention and mitigation are therefore important. As previously discussed by Amyotte et al. (2003), it is
helpful to employ a framework for making appropriate
choices when selecting dust explosion prevention and mitigation measures. Various frameworks, or heuristics, are
available for this purpose – for example, the familiar fire triangle consisting of fuel, oxidant and ignition source, and the
explosion pentagon consisting of the fire triangle with the
additional requirements of mixing of the fuel and oxidant
and confinement of the resulting mixture. Removal of a
component from either polygon can act in a preventive or
protective manner depending on the particular component
targeted.
Process safety management considerations make
available an additional methodology for dust explosion prevention and mitigation – a heuristic practitioners have
termed a systematic approach to loss prevention (e.g.
Amyotte et al., 2003a, 2006a, 2006b). With this approach,
the preferred order of consideration for risk reduction
measures (from most effective to least) is inherent, passive
engineered, active engineered, and procedural safety. This
is akin to the layer of protection analysis (LOPA) concept
in which inherently safer process design sits at the central

MINIMIZATION
Combustible dusts exist in industry as either the desired
product or an unwanted byproduct of the process undertaken. In either case it is critical to minimize, whenever
possible, the amount of dust available to participate in an
explosion arising from normal operating conditions or an
upset event. This means that consideration must be given
to the formation of both dust clouds and dust layers. With
respect to particulate dispersions, the defining parameter is
the minimum explosible concentration (MEC). If airborne
dust concentrations can be kept below the MEC of the
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material involved, then the fuel component of the fire triangle is removed and dust explosions can, in theory, be prevented. As noted by Eckhoff (2003), this approach is not
generally applicable in practice because of the large quantities of particulate material present in powder handling/
processing equipment (in which most primary or initial
dust explosions occur). Exceptions do exist, and the hierarchy of controls embodies the idea of looking for fuel minimization opportunities as a regular, early feature of facility
design. Eckhoff (2003) identifies electrostatic powder painting and industry-specific dust extraction systems as
examples in this regard. In the latter case it may be possible
to minimize dust concentrations by controlling airflow, thus
also invoking the principle of moderation.
It is, however, entirely possible – and absolutely
essential – to minimize fuel loadings in the case of dust
layers. The occurrence of secondary dust explosions can
be avoided by the removal of dust deposits from the workplace in a manner that limits the formation of dust suspensions (e.g. vacuuming instead of sweeping). This point is
well-illustrated by Frank (2004) who makes a convincing
argument for the critical importance of housekeeping in preventing dust explosions. The key role of housekeeping (i.e.
hazardous material minimization) can also be seen in the
following list of items identified by the US CSB in its
three recent investigations into dust explosion incidents:

(Amyotte et al., 2003a); this could also be viewed as a
form of moderation in that dust handling occurs under less
hazardous conditions. Kong (2006) further illustrates the
importance of the substitution principle in his analysis of a
dust explosion initiated by a propagating brush discharge
that occurred on a glass-lined pipe at the bottom of a
hopper. He comments that the unnecessary use of insulating
materials (i.e. the glass lining) should have been avoided;
this implies the need for substitution of process hardware
with less hazardous materials of construction.
Substitution of a process route can also be beneficial
in preventing and mitigating dust explosions. As explained
by Amyotte (2006), the work of Mintz et al. (1996) illustrates the development of an inherently safer process for
the manufacture of refractory brick materials. The preparation of powdered metals (explosible aluminum/magnesium alloys) for refractory use is an application where a
chemically inert dust (burnt magnesite, MgO) is present in
the final product. It was determined that the inert dust
could be introduced at an earlier stage of the process in
amounts sufficient to render the aluminum/magnesium
alloys non-explosible throughout virtually the entire manufacturing sequence. Substitution of an alternate process
methodology, coupled with moderation of the material
hazard through admixture of solid inertants, helped to
achieve the goal of safer plant operation without the addition
of engineered or procedural controls.
Substitution of the hazardous material itself (i.e.
the explosible dust) will be difficult to achieve in most
cases given that the dust is often the actual product or a component of the feed stream to the process. Such opportunities
do arise, however, as demonstrated by Amyotte et al.
(2003b) in their investigation of petroleum coke as a
partial replacement for pulverized coal in the feed to
utility boilers. The motivation for fuel blending in this
case is driven largely by economics, but there are also
accompanying inherent safety benefits. The lowering of
the explosion overpressure and rate of pressure rise
brought about by petroleum coke substitution could potentially lead to a reduction in venting and suppression requirements. This effect on dust explosibility is illustrated in
Figure 1 for two different coals and a mixture of the two
coals (50 weight-% of each).

. Recommendation arising from West Pharmaceutical
Services dust explosion (CSB, 2004): Ensure that
spaces inaccessible to housekeeping are sealed to
prevent dust accumulation.
. Root causes of CTA Acoustics dust explosion (CSB,
2005a): The use of metal tools, brooms, compressed
air, and fans during line cleaning dispersed combustible
dust in potentially explosive concentrations and also
caused it to settle on elevated flat surfaces throughout
the facility. The housekeeping program did not effectively remove combustible dust that accumulated in
areas above production lines. CTA did not use [the principle of] minimizing flat surfaces to prevent accumulation of combustible dusts.
. Contributing cause of Hayes Lemmerz InternationalHuntington dust explosion (CSB 2005b): Maintenance
and housekeeping in the chip-processing area were
inadequate, leading to significant flammable dust
accumulations that contributed to secondary deflagrations at furnace no. 5.

MODERATION
A recent paper from our group (Amyotte et al., 2006b) discusses the moderation principle in detail and gives numerous examples of its application to dust explosion risk
reduction. This previous work focused on processing bulk
powders in a less hazardous form by means of: (i) altering
the composition of a dust by admixture of solid inertants,
(ii) increasing the dust particle size so as to decrease its
reactivity, and (iii) avoiding the formation of hybrid
mixtures of explosible dusts and flammable gases. As an
example of the key role of particle size in dust explosibility,
the findings of Nifuku et al. (2006) are briefly recapitulated
from Amyotte et al. (2006b). Their work was directed

SUBSTITUTION
The substitution principle can be applied to the dust
explosion problem in several ways – e.g. as simply as substituting one work procedure for another. The previous
example of using an explosion-proof vacuum in place of a
broom for removing dust accumulations would apply here.
Process equipment can also be made inherently safer by
the replacement of bucket elevators and other mechanical
conveying systems with dense-phase pneumatic transport
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Figure 1. Reduction in rate of pressure rise, (dP/dt)m, achieved by using blended fuels of coal and petroleum coke; tests done in a
Siwek 20-L chamber with 5-kJ ignition energy and dust concentration of 750 g/m3 (Amyotte et al., 2003b)

toward an investigation of particle size influence on MEC,
MIE (minimum ignition energy) and MIT (minimum
ignition temperature) for aluminum and magnesium dusts
generated during shredding processes involved in industrial
recycling. A modified Hartmann tube was used for the MEC
and MIE tests, and a modified Godbert-Greenwald furnace
for the MIT tests. Both MEC and MIE were observed to
increase exponentially with an increase in particle size for
the narrow size distributions used; MIT was also found to
be directly dependent on particle size. Examples of the
results obtained for magnesium are given in Table 2.
These and similar results for aluminum led Nifuku et al.
(2006) to conclude that the recycling shredding process
could be made inherently safer by avoiding the production
of fine dusts (,74 mm).
In addition to the above considerations, moderation
can be achieved through the sub-principle of limitation of
effects by means of unit segregation (i.e. distance) as, for
example, in the repositioning of baghouses to locations
outside of process buildings. Limitation of effects is also
important with respect to the prevention of flame front and
blast wave propagation to downstream equipment; this
issue has been raised by the US CSB in its comprehensive
study (CSB, 2006) with respect to the Hayes Lemmerz
(CSB, 2005b) and Jahn Foundry incidents which involved
the spread of dust explosions from one piece of equipment
through pipes and vent ducts to other process equipment
and facility areas. While baffle plates (passive engineered

safety) and isolation valves (active engineered safety) are
available for mitigation of such phenomena, inherently
safer alternatives may also exist. For example, creation of
a product choke can help prevent downstream damage by
replacement of a portion of the auger in a screw-feed
system with a straight section of pipe. No add-ons are
required in this case in which risk is reduced by reliance
on the physics of bulk powder movement.

SIMPLIFICATION
The simplification principle can similarly be applied to
several aspects of dust explosion risk reduction. For
example, if conducted at an early stage, plant design can
perhaps be simplified to eliminate long dust-extraction
ducts. As described by Amyotte et al. (2006b), the moderation sub-principle limitation of effects is closely aligned
with the concept of error tolerance, which is often considered to be a sub-principle of simplification. The idea
here is to make process equipment robust enough to
withstand process upsets and other undesired events;
pressure- or shock-resistant design therefore helps to
achieve an inherently safer facility through simplification
(specifically, error tolerance). If the objective is to minimize
knock-on or domino effects such as projectile damage or
secondary dust explosions, one might categorize robust
equipment design under the moderation sub-principle of
limitation of effects. This is the approach taken by
Overton and King (2006) with their example of the Dow
Chemical Company’s use of process equipment designed
to contain the maximum foreseeable process pressures, so
that pressure relief is not required.
Figure 2 shows a hammermill used in a woodprocessing facility to accomplish size reduction of wood
chips. Magnets to remove tramp metal (a potential ignition
source), explosion vents, and administrative controls
restricting access to enclosures housing hammermills, are
all employed in an attempt to reduce the explosion risk to
an acceptable level. Yet the likelihood of explosion

Table 2. Magnesium dust explosibility results showing the
influence of particle size (Nifuku et al., 2006)
Size fraction
[mm]
149 – 177
1 – 20

MEC
[g/m3]

MIE
[mJ]

MIT
[8C]

900
90

240
4

620
520
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Figure 2. Photograph of a hammermill with cover open (Amyotte et al., 2006b)

remains high because of the very nature of the functioning of
the device; all that is needed in normal operation to complete the explosion pentagon is an ignition source. Hence,
hammermills are designed and built strong enough to withstand the overpressure resulting from a dust explosion originating inside the unit. Of course, the issue then becomes
one of relieving the overpressure and limiting the effects
to upstream and downstream equipment.
A key goal of inherent safety via simplification is
the provision of clear, unambiguous information on hazardous materials and how to properly handle them. A recent
and important development in this regard is the analysis of
Material Safety Data Sheets (MSDSs) conducted by the
US CSB (CSB, 2006). The CSB determined that MSDSs
for combustible dusts do not clearly and consistently
communicate dust explosion hazards because of their
inadequate identification of dust explosibility parameters
(MEC, MIE, etc.) and the hazards that may be expected
to arise through material handling and processing. While
this finding may seem obvious to the research and development community, this is not the group in need of
warnings on dust explosion hazards. It is the industrial
end-user who requires clear, consistent information communicated in a simple, easy-to-understand manner. The
CSB conclusion on MSDSs is significant and represents
a compelling case for inherent safety and the principle
of simplification.
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VENTING VISCOUS MATERIALS IS NOT ALWAYS A PROBLEM
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Results of experiments and simulations of the transport of viscous materials during venting will be
presented. The rationale behind the research was the possibility that acrylic polymers may form
viscous plugs. Such plugs may block the vent line which would make the safety system useless.
Several tests were performed ranging from calometric experiments to scaled venting tests on
10.2 L scale. The experiments showed that physical properties like temperature, vent velocity
and piping geometry are important factors determining the viscosity behaviour. The viscosity determines how well material is pushed through the venting system. The viscosity of the polymer
mixture presented in this article ranged from 0.01 Pas21 to 6 Pas21.
Beside experiments theoretical simulations were performed. Both experiments and simulations
reveal how viscous materials flow through vent pipes. With these insights predictions were made if
a vent line blockage could be expected. Finally simple scaling rules were derived to predict the size
of the piping system behind an emergency relief valve or disk.

KEYWORDS: emergency relief, venting, viscous, resins, simulations, pmma, acrylates, scaling rules

viscous mixture depends on the weight fraction polymer in
the mixture and the shear history. With this is model it is
possible to predict the temperature of the vented mixture
as a function of the length and diameter of the vent pipe.

INTRODUCTION
Venting generally consists of gases, vapours or liquids.
Pressure build-up, material properties, reaction kinetics
and temperature history determines the vent system to be
used. Every system behaves in a different way with
respect to the pressure and temperature development. This
influences the ratio vapour, gas and liquid. In general
vents may be blocked as a result of two-phase flow. This
type of flow consists of gas and liquid that stagnate at the
smallest opening in the vent system. Predicting the
complex interplay between these physical phases has been
the subject of many researchers. Good examples are found
throughout the literature like Huff [1], Fauske [2] and
Leung et al [3].
Akzo Nobels safety laboratory has a long history in
simulating and predicting the vent behaviour of various
systems. Especially the venting of peroxides and solvent are
well documented and researched. For this study it was
chosen to investigate the behaviour of acrylates. At our laboratory we often encounter these type of chemicals as they
are used in the polymer industry. These systems produce
vapours as a result of the evaporating solvent and monomers
(tempered system) and gasses (decomposition products of the
initiators). This means that the systems are hybrid, both gas
and vapours. Moreover in case of a runaway the reactor
content will start boiling giving level-swell. This might
result in two phase flow. Due to this boiling behaviour
formed polymeric material may enter the piping system
which may give rise to plugging. The polymerisation behaviour of acrylic systems is well known. However the
mixture that is transported during an emergency relief consists
of a mixture of gasses, vapours and polymers. Most models do
not describe the behaviour of such a mixture properly.
As a starting point to obtain scaling rules a simple
theory is setup that determines how the temperature of a

A SIMPLE MODEL TO PREDICT THE
TEMPERATURE OF A VISCOUS MATERIAL
FLOWING THROUGH A PIPE
The assumption of the proposed model is that a soon as
polymeric material is below its freezing point a plug will
be formed. In case of for instance PMMA freezing occurs
below 1008C. As the pressure needed to transport a frozen
polymer plug through a pipe is generally much higher compared to the design pressure of the vessel, the reactor or pipe
will rupture. The only way the polymer may cool down is by
the cold vent pipe. As the vent pipe is made of steel it may
be quickly heated by the streaming material, which is well
above 373 K (1008C) in case of a PMMA polymerisation.
So freezing of the vented material is dependent on the temperature of the pipe (Twall), the temperature history of the
vented material (T), the throughput (fm), vent velocity
(v), the viscosity history (h), the pipe geometry (L, D), the
pipe friction (4f) and the pressure history (P). Most relief
models are able to predict the vent velocity, throughput
and pressure history. In our case RELIEF is used. This
model is developed by JRC Ispra and is capable of describing the vent history in relation to the reactions taking place
in the reactor. However it does not describe the problem
addressed in this article.
A new model was written to calculate the temperature
in a material plug (see figure [1]) that is moving through a
cold pipe. It is assumed that this plug is the first of the material
that moves through the cold pipe. It is also assumed that the
pipe will be heated very rapidly by the warm vented material.
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in here l is the heat transfer coefficient, Re the Reynolds
number, Pr the Prandtle number and m is the kinematic
viscosity. The viscosity is given by the following equation.
The viscosity of the moving plug is dependant on the
shear opposed on the material, the amount of viscous
material and the temperature. In order to model this behaviour a simple exponential function is used. This function
has been used with good success by several authors [4, 5].
As a starting material a polymer was used consisting of
methylacrylate and methyl methacrylate. The viscous behaviour of the end material was fitted with equation [5]. In
table [1] the fit parameters are set out.

Figure 1. Drawing of the moving plug. The width of the plug
equals dx and is very small

Plugging will occur as soon as the material will become
below 100 8C. Two limiting situations exist:

h ¼ ho e AwtþB=Tþ(C1) ln ġ

1. The material contains enough energy, e.g. heat, to heatup the vent pipes without solidifying
2. The vent pipe is that long that it cools the resin below its
solidifying temperature

(5)

in here h is the apparent viscosity in Pas21, ho, A, B, C are
fit parameters, wt is the weight fraction of polymer, T is the
temperature and ġ is the shear. This set of equations has to
be solved and produces the pressure drop, the viscosity of
the plug as a function of distance and the temperature in
the plug.

With respect to the solidifying temperature more can
be said. Polymeric material has the tendency to decrease its
viscosity in case of increasing temperature or increasing
shear. This means that the viscosity of the material is dependent on temperature and shear. As a conclusion it can be said
that the interplay between shear (velocity of the material in
the vent-pipes) and temperature determines if the material
will cool beneath its solidifying point.
The model setup to calculate the cooling of a viscous
material is straight forward. It consists of a heat balance over
a small volume dx that travels through the vent pipe. Beside
a heat balance also the friction of the material with the wall,
the pressure needed to transport the plug and the viscosity
change of the material as result of the shear and the temperature are taken into account. The following set of equations is
the result:

RESULTS FROM THE SIMULATIONS AND
EXPERIMENTS
Two type of simulations were performed. In the first model
the complete runaway of the polymerisation was studied
using the software package “Relief ”. As only overall
parameters were available for the polymerization of the
acrylates only the polymerization kinetics of the formation
of methyl methacrylate were used. As initiator Trigonox C
was used. For the heat of reaction the values obtained
from an adiabatic pressure Dewar experiments were used.
From the Relief simulations starting values like velocity,
initial temperature and mixture composition were determined. These values were plugged into the model that
describes the temperature in the relief pipes. In table [3]
an overview is given of the influence of different parameters
on the end temperature (Tend) of the material.

2v
(1)
D
This equation describes the shear ġ as a function of
the transport velocity (v), and the vent line diameter (D).
The pressure drop in the vent line is described in the following way:

ġ ¼

SCALING RELATIONS
Both the experiments and the simulation make it possible to
setup scaling rules for the design of the vent system. Two
type of scaling rules exist:

0:316 2 L 0:25
rv Re
(2)
2
D
here r is the density of the fluid, v the velocity of the plug, L
and D the length and diameter of the vent line and Re represents the Reynolds number. The temperature change of
the material plug is described as follows:
 
 
dT
4
h
1
¼
(3)
(Twall  T)
dx
D rCp v
Dp ¼

1.

Scaling rules for the vent opening related to the volume
of the vessel, the so called A/V ratio. In here A is the area
of the vent opening and V is the volume of the reactor.
Table 1. Fit parameters used for
equation 5

the temperature of the plug (T) changes during its transport
through the pipe. The wall temperature of the pipe is equal
to Twall. Here Cp is the heat capacity of the fluid. The heat
transfer coefficient h is given by the following correlation:
 
l
m
(4)
h ¼ 0:027 (Re)0:8 (Pr)0:33
mo
D

2

Fit parameter

Value

ho
A
B
C

45.212
7.089
4.372
20.35
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Table 2. Fitted kinetic data
Fitted kinetic parameters

Values

Activation energy (Ea/R) [K]
Pre-exponential factor [s21]

15518
9 1015

Table 4. Temperature of the vented material at the end of the
vent pipe for an A/V ratio of 3.08 1024 m2/m3

2. Rules that apply to the L/D ratio, in here L is the length
of the vent pipe and D is the diameter of the vent pipe.
Both scaling rules have to be coupled as the process of
venting from the reactor into the vent pipe and the transport
of the material through the vent pipe influence each other.
This means that it depends on the kinetic system, the
design pressure of the vessel and the geometry of the vent
system and reactor, which rule is applicable. It must be
noted that the following scaling rules are not completely
conclusive as more tests and better kinetic models should
be used; still they give a very rough idea about the
dimensions of the vent system. From the 10.2 L vessel
experiment and the adiabatic pressure Dewar experiments
it was concluded that
 
A
m2
¼ 3:08 104 3
V reactor
m

Dventline
[m]

Twall
[K]

Tplug
[K]

v
[m s21]

wt
[-]

Tend
[K]

1.5

1
2
4
8
16
32
4

1023
1023
1023
1023
1023
1023
1023

298

403

10

0.64

278
319
365
390
400
402
365
340
315
300
385
365
355
344
348
365
351
335
327

1.5

30 1023
4 1023

4 1023

298

298

403

403

10

10
20
30
40
10

vmaterial
[m/s]

To
[K]

Twall
[K]

Tend
[K]

0.01
0.1
1
10
100

1.5
4.875
15
46.8
148.5

0.004
0.013
0.04
0.125
0.396

0.69
0.41
0.40
0.365
0.548

466
466
466
466
466

298
298
298
298
298

444
459
463
465.3
465.5

DISCUSSION AND CONCLUSIONS
Experiments of the runaway of an acrylic polymerisation in
a 10.2 L vessel could be simulated with the software
package Relief. As only overall parameters were available
for the polymerization of the acrylates only the polymerization kinetics of one reaction was used. For the heat of
reaction the values obtained from the adiabatic pressure
Dewar experiments were used. With the software package
parameters like vented mass throughput and temperature
were calculated for different scaled reactor (i.e.
0.01 m3 2 100 m3). These values were used to calculate

0.64

0.64

0.64
0.44
0.22
0.12

End Temperature of vented material [K]

Lventline
[m]

403

Dpipe
[m]

(6)

Table 3. Results from the simulation of a hot vented material
flowing through a cold pipe. Only the varying parameters are
mentioned in the table

298

Lpipe
[m]

reactor sizes. In Table [4] the result of these simulations
are set out. These data are used to calculate the safe L/D
ratio for an A/V ratio of 3.08 1024 m2/m3. Other A/V
ratios will give different throughput rates, different release
pressures and thus different transport velocities.
If the reactor volume, V, is set out against the end
temperature of the material when it leaves the vent pipe,
figure [2] is the result. This figure shows that the end temperature for large reactors does not drop rapidly compared to
the end temperature for small reactors.

this ratio is able to vent the reactor contents in case of an
emergency. The maximum pressure in this case equals 5.2
bara at a temperature of 466 K. With this ratio the throughput, material temperature and the velocity of the vented
material through the vent pipe is calculated for different

1.5
3
6
12
12
1.5

V
[m3]

470
465
460
455
450

(A/V)reactor = 3.08e-4 m2/m3
(L/D)pipe = 375

445
440
0.01

0.1

1

10

100

Volume [m3]

Figure 2. End temperature of material when leaving the vent
pipe versus the volume of the reactor. The A/V of the reactor
is in all cases equal to 3.08 E-4 m2/m3. The L/D is in all
cases set to 375
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U

the temperature of the polymeric two-phase flow when travelling through the vent tube. These simulations showed
that the L/D ratio is important with respect of cooling
viscous materials in tubes. The simulations also showed
that the larger the reactor (. 10 m3) the less important
cooling of polymeric material becomes. In that case the
question if the reactor is able to vent all its material is
leading as large reactors need large piping diameters. The
simulations show that large vent diameters are not able to
cool viscous masses very quickly as the area to volume
ratio of the pipe becomes very small.
With respect to the worst case scenario the conclusion
may be drawn that only in the case of small reactors below
10 m3 attention should be paid to the vent pipe. Especially
table [4] shows a rough estimate what the optimal diameter
and length of the vent pipe should be.

V
Fm
Fv
l
g
fm
fv
h
r

Overall heat transfer coefficient
[W/m2s]
Volume [m3]
Mass Throughput [kg/s]
Volume Throughput [kg/s]
heat conductivity [W/mK]
Shear [s21]
Mass throughput [kg/s]
Volume throughput [kg/s]
Viscosity [Pa s]
Density [kg/m3]
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LIST OF SYMBOLS AND ABBREVIATIONS
A
Area [m2]
D
Diameter [m]
Activation energy [K]
Ea
f
Friction factor [-]
G
Throughput [kg/s]
h
Heat transfer coefficient [W/m2s]
H
Enthalpy [J/kg]
pre-exponential coefficient [s21]
ko
L
Length [m]
P
Pressure [N/m2]
S
Entropy [J/kg]
T
Temperature [K]
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Ethoxylation and Propoxylation are common processes for the production of non-ionic surfactants
and polyglycols. Typical, cheap ready-to-use equipment consist of semi-batch liquid-stirred reactor
(STR), sometimes with external circulation loop due to the required high heat exchange capacity.
However, more than two hundred different process equipment are on the market and the reactions
are diffusively performed in other semi-batch equipment as Venturi Loop reactor or Spray Tower
Loop reactor, where the liquid phase is dispersed directly into the gaseous one.
Due to worldwide use of ethylene oxide (EO) and propylene oxide (PO), several guidelines and
detailed analysis are available on the literature regarding the storage and the use of these hazardous
gases. However, very few indications are given on the specific risks for the three type of reactors
sketched above, and for their comparison in terms of accidental consequences on the surrounding
equipment, both for human being and process equipment (domino effects).
When consequence-based risk assessment of alkoxylation process is pursued, three main aspects
should be then considered. The first is the safety related to the occurrence (avoidance) of hot spot,
cool flame, runaway reaction, decomposition hazard, liquid explosion, electrical sparks, in the main
reactor. Details are found elsewhere (Gustin, 200). To this regards, the analysis of possible accidental
scenarios and the subsequent comparison of the semi-batch reactors (from the STR to Venturi Loop or
to Spray Loop) has been also recently addressed by the Di Serio et al. (2005) as avoiding mechanical
agitation means to eliminate the hazard, hence an inherently safe practice (i.e. a permanent and cheaper
process). Besides, safe design is needed (e.g. aiming at avoiding accumulation of reactants), whatever
the reactor, by means for instance of high integrity safety trip system incorporating redundancy (Rogers
and Herman, 2004). Calorimetric studies are valuable in both the previous aspects.
Our work is devoted to the safety ranking of different processes, with specific reference to the external releases of EO or PO, either as pure reactants, or in the reactor head, as mixture with nitrogen. Furthermore, the analysis of consequences of accidental release from the recycling unit or from the reactor
bottom have been analysed, by varying EO or PO mole ratio with respect to the substrate (dodecanol)
and ethoxylation degree. Effects of process condition (temperature and pressure), atmospheric condition, and reactor design are also analysed.

KEYWORDS: ethoxylation, alkoxylation, ethylene oxide, consequence analysis, surfactants,
recirculation loop

gaseous phases with strong exothermic reaction, thus
leading to runaway reactions and explosive conditions.
Two alternative types of reactors have been developed for
the alkoxylation reactions which can be sketched in a
general sense as Venturi Loop Reactors (VLR) (e.g. Buss
Loop Reactor Technology, now licensed by Davy Process
Technology AG (Switzerland)) and Spray Tower Loop
Reactors (STLR) (e.g. Pressindustria technology, now
licensed by Scientific Design Company, Inc. (USA)).
Quite obviously, as cited above, tenths of different design
and combination are available commercially, but this
categorization is helpful for further discussion and can be
considered valid as a rule. In the VLR the gas phase, as
for stirred reactors, is dispersed into the liquid phase; on
the contrary, in STLR the liquid phase is dispersed into

INTRODUCTION
Alkoxylation of fatty alcohols, alkyl phenols, or fatty acids
is the typical process for the production of non-ionic
surfactants and polyglycols. The most common substrate
is (1-)dodecanol, which is normally fed into batch liquidstirred reactor. Gaseous EO is then continuously fed to the
liquid substrate, followed by post-treatment operations
such as catalyst removal or bleaching operations, in order
to achieve the required quality features of the product.
The usual operating pressure is 4–5 bar a. These semibatch reactors are equipped in some cases with external circulation loop in order to improve the reactor heat exchange
capacity. Indeed, main safety issues are heat-transfer limitations other than the presence of rotating mechanical parts in
contact with the gaseous phase, as EO can decompose in
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the gaseous one. Both reactors give high productivity and
the efficiency of heat transfer is ensured by an external
thermal exchanger. The VLR and STLR reactors do not
use rotating metallic devices as in the stirred tank reactor.
This aspect has been considered as a main point for
safety: Avoiding mechanical agitation means to reduce
or eliminate the ignition hazard, hence an inherently
safer practice, i.e. a permanent choice for safety (van
Dierendonck et al., 1998; Di Serio et al., 2005). However,
further considerations are needed for sound risk assessment
of the three processes and over-simplification for very hazardous processes as those involving EO should be avoided.
Gustin (2000) has reviewed hazards of ethoxylation
reactions and more generally the hazards of processing
ethylene oxide (EO), including the hazards related to the
explosive behaviour of EO either in the presence of air or
oxygen or due to vapour instability (i.e. decomposition
flames with pressure effects in vessels even in the absence
of oxygen) but also for the runaway reaction hazards due
to improper operating conditions, or self-heat (due to
accumulation, hot spot for catalyst). Hazards are also
reviewed with respect to the liquid EO phase decomposition
initiated by high temperatures, hot spots or catalysts. These
points have been extensively developed and analysed in the
literature, due to the high risks of manipulating EO and the
massive worldwide use of this very hazardous substance
(see for instance www.ethyleneoxide.com). Details are not
reported here for the sake of brevity (Thibault et al., 2000;
Pekalski et al., 2005). In the following, the risk for the installation of recirculation loop for both the VLR and STLR
reactors is discussed, aiming at comparing the different technologies in terms of safety rather than in terms of yields,
starting from the same volume (scale) of the reactors and
equivalent operating conditions for both VLR and STLR
but even for semibatch reactors when loops are added.
Indeed, the recirculation loop diameter, whatever the technology, can be over 10”, i.e., any damage or leakage can
raise high concerns on the accidental scenarios derived
from EO desorption from the hot substrate (dodecanol or
polyethoxylated dodecanol). The risks of leakage of pure
EO or EO/N2 mixture from the feed line or from the
reactor shell, which are however common for the three
reactor types will be considered in next future.

(4 –6 bar), for the entire process. Finally, EO fed is
stopped and the reaction is continued until all EO is
reacted and the gaseous phase contains only nitrogen.
So far, the risks associated with leakages from the
recirculation loop have never been analysed. Indeed, they
are strongly associated with EO concentration in the substrate and to its rapid desorption at the atmospheric pressure
after release. Clearly, both phenomena depend on EO solubility at given temperature, reaction conditions, and reactor
configuration. In the case of VLR and STLR, for instance, it
can be assumed that mass transfer is highly efficient and that
the liquid phase is well mixed, so that EO concentration is
correspondent to EO solubility. Quite clearly, this is a
worst scenario as it corresponds to the higher possible
liquid EO concentration.
Figure 1 shows the total pressure, the density of the
liquid mixture rmix, the partial pressure of EO and the
ratio of EO moles fed to the VLR reactor with respect to
the initial moles of dodecanol (the ethoxylation degree of
dodecanol j ¼ nEO/n8dodecanol) during the entire time
range of operation, as calculated from the data of current
authors in previous work (Di Serio et al., 2005). The characteristic of reactor and other operative conditions are reported
in Table 1. Quite clearly the partial pressure of EO is quite
constant along the run, until the fed is operative. It’s worth
saying that after the stop of EO feeding (120 min), the EO in
gaseous phase is consumed and its partial pressure
decreases. During this phase, the total pressure decreases
too, but however its value at the end of the run is higher
than the pressure at the beginning of operations. That
occurs because the increase of liquid volume decreases the
gas space and due to the increase of nitrogen moles in the

Ptot, PEO [bar]; ξ [nEO/nROH]; ρ [kg dm−3]
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THE ALKOXYLATION PROCESS
After the feeding of dodecanol, the reactor gaseous phase is
purged with nitrogen to eliminate oxygen. Hence, a positive
pressure of nitrogen is set in the reactor (1– 2 bar) to dilute
the EO in gaseous phase and to assure a gaseous composition within safety limits (yEO , 0.4) (see Di Serio et al.,
2005 and the reference therein for further details on operations). For the three processes, the reactor temperature is
typically between 120–1808C, and it is kept constant by
an external regulation. The EO is then fed in the reactor
by controlling the flow rate, in order to keep the partial
pressure of EO (PEO), i.e. the gas composition, within
safety limits, and an internal pressure within fixed limits

3
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Figure 1. Pressure PTOT (W), EO partial pressure PEO (A),
density of mixture rmix (D), and ethoxylation degree of
dodecanol j ¼ nEO/n8dodecanol (), as a function of time
during the ethoxylation process
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THE EVALUATION OF DESORPTION RATE OF EO
AT THE OPERATING CONDITIONS
The specific rate of release (rate of desorption or evaporation per square meter of pool) of EO from dodecanol
(Na) towards atmosphere (PEO,air ¼ 0) when recirculation
loop fails and an accidental release occurs. The value of
Na is also important for the implementation of proper mitigation procedures. To this aim, neglecting the variation of
composition of EO in the liquid phase during the evaporation (well mixing assumption), the equation of Kawamura
and Mackay (1985) can be applied to vapour phase, i.e.
between the liquid-air interface and the atmospheric bulk:

PEO,i  PEO,air
(2)
N a ¼ kg
RTp

Table 1. Chemical and geometrical characteristics of alkoxylation reactors analysed in this work and the typical range of operative conditions for the semi-batch, VLR and STLR processes
Reactor Volume (m3)
Height (m)
Dodecanol initially charged (Kg)
Time of EO alimentation (min)
Initial Pressure of N2 (bar)
Total reactor pressure (bar)
Partial EO pressure (bar)
Temperature (8C)
Pressure of EO storage tank (bar)
Catalyst (KOH) (kg)
Kinetic constant (cm3 mol21 s21)

10
2.5
2000
about 120
1.5
4.0 – 5.0
1.0 – 3.0
125.0 – 180.0
4.0 – 5.0
6.5
6.18 exp(26640.0/T)

where PEO,i and PEO,air are respectively the partial pressure
of EO respectively at the interface and in the gas phase
bulk, which is null in the free atmosphere, kg is mass transfer
coefficient, R is the gas constant, and Tp is the liquid pool
temperature. Following US-EPA and US-NOAA suggestion
(Reynolds, 1992), kg (m s21) can be assessed by the
equation of Kawamura and Mackay (1979) for the mass
transfer coefficient in an atmospheric turbulent flow field,
which is:

reactor which is fed together with EO from the storage tank,
as EO is stored under high nitrogen pressure.

RESULTS AND DISCUSSION
For the aims of risk assessment of recirculation loop, the
main issue is the evaluation of hazards associated with the
EO adsorbed in the substrate, i.e. the solubility of EO in
dodecanol, as the release of EO from any leakage or
rupture can trigger fires, explosions and toxic dispersion.
Hence, the evaluation of rate of desorption of EO from
dodecanol allows the assessment of the hazard related to
the formation of EO cloud in the atmosphere after an accidental failure of recirculation loop or more generally after
any leakage from flanges, valves, pumping systems.

0:78
Z 0:11 Sc0:67
kg ¼ 0:004786Vair,10

where Z is the pool diameter in the along-wind direction,
Sc is the laminar Schmidt number ( ¼ m/rDEO), where
the diffusivity constant DEO can been assessed by the classical laws of Graham (Rohsenow, 1961) or alternatively by
Fuller, Schettler and Giddings equation (1966), and Vair,10
is the wind speed at a height h10 ¼ 10 m (Reynolds,
1992). All thermodynamic and fluid-dynamic variables
used throughout the paper for the vapour have been calculated averaging the values between pool interface condition
(the temperature has been considered equivalent to the bulk
pool temperature) and atmosphere condition (T ¼ 300 K;
P ¼ 1 bar). Alternatively, kg may be calculated by considering a plate in laminar flow, by means of the following
equation for forced flow (Skelland, 1974):

THE EVALUATION OF SOLUBILITY OF EO
AT THE OPERATING CONDITIONS
The solubility of EO (SEO) as function of temperature and
EO partial pressure in dodecanol and in ethoxylated products was determined previously (Di Serio et al, 1995).
The value of SEO is not affected strongly by ethoxylation
degree j (Di Serio et al, 2005). It can be then assessed
that Henry’s constant dependence of EO in dodecanol
with temperature, in the range of temperature here analysed,
follows Clausius-Clapeyron equation:



DHv,EO 1
1

hEO (T) ¼hR,EO  exp 
T TR
R

(3)

Sh ¼ 0:332Re0:5 Sc0:33 ¼

kg Z
DEO

(5)

where Sh, Re and Sc are respectively Sherwood, Reynolds
and Schmidt numbers.
For the evaluation of Re, the characteristic length has
been considered as the diameter of the pool interacting with
the air flow. Schmidt number has been calculated by using
the diffusivity constant as evaluated in the previous
method. Eventually, by assuming that the value of PEO,i is
equivalent to PEO (which however is a conservative
option) we can calculate, for a range of operating conditions,
the specific rate of desorption.
A comparison of results obtained with laminar and
turbulent approach is given in Figures 2–3. Figure 2
shows the value of Na for different process temperature

(1)

where R is the universal gas constant, hR,EO ¼ 0.01 mol
bar21 cm23 is the Henry’s constant at the given reference
temperature TR ( ¼ 293.15 K) and DHV,EO is latent
heat of evaporation of EO ( 2.5.104 J/mol at ambient
temperature).
The solubility of EO is essential for the knowledge
of the total amount available for the flammable and toxic
dispersion of gas, if leakage occurs.
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Figures 2 and 3 show clearly the great effect of wind
velocity when high partial pressure of EO are considered
and turbulent evaporation models are considered.
The values of Na and the solubility data (Eq. 2) allow
the calculation of the total amount of EO dissolved in the
entire mixture contained in the process reactor, and the
total time required for a complete transfer of EO from the
released liquid mixture to the atmosphere, provided the
total liquid amount released and the pool dimension
formed after the release are known. To this regard, it’s
worth saying that due to the EO addition, an increase of
mass of liquid starting from the initial dodecanol charged
should be considered, up to the double at the end of the
process (see Fig. 1 by means of the j, which reaches a
value of 4). This aspect is indeed important for safety consideration because the total amount of EO dissolved in dodecanol is higher at the final stages of process. Starting from
the initial amount of dodecanol, a final mass of 4000 kg of
EO condensate (polyoxyethylene dodecanol, known also
as polyoxyethylene lauryl ether or ethoxylated lauryl
alcohol) should be then considered, keeping into account
that EO solubility is similar for pure dodecanol and its polyethoxylated derivates [Di Serio et al., 1995].
For the evaluation of pool dimension, the liquid
density of the mixture rmix is needed. As seen in Figure 1,
rmix may vary with ethoxylation degree j (slightly) and
process temperature. Eventually, the following empirical
polynomial correlation (Di Serio et al., 1995) has been
used (rmix in kg/dm3):

Solubility [mol cm−3]

1.5E-003

1.0E-003

5.0E-004

400

425
Temperature [K]

450

Figure 2. EO solubility in dodecanol. Points: exp.; Lines: calc.
PEO: A ¼ 1 bar;  ¼ 2 bar; D ¼ 3 bar

and wind velocity, for the fixed conservative driving force
(on the safe side), i.e. for the PEO ¼ 3 bar. In Figure 3,
Na is plotted with respect to PEO for different values of
wind velocities and process temperatures but for the
process temperature of 453 K only. Similar results are
however obtained for the other reference temperatures.
Both figures have been obtained by considering a value of
Z ¼ 1.218 m, corresponding to a pool area of 1 m2, and
the F class of stability.
The evaporation rate should fall within the two limit
for laminar and turbulent phenomena. It’s clear the negligible effects of temperature on both laminar (Eq. 5) and turbulent approach (Eq. 3), at least in the range of temperature
here analysed. Indeed, in the first case, the pool temperature
affects only the temperature term of Na in Eq. 2) and the
influence is negligible. Besides, in the laminar case, the
values of r and m (and of course DEO) affect also the mass
transfer coefficient kg, through Re and Sh.

rmix ¼ 0:86 þ 0:025j  4:76  104 j2  2:69  105 j3
 7:7  104 (T  273:15)

(6)

Table 2 reports the calculated amount of EO from
accidental pool for any process condition, for the initial
charge of dodecanol of 2000 kg (and j ¼ 0), and at the
final stage of reaction (ethoxylated dodecanol
mass ¼ 4000 kg; j ¼ 4). Table 3 reports the time for evaporation per square meter of pool, by using laminar and

8.0E−002

6.0E−002

6.0E−002

4.0E−002

4.0E−002

2.0E−002

2.0E−002

Evaporation rate[kg m−2 s−1]

Evaporation rate[kg m−2 s−1]

8.0E−002

0.0E+000

0.0E+000
0

1

2

3

4

5

6 0

Wind velocity [m s−1]

1

2

3

4

PEO [bar]

Figure 3. Calculated mass flow rate of EO vapour from dodecanol mixture to atmospheric air vs Left: Wind velocity at PEO ¼ 3 bar
and process temperature T ¼ 398 K (O); 423 K (A); and 453 K (D). Right: EO pressure (PEO) at T ¼ 453 K and wind velocity Vair ¼ 1
m s21 (O); 3 m s21 (A); 5 m/s (D). Filled symbols are evaporation rates calculated by turbulent correlation; empty symbols refer to
laminar flow rate correlation
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of flash fire and toxic dispersion, and to the definition of
flammable mass, i.e. the mass with concentration included
in the range of upper and lower flammability limits (UFL,
LFL), which is essential for the hazard of explosion (see
next paragraphs).
Quite clearly, dispersion analysis depends on the
atmospheric condition. To this regard, it has been showed
by Woodward (1998) that the distances reached by the
heavy vapors of EO are relatively insensitive to atmospheric
stability class. On the contrary, the flammable mass is very
high with stable atmospheres (E and F stability). Hence, in
the following, the stability class F has been only considered
for simplicity. Ambient temperature is 300 K. So far,
Richardson number Ri (or equivalently, Froud number) as
calculated for the EO evaporating from the pool formed
after the accidental release of reactor content should be
first calculated for the assessment of behaviour of EO
vapour.
The following equation as reported by Hanna et al.
(1996) for dispersion models of flammable cloud analyses
has been then considered:

Table 2. Total amount of EO (in kg) dissolved in the dodecanol mixture contained in the reactor, for process conditions
reported in Table 1, at the initial stage (dodecanol
mass ¼ 2000 kg; j ¼ 0), and at the final stage of reaction
(ethoxylated dodecanol mass ¼ 4000 kg; j ¼ 4)
T [K]
Mass ¼ 2000 kg
398
423
453
Mass ¼ 4000 kg
398
423
453

PEO ¼ 1 bar

PEO ¼ 2 bar

PEO ¼ 3 bar

kgEO
57.60
35.45
18.29
kgEO
103.06
63.26
32.53

kgEO
115.20
70.91
42.69
kgEO
206.12
126.53
75.91

kgEO
161.28
100.45
60.98
kgEO
288.57
179.24
108.44

turbulent evaporation assumption as reported above, for
different wind velocities, PEO and process temperatures,
by assuming a pool depth of 0.01 m. Quite obviously, in
this last case the specific total time for evaporation does
not change with the total mass contained in the reactor.
Results show that the most conservative option (worst
case) refers to PEO ¼ 3 bar, T ¼ 398 K, and wind velocity
5 ms21. In this case, the possibility of prevention measure
or mitigation systems is strongly affected by the large
amount of EO dissolved and by dramatically high rates of
evaporation from the dodecanol mixture, which is of few
seconds. These conditions should be the first conservative
reference for the design purposes. However, further considerations are needed on the dispersion behaviour.


g rEO,v  rair
Vi0
Ri ¼
rair
ZrEO,v Vair u2

(7)

where g is the acceleration due to gravity, rair and rEO,v are
respectively the density of air and EO vapour, Vi0 is the
release rate (m3 s21) of EO from the pool which can be
obtained from the data reported previously, and u is the
friction velocity, which has been considered as one tenth
of the wind velocity. A threshold value for dense gases
(heavier than air) is Ri .1 is given by Spicer and Havens.
Further references (Hanna et al., 1996) gives values
between 1 and 50 as the transition values for Ri between
pure heavier and lighter than air gas/vapors.
The calculated values of Ri are dramatically greater
than one when very low wind speed (,2 ms21) are con-

THE DISPERSION OF EO IN THE ATMOSPHERE
AS TOXIC AND FLAMMABLE SUBSTANCE
Dispersion analysis should be aimed to the definition of
maximum distance run by EO, for the hazard assessment

Table 3. Time [s] for the release of the dissolved amount of EO per square meter of pool, by using laminar and turbulent approach
for the evaporation rate
Laminar – Wind velocity [m s21]

PEO 5 1 bar

PEO 5 2 bar

PEO 5 3 bar

T [K]
398
423
453
T [K]
398
423
453
T [K]
398
423
453

Turbulent – Wind velocity [m s21]

1

3

5

1

3

5

time [s]
128.61
79.24
40.75
time [s]
128.61
79.24
47.54
time [s]
120.04
74.84
45.28

time [s]
74.26
45.75
23.53
time [s]
74.26
45.75
27.45
time [s]
69.31
43.21
26.14

time [s]
57.52
35.44
18.22
time [s]
57.52
35.44
21.26
time [s]
53.68
33.47
20.25

time [s]
120.04
74.84
45.28
time [s]
79.60
84.60
90.60
time [s]
74.30
78.96
84.56

time [s]
69.31
43.21
26.14
time [s]
21.18
22.51
24.11
time [s]
19.77
21.01
22.50

time [s]
53.68
33.47
20.25
time [s]
14.22
15.11
16.19
time [s]
13.27
14.11
15.11
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sidered, whatever the weather and process (T,P) condition,
for both laminar or turbulent evaporation conditions and
for any pool dimension (i.e. for large or small release
section). Hence, dispersion analysis by considering a
vapour heavier than air should be used in this case. It
should be however noted that the calculated Ri values
never reach the threshold value of 50 for the pure heavierthan-air behaviour.
For higher wind velocity (3 ms21), Richardson
number is always lower than one for small pool diameter
(very small release sections). In this case, short duration
(near-instantaneous) passive Gaussian models can be used.
Quite clearly, semi-continuous source rather than nearinstantaneous release should be considered, due to the
slow formation of pool.
For large pools and wind velocities higher than
1 ms21, Ri values between 1 and 5 are obtained.
However, values of 5 are only found for PEO ¼ 3 bar if
using the turbulent approach for the evaluation of
evaporation rate. Hence, a comparison between heavy and
passive vapour dispersion is needed for this transition
range, even if near-instantaneous source can be always
considered for the rapid rate of evaporation and pool formation, as seen previously.
For the case of large releases, provided that the
formation of very large flammable cloud are however
unlikely for the high reactivity of EO, toxic effects are the
main concern, as lean EO clouds can be very hazardous to
operator even at great distances from the release point.
Preliminary analysis gives over 400 m for the NIOSH
IDLH, which however allows for 30 minutes without any
escape-impairing symptoms or any irreversible health effects.
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SIMULATION-BASED APPROACH TO DESIGN OF INHERENTLY SAFER PROCESSES
A. Kossoy and Yu. Akhmetshin
ChemInform St. Petersburg (CISP) Ltd., 14, Dobrolubov ave., 197198 St. Petersburg, Russia; e-mail: Kossoy@cisp.spb.ru
The inherent safety is a complex multi-sided concept. In this paper only one aspect of the problem is
considered, that is process optimization for a chosen set of equipment and materials involved. The
optimization is aimed at finding an operational mode, which guarantees safety of the process under
normal conditions and provides maximal attainable safety in case of accident. The primary focus of
the paper is on one accident scenario – cooling failure.
The technique of using the non-linear optimization method for designing an inherently safer
process is presented. Discussion covers problem statement, choice of the criteria for optimization,
appropriate methods for defining control variables. Effectiveness of the approach is illustrated by
several examples.
In practice it is not enough to find some optimal operating conditions. Important challenge is to
analyze stability of a process mode with respect to deviation of control parameters and variables
from the estimated values. In the case of a non-stationary process the stability analysis is very
complex problem. The original approach is proposed which comprises simplified preliminary
evaluation followed by the more detailed numerical optimization-based analysis.

KEYWORDS: chemical
mathematical simulation

process,
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safety,
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optimization,

stability

analysis,

The discussion of the optimization-based approach to
design of inherently safer process is the subject of the paper.
In this case the optimization is directed at finding of an operational mode, which guarantees safety of the process under
normal conditions and provides maximal attainable safety
in case of accident. To present main ideas and methods
we will consider the cooling failure as the typical origin
of an accident.
The resultant operational mode will be feasible provided that it is stable with respect to deviation of control parameters and variables within the permissible margins. The
stability analysis of the nonlinear nonstationary process is
another challenge which has been discussed in numerous
articles and books (examples are [12 –15]) but the majority
of methods proposed come to the attempts to find pertinent
stability criteria. Some of them are very process-specific,
others are quite general [13, 14]. Only few authors apply
optimization for stability analysis [15] though this approach
gives the most universal solution to the problem. Moreover,
in many cases, e.g. when control variables are complex
functions of time, the optimization-based method is the
only possible one. These matters will be discussed in the
last part of the paper.

INTRODUCTION
The inherent safety concept introduced by T. Kletz [1] is
complex and many-sided one, at that neither of the aspects
is insignificant. One of the features of the concept, namely
that it will be the most beneficial if it is applied starting
from the early stages of a chemical process development
and throughout its life, has been intensively discussed (see
[2 –6] to cite a few).
In this paper we will concentrate on one important
facet which is the choice of an operational mode that, for
a chosen set of equipment and materials involved, can
make the process inherently safer. This problem has been
discussed in numerous articles, for instance [7 –9].
Majority of the methods proposed require separate consideration of every specific process and reaction. In some
cases it allows obtaining convenient analytical expressions
for assessment and rating of reaction hazard but it doesn’t
give any general solution. This situation originates from
the intrinsic complexity of a chemical process which represents essentially non-linear nonstationary system comprising chemical reactor in which complex reaction
occurs (steady-state modes are only particular cases).
Therefore the general solution of the problem can be
attained only by using numerical simulation methods,
specifically by applying nonlinear optimization. This
approach is widely used for process optimization but it
is still rarely applied for designing inherently safer processes (see, for instance, [9, 10]). Nowadays mathematical
optimization is more actively used for providing inherent
security of a process [11] but the basic method applied
in this area comes to reduction of the nonlinear nonstationary optimization problem to the number of much simpler
static ones.

DESIGNING THE INHERENTLY SAFER PROCESS
PROCESS MODEL
For further consideration it will be convenient to assemble
variables and parameters into two groups:
1.

1

External Control variables (time-dependent) and
parameters (time-invariants), hereafter referred to
as the controls, that define the conditions of a
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process: vector of initial species concentrations C 0 ;
k
vectors of inlet species concentrations, C ; environmental (jacket) temperature, Te (t); effective heat transfer coefficient U(t); inlet volume rates vk (t) and inlet
temperatures Tk (t).
2. State variables describing the current state of a

reacting system: vector of species concentrations C(t);
temperature of a reacting mixture T(t) and pressure in
a reactor P(t).

process the appropriate inequality constraints on the
values of state variables at the end of the process (expediency constraints) can be imposed.
The process end is determined either as the time when
reaction is completed or as the maximal time of simulation.
Two basic optimization modes must be distinguished:

The model of a process that proceeds in the well
stirred semi-BATCH reactor will be used throughout the
paper. It is presented by the system of ordinary differential
equations (ODE) system, including
Kinetic model

–

rj ¼ kj

Y

n

Ci ji ; kj ¼ kjo exp ( 

(i)

Ej
Ni
); Ci ¼
RT
V(t)

–

The criteria that can be applied for optimization of
normal mode include
–

(1)

–
where i is the number of a species, j denotes the number of a
stage
Mass balance
P
Ni M i
X
X
dNi
(i)
Cki vk þ V(t)
vji rj ; V(t) ¼
¼
;
(2)
dt
r(T,P)
(k)
( j)

–
–

dT
1 XX k
dQ
¼
C v {hik (Tk )  hi (T)} þ
dt V(t) (i) (k) i k
dt
U

S(t)
dQ X 1
(T  Te );
¼
Qj r j
V(t)
dt
( j)

Minimum of reactant concentrations and/or maximum
of products concentrations at the process end;
Maximal difference between the maximal permissible
temperature, MPT, and the peak reactor temperature or
maximal difference between the maximal permissible
pressure, MPP, and peak reactor pressure.

The following inequality constraints can be imposed
in addition or instead of some of the criteria:

where k is the number of an inlet,
Energy balance
cp w

Process optimization aimed at providing a given level of
thermal safety of the process under normal process
conditions – optimization of normal mode;
Process optimization aimed at providing the maximum
possible safety level under accident conditions –
optimization of accident mode.

Reactor temperature is kept within the desirable limits
during the process;
Limitations on final values of the concentrations of
initial reactants and target products

Some engineering constraints should be imposed on
the controls such as limitation on the mixture volume in a
reactor, margins for inlet volume rates, jacket and inlet
temperatures and so forth.
The MPT value can be specified, e.g., in order to
avoid side reactions, or avoid mixture boiling, or avoid
vapor pressure rise.
In optimization of the accident mode any of the above
criteria can be used. In addition, the following criterion is
introduced:

(3)

and the initial conditions: t ¼ t0, T(t0) ¼ To, V(t0) ¼ Vo,
Ci(t0) ¼ Ci0.
The control variables and parameters should be
defined to complete the model.

min

t,u(t),y,t[½0,tf 

OPTIMIZATION PROBLEM
Dynamic optimization seeks after determination of the
values of control parameters and time dependencies of
control variables that minimize the sum of objective
functions Zs (t,x(t),u(t),y):
min

t,u(t),y,t[½0,tf 

X

bs Zs (t,x(t),u(t),y)

(MTSR  MPT)

(5)

Here maximal temperature of synthesis reaction,
MTSR, is the maximal possible adiabatic temperature Tcf
attained in the reactor after all the energy Qacc (tcf ) accumulated in the reactor by the instance tcf of cooling failure is
released in adiabatic mode. The MTSR corresponds to the
worst case scenario:

(4)

(s)

MTSR ¼ max (Tcf ); Tcf ¼ T(tcf )
tcf [½0, tf 

where u(t) is the vector of control variables, y is the vector
of control parameters, x(t) is the vector of state variables,
tf denotes process duration, the weight coefficients bs determine contributions of separate components to the overall
objective function and allow changing priorities.
In practice, control variables and parameters are
subject to lower and upper bounds (path constraints). Moreover, to provide technical and economical advisability of a

(6)

þ Qacc (tcf )(cp wV(tcf ))1 , tcf [ ½0, tf 
For some reactions Qacc and Tcf can be calculated
analytically (see, e.g., [10]) but In general case Tcf has to
be calculated by numerical simulation of cooling failure at
every instant followed by adiabatic completion of the
reaction.

2
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The MPT can be specified so as to avoid side reactions or at least to provide induction time up to the initiation
of side reactions that would be sufficient for personnel evacuation and activation of safety systems.
The optimization problem lies in determining the
extreme of the objective function with constraints imposed
both on state and control variables. Many of the known
optimization methods support inequality constraints on
control variables, whereas only specialized ones allow
imposing constraints on state variables. Besides, a method
must be efficient on the class of essentially non-linear functions, including kinetic models. Comparative analysis of
various optimization methods demonstrated the relevance
of the NCONF algorithm [16] (solving a general nonlinear
programming problem using the successive quadratic programming algorithm and a finite difference gradient)
which has been used in this work.
Typically optimization methods cannot guarantee
determination of the global unique extremum, only some
local solution can be obtained. Verification of whether the
result is unique or any better solutions exist can be done
by repeating optimization starting form slightly changed
initial vectors of controls.
The controls can be defined in many ways. The
special concern is how to choose such types of time dependencies that would be convenient for optimization and at the
same time would be feasible in practice. We selected three
types of dependencies (profiles) (Figure 1).

Robin test for the emergency relief systems design
methods [17]:
Isopropanol (I) þ Propionic anhydride (P)
! Isopropyl Propionate (IP)
þ Propionic Acid (PA)
This reaction is well-fitted by the model
d½I d½P
d½IP d½PA
¼
¼ r1  r2 ;
¼
¼ r1 þ r2 ;
dt
dt
dt
dt
r1 ¼ k1 ½In1 ½Pn2 ; r2 ¼ k2 ½In3 ½Pn4 ½PAn5 ;
2
dQ X
Q1
¼
i ri ,
dt
i¼1

(7)

which includes initiation (r1) and autocatalytic (r2) stages.
[I], [P], [IP] j [PA] denote molar concentrations of the corresponding species.
The reaction is characterized by significant heat
generation and high reaction rate even at 658C. The pilot
plant experiments with the 300 liters jacketed reactor
showed that the process in the batch mode is close to adiabatic thermal explosion in spite of cooling (U ¼ 270 W/
m2/K, S ¼ 1.53 m2) [17].
Let us consider the possibility to design the inherently
safe semi-BATCH process that proceeds in the same
reactor. Initially, the reactor is one-third charged with isopropanol at 658C. Propionic anhydride is fed during the
process (10 adjacent rectangle pulses, volumetric rate is
1.65 dm3/min at 608C). It is cut off after 100 min. after
reaching the equimolar proportion between the reactants.
The jacket temperature Te (t) has been assigned in the step
mode as the series of four segments. Initially all the steps
were equal to 658C, durations of the steps and connectors
were the same and equal to 20 min. These conditions
don’t ensure safety of the process (Figure 2a).
As the accidental process mode was subject to
optimization the criterion max (MPT  MTSR) was combined with the constraints ½If , 0:025, ½Pf , 0:025
(mass fraction); tf  180 min., that provide necessary level
of reactants consumption. When simulating the accidents

1. Piecewise-linear function of time. It is defined by the
series of pairs fti, uig and can be set for any control.
2. Step mode that unites segments. Each segment contains
the step with constant value of a control preceded by a
connector. The step mode can also be applied for defining any control.
3. Series of square pulses separated by pauses. This profile
is appropriate only for feed rates.
EXAMPLE OF DESIGNING THE INHERENTLY
SAFER PROCESS
A good example appropriate for demonstration of the
optimization-based approach is the equimolar esterification
reaction between propionic anhydride and isopropyl alcohol
proposed by Health and Safety Executives as the Round

Figure 1. Methods for defining control variables. a) Piecewise-linear function; b) Step mode; c) Series of square pulses
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Figure 2. Thermal mode of the semi-BATCH process. a) before optimization; b) optimized temperature profile in the jacket;
c) optimized feed profile; d) all the controls optimized. 1 – feed profile; 2 – jacket temperature; 3 – reactor temperature (normal
mode); 4 – adiabatic temperature rise (worst case accident mode); 5 – nodes of the controls; 6 – dependency of adiabatic
overheating Tcf on the instant of cooling failure

the feed had been stopped at the cooling failure instant.
Three variants of optimization were examined.

2.

1. Estimating the appropriate time dependency of the
coolant temperature leaving the feed rate unchanged.
All the parameters of the step mode (magnitudes and
durations of the steps and durations of the connectors)
have been estimated. The resultant process mode
(Figure 2b) is inherently safe.
2. Optimizing the feed rate at constant jacket temperature.
The feed pulse amplitudes were searched for. The resultant feed profile also ensures the inherently safe process
mode (Figure 2c).
3. Simultaneous optimization of the coolant temperature
profile, feed rate profile and initial temperature of the
mixture. In this case the resultant process mode is not
only inherently safe but has much wider safety
margins (Figure 2d).

3.

Managing the feed profile is more efficient method for
providing inherent safety of a process. As it will be
shown the resultant operational mode proves to be
much more stable with respect to controls deviations.
The objective function didn’t include mixture temperature. Nevertheless if the demand MTSR , MPT is satisfied then Tmax newer exceeds MPT so that safety of
normal mode is provided automatically.

STABILITY ANALYSIS
Stability analysis of the process mode is aimed at determination of its sensitivity to permissible deviations of the
control variables and parameters from their normal values.
This is the subject of several theories. Typically they are
focused on the stability analysis of the stationary modes.
Nevertheless many processes are principally non-stationary
(BATCH, semi-BATCH, plug flow processes), very often
the transient modes are of primary interest, specifically
when the reaction hazards of a process are assessed. In the
case of a non-stationary process the deviation of any
control at any instant affects the whole remaining process
course. The classical theories are inapplicable in such
cases. Moreover, there is no one commonly used general
method for stability analysis of the non-stationary processes.

The results presented allow several observations:
1. The inherent safety of this particular process can be
achieved in several ways by optimizing one or
another group of the controls which allows tacking
into account such practical matters as availability of
equipment, capabilities of the control system, etc.

4
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The widely used simple direct inspection methods
come to the random deviation of one or another control
within permissible margins. If a process mode is governed
only by control parameters the methods may give quite
acceptable results though the analysis may be time consuming. If a process is governed by control variables the
problem becomes much more difficult because the disturbance diapason of each variable should be scanned for
every instant.

small deviations of the jacket temperature may result in
essential change of the process thermal mode. On the contrary, the power dependence of reaction rate on species concentration is much weaker. Consequently deviations of flow
rates usually have less significant impact on the process
mode. Therefore it is worthwhile to concentrate on the
temperature-related controls (jacket temperature, heat
exchange coefficient) when implementing preliminary
analysis of stability. Then the similar preliminary screening
can be applied to the group of inlet controls. The results
obtained can reveal the potential level of instability and
the necessity in the more comprehensive optimizationbased analysis.
Further simplification can be achieved by tacking into
account some features of a semi-BATCH process which is
the most typical case. One can distinguish two most hazardous cases.

APPLYING THE NON-LINEAR OPTIMIZATION
The method that allows stability analysis in general case is
based on the idea that the combination of deviations of controls that results in the utmost disturbance of a process can
be found fully analogous to process optimization, i.e. by
using non-linear optimization technique, with those difference that the objective function must be maximized.
In conjunction with the design of inherently safer processes the stability analysis should indicate whether the
mode remains inherently safer at the worst combination of
the controls deviations (the process mode is stable), and
what could be the consequences of loss of stability?
When analyzing stability the same criteria can be
applied as where used for the process design. Usually stability is analyzed after the optimal process mode has been
found. Therefore the same set of criteria should be used.
To reverse the direction of optimization it is enough to
change the signs of the objective functions. The permissible
deviation diapason for every control should be defined.
After data has been prepared the analysis by itself
comes to running the optimization procedure. The results
are the deviated values of the controls that correspond to
the worst case. The disturbed process mode can then be
simulated and analyzed. The uniqueness of the extremum
found should be verified by repeated optimizations that
start from slightly varied initial vector of controls.

1.

2.

Elevation of the jacket temperature with respect to the
normal level (positive deviation) at the very start of a
process. As the concentrations of the reactants
charged in a reactor are maximal the consumption
rate of the fed reactants and the heat release rate in a
reactor will be significantly increased. This may result
in the luck of cooling capacity and abnormal temperature rise in a reactor. The following time instants are
usually less dangerous because the concentrations of
initial species decrease along the reaction course.
Negative deviation of the jacket temperature. It slows
down the consumption of the fed reactants and results
in their accumulation in the reacting mixture. If the
jacket temperature jumps up in the subsequent instants
it will cause reaction acceleration and rapid release of
the accumulated energy followed by abnormal overheating of the mixture.

In the similar way the most hazardous deviations of
the feed rates of the reactants would be as follows.
1.

SIMPLIFIED METHOD FOR PRELIMINARY
ANALYSIS
Optimization – based stability analysis coupled with verifying the uniqueness of a solution provides exhaustive results
but may require noticeable time. Therefore some simplified
and faster methods for implementing the preliminary analysis are highly desirable. As we noted such methods are based
on direct inspection of influence of the controls deviation on
the process mode. The practical feasibility of simplified
methods can be achieved by reducing the number of controls
to be analyzed. One of the possible ways is to select some
governing group of controls. We could see that two
groups can make the most significant impact on the
process mode and hence on stability of an optimized
process. They are the jacket temperature and the inlet flow
rate(s) that are defined as functions of time.
The first group defines the cooling capacity of a
reactor and affects the reactor temperature. Because of the
exponential temperature dependency of a reaction rate

2.

Positive deviation in the beginning of a process will
result in undesirable acceleration of a reaction up to
the level when cooling capacity becomes insufficient.
Negative deviation in the beginning of a process followed by the positive deviation in the subsequent
instants may result in the reaction rate jump due to
high concentration of the initial reactants in a mixture.

The deviation limits of the controls are usually much
smaller than their normal levels therefore the most hazardous deviations will correspond to the maximal or
minimal permissible values.
For all the three methods for defining the controls
mentioned above the deviations should be imposed on the
nodes of the profiles (the plateaus of the pulses).
These observations allow designing efficient fast scan
method for preliminary stability analysis. Let us consider
the algorithm on the example of jacket temperature. It
includes two steps.

5
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The full-scale optimization-based analysis gives
slightly different disturbed profiles of the controls but justifies the results of simplified stability analysis.

THE INSAFER SOFTWARE
Simulation of a complex non-stationary process and, all the
more, its optimization is complex physical-chemical and
mathematical problem. Therefore practical application of
the simulation-based approach to the design of inherently
safer processes can be possible only provided that the appropriate software is available which helps in overcoming problem’s complexity in terms of mathematics, physics and
chemistry. The InSafer program package developed by
CISP as the component of the Thermal Safety Software
(TSS) series [18] is an example of such software. InSafer
supports all the options for preparing and handling the projects (defining reaction kinetics, features of the reactor,
choice of optimization criteria and so forth). Several
mutually complimentary mathematical methods for integration of the ODE system and optimization are available.
The Use of the adequate temperature- and compositiondependent physical properties of the reacting mixture
provides reliable results of simulation. InSafer includes
the specialized module for implementing the stability analysis. All the examples presented in the paper have been
prepared by using this software.

Figure 3. Scheme of the scan method. a) propagation of the
“underheating wave”; b) propagation of the “overheating
wave”. 1 – original value of the control; 2, 3 – upper and
lower deviation bounds; 4 – transformation of the disturbed
control’s profile; 5 – nodes of the control

1. At first the initial segment of the jacket temperature
profile is deviated downward (maximal negative deviation) whereas the rest of the profile is deviated
upward (maximal positive deviation). The “underheating wave” propagates rightwards up to the end
(Figure 3a).
2. The second step corresponds to the propagation of the
“overheating wave” (Figure 3b), that is the initial
segment of the jacket temperature profile is deviated
upward (maximal positive deviation) whereas the rest
of the profile is deviated downward (maximal negative
deviation).
In both the cases the process is simulated for every
disturbed profile of the control variable.
Stability analysis of the process mode provided by the
optimized jacket temperature profile illustrates application
of the fast scan method. The permissible deviations of temperature were set equal to +38C. The disturbed normal and
accidental modes of the process shown in Figure 4 reveal
that both modes are unstable and extremely sensitive to
temperature deviations.
At the same time the thermal more provided by the
optimized feed profile remains inherently safe within the
+10% deviation limit for the pulse amplitude.

CONCLUSIONS
The optimization-based approach to the design of inherently
safer processes is the efficient and versatile method that
allows numerical investigation of a wide spectrum of practical cases without essential simplifications. Moreover, this
method can be successfully used for prediction of various
accidental scenarios.
It should be particularly emphasized that the same
approach gives the unique possibility to solve such an
important problem as the analysis of process stability.

Figure 4. Using fast scan method for stability analysis. a) normal mode; b) accident (worst case scenario). 1 – feed profile;
2a – optimized jacket temperature profile; 2b – disturbed jacket temperature profile; 3a – reactor temperature, undisturbed mode;
3b – reactor temperature, disturbed mode
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Special attention should be paid to the fact that the
reliability of all the results essentially depends on the
correctness of the reaction kinetics used. Therefore the kinetics evaluation stage of the whole complex of the process
investigation is of principal importance.
NOMENCLATURE
r – rate of a stage, mol.m23 . s21
k – rate constant of a stage;
ko – preexponential factor
E – activation energy, J.m21
n – reaction order
N – number of moles of a species
C – species concentration, mol.m23;
Ck – species concentration in a k-th inlet, mol/m23
Q(t) – current heat generation, J.m23
Q1 – heat effect of a stage, J.mol21
M – molecular mass of a species, kg.mol21
r – density of a species or the mixture, kg.m23
Vr – physical volume of a reactor, m3
vk – volumetric feed rate of k-th inlet, m3.s21
INDICES
e – environment
o – initial value of a variable
r –reactor
max – peak value
t – time, s
tcf – cooling failure instant, s
twc – instant of worst case cooling failure, s
T – temperature, K
Tk – temperature of k-th inlet, K
P – pressure, Pa
R – universal gas constant, R ¼ 8.314 J.K21 . mol21
hi – molar enthalpy of i-th species in the
mixture; J.mol21
hik – molar enthalpy of i-th species in k-th inlet;
J.mol21
Cp – volumetric heat capacity of the mixture
w ¼ 1 þ Cr =(cp V(t)) – heat inertia, Cr - heat capacity
of the whole reactor
b – weight coefficient
ACRONYMS
MPT – maximal permissible temperature
MPP – maximal permissible pressure
MTSR – maximal temperature of synthesis reaction
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Thus, the objectives of this work are:

INTRODUCTION
A successful process development is achieved if the concordance, between laboratory and plant scales, of the three
main time constants is respected:

.
.

. reaction time constant
. full scale equipment dynamics time constant
. mixing time constant.

.

elaborate a specific methodology for process development in the fine chemical industry
develop a laboratory tool allowing reducing the number
of large scale experiments
reduce development time for chemical processes.

MODELLING OF INDUSTRIAL
REACTORS DYNAMICS
This first part devotes to the heat transfer dynamics modelling of industrial reactors. To this intention, heating/cooling
experiments have been performed at plant scale. First, it
consisted in filling up the industrial reactor with a measured
quantity of a solvent with known physical and chemical
properties (typically water or toluene). Second, after a
stabilisation phase at low temperature, the setpoint of the
liquid was modified to a temperature about 208C below its
boiling point, followed by a stabilisation phase at high temperature. Then, the setpoint was changed to a value about
208C higher than the fusion point, again followed by a
stabilisation phase at low temperature. During the experiment, the solvent and jacket temperatures are measured
and registered. The stirrer revolution speed or the liquid
amount is changed, and the whole measurement cycle
repeated. Not only the heat transfer between the utility
fluid and the reaction medium was modelled, but also the
thermal dynamics of the jacket itself (see Table 1). They
mainly differ in sizes, materials and control systems. The
mathematical model used bases its argument on classical
heat balance equations.

In this work, the first two items will be discussed, of
course also related to safety aspects. The reaction time constant may be determined at laboratory scale using the data
provided by a reaction calorimeter, in our case the RC1
commercialised by Mettler Toledo. Thermal characteristics
of the reaction like heat production rate, necessary cooling
power, reactant accumulation, etc., are fundamental for
safe reactor operation and process design. However, an
industrial chemical reactor not only behaves according to
the kinetics of the reaction but also to the dynamics of its
temperature control system. Scale-up to the large capacity
industrial reactor may be limited because the control is performed indirectly via the heat transferred between the fluid
circulating in the jacket and the reactant mixture. The transfer area to volume ratio decreases as the size of the reactor
increases, leading to serious limitations of the heat transfer
capacity of the jacket. Additionally, many problems occur
due to the thermal inertia (long time constant) of the
jacket wall [1]. Moreover, reaction enthalpies, kinetic parameters and hence product selectivity and global safety
are known to be temperature-dependent. Therefore, only
the combination of both reactions kinetics and reactor
dynamics allows describing and predicting the behaviour
of an industrial reactor with respect to productivity, selectivity and safety. Currently, commercialised calorimeters, and
among them the RC1, enable for an ideal control of the
temperature even for very exothermic reactions. But they
do not allow identifying the effect of the temperature
control dynamics of full scale equipment. In this work, we
have developed a  scale-down  methodology allowing
reproducing the exact temperature course of an industrial
reactor at laboratory scale, and this, without explicit knowledge of the reaction kinetics.

HEAT BALANCE – REACTOR TEMPERATURE
The fundamental heat balance equation is given in Eq. 1:
 dTr
¼ qex þ qst þ qloss
mr  Cp0r ðTr Þ þ Cw 
dt

(1)

The main term, qex, is computed with:
qex ¼ U  Alat  DTm

1

(2)
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However, the temperature evolution of an industrial
reactor reflects only partially the thermal characteristics of
the chemical reaction. It also depends from another key parameter: the dynamics of the heating/cooling control system.
Indeed, a process plant is much bigger than a laboratory
device, with reaction vessel volumes ranging from a few
litres up to several cubic meters. Due to their size and to
the used materials, it is almost impossible to build a
process plant with ideal dynamic temperature behaviour.
To simulate the thermal behaviour of full-scale equipment
at laboratory scale, it is therefore necessary to combine
these two scopes: process dynamics and calorimetric techniques. This is exactly the approach tackled here: on one
hand, a library with all industrial reactors dynamically identified; on the other hand, the RC1 used to perform chemical
reactions at laboratory scale. The principle of the scaledown methodology is then the following:

Table 1. Main characteristics of the 9 industrial reactors
studied
Reactor

Nominal
volume [L]

R1
R2
R3
R4
R5
R6

40
49
250
630
630
40 000

R7
R8
R9

60 300
160 000
250 000

Heating

Cooling

Thermostat
(indirect)
Steam 12
bar (indirect)

Cryostat
(indirect)
Water/
brine
(indirect)
Water
(indirect)
Water
(direct)

Steam 6
bar (indirect)
Steam 6
bar (direct)

.

With U, the overall heat transfer coefficient given by:
1
1 dw 1
¼ þ
þ
U hr lw hj

.

(3)

.
The internal heat transfer coefficient, hr , is calculated
by combining the Nusselt correlation and the Nusselt
number [2 –4], while for the external heat transfer coefficient, hj, the following empirical model was used:

.
.

hj (Tj ) ¼ p1  Tj þ p2

(4)

Parameters p1 and p2 were identified by means of a
least-square fit over the experimental data collected in the
industrial reactor.

observe on-line the instantaneous heat production rate of
a chemical reaction in the RC1
use this value in a numerical simulation model of the
plant reactor dynamics
deduce the evolution of the jacket and reaction mixture
temperatures of the plant reactor model if this chemical
reaction took place in it
force the RC1 to track this temperature evolution and
hence not to behave ideally anymore
repeat the first four points during the entire course of the
chemical reaction.

EXTERNAL DATA SOURCE COMMUNICATION
In order to mimic the dynamic behavior of industrial reactors at laboratory size and in the intention to predict the
final product distribution of batch and semi-batch
operations, the RC1 reaction calorimeter needed to be
adapted. A new version of the evaluation software has
been commercialised by Mettler Toledo: the WinRC ALR
ver. 7.51. One of its main improvements is the addition of
an  external data source  instrument that is able to
transmit and receive on-line data. The communication
between the RC1 and an external source (a computer in
this case) is established with the help of an ActiveX constituent. Data are transferred in the form of strings via a
TCP/IP connection. The exchanged data are organised
into  arrays  . On the RC1 side, these arrays data typically come from the various sensors and controllers (mainly
Tr , Tj, Tset, mr). Moreover, the new WinRC ALR software
enables to control some parameters of the RC1 with the
external data source. So, for example, Tr or Tj can be set
by a value predefined or calculated within the external
data source. Any program able to use a Component Object
Model can be used as software interface. In this study we
chose Microsoft Excel in combination with Visual Basic
(VBA) for both their simplicity and their widespread use
in industry. Excel is used to calculate the temperature evolution of plant scale reactors via their identified dynamics,
whereas VBA is used for establishing the connection
between the RC1 and Excel and for allowing the user to

HEAT BALANCE – JACKET TEMPERATURE
The jacket temperature has also its own dynamics that
depends on the heating/cooling device employed, on the
temperature controller and on the physical and chemical
properties of the heat carrier fluid. It is therefore necessary
to take it into account in order to completely characterise
the heat transfer dynamics.
The evolution of the jacket temperature Tj was modelled as two consecutive first-order systems: when the
jacket temperature is far enough from its setpoint, the controller output is at its maximum value, implying a faster
heating or cooling; then, when approaching the setpoint,
the temperature evolution acts like a first order model.
THE SCALE-DOWN METHODOLOGY
PRINCIPLE
Among others, reaction calorimetry has probably become
one of the most popular tool to determine the conditions,
under which a process should be performed to guarantee
that, in case of a cooling breakdown, the risks remain
under acceptable limits [5, 6]. Actually, it is the appropriate
technique for the purpose of thermodynamic and kinetic
analysis, often in combination with scale-up tasks.

2
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If the controlled variable is indeed the RC1 temperature, the manipulated variable is the temperature setpoint of
indus
indus
or Tj,set
for Tr- or Tj-mode
the industrial reactor (Tr,set
respectively). This temperature is accessible on-line via a
Visual Basic window, that establishes the external data
source communication. The sources of disturbance are
first the heat transfer dynamics and second, in case of a
chemical reaction, the heat production rate calculated online in the Excel sheet. They allow the calculation of
Trindus, which is then compared to TrRC1.
Every 10 [s] typically, the operation of the temperature control system can be summarised as follows:

Tj measured
Tj simulated
Tj measured
Tj simulated
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Figure 1. Validation of the complete heat balance model for
reactor R2 filled with 30 kg of toluene, stirrer speed 80 rpm,
 stair-shape  experiment. For improved clarity, not all
experimental points are shown
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control parameters, mainly the temperature setpoint of the
industrial reactor.
So far it was shown that it is possible to describe the
dynamic temperature behaviour of an industrial reactor as a
combination of heat balance equations and the dynamic
evolution of its temperature controlling device. The complete mathematical model, describing this dynamics, is
now used to determine the temperature setpoints for controlling the reaction calorimeter RC1. The calorimeter follows
that setpoints and any reaction is carried out under temperature conditions resembling those of a plant reactor. The
procedure of the scale-down strategy is schematically
represented in Fig. 2. The control objective for the scaledown approach is to adjust the reaction mixture temperature
, to that calculated of the industrial reactor,
of the RC1, TRC1
r
, to be simulated.
Tindus
r

.

The setpoint temperature of the industrial reactor is read
from the VB window and recorded in an Excel sheet.
Simultaneously, the heat production rate inside the reaction calorimeter is evaluated via a heat balance over the
RC1. After multiplication by the scale-up factor (the
ratio reaction mass at industrial scale by the reaction
mass at laboratory scale), qindus
rx (k) is computed in the
Excel sheet.
indus
indus
(k), respectively Tj,set
(k), and qrxindus(k) serve to
Tr,set
predict the temperature evolution of the industrial
reactor, hence, Trindus(k).
Trindus(k) is compared with TrRC1(k) to calculate the error
signal. A PI controller introduced in the Excel
RC1
(k) to control the
sheet allows then to calculate Tj,set
reaction medium temperature.
This jacket setpoint temperature is sent to the RC1
calorimeter via the external data source communication.
Then, the RC1 itself controls the jacket temperature by
means of its fast thermostating unit. This is obtained
by a special PI controller that is not user defined.
The procedure is then repeated at the next timer event.

MODE OF OPERATION
The temperature of the industrial reactor is influenced by
indus
indus
, respectively Tj,set
(k), and qrxindus(k). Note that
both Tr,set
indus
indus
(k), can be a value
once again, Tr,set , respectively Tj,set
predefined in the Excel sheet or adapted on-line. If qrxindus(k)
is known from a previous experiment and assumed not to
indus
(k), respectively
be temperature dependent, then Tr,set
indus
Tj,set (k), can be off-line optimised for Trindus(k) to follow
the desired profile. Then, deviations during the scale-down
experiment will directly reflect the dependency of the heat
production rate on temperature.
As the whole methodology is based on heat balances,
the feed rate of the RC1 scale-down experiment, in case of a
semi-batch reaction, has to be kept at the desired value for
the laboratory and full scale equipment temperatures to be
comparable. Therefore, mrRC1(k) should also match industrial conditions. For most standard semi-batch operations,
a constant dosing profile is applied and, hence, the dosing
control loop provided by the RC1 evaluation software is
sufficient. If a segmented profile is wished, with for each
of them a constant rate, then a series of dosing control
loop actions can be inserted in the evaluation software
program prior to the experiment.

Figure 2. Block diagram of the scale-down strategy
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Moreover, with the proposed approach, the temperature reached in case of a cooling failure, Tcf (t), can be
easily evaluated on-line with the thermal accumulation
and the adiabatic temperature rise. Based on the constraint
of a safety maximum temperature, the optimum feed rate
can be defined and adapted, fitting in with the work of
Ubrich [7].

a
64
Tr RC1
Tj RC1

Temperature [°C]

60

PUTTING THE SCALE-DOWN STRATEGY
INTO PRACTICE
HYDROLYSIS OF ACETIC ANHYDRIDE
A test reaction was chosen to check if the scale-down strategy works with chemical reactions: the hydrolysis of acetic
anhydride to form acetic acid.
The conditions used in the RC1 are as follows:

Reactor R9
56

52
Reactor R2
48
Reactor R4
44
0

10

20

30
40
Time [min]

50

60

70

b
100

. 650 g of deionised water is added to the inertised 2 L
AP01 glass reactor
. 2 g of H2SO4 as catalyst is added manually
. 51 g of acetic anhydride is added in 5 min using a ProMinent pump connected to the RD10 dosing controller
. the temperature of the reaction mass is held constant at
508C

82.3 %
80

Tcf[%-ΔTad]

73.2 %

When using the reaction calorimeter under isothermal
conditions, a predefined phase for the U.A and Cpr0 determination is inserted before and after reaction. It allows to complete the heat balance of the RC1 and to calculate the
thermal data of the reaction.
Using the reaction calorimeter in a classical manner
(isothermal conditions) leads to a maximum temperature
deviation of about 1.38C. Using the scale-down methodology, the behaviour is quite different. Fig. 3a shows that
industrial reactors working in Tj-mode (R2 and R9), with
constant jacket temperature, are slower than those working
in Tr-mode. The needed time to reach the 508C setpoint
temperature especially differs. In practice, the jacket setpoint
temperature would be adapted as a function of the reaction
rate. However, the maximum temperature reached during
the reaction as well as the MTSR are not really affected by
the choice of the industrial reactor. The main reasons are
first that the dosing time (5 min) is by far shorter than the
reactors time constants, not leaving enough time for the
temperature controller to react until the end of addition,
and second that the temperature rise under adiabatic conditions is low (DTad ¼ 118C). Note that for simulated reactors R2 and R9, the RC1 jacket temperature needs to heat
the reaction medium in order to track the temperature modelled. It proves that the control of the calorimeter behaviour
by the external data source works as intended.
One of the essential applications of the scale-down
methodology is to perform a realistic safety analysis of the
process, i.e. to predict the temperature course under
normal operating conditions and also in case of deviations
from these conditions. In this context, the temperature that
may be reached in case of a cooling failure (Tcf) plays a
major role. Fig. 3b compares the temperature evolutions in
case of a cooling failure between the simulated industrial

60

68.4 %
42.1 %

40
33.6 %

20

classical RC1 50 °C
classical RC1 60 °C
modified RC1 reactor R2
modified RC1 reactor R4
modified RC1 reactor R9

0

0
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8
10
Time [min]

12
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Figure 3. Hydrolysis of acetic anhydride. a: comparison of
temperature evolutions obtained in the modified RC1
simulating industrial reactors R2 (49 L) and R4 (630 L) and
R9 (25 m3); b: comparison of Tcf, expressed in percentage of
the DTad, between the simulated reactors and the isothermal
results

reactors and the classical RC1 experiments at 50 and
608C. Tcf is expressed in percentage of the adiabatic temperature rise. It is important to realise that even if thermal
accumulations are comparable, MTSR are higher for simulated industrial reactors. The reason is that their starting
temperatures, when the cooling failure occurs, are higher.
This effect is only due to the industrial reactors dynamics
and not to the chemical reaction. If, in absolute temperature,
MTSR differ by only several degrees, in percentage the variation is much more important. For the biggest simulated
reactor, it corresponds to the double of the isothermal experiment. This allows to foresee a totally different deviation, in
degrees, in the case of a more exothermic reaction and hence
of a greater DTad for a same dosing time.
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dosing time of the peroxycarboxylic acid was doubled:
6 [h] instead of 3), a completely different temperature evolution and, hence, a final product quality.
Fig. 4 compares the heat production rates between the
classical and modified RC1 experiments. As regards qrx, the
simulation of industrial reactor R4 does not match the isothermal experiments but results in a lower power from
2.5 h. For a same reaction time, the difference in reaction
enthalpies corresponds to 7%. It can also be seen that the
reaction power drops abruptly at the end of dosing for
reactor R9. Assuming same final conversion, the reaction
enthalpy calculated differs from 8% (2314 vs. 2340
[kJ.mol21]). For such a long reaction time, small deviations
of U.A, Cpr0 or qloss calculated on-line can lead to small
errors at the end.
The difference between the two industrial reactors
dynamics is illustrated in Fig. 5. The R9 dynamics being
slower and its cooling capacity lesser, the temperature of
the reaction medium continually increases and so for the
reaction kinetic. If MTSR are comparable, the temperature
profiles exhibit very contrasting behaviours. Despite a
slower dosing, the heat production rate would not be
totally evacuated by the cooling system of the 25 m3
reactor. As heat accumulates, the temperature progressively
increases. Consequently, the power exchanged with the
utility fluid also increases, until equilibrium at about 708C.
On the opposite, the fast response of the 630 L reactor to
a setpoint overshoot and its excellent heat transfer characteristics allow to maintain a quasi constant temperature of 358C
during the entire course of the reaction. At the end of the
dosing, the setpoint (308C) is reached in less than 15 min.
As previously said, this oxidation reaction has been
conducted in the reactor R4 by one of the industrial partners.
The generated temperature evolution was followed by Pt100 probes and recorded as function of time. If we

COMPARISON OF LABORATORY AND PLANT
RESULTS
Another fundamental aim of the present work is to forecast
the thermal behaviour of full scale equipment during chemical reactions at laboratory scale. This section compares the
results predicted by the reaction calorimeter RC1 simulating
full scale equipment to those indeed recorded in the industrial environment.

ALKENE OXIDATION BY A
PEROXYCARBOXYLIC ACID
Alkene compounds are oxidised by peroxycarboxylic acids
(or peracids) to give the corresponding epoxide and, after
rearrangement, the ketone. In this study, the peroxycarboxylic acid was dosed at room temperature in the AP01
reactor containing the alkene and petroleum ether 100–
140. The final solution was then washed first with deionised
water and second with a NaOH 15 wt-% solution. Finally,
the ketone was concentrated by distillation. This reaction
was also performed in the industrial reactor R4 (nominal
volume: 630 L) at a setpoint temperature of 308C (Trmode). The peroxycarboxylic acid used decomposes itself
from 408C, meaning that the oxidation is potentially thermosensitive. Therefore, apart from safety aspects, the dynamics
of the industrial reactor can play a major role in the quality
and selectivity of the final reaction mixture. Another objective is then to foresee, already at laboratory scale using the
modified RC1, the impact of the choice of the industrial
reactor on these parameters.
The experimental conditions using the classical RC1
(isothermal conditions) are as follows:
. 230.5 g of the alkene compound is added to the inertised
AP01 reactor
. 218.0 g of petroleum ether 100–140 is added manually
. 220.3 g of the peroxycarboxylic acid is added in 3 [h]
using a ProMinentw pump connected to the RD10
dosing controller
. the temperature of the reaction mass is held constant at
308C.

50
.
-1
40 ΔHr = -349.8 kJ mol
ΔHr = -330.6 kJ.mol-1
qrx [W]

The same reaction was also performed at 408C in
order to take the UA, Cpr0 and losses changes with temperature into account.
The thermal potential of this reaction is particularly
important with adiabatic temperature rises of more than
4008C. It corresponds to a mean reaction enthalpy of
2340 [kJ.mol21].

Classical RC1 30 °C
Classical RC1 45 °C
Modified RC1 R4
Modified RC1 R9

30
ΔHr = -313.7 kJ.mol-1
20

10
ΔHr = -310.0 kJ.mol-1
0

COMPARISON OF INDUSTRIAL REACTORS
DYNAMICS
From the results obtained in the classical RC1, the scaledown method was then applied to two different industrial
reactors. R4 was chosen with the intention to compare predicted temperature evolution with experimental data,
whereas R9 (the largest reactor characterised) should
reveal, due to its slower dynamics (the reason why the

0

1

2

3

4
Time [h]
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8

Figure 4. Comparison of the heat production rates between
classical and modified RC1 for the alkene oxidation by a
peroxycarboxylic acid. Classical RC1 and simulation of
reactor R4: dosing time (tdos) ¼ 3 h; simulation of reactor R9:
tdos ¼ 6 h

5

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153

unpleasant surprises that could arise during the process
transfer from laboratory to plant scale. Note that if Tr are
comparable, Tj are quite different. Their divergence directly
reflects the difference of heat transfer with scale. With a
smaller volume to surface ratio, the industrial reactor
needs a lower jacket temperature to get a same Tr.

80
TrRC1
TjRC1

60

Reactor R9

50

EFFECT OF REACTOR DYNAMICS ON REACTION
SELECTIVITY
The ketones were analysed by gas chromatography (GC) by
one of the industrial partner. The three experiments performed in the classical RC1 lead to a mean ketone selectivity of 79.0 + 0.7% (Fig. 7). In the first experience, the used
stirrer was a glass anchor. This engendered a dead zone
under the agitator shaft and the position of the stirrer had
to be modified. However, the final concentrations were
similar to those with a propeller stirrer despite a slightly
poorer alkene conversion.
GC results reveal that the alkene conversions of the
modified RC1 experiments are similar to isothermal experiments with a mean value of 99.1%. The sample analysis
of the simulated 630 L (78.3% of selectivity) is in good
accordance with the temperature profile situated between
30 and 408C. Moreover, it well tallies with GC analysis of
the full scale experiment (76.7% of selectivity). However,
for the simulated 25 m3, the selectivity decreases by
14.1% (compared with isothermal experiments) to 67.9%.
Furthermore, the reaction is more  dirty  with the
apparition of supplementary peaks on GC results. Therefore,
it seems that higher temperatures can disturb the reaction
path by degradation of the peracid.

Reactor R4

40
30
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4
Time [h]

5

6

7

8

Figure 5. Alkene oxidation by a peracid: comparison of
reaction medium (Tr) and jacket (Tj) temperatures recorded in
the modified RC1. Simulation of industrial reactors R4 (630
L, Tr-mode, Tset ¼ 308C) and R9 (25 m3, Tj-mode, Tj ¼
58C). Dosing time: R4: 3 h, R9: 6 h

compare the temperature of the reaction medium with that
obtained in the calorimeter simulating this industrial
reactor, we can conclude that the general trend is respected
with a mean absolute difference of 0.58C (see Fig. 6), and
this, despite the poor temperature precision of +0.58C for
the plant reactor. The maximum difference of 1.88C at the
beginning of the reaction probably results from a slight
different flow rate of acid. However, in general, the level
of confidence in the scale-down method can be qualified
of high and allows, in a great extend, to reduce the
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Modified RC1 reactor R9
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35
Temperature [°C]

CONCLUSIONS
The new way to use the reaction calorimeter RC1 allows
simulating the thermal behaviour of plant reactors, resulting

Classical RC1 30 °C anchor

20

Full scale reactor (630 L)

Temperature [°C]

70

Classical RC1

77.4

8%

67.4

Modified RC1

6%

4%

2%

0%

Figure 7. Alkene oxidation by a peroxycarboxylic acid:
comparison of alkene and ketone final concentrations (GC
analysis) between industrial reactor R4, classical and modified
RC1

Figure 6. Alkene oxidation by a peroxycarboxylic acid:
comparison of plant and modified RC1 reaction medium (Tr)
and jacket utility fluid (Tj) temperatures
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qloss

in a better understanding of full scale production issues, in
terms of productivity and quality. Moreover, the assessment
of safety scenarios is more accurate, first because the starting temperature in case of a cooling failure corresponds to
that of plant conditions and second because the reaction
enthalpy, the heat production rate and the thermal accumulation also more correctly reflect full scale reality. It is thus a
tool that helps to eliminate most of costly late development
changes and leads to breakthrough improvements in quality,
safety and time-to-market. In a future work, the methodology developed here with the combination of reaction
calorimetry and full scale heat transfer dynamics modelling
will be extended to mixing issues occurring during large
scale-up. It would lead to a complete tool, allowing
process engineers to rapidly identify the key parameters
involved during the phase linking a new process concept
with its commercial exploitation.

qst
qrx
q0
R1 to R9
t
T
Tcf
Tj
Tr
Tset
U
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SYMBOLS
Nomenclature
Alat
Cp0
Cw
dw
hj
hr
mr
p1 & p2
PI
qex

Heat release rate lost through the
environment [W]
Heat release rate due to stirring [W]
Heat release rate due to the
chemical reaction [W]
Specific heat release rate [W.kg21]
Industrial reactors [-]
Time [s]
Temperature [K]
Temperature in case of a cooling
failure [K]
Jacket temperature [K]
Reaction mixture temperature [K]
Setpoint temperature [K]
Overall heat transfer coefficient
[W.m22.K21]
Wall thermal conductivity
[W.m21.K21]
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Lateral heat transfer area [m2]
Specific heat capacity [J.kg21.K21]
Mean heat capacity of the reactor
[J.K21]
Thickness of the reactor wall [m]
Outside heat transfer coefficient
[W.m22.K21]
Internal heat transfer coefficient
[W.m22.K21]
Mass of the reaction mixture [kg]
Identified parameters of the heat
transfer model [p1: W.m22.K22,
p2: W.m22.K21]
Proportional & Integral controller [-]
Heat release rate exchanged
with the jacket [W]
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ASSESSMENT OF INHERENTLY SAFER TECHNOLOGIES FOR HYDROGEN STORAGE
Gabriele Landucci1, Alessandro Tugnoli2, Cristiano Nicolella1 and Valerio Cozzani2
1
Dipartimento di Ingegneria Chimica, Chimica Industriale e Scienza dei Materiali, Università di Pisa, Via Diotisalvi 2,
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The use of hydrogen requires the assessment of detailed safety requirements, factoring in all
hazardous situations involving the use, the storage and the transportation of this substance.
Safety issues are particularly critical in storage systems due to the hydrogen physical and chemical
properties: operating conditions and processes are critical to manage, pressures may be higher than
in usual storage processes or temperatures may be lower than in other cryogenic processes. Moreover the flammability limits are wider and the ignition energy is much lower than for other
flammable substances.
A relevant growth in the use of hydrogen as an energy vector and in advanced refining technologies is expected in the next years. The increase in the number and in the potentiality of hydrogen
production plants will require the improvement of hydrogen storage technologies. Moreover, the
use of hydrogen as an energy vector may cause a spread of hydrogen storage installations also
in vulnerable contexts, such as residential and commercial areas. In this framework, the further
development of hydrogen storage technologies requires a thorough examination of the safety
issues. As a matter of fact, risk reduction in hydrogen storage may be a key issue influencing the
development of new or improved storage technologies.
Main hydrogen storage processes and systems include compression and storage in pressured
vessels in the gas state, and cooling and storage in vacuum insulated vessels in the liquid state.
Proposed storage technologies range from adsorption on solid matrixes to chemical “adsorption”
on liquid compounds.
The present study aims to the definition and the evaluation of safety performance and of
reliability aspects of alternative hydrogen storage technologies.
In particular, in this study a specifically developed approach to consequence-based inherent
safety assessment was applied to the process analysis of these systems. The first stage of the methodology consisted in the definition of nodes to represent the significant items present on the preliminary process flow diagrams (PFD) available for each storage technology. The identification of the
nodes was based on a specific procedure, derived from that used for the hazard and operability
analysis, and allowed the identification of all the critical items, able to cause a LOC (loss of containment). In each node an impact vector was calculated, on the basis of a consequence assessment of
the credible top-events identified by a simplified failure mode analysis. The impact vector was
defined from the maximum damage distance of the credible accidental scenarios, assessed by conventional consequence analysis models. Damage distances were referred to standard threshold
values for vulnerability, and in particular to physical effects causing irreversible damages for
humans. The overall inherent safety of each alternative PFD was evaluated by a combination of
the impact vectors of the single equipment items. A weighed sum based of the product of the
safety distances by a credibility factor derived from the experience was used for the calculation
of an inherent safety index (ISI) used for compare the different storage technologies.
The methodology was applied to assess the inherently safer storage technologies among those
proposed for hydrogen storage. The results obtained also allowed the definition of strategies for
the prevention of incidents and/or to reduce the entity of damages. The consequence-based
impact vectors made possible the identification of critical equipment items, thus suggesting possible modifications of operating conditions in the available storage processes and in the industrial
implementation of new storage processes.

KEYWORDS: hydrogen, storage, inherent safety, consequences analysis

operating conditions and processes are critical to manage,
pressures may be higher than those of usual storage processes (tens of MPa) and temperatures may be lower than

INTRODUCTION
Hydrogen storage is a particularly critical issue, due to the
physical and chemical properties of this substance:
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other cryogenic processes (only tens of Kelvin). Moreover
the flammability limits are wider and the ignition energy
much lower than other flammable substances. Thus,
several alternative technologies were proposed for hydrogen
storage. Besides the conventional compression and storage
in pressured vessels in the gas state and the cryogenic
storage in vacuum insulated vessels, innovative technologies as adsorption on solid or liquid matrices were
proposed. A relevant increase in the use of hydrogen as an
energy vector and in advanced refining technologies is
expected in the next years. The increase in the number
and in the potentialities of hydrogen production plants will
thus require the improvement of hydrogen storage technologies. Moreover, the use of hydrogen as an energy carrier
may cause a spread of hydrogen storage installations also
in vulnerable contexts, such as residential and commercial
areas. In this framework, the further development of hydrogen storage technologies requires a thorough examination of
the safety issues. As a matter of fact, risk reduction in hydrogen storage may be a key issue influencing the development
of new or improved storage technologies. The present study
was dedicated to the safety assessment of alternative technologies for hydrogen storage. Reference schemes for
“small”, “medium” and “large” size hydrogen storage
systems were defined. The safety analysis of the alternative
storage technologies was thus performed, aimed to the
identification of critical safety issues. Since the alternative
technologies are at different stages of process development
(research, pilot plant, industrial application), an inherent
safety approach was applied. A specific methodology for
the quantitative assessment of the inherent safety of the
alternative storage technologies was developed and
applied. Besides the identification of critical elements with
respect to safety for each alternative technology, the
methodology allowed the achievement of preliminary
indications on the inherently safer systems for hydrogen
storage and on the expected safety performances of alternative technologies.

The technique based on liquefied hydrogen has a
higher volumetric and gravimetric hydrogen density compared to the other techniques. However, a large amount of
energy is required to liquefy the gaseous hydrogen (about
30% of the whole storage energy content). Besides, a
special vessel with an effective heat insulation layer is
required to reduce evaporation losses over a long period.
Moreover, a fraction of the stored hydrogen, which is
called boil off gas, is subjected to controlled evaporation,
in order to reduce heating due to the external environment
heat fluxes.
Techniques based on hydrogen compression are
widely used due to their simplicity and to the lower cost
of small scale storage and transport of hydrogen gas compared with the other techniques. However, this technique
has a very low volume hydrogen density.
The technique based on hydrogen storage materials
provides a hydrogen storage vessel volumetrically effective
compared with compressed hydrogen gas. Several metals or
alloys can be used to store hydrogen by the formation of
metal hydrides (Hagstrom, 1995), as shown in eq.(1):
2M þ H2 ! 2MH

where M is a common metal. It is well known that several
inter-metallic alloys are capable of absorbing and releasing
hydrogen without compromising their own structure.
Manipulation of absorption temperature or supply pressure
can influence the storage capacities and absorption rates.
Similarly, desorption rates can also be controlled by
varying the desorption temperatures. Many investigators
have synthesized a variety of alloys and have studied their
hydrogen absorption and desorption characteristics.
Besides metal hydrides, other storage materials are
under development, based on hydrolysis of inorganic
hydrides, chemical hydrides (Kelly, 2002), or on equilibrium reactions between cyclic and aromatic hydrocarbons
(Cacciola, 1984).
Chemical hydrides are inorganic solids, such LiH,
CaH2, NaBH4, etc. which strongly react with water to
produce hydrogen following the eq. (2):

DEFINITION OF ALTERNATIVE TECHNOLOGIES
PROPOSED FOR HYDROGEN STORAGE
Storage of hydrogen is one of the main bottlenecks of the
“hydrogen program”, with major safety and cost issues to
be addressed, particularly as far as small decentralized
production plants and hydrogen vehicles are concerned
(Takeichi, 2003; Conte, 2004).
Storage systems for delocalized or seasonal hydrogen
storage require some key feature such as:
–
–
–
–
–

(1)

MHx þ xH2 O ! M(OH)x þ xH2

(2)

The by-product is an exhausted hydroxide, which can
be regenerated via reduction with carbon, obtained, e.g.
from biomass materials:
1
MOH(l) þ C(s) ! M(l,g) þ CO(g) þ H2(g)
2

high hydrogen content (high energy density);
fast hydrogen supply (high power density);
low energy consumption for storage and supply;
safety during storage, transport and supply;
economical performances.

(3)

Also the hydrogenation and dehydrogenation of
organic compounds was studied for many years as a mean
for hydrogen storage. An example is the decalin-to-naphthalene reaction, that may release 7.3 wt.% hydrogen via the
catalytic reaction:

Three alternative media were proposed for hydrogen
storage: compressed hydrogen gas, liquefied hydrogen and
hydrogen storage materials.

C10 H18 ! C10 H8 þ 5H2

2

(4)
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The alternative methods for hydrogen storage briefly
described above are at different stages of development
(Conte, 2004; Zhou, 2005). Table 1 estimates the main features and the level of development of “small scale”,
“medium scale” and “large scale” hydrogen storage technologies based on the above discussed alternative methods. In
the case of storage based on metal and chemical hydrides,
the data in the table were estimated on the basis of the
characteristics of the available pilot applications.
The capacity was defined on the basis of the stored
quantity, derived from a literature analysis. Typical values
of capacity and of operative conditions were defined for
the aims of the present study.
“Small size” storages are devoted to automotive
applications. A 5 kg storage on board was considered for
all the alternative technologies. The storage was supposed
to feed a fuel cell engine on the vehicle supplying gaseous
hydrogen at 3 bar operating pressure.
“Medium size” storages are mainly developed in the
perspective of application to hydrogen refuelling stations,
where a bulk storage unit and a buffer unit will be necessary.
In most application, the storage unit is supposed to contain
about 500 kg of hydrogen, stored using different technologies. The buffer unit provides a constant refuelling rate
of gaseous hydrogen by the use of vertical cylinders for
compressed storage at 350 bar.
“Large size” applications are mainly used in current
industrial applications, including production and utilization
in oil refineries. Only liquefied and chemical hydride
technologies were considered, coupling the storage unit
respectively with the liquefaction unit and the hydride
regeneration unit.

METHODOLOGY FOR INHERENT SAFETY
ASSESSMENT
As discussed above, several alternative technologies are
used or under development for hydrogen storage. Thus, a
methodology for the inherent safety assessment of alternative storage technologies should be based on a low level
of detail, to make possible its application to the comparison
of existing technologies with those considered for industrial
development (e.g. metal hydrides or chemical hydrides).
Existing methods for inherent safety assessment (Gupta,
2002) are mainly aimed to the assessment of chemical
reaction processes and in some cases introduce somehow
arbitrary hazard indexes, derived from expert judgment or
from the experience of the developer of the method. In the
present approach, an alternative methodology was developed for inherent safety assessment, based on the estimation
of the consequences of the potential accidents. The methodology aims to the calculation of inherent safety indexes
starting from the expected damage distances calculated for
the credible potential accidents identified for each process
alternative. The necessary inputs for the application of the
method are the same needed for the definition of a process
flow diagram (PDF). In particular:

–
–

–
–

technical specifications of the equipment;
definition of substances and operative conditions in each
unity of the plant, such as temperature, pressure and
composition;
characterization of operative conditions of process lines
and piping;
inventories of main equipment items.

Table 1. Availability and features of hydrogen storage systems
Scheme
Compressed

Cryogenic

Metal hydride

Chemical hydride

Features
Technology
Pressure (MPa)
Temperature (K)
H2 mass stored in
Number of units
Technology
Pressure (MPa)
Temperature (K)
H2 mass stored in
Number of units
Technology
Pressure (MPa)
Temperature (K)
H2 mass stored in
Number of units
Technology
Pressure (MPa)
Temperature (K)
H2 mass stored in
Number of units

each unit (kg)

each unit (kg)

each unit (kg)

each unit (kg)

3

Small size

Medium size

Large size

Commercial
40
300
2.5
2
Research
0.5
20/25
5
1
Commercial
1.1
300
1
5
–
–
–
–
–

Commercial
25
300
35.7
2 tube trailers x 7 units
Commercial
0.5
20/25
500
1
Research
1.1
300
105
5
Research
0.1
300
500
1

–
–
–
–
–
Commercial
0.5
20/25
13500
2
–
–
–
–
–
Research
0.1
300
13500
2
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The first stage of the methodology is the definition of
nodes to represent the significant items present on a
preliminary PFD that should be available for each storage
technology. The identification of the nodes is based on a
specific classification of process equipment, coming from
the function and the geometrical features of the equipment.
The further step of the procedure is the definition of credible
failure modes. This may be done using standard approaches
for conventional equipment (Uijt de Haag, 1999), or failure
mode and effect analysis. Each failure mode may generate a
release. Thus, it is possible to identify and associate to each
node the credible loss of containment (LOC) events.
Credibility factors based on standard non-specific expected
frequencies of the different failure modes were also identified, using standard literature sources for conventional
frequencies used in QRA studies (Uijt de Haag, 1999).
For each node it is thus possible to calculate an impact
matrix, having a number of rows equal to all the credible
LOC events and a number of columns equal to the
maximum number of accidental scenarios related to each
LOC event. Each element of the matrix, mi,j, is related to
the expected damage distance calculated for the j-th scenario of the i-th LOC event by the following expression:
mi, j ¼ max (d i , j  c, 0)

effects for each scenario associated to the different LOC
events. In the present study, literature models were used to
assess the damage distances in the case-studies considered
(Van Den Bosh, 1997).
The use of the constant c in eq.(5) allows the definition of a “near field” zone, in which the consequences of
the event are neglected due to the unreliability of conventional consequence assessment models to correctly describe
the consequences of the events in such “near field”, avoiding
biases due to such uncertainties.
Equipment hazard indexes were defined for each
release event on the basis of the credibility factors and of
the expected damage distances. Two different node hazard
indexes were defined. The first, EP, takes into consideration
the credibility factors of the LOC events, while the second,
ED, only considers the magnitude of the consequences of
LOC events:
EPk ¼ max (cf i, j m2i, j )

(6)

EDk ¼ max (m2i, j )

(7)

where EPk and EDk represent the values of the node hazard
indexes calculated for the k-th node defined in the analysis,
and ci,j is the credibility factor for the j-th scenario that may
follow the i-th event. From the equipment hazard indexes,
site hazard indexes may be derived. Again, two different
hazard indexes were defined, one based only on the magnitude of expected consequences and the other also based on
credibility factors:

(5)

where di,j is the calculated damage distance and c is a constant, considered equal to 5 m in the present study.
The damage distances may be calculated on the basis
of a consequence assessment of the credible LOC events
identified. Damage distances were defined on the basis of
threshold values for physical effects of accidental scenarios
following the LOC events. In particular, the reference
threshold values reported in Table 2 were assumed. The
values in the table were derived from the Italian legislation
on land-use planning (Italian Ministry for Environment and
Industry, 2001). However, it must be remarked that the
methodology may be applied as well selecting different
reference threshold values for the definition of damage
distances.
Damage distances may be easily estimated calculating the distance at which the physical effects of concern
become lower than the reference threshold values
assumed. Conventional models for consequence analysis
may be used to calculate the expected values of physical

SP ¼

N
X

EPk

(8)

EDk

(9)

k¼1

SD ¼

N
X

k¼1

where SP and SD are the two site hazard indexes, and N is
the number of nodes defined in the analysis.

INHERENT SAFETY ASSESSMENT OF
ALTERNATIVE STORAGE TECHNOLOGIES
The developed methodology was used to assess the inherent
safety of the alternative technologies proposed for hydrogen

Table 2. Threshold values assumed for the estimation of expected damage distances
Physical effect

Threshold Value

Flash Fire – transient radiation
Fireball – transient radiation
Jet Fire – stationary radiation
Pool Fire – stationary radiation
Vapor cloud explosion – overpressure
Physical/mechanical explosion – overpressure
BLEVE – overpressure
Toxic exposure

1/2 LFL lower flammability limit, %vol
7 kW/m2
7 kW/m2
7 kW/m2
0.14 bar
0.14 bar
0.14 bar
IDLH: Immediately dangerous to life and health concentration
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fact, the effect of credibility factors penalizes more
complex designs, or the use of equipment items that more
easily may origin LOC events, such as the shell&tube unit
for the metal hydride technology or the multilayer coated
vessel for cryogenic storage. On the contrary, as shown by
the node index EPki,j, simpler and more reliable equipment
items such pressurized vessel present lower credibility
factors for LOCs.
A further key issue that influences the values of the
site indexes is the plant complexity, in terms of auxiliary
equipments and secondary units. The innovative technologies, such as hydride storages, need heat transfer utilities,
while the plant design of commercial compressed storage
technologies is simpler. The contribution of auxiliary equipment to the overall indexes, SP and SD, may be important,
in particular if high credibility factors are associated to LOC
events from these units. As shown in table 3, the maximum
value of damage distances is normally obtained for the bulk
storage unit. However, the value of the node hazard index
that includes credibility factors, EPk, is the same
(0.271 m2) for each technology and is referred to the compression unit (K1 in Figure 1 and Figure 2), which is necessary, in each reference scheme, to provide high pressure
hydrogen for automotive consumption. The credibility
factors referred to this equipment item are particularly
high so, even if the damage distances are rather low with
respect to those obtained for the bulk storage units, the compression units result the more critical with respect to
inherent safety.

PI

D1 A-G

PV
PI

FIR

OUT

PI

PV

7

K1
PI
2
4

D3-D15

6

IN
1
PI

D2 A-G

PV
5

3
PI

PI

Figure 1. Reference PFD for “medium size” gaseous
compressed hydrogen storage

storage, in order to identify the inherently safer alternative
and to evidence critical safety issues for each alternative.
In order to carry out the comparison, reference schemes
were defined for each alternative. In the following, for the
sake of brevity, only the results obtained for “medium
size” storages, as defined in Table 1, were discussed.
Figure 1 and Figure 2 report an example of the reference
schemes defined respectively for a compressed hydrogen
storage and for a metal hydride storage system. Table 3 summarizes the results of the application of the methodology. As
shown in the table, the SD index, based only on damage
distances, results higher for commercial technologies
(compressed and liquefied storages) than for the innovative
technology based on metal hydrides. As shown by the values
of the ED node index reported in table 3, this is mostly due
to the contribution of the bulk storage unit, due to the more
severe operating conditions that may result in more severe
consequences of LOC events. On the other hand, the SP
index has the higher values in the case of the metal
hydride and liquefied storage systems, while the compressed
storage presents the lower values, comparable to those
obtained for the chemical hydride system. As a matter of

CONCLUSIONS
A methodology was developed for the inherent safety assessment of alternative hydrogen storage systems. The preliminary application to the comparison of commercial
technologies, such compressed and liquefied storage with
alternative ones, such metal or chemical hydrides, proved
PI

PV

2

4

D1

OUT

D6-D18

K1

D2

FIR

3

D3

D4
6

D19

D5
E1
1

E2
5

IN

G1

Figure 2. Reference PFD for “medium size” metal hydrides hydrogen storage

5

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153

Table 3. Results of inherent safety indexes for alternative “medium size” hydrogen storage technologies
Plant index
Hydrogen storage technology
Compressed gas
Cryogenic liquid
Metal hydride
Chemical hydride

Bulk storage node index

Maximum value
of node index

SP [m2]

SD [m2]

EP [m2]

ED [m2]

EPk [m2]

EDk [m2]

0.307
0.494
0.499
0.328

9928
9356
3250
4637

0.018
0.204
0.177
0.035

7381
6808
694
1500

0.271
0.271
0.271
0.271

7381
6808
1403
1500

SP [m2] ¼ plant inherent safety index evaluated
with the first methodology,
probabilistic approach.

the validity of the method. Alternative technologies appear to
be inherently safer than commercial technologies if an
approach strictly based on consequence assessment is
adopted. As a matter of fact, metal hydrides and chemical
hydrides storage systems present less severe operative conditions than those of conventional technologies, even if
they require a more complex system and a higher number
of auxiliary units. Nevertheless, if the credibility factors of
LOC events are considered, based on standard equipment
reliability data, the innovative technologies, and in particular
metal hydrides storage, results inherently unsafer. Therefore,
the methodology developed allowed the identification of the
critical safety issues in the alternative technologies for hydrogen storage. In particular, the critical safety issue in the
further development of innovative technologies for hydrogen
storage based on metal hydrides resulted the improvement of
the reliability of the shell and tube bulk storage units.

REFERENCES
Cacciola, G., Giordano, N., and Restuccia, G., 1984, Cyclohexane as a liquid phase carrier in hydrogen storage and
transport, International Journal of Hydrogen Energy, 9, No.
5: 411– 419.
Conte, M., Prosini, P. P., and Passerini, S., 2004, Overview of
energy/hydrogen storage: state-of-the-art of the technologies and prospects for nanomaterials, Material Science
and Engineering B, 108: 2 – 8.
Gupta, J. P., and Edwards, D. W., 2002, Inherently safer designpresent and future. Transactions of the Institution of Chemical Engineers: Process Safety and Environmental Protection,
80B(3): 115– 125.
Hagstrom, M.T., Lund, P.D., and Vanhanen, J.P., 1995, Metal
hydride hydrogen storage for near-ambient temperature
and atmospheric pressure applications a PDSC
STUDY, International Journal of Hydrogen Energy, 20, No.
11: 897–909.
Italian Ministry for Environment and Industry D.M. 09/05/
2001, 2001, Requisiti minimi di sicurezza in materia di pianificazione urbanistica interessate da stabilimenti a rischio di
incidente rilevante.
Kelly, M., and Briggs, A., 2002, Methods of hydrogen storage
for standby power units, Millennium Cell Inc. Report No. 07803-7512-2/02/IEEE.
Takeichi, N., Senoh, H., Yokota, T., Tsuruta, H., Hamada, K.,
Takeshita, H.T., Tanaka, H., Kiyobayashi, T., Takano, T.,
and Kuriyama, N., 2003, “Hybrid hydrogen storage
vessel”, a novel hig-pressure hydrogen storage vessel combined with hydrogen storage material, International Journal
of Hydrogen Energy, 28: 1121– 1129.
Uijt de Haag P. A. M., and Ale B. J. M., 1999, Guidelines for
Quantitative Risk Assessment (Purple Book), Committee
for the Prevention of Disasters, The Hague (NL).
Van Den Bosh C. J. H., and Weterings R. A. P. M. 1997, Methods
for the calculation of physical effects (Yellow Book),
Committee for the Prevention of Disasters, The Hague (NL).
Zhou, L., 2005, Progress and problems in hydrogen
storage methods, Renewable and Sustainable Energy
Reviews, 9: 395– 408.

ACKNOWLEDGMENTS
The authors gratefully acknowledge financial support from
the Italian Ministry for University and Research under the
research contract FISR 264Ric/05.

NOMENCLATURE
c [m]
¼ arbitrary length subtracted to damage
distance in order to evaluate the
magnitudo.
¼ credibility factor.
cfij [-]
di,j [m] ¼ damage distance.
EDk [m2] ¼ equipment inherent safety index
evaluated with the second methodology,
deterministic approach.
EPk [m2] ¼ equipment inherent safety index
evaluated with the first methodology,
probabilistic approach.
[-]
¼
item
which identifies the top event.
i
¼ item which identifies the scenario.
j [-]
¼ item which identifies the node.
k [-]
mjj [m2] ¼ magnitude.
N
¼ number of nodes defined in the analysis.
SD [m2] ¼ plant inherent safety index evaluated
with the second methodology,
deterministic approach.
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SAFETY METHODOLOGY FOR THE OPERATION OF A CONTINUOUS
INTENSIFIED REACTOR
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Today the chemical industry has to deal with new challenges. In addition to producing more and
faster we must produce safer and cleaner. Thusly, new perspectives have emerged to improve production processes. Green chemistry is certainly one of the most relevant examples but not the only:
process intensification and safety also focus on finding creative ways to reduce the use of toxic
chemicals and minimize the human and environmental impact. Indeed significant progress has
been reached in the development of new reactor technologies: today, miniaturised and continuous
processes are being developed to attain better heat transfer and safer conditions compared to traditional batch or semi-batch operations. This makes it possible to attain a better chemistry by
employing higher concentrations using less solvent and reaction volumes. In this field, new prototypes of “heat-exchanger/reactors” are a good illustration: built like a plate heat exchanger, additive plates are inserted in order to carry out chemical synthesis. But these new concepts of reactor
design are less familiar than traditional ones, and research is necessary not only to assess their feasibility and potential but also to develop specific operating protocols.
The present paper deals with the establishment of a new methodology in order to transpose an
exothermic reaction from a batch process to a continuous intensified one in terms of safety. The
propionic anhydride esterification has been chosen to illustrate the different steps which have to
be completed: the methodology first starts with a risk assessment using bibliographic sources
and calorimetric tools. The bibliography study provides information about the chemical hazards
and the synthesis while the thermodynamic and kinetic behaviours of the reaction are characterised
by experimental data obtained in a reaction calorimeter. The hazard and operability study (HAZOP)
is then applied to the intensified process in order to identify potential hazards and to provide a
number of runaway scenarios. Afterwards a dedicated software model has been used to assess
the feasibility of the reaction in the “heat-exchanger/reactor” but also to estimate the temperature
and concentration profiles during synthesis and to determine optimal operating conditions for safe
control. Using these conditions the reaction has been carried out in the reactor. The good agreement
between experimental results and the simulation validates the model to describe the behaviour of
the process during standard run. In the last part of the method the behaviour of the process is simulated following probable malfunctions: the adiabatic temperature rise is calculated along the spatial
coordinates of the reactor as well as the time to maximum rate after reactor shut down. Finally, the
dynamic evolution of the temperature profiles is obtained by simulation for the different runaway
scenarios extracted from the HAZOP study.

KEYWORDS: process safety, intensification, modelling, heat-exchanger/reactor, runaway scenario,
intrinsically safer

processes are being developed to attain better heat transfer
and safer conditions compared to traditional batch or
semi-batch operations. These performances authorise to
modify operating conditions by employing higher concentrations and using less solvent and reaction volumes. In
this field, new prototypes of “heat-exchanger/reactors”
are a good illustration: built like a plate heat-exchanger,
internal plates are designed in order to carry out chemical
synthesis. But these new concepts of reactor design
being less familiar than traditional ones, research work
is necessary not only to assess their feasibility and

INTRODUCTION
Today, the chemical industry has to deal with new
challenges. In addition to produce more and faster, safer
and cleaner production must be performed. Thus, alternatives have emerged to improve chemical processes. Green
chemistry is certainly one of the most relevant example
but not the only one. Process intensification can be considered as a method that allows to prevent and reduce
risks related to major industrial accidents. Indeed significant progress has been reached in the development of new
reactor technologies: today, miniaturised and continuous
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potentialities but also to evaluate their efficiency and
intrinsic characteristics.
One of the first prototype of “heat-exchanger/
reactor” was provided by Alfa Laval Vicarb, called Open
Plate Reactor (OPR). The OPR is composed of several
blocks. Each block is made of one reactive plate, where
the reactants, products and catalyst of the reactions continuously flow, surrounded by two plates containing the utility
fluid, permitting to heat or to cool the reaction mixture
(Devatine, 2003). In parallel to experimental characterisation of this device, a simulation software tool has been
developed (Elgue, 2005). The simulation framework is
based on a complex dynamic model taking into account
the specificities of the reactor. One of the applications of
this software is to reproduce and predict the process behaviour solely by specifying the operating conditions. The
esterification of propionic anhydride by 2-butanol was
chosen as a reference synthesis. It has some characteristics
which make it very interesting (exothermic, relatively
simple to carry out, liquid homogeneous phase) and a
kinetic model has already been determined (Galvan, 1996)
and validated (Benaissa, 2005). After having determined
the operating conditions, the feasibility of the transposition
of this reaction into the continuous reactor OPR was proved
experimentally (Benaissa, 2006a). Simulation and experimental results were in good agreement and this study
gave the opportunity, in one hand to formalise steps in
order to transpose an exothermic reaction into a continuous
intensified reactor and on the other hand to validate the
simulator. In addition to previous studies (Prat, 2005),
these results showed that this new concept of chemical
reactor offers enhanced thermal performances during
normal operation. An HAZOP analysis carried out on the
OPR pilot plant highlighted accidental scenarios for which
the consequences were not clearly identified (Benaissa,
2006b). One major scenario is the stoppage of both
process and utility flows. It appears that there is no tool to
predict the evolution of the process behaviour after failure
which can be applied to continuous intensified reactor.
The aim of this work is therefore to propose a methodology in order to study the thermal consequences of flows

1

failure in this type of technology. The heat-exchanger/
reactor OPR and the esterification of anhydride propionic
by 2-butanol are chosen to apply the procedure.

PROCESS LINE EVOLUTION AFTER
FLOWS FAILURE
The OPR is a continuous reactor with heat transfers taking
place in the plates. Process flow modelling is therefore
based on the classical representation of a sequence of perfectly stirred tank reactors (called cells) (Neuman, 2002).
In the case of a pilot plant composed of three blocks, experimental distribution of residence times, which allows flow
analysis, showed that the reaction line could be described
by a series of 91 cells which corresponds to the actual
number of rows (cf. figure 1). In this configuration, the
state and the evolution of a cell depends solely on the
phenomena taking place inside (reaction and heat transfer)
and on the inlet streams, which are generally the outlet
streams of the previous cell (cf. figure 2). In the simulation
framework, the model is then based on the expression of
balance equations (mass and energy) and on constraints
equations for each cell. The simulator can compute the
temperature profile along the reaction line after the steady
state has been established for a normal operation.
However, when both process and utility fluids stop,
another modelling has to be adopted, considering 91
closed cells independent from each other (cf. figure 3).
After this deviation, the evolution of the liquid phase contained in a cell is therefore determined only by the reaction
inside it and from transfer with its thermal environment,
according to the following hypotheses:
.
.
.
.
.

Homogeneity of characteristic values (temperature,
composition . . .)
Homogeneity of physical properties (density, viscosity
. . .)
Homogeneity of physico-chemical phenomena (reaction, transfer . . .)
No variation of volume,
No transfer between the cells.

2

60

3

59

63

29

33

89

32

90

Block 2

Block 3

30

Block 1

31

61

62

91

Figure 1. Reaction line modelling by a series of 91 stirred tank reactors (cells)
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than the reaction mixture one, whereas it is the opposite
for batch reactor. Indeed, each cell is surrounded by its
own thermal environment made of different plates of the
structure (cf. figure 4):

Cell k-1

Inlet

.
Cell k
Tk, Pk,
Fk, Xk

.
Oulet

.
.

Cell k+1

The first line of Table 1 gives the product of the mass
by the heat capacity for each element of the thermal
environment at the level of a cell. Compared with that of
the reacting mass contained in the cell, these values are
not negligible. Another parameter estimates the relative
importance of the reactor mass: the adiabatic coefficient
defined as the ratio of specific heats (cf. equation 3).

Figure 2. Modelling before deviation

What is then the final temperature profile reached
inside the process line in the case of flows failure? Since
each cell is considered as a stirred tank reactor, it is possible
to calculate for each cell k the parameters used to build the
runaway scenario diagram well-known in the field of chemical process safety methodologies (Stoessel, 1993): the adiabatic temperature rise (DTad) (cf. equation 1) and the
maximum temperature of the synthesis reaction (MTSR)
(cf. equation 2).
DTadk ¼

DHr  (1  Xk )
mkr  Cpkr

MTSRk ¼ Tk0 þ DTadk

The reaction plate (RP) where the reaction mixture
flows. It is built with PEEK (PolyEtherEtherKetone),
which is a plastic material able to resist to very high
temperatures and most of corrosive chemical products,
Two stainless steel sandwich plates (SP) used to separate
process and utility fluids,
The area containing the utility fluid (UF) (water-glycol),
Two stainless steel transition plates (TP) (left and right)
which allow the thermal isolation of each block.

F¼1þ

SmTE  CpTE
mr  Cpr

(3)

In the second line of Table 1, the coefficient is
calculated taking each element separately (F 0 ), and in the
third line, by adding the different terms successively (F).
In a batch reactor, the adiabatic coefficient doesn’t generally
exceed 1.2. It is obvious that the coefficient is more important in the “heat-exchanger/reactor”, which confirms that the
thermal inertia is an important factor in the study of the OPR.
According to these results, it is possible to consider
that a part of the energy released by the reaction would be
dissipated in the different parts of the reactor’s structure.
In this way, the calculation of the temperature rise has to
take into account the thermal inertia of the reactor. For
this purpose, the equation 1 has to be changed as follows:

(1)
(2)

THERMAL INERTIA OF THE OPR
AND ADIABATIC COEFFICIENT
The runaway scenario is usually set up for batch reactors in
the case of a cooling failure: the evolution of the reactor
switches in adiabatic mode. However, the OPR has one
feature which makes it very interesting from a safety point
of view: it has got an important thermal inertia. The mass
of the “heat exchanger/reactor” is considerably greater

DTadk ¼

DHr  (1  Xk ) 1

F
mkr  Cpkr

(4)

Five scenarios have been studied:
1.
2.

The adiabatic case (F0 ¼ 1),
A part of the energy released is dissipated in the reaction plate (F0 ¼ 1.28),

?
TP UF

SP

Reactive
plate (RP)

SP UF

TP

Figure 4. Structure of the reactor by a sequence of different
plates

Figure 3. Modelling after deviation
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Table 1. Mass and heat capacity product and adiabatic coefficients of the process fluid containing in one cell and in its thermal
environment
PROCESS

m.Cp [J.K21]
F0
F

THERMAL ENVIRONMENT

Reaction
mixture

Reaction
plate (PEEK)

Sandwich plates
(stainless steel)

Utility fluid
(water glycol)

Transition plates
(stainless steel)

29
1
1

8
1.28
1.28

12
1.41
1.69

44
2.51
3.2

254
9.76
11.96

3. A part of the energy released is dissipated in the sandwich plates (F0 ¼ 1.41),
4. A part of the energy released is dissipated at the same
time in the reaction plate and in the sandwich plates
(F ¼ 1.69),
5. The energy is dissipated in the entire mass of the reactor
(F ¼ 11.96).

notice that more the adiabatic coefficient is high, which
means that more the mass taking part in the thermal dissipation is important, more the temperature profile decreases,
which is very interesting regarding safety. However this
figure does not allow to determine which curve would be
effectively reached by the process. For an infinite time, we
can assume that the energy would be dissipated by the
total mass, but meanwhile, what curve would be reached?
Is it the adiabatic case or one of the other scenarios? To
answer this question two characteristic times are introduced:
one relative to the synthesis reaction and the other one
corresponding to the heat transfer in the reactor mass.

The reaction plates and sandwich plates are chosen
because they are directly in contact with the process fluid.
The figure 5 shows the final temperature profiles along the
reaction line reached after deviation. The initial conditions
are given by a simulation for the following operating conditions: utility temperature (708C), utility flow rate
(3 m3.h21), process flow rate (stoichiometric ratio) (50
L.h21), and sulphuric acid mass fraction (0.8 %) (Benaı̈ssa,
2006b).
The adiabatic mode is the least favourable for the
thermal evolution of the reaction mixture, the relative
curve provides therefore a border for the maximum temperature which can be reached by the process. We can also

CHARACTERISTIC TIMES
SYNTHESIS REACTION
The first characteristic time is related to the kinetic of the
synthesis and allows answering the question: “how long to
reach the final temperature profiles after deviation from
normal operation?” This time can be obtained by the resolution of mass and energy balances for each cell taking the
normal operation as initial condition. The final condition
is reached when the reaction is complete. Moreover, the
mass equation has to be modified for each hypothesis (cf.
equation 5). Table 2 gives the minimum time calculated
for the 91 cells. For instance, it takes at least 18 seconds
to reach the adiabatic curve from the normal operation one.

200
1) Adiabatic

2) RP

150
3) SP

@Tkr r1  Vk  DHr 1
¼

F
@t
mkr  Cpkr

4) RP + SP

100

5) Total Mass (RP+SP+UF+TP)

Table 2. Minimum characteristic time to
reach MTSR after deviation

Normal operation

50

Minimum reaction
time [s]
0
0

20

40

60

80

Adiabatic
Reaction plate
Sandwich plates
Reaction plates þ
Sandwich plates
Total mass

1

Residence time (s)

Figure 5. Final temperature profiles reached by the reaction
mixture along the OPR after flows stoppage according to five
hypotheses (1 to 5)

4

18
26
29
36
200

(5)
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P:
r1:
T:
T0:

Table 3. Heat transfer characteristic times for each part of the
reactor’s structure
Heat transfer time [s]
Reaction plate
Sandwich plates

12
0.03

X:
D Hr:

HEAT TRANSFER INSIDE THE OPR
The second time is related to the heat transfer inside the
reactor mass and allows answering the question: “How
long to diffuse the energy in the different element of the
structure?” In fact, when both fluids stop, the transfer
mode is primarily conductive, each part of the structure
behaves then like a resistance to the transfer. These resistances are characterized using the Biot number and the
principles of the diffusion in solids (Peczalski, 2001). Considering a solid at an initial temperature immerged in a fluid
at constant temperature different from solid temperature, the
characteristic time is defined as the time needed for the solid
to reach the fluid temperature (Mc Cabe, 1993). This time is
dependant on the thickness of the solid and on its physicochemical properties. Table 3 gives the times calculated for
the reaction plate and the sandwich plates.

GREEK LETTERS
Adiabatic temperature rise
D Tadk:
in the cell number k [8C]

ABBREVIATIONS
PS:
sandwich plate
RP:
reaction plate
TP:
transition plate
UF:
utility fluid

SUBSCRIPTS
r:
TE:

CHOICE OF A SCENARIO
The two characteristic times have to be compared. We can
observe that the heat transfer times are considerably
smaller (sandwich plates) or of the same order of magnitude
(reaction plate) than that obtain for the reaction time. Therefore, we can consider the fourth assumption as acceptable.
That would mean that in comparison with the adiabatic
scenario, the maximum temperature would decrease up to
608C (cf figure 5). Thus, the thermal inertia of the “heatexchanger/reactor” allows it to be intrinsically safer.

F:
m:
MTSR:

reaction mixture
thermal environment

SUPERSCRIPTS
k:
cell index
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CONCLUSION
The calculation of two characteristic times shows that part
of the energy released by the reaction would be dissipated
at the same time in the plates closer to the reaction
mixture: the reaction plate and sandwich plates. This
approach reveals an intrinsically safer behaviour of the
OPR. This method has to be confronted with experimental
studies relative on one hand to heat transfer in each plate
and on the other hand to experiments with the OPR pilot
plant in degraded mode. This result has also to be considered
as a guide for the design of new intensified reactors.
NOTATIONS
Cpr:

pressure [Pa]
reaction rate [mol.L.21.s21]
temperature [8C]
Steady state temperature reached
during the normal operation in
the cell number k [8C]
Steady state conversion reached during
normal operation in the cell k
Heat of the reaction [J.mol21]

Heat capacity of the reaction
mixture [J.mol21.K21]
flowrate [m3.s21]
mass (kg)
Maximum temperature of the synthesis
reaction in the cell number k [8C]
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DUST EXPLOSIONS: HOW SHOULD THE INFLUENCE OF HUMIDITY BE TAKEN
INTO ACCOUNT?
M. Traoré, O. Dufaud , L. Perrin, S. Chazelet and D. Thomas
CNRS – Laboratoire des Sciences du Génie Chimique, UHP-INPL – ENSIC, 1 rue Grandville, BP 20451, 54001 Nancy, France;
Tel.: þ333 83 17 53 33, Fax: þ333 83 32 29 75, e-mail: dufaud@ensic.inpl-nancy.fr
In this work, the influence of humidity on dust explosions of metallic (aluminium) and organic
materials (icing sugar, polyethylene and magnesium stearate) has been studied. Experiments
were especially performed thanks to a 20 L explosion sphere and volume resistivity and charge
decay time apparatuses. The influence of humidity has been studied by two ways: on the one
hand, the dust sample was stored in a controlled workstation at constant relative humidity; on
the other hand, the dry dust was dispersed in a humidity controlled atmosphere in the vessel.
As expected, various trends have been observed depending on the materials. Inhibition phenomena have been verified for polyethylene particles, whereas a more complex behaviour observed for
icing sugar could be explained by an evolution of sucrose structure as a function of humidity
content. Dry aluminium dust explosions in humid atmosphere show that water vapour inert the
explosion. However when aluminium is stored at controlled humidity, the maximum rise of
pressure rate increases with water content due to hydrogen generation. Experiments on powders
volume resistivity and charge decay time have shown typical trends but have pointed out the inadequacy of various standards.

KEYWORDS: dust explosions, humidity, water activity, static electricity, standards

explosion accidents being significant (Planas-Cuchi,
Montiel & Casal, 1997), notably for plastic compounds,
the influence of humidity on electrostatic properties has
also been investigated.

INTRODUCTION
Like fire and ice, humidity and dusts explosions have often
been considered as antagonistic forces. A glance at case
histories and statistics tends to corroborate this assertion.
For instance, Count Morozzo’s account of the first quoted
dust explosion in a flour warehouse in Turin on the 14th
December 1785, mentioned that this accident could be
attributed “to the extraordinary dryness of the corn” due to
a “remarkably dry” weather (Eckhoff, 2003). Li et al. (Li,
Kauffman & Sichell, 1995) also underlined that statistics
on dust explosions in the United States from 1979 to 1986
clearly show that most of the accidents occurred during
winter months when the atmosphere has the lowest humidity
content.
However, the relationship between dust explosivity
and powders moisture content (and thus relative humidity)
is not as univocal as it superficially seems. In particular,
fermentation for grain dusts and oxidation-reduction reactions of metal powders with water are both processes,
generating combustible gas, which should not be neglected
in risk analyses (Otsuka & Itagaki, 2004).
Despite these facts, the overwhelming majority of
standards and procedures related to dust explosion characterisation neglects the impact of humidity and only specifies
that the relative humidity should be checked and noted
down, as for instance IEC 1241-2-1 (MIT) or IEC-2-3
(MIE).
In this work, the effects of both water activity and
ambient humidity on dust explosions characteristics have
been checked. Natural and synthetic organic compounds
but also metal powders have been tested. The proportion
of electrostatic discharges as ignition sources in dust

EXPERIMENTAL EQUIPMENTS AND TESTS
PROCEDURES
SAMPLES CHARACTERISTICS AND PREPARATION
Experiments were carried out with four materials chosen for
their various natures: icing sugar – a natural organic powder,
polyethylene dust and magnesium stearate – synthetic
organic compounds and aluminium powder, a metal.
Aluminium powders were provided by Goodfellow
with 99% purity and a specific maximum particle size of
15 mm. Icing sugar was provided by Erstein and polyethylene (PE) powders were provided by Innovene; various
particle-size distributions were obtained by sieving.
Magnesium stearate was supplied by Sigma-Aldrich. The
particle-size distribution of the dusts was determined by
using a laser diffraction analyzer (Mastersizer, Malvern
Instrument). The samples were characterized by the d10,
d50 and d90 quantiles of the volumetric distribution as indicated on table 1; the dx diameter, being defined as the size at
which x% of the particles are smaller. The Sauter mean
diameter d3,2, defined as the diameter of a sphere having
the same volume to surface area ratio as the particle, is
also indicated on Table 1.
Scanning electron microscope (SEM) was also performed on powders samples to characterize the particles
shapes and the surface roughness (Figure 1).
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out in accordance with the principles of IEC standards
1241-2-1 and 1241-2-3. The results of the various tests are
listed in Table 2. The ignition sensitivity index of aluminium dusts with 7 mm d50 could be calculated by the following relationship (Jacobson, Cooper & Nagy, 1965):

Table 1. Particles sizes of the powders
d10 (mm) d50 (mm) d90 (mm) d3,2 (mm)

Samples
Aluminium
Icing sugar A
Icing sugar B
Magnesium stearate
Polyethylene

3
7
17
3
34

7
22
45
6
136

13
41
76
15
249

3
7
12
3
58

ISens ¼

ðMIE  MIT  MEC ÞPittsburgh coal dust
ðMIE  MIT  MECÞSample dust

Table 2 shows that the aluminium, icing sugar and
mainly magnesium stearate could be considered as highly
ignitable dusts, whereas polyethylene has a far lower
ignition sensitivity. It has been demonstrated that humidity
tends to lower the ignition sensitivity of organic materials,
depending on the hydrophobic or hydrophilic nature. MIT
and MEC especially increase when the water content of
the dust raises (Nagy & Verakis, 1983) (Nifuku et al., 2006).

Aluminium particles are rather ellipsoidal than
spherical and their surface is quite smooth. Icing sugar is
composed of crystal-shape particles, whereas magnesium
stearate powder looks like flakes. Polyethylene pellets are
rather spherical with a porous and highly irregular surface.
The samples were systematically dried at 508C under
vacuum during two hours before handling. Two methods
were used to demonstrate the influence of relative humidity
(RH) on aluminium dust explosions: i) the dry dust was
dispersed in a humidity controlled atmosphere in the
explosion vessel, or ii) the dust sample was stored in a controlled workstation (glove box) at constant relative humidity
during a sufficient period of time allowing the equilibrium to
be reached.
The relation between the water activity – ratio
between the vapour pressure of water in the compound to
the vapour pressure of distilled water under the same
conditions; similar to the relative humidity in percent
divided by 100 – and the water content in the powder is
called adsorption isotherm. It was characterized by using
an electromagnetic suspension microbalance (Figure 2).
The time to equilibrium was also determined.

EXPLOSION SEVERITY
The explosion severity parameters Pmax, maximum pressure,
and (dP/dt)max, maximum rate of pressure rise, have been
determined in a 20 L apparatus (Kühner AG) (Callé et al.
2005). The test chamber is a hollow sphere made of stainless
steel. A cooling water jacket dissipates the heat of the
explosion. During a test, the dust is dispersed into the
sphere from a pressurised storage chamber via the outlet
valve and a disperser. Tests have been performed with two
pyrotechnic ignitors of 5 kJ each as ignition source. The
explosion pressure is recorded as a function of time using
piezoelectric pressure sensors. The dust concentration is
then varied over a 60 to 3000 g/m3 range. This apparatus
also allows the determination of minimum explosive concentration, below which explosion is not possible. Tests
were carried out according to ISO 6184-1.
Some modifications were made on the sphere: i) a
thermocouple was introduced in the centre of the sphere to
record the temperature during an explosion; ii) the temperature of the water outlet was also recorded, iii) a system of
gaseous effluents treatment was added, iv) the sphere has
been grounded to avoid uncontrolled electrostatic discharges. In order to control the relative humidity, the 20 L
sphere has also been modified with an injection system
which allows the vaporisation of a precise amount of
water in the vessel before ignition. For operating temperatures lower than water boiling point, the injected water

EXPLOSION SENSITIVITY
Even if this study does not specifically deal with the
explosion sensitivity, the minimum ignition energy (MIE),
minimum ignition temperature (MIT) and minimum explosible concentration (MEC) have been determined on dried
samples. The measurement of minimum ignition temperature has been carried out thanks to a Godbert-Greenwald
furnace (Chilworth Technology), whereas the minimum
ignition energy and minimum explosible concentration
have been determined by using a modified Hartmann tube
(Kühner AG) (Siwek & Cesana, 1995). Tests were carried

Figure 1. Images by SEM of aluminium, icing sugar, magnesium stearate and polyethylene particles
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Figure 2. Adsorption isotherms of a) icing sugar, PE b) aluminium and magnesium stearate at 258C

relationship between the relaxation time and the decay
time. Tests were carried out according to BS7506 standard.
Temperature and humidity greatly affect electrical
flow and adhesion properties of powders. For this reason it
is essential to perform many electrostatic measurements
under controlled temperature and humidity conditions.
The temperature inside our glove box chamber can be controlled between 210 and 808C, and the relative humidity
between 0.1 and 99.9%.

Table 2. Explosion sensitivity of the powders
Samples –
d50 (mm)

MIT MIE MEC
(8C) (mJ) (g.m23) Isens Sensitivity

Aluminium – 7
Icing sugar – 22
Magnesium
stearate – 6
Polyethylene – 136

900
380
420

13
18
3

30
50
30

5.7
5.9
53.2

Severe
Severe
Severe

480

500

60

0.1

Weak

RESULTS AND DISCUSSION
HUMIDITY AND STATIC ELECTRICITY
It is common knowledge that the presence of static electricity could be significantly reduced by increasing the relative
humidity up to 60%. However true this assertion is, this
solution can be contestable because it also modifies the
powders properties, causes equipment problems and introduces biological contaminants into the powder and
equipment.
Figure 3 show the relative humidity dependency on
volume resistivity at 258C. Behaviours of icing and magnesium stearate are clearly different, owing to the hydrophilic nature of sugar and hydrophobic one of magnesium
stearate. Thus, the volume resistivity of icing sugar is 10
times lower at 30% RH than at 15% RH; whereas the
resistivity of magnesium stearate is not humidity dependent.
The sorption isotherms show no significant differences
between water sorption on icing sugar and on magnesium
stearate (up to 75 % RH – figure 2). However, a chemical
modification of the particles surface is confirmed by TDA
for icing sugar.
Figure 4 present the relative humidity dependency on
the charge decay time at 258C. The icing sugar decay time is
about 10 seconds for 40% humidity while it is equal to
1 hour for 15% humidity. For the magnesium stearate the
charge decay time falls from 135000 seconds (more than
37 hours) at 17% RH to 60000 seconds (16.6 hours) at
75% RH. Even if an influence is henceforth noteworthy on
magnesium stearate, the sensitivity to water activity is
once again more pronounced on sugar.
The previously quoted standards, especially the one
concerning volume resistivity, only specify that a powder

content ranged from 0 to the vapour saturated pressure.
Attention should be paid to the increase of temperature
(up to 3608C) due to the 10 kJ ignition source. Even if
water is introduced over the saturation volume (0.28 mL),
the remaining liquid could be vaporized during ignition
and before flame propagation. The pressure rise induced
by the ignition source is systematically subtracted from
the overall pressure.

ELECTROSTATIC HAZARDS QUANTIFICATION
The knowledge of the volume resistivity (V) and the
charge decay time of a powder could bring valuable information on its electrostatic hazards (Laurent, 2003). The
volume resistivity (in V.m) of a material is the electrical
resistance across a cube of unit cross sectional area and
unit length. The volume resistivity is determined by
placing the powder sample in a resistivity cell comprising
two electrodes between which an electric current may be
passed through the sample (Chilworth Technology Ltd).
Measurements were carried out according to IEC standard
1241-2-2.
Charge decay time is measured by recording the
residual charge on the powder as a function of time as it is
conducted to earth. The decay time (t) is then defined as
the characteristic time taken for the charge to decrease to
1/e (0.37) of its initial value. It was measured by a static
monitor “field mill” instrument JCI 140 (John Chubb Instrumentation). However, powders seldom behave in this way
and if the decay is not a true exponential, such as where
the material is non-ohmic, thus there will not be a simple
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Figure 3. Influence of the relative humidity on the volume resistivity (258C) on icing sugar – 22 mm (a) and on magnesium stearate –
6 mm (b)

sample can “be tested directly” (without conditioning). The
previous results show that it is indispensable to work at the
process most representative humidity and that experiments
have to be carried out more accurately and carefully than
specify by the existing standards.

and thus structure – as a function of the storage humidity
has been demonstrated. The hypothesis of a sugar maturation and sucrose inversion (from sucrose to glucose and
fructose), leading to greater particles ignitability, could be
put forward (Traore et al., 2004). Humidity, which influences interfacial gas adsorption and desorption generates
an oxygen saturated “sirup” layer on particle surfaces,
increasing the liability to spontaneous combustion. This
surface modification promotes the combustion kinetics of
sugar particles. This impact will only be perceptible for
low humidities and gives way to water inhibition phenomena when the moisture content increases. The previous
trends are not observed when the explosivity of dry icing
sugar is tested in a humid atmosphere.
Both moisture content of the particles and humidity of
the explosion atmosphere have an influence on polyethylene
dusts explosion. Figure 6 shows that both maximum
explosion pressure and rate of pressure rise tends to lower
when the relative humidity increases. The calculation of
adiabatic flame temperature in presence and absence of
water demonstrates that the injection of water up to saturation implies a drop of maximum pressure of approximately
0.3 bar, which corresponds to the observed decrease. The

EFFECT OF HUMIDITY ON EXPLOSION SEVERITY
The explosion severities of three dusts have been studied. As
a function of their nature, three distinct behaviours have
been identified.
No considerable variations of icing sugar explosivity
have been observed as a function of the particles moisture;
however, significant and reproducible trends have been
noticed. From 0 to 30% RH (from 0 to 0.34% moisture
content), both maximum pressure and rate of pressure rise
slightly increase, whereas when the water activity raises to
75% RH (1.7% moisture content, before irreversible
agglomeration at 80%) the dust explosivity significantly
drops (figure 5). Those behaviours have been observed
for various concentrations and particles-size distribution.
As regard to thermogravimetric and thermo-differential
analyses, a slight change in icing sugar thermal response–
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Figure 4. Influence of the relative humidity on the charge decay time (258C) on icing sugar – 22 mm (a) and on magnesium stearate –
6 mm (b)
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Figure 5. Influences of relative humidity on maximum explosion pressure and rate of pressure rise of icing sugar at various dust
concentrations

It should then been pointed out that aluminium metal
is amphoteric and that its reaction with water or moisture
liberates flammable gas as hydrogen. Thus, if the protective
layer of alumina is broken, a rapid oxidation reaction occurs
generating a large amount of heat. The promotion of
explosion violence is thus probably due to the following
reaction between water and aluminium (Kwok, Fouchard,
Turcotte, Lightfoot, Bowes & Jones, 2002):

effect of humidity on polyethylene explosion is thus essentially due to heat consumption by water vaporization;
phenomenon which is more important since the water
content in polyethylene dust is significant (figure 2).
It should be pointed out that, a slight pressure increase
could be expected for high water volumes due to water
vaporization. This effect would induce a 6% rise of the
maximum pressure for a 1 ml water injection and could
explain the pressure increase noticed for water volumes
greater than saturation.
Experiments were also performed with aluminium
particles with a mass median diameter of 7 mm. Figure 7a
presents the maximum pressure as a function of the relative
humidity of the dust storage. It could be noticed that storage
conditions have a significant effect on the maximum
explosion pressure, especially at 60 and 76% of relative
humidity. This trend is even more noticeable on the
maximum rate of pressure rise, which raises from 1530
bar.s21 for dry powders to 2100 and 2150 bar.s21 at respectively 60 and 76% RH for 250 g.m23 dusts concentration.

2Al(s) þ 3H2 O(g) ! Al2 O3 (s) þ 3H2 (g)
The sorption isotherm represented on figure 2 supports this theory and it could be seen that 0.45 g of water
are adsorbed onto 100 g of aluminium as soon as the
water activity exceeds 0.1.
Explosions of dry aluminium were also carried out in
humid atmosphere by injecting a specific volume of water.
Here, water molecules have not enough time to adsorb
onto aluminium particles surface. In fact the contact
between water molecules and aluminium particles lasts the
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Figure 6. Effect of atmosphere humidity on dry polyethylene explosions severity
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Figure 7. a) Evolution of the maximum explosion pressure as a function of the dust concentration and the relative humidity of storage.
b) Influence of water injection on Pm – for 7 mm aluminium dusts

time of the combustion (from 20 to 70 ms); whereas the time
of sorption equilibrium is about two hours. This method
allows the verification of the inhibiting effect of water on
materials ignition without modifying the physico-chemical
structure of the dust.
Water amounts are very low (the saturation volume is
about 0.3 ml) but when injected in the sphere, they reduce
the explosion pressures from at least 1 bar at saturation
(Figure 7 b). Nevertheless, considering the drop of pressure
due to the water enthalpy of vaporization does not seem to
be sufficient to explain the observed reduction of explosion
pressure. The maximum rate of pressure rise also decreases
for large water volumes from 900 (dry powder) to 400
bar.s21 (at saturation) for 250 g.m23 dusts concentration.
The presence of water also seems to hinder the particles
ignition, leads to aluminium dusts agglomeration and
slows down the oxidation kinetics.
It emerges from this study that the influence of water
on aluminium dusts explosivity could be decoupled: when
water adsorption occurs, hydrogen generation leads to an
augmentation of the explosion severity, whereas an inhibiting effect could be put forward when the effective contact
time between water and aluminium is reduced to the
explosion duration.
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CONCLUSIONS
Depending on their chemical nature, the relative humidity
and thus the moisture content of powders could inhibit or
promote the dusts ignitability and explosion severity.
These influences are sometimes very strong and lead to
explosion risks higher than for the dry powder.
However, it should be underlined that standards often
neglect the impact this essential parameter. As an example,
ISO 6184-1 standard specifies that the determination of the
dust explosion indices should be carried out at humidity
lower than 10%; which is not the worst case scenario
especially for some metallic powders. As a conclusion, a
peculiar attention should be paid to this parameter and standards should sometimes been bypassed or modified to take
the influence of humidity into account.
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HYBRID MIXTURES EXPLOSIONS: WHEN VAPOURS MET DUSTS
O. Dufaud, L. Perrin, M. Traoré, S. Chazelet and D. Thomas
CNRS – Laboratoire des Sciences du Génie Chimique – UHP-INPL – ENSIC, 1 rue Grandville, BP 20451, 54001 Nancy, France
The aim of this work is to demonstrate the peculiar aspects of hybrid mixtures explosion as regard
to vapours or dusts explosions. This work has been focused on pharmaceutical products from excipients (magnesium stearate), vitamins (niacin) to active principles (antibiotics) and their associated
solvants (ethanol, diisopropyl ether, toluene. . .). Explosion spheres have been used to determined
the influences of dusts and vapours concentrations on explosion severity (maximum pressure Pmax
and maximum rate of pressure rise (dP/dt)max). Results clearly show that the explosion behaviour
of such hybrid mixtures reveals significant differences with vapours or dusts explosions; especially
a promotion effect on the combustion kinetics and on the rate of pressure rise for poor mixtures. The
influences of the introduction of small amount of vapours on dust minimum explosion concentration (MEC) and of dust addition on the lower explosion limit (LEL) are noteworthy.

KEYWORDS: dust explosions, hydrid mixture, pharmaceutical products, Le Chatelier’s law

combustible powders have been associated in order to
compare their explosivity to the previous results.

INTRODUCTION
Due to their occurence and gravity, dusts and gas explosions
have been widely studied for hundreds of years. Nevertheless, only few researches concern the explosion of hybrid,
i.e. gas or vapours and dusts mixtures. In 1885, the experiments of Engler on coal dusts explosivity in presence of
methane could be considered as the first tests on hybrid mixtures (Eckhoff, 2003). One could also quote the researches
of Pellmont on the effect of combustible gas introduction
on the minimum ignition energy of dust clouds (Pellmont,
1979) (Pellmont, 1980). Methane, propane or more generally gaseous alcanes were used to study these peculiar
combustible mixtures (Cashdollar, 1996) (Chatrathi, 2004)
(Pilao, Ramalho & Pinho, 2006). More recently, Nifuku
et al. have characterized the explosivity and ignitability of
polyurethane as a function of the presence of cyclopentane
vapours (Nifuku et al., 2006); which is one of the only references dealing with vapours.
In fact, hybrid mixtures are encountered in various
industries such as paint factories (pigments and solvents),
mining sector (dusts and gas), grain elevators (small
grains and fermentation gases) or pharmaceutical industries
(Glor, 2006); and accidents caused by their explosions are
neither scarce nor minor (1994 – Grob-Umstadt, Germany)
(1906 – Courrières, France: methane explosion leading to
secondary coal dusts explosions: 1100 fatalities ).
In spite of these facts, it would be naive to suppose
that every risk analyses take this specific hazard into
account. When detected, these explosible atmospheres are
often treated the same way as for dust or gas taken individually. Moreover, data concerning hybrid dusts and vapours
mixtures remain scarce.
As a consequence, the aim of this work was to underline and identify the specific explosion characteristics of
vapours-dusts hybrid mixtures. This study has been mainly
focused on pharmaceutical products. Firstly, the explosion
severity and ignition sensitivity of the pure compounds
have been determined. Secondly, solvent vapours and

EXPERIMENTAL SET-UP AND PROCEDURE
POWDERS CHARACTERISTICS AND PREPARATION
Tests were notably carried out with three kinds of powders:
an excipient (or lubricant) – magnesium stearate, a vitamin
– B3, nicotinic acid, also called niacin, and an antibiotic.
Magnesium stearate was supplied by Sigma-Aldrich and
niacin was provided by Kuhner AG in order to perform
the calibration tests of the 20 L sphere. The particle-size
distribution of the dusts was determined by using a laser
diffraction analyzer (Mastersizer, Malvern Instrument) or
by SEM observations (antibiotic). The samples were characterized by the d10, d50 and d90 quantiles of the volumetric
distribution as indicated on table 1; the dx diameter, being
defined as the size at which x% of the particles are
smaller (table 1).
The powder samples were systematically dried at
50 8C under vacuum during two hours before handling. A
controlled workstation has been used to check the storage
conditions of the samples before the tests.
The solvents which were used in this study are of
common use in the pharmaceutical industries: diisopropyl
ether, ethanol, toluene. . . They were supplied by SigmaAldrich. The couples powders – solvent have been specifically chosen to compose hybrid mixtures which could be
encountered in an industrial context.

SOLVENTS CHARACTERISTICS
Lower (LEL) and upper explosive limits (UEL) have been
determined thanks to a 5 L apparatus (Chilworth Technology
Ltd) (table 2). The equipment consists of a spherical glass
test vessel of 5 L volume placed in a temperature-controlled
oven. Both temperatures in the oven and in the inner sphere
are checked. Solvents are introduced thanks to microliter
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volume. After vaporization, air is introduced to set the
pressure at 0.4 bar. Then, the test could be performed and
the ignition takes place under 1 bar absolute pressure.

Table 1. Particles sizes of the dusts
Samples
Magnesium stearate
Niacin
Antibiotic

d10 (mm)

d50 (mm)

d90 (mm)

3
12
–

6
26
20

15
104
–

DUSTS EXPLOSIVITY
The tests were performed thanks to a 20 L explosion chamber
(Kühner AG) according to ISO 6184-1 (Callé et al.,
2005). The minimum explosive concentration MEC, the
maximum explosion pressures Pmax and the concentrations
corresponding to this optimum, Cmax, are listed on table 3.
These values do not automatically correspond to optimum
of (dP/dt). The maximum rates of pressure rise for each
dusts concentrations (dP/dt)m are represented on figure 1
and their maximum (dP/dt)max are also presented on
table 3 with their corresponding dust explosion constant Kst.
The explosion behaviours of the three dusts are
rather similar in terms of maximum explosion pressures.
Nevertheless, it should be noticed that magnesium stearate
has a greater reactivity, which leads to lower MEC and
greater combustion rate or maximum rate of pressure rise.
A connection could besides be established with the mean
particles diameter and these trends.

syringes when the vessel is under vacuum. Then the sphere
is filled with air and the air/combustible vapours mixture
is stirred until satisfactory homogenisation. Ignition is
ensured by a disruptive discharge between two electrodes
placed in the middle of the vessel. This apparatus is operated
according to the test standard method ASTM E681-94.
Experiments were also carried out to determine the
influence of solvents concentrations on the severity of
vapour clouds explosions. The concentration corresponding
to the maximum pressure, Cmax, was also determined by this
way. These experiments were performed using a stainless
steel spherical vessel, namely a 20 L explosion chamber
(Kühner AG), which is used to determine the values of the
maximum explosion pressure Pmax, the maximum rate of
pressure rise (dP/dt)max and the gas constant Kg, obtained
by direct application of the cubic law (Laurent, 2003). The
pressure development during an explosion is measured by
two piezoelectric sensors. Two 5 kJ chemical igniters are
used to ignite the explosive atmosphere. Changes were
brought to the 20 L sphere and to the experimental protocol
in order to test the explosivity of solvents. A metal pipe
designed with a valve and a pressure sensor was introduced
in the vessel through the front panel. The vessel is partially
evacuated to 30 mbar absolute and the organic solutions
are injected thanks to microliter syringes in the pipe. The
pressure increase is then checked to be equal to 30 mbars
plus the partial pressure corresponding to the solvent

TEST PROCEDURE FOR HYBRID MIXTURES
EXPLOSIVITY
The tests were also carried out thanks to a 20 L apparatus
(Kühner AG). As previously said (paragraph 2.2), solvents
could be vaporized in the sphere and set at a 40 mbars
pressure. Dust is then introduced in the sphere through the
electrovalve and the dust container pressurized at 20 bars.
Then, the ignition generated by the two chemical igniters
(10 kJ) takes place at atmospheric pressure in presence of
dusts and vapours.

Table 2. Explosion characteristics of the solvents
Solvents
Diisopropyl
ether
Ethanol
Toluene

LEL
(178C)

UEL
(178C)

Pmax
(bar)

(dP/dt)max
(bar.s21)

Kg
(m.bar.s21)

Cmax
(%)

0.7%

8.4%

8.8

1310

356

2,7

2.8%
1.3%

15.4%
9%

7.1
8.9

770
1560

209
423

12
8

Table 3. Explosion characteristics of the pure powders
Dusts
Magnesium stearate
Niacin
Antibiotic

MEC
(g.m23)

Pmax
(bar)

(dP/dt)max
(bar.s21)

Kst
(m.bar.s21)

Cmax
(g.m23)

30
60
40

8.6
8.2
8.1

1040
790
730

282
214
198

250
500
250
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Niacin
Antibiotic
Magnesium stearate

Maximum rate of pressure rise (bar.s-1)
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Figure 1. Maximum rate of pressure rise of various dusts as a function of their concentrations

However, the evolution of (dP/dt)m, and thus of
combustion kinetics, is not as linear. As shown on figure 2
and as expected, the optimum of maximum rates of
pressure rise does not correspond to the simple addition of
the (dP/dt)m of each compound. One could also not say
that the most flammable compound imposes its kinetics.
A significant promotion of the combustion kinetics of
the hybrid mixture is observed for concentrations pairs
ranging from (200 g.m23; 10%v.) to (600 g.m23; 20%v.).
This “additive effect” could lead to a change of the dust
classification and thus to an adjustment of the existing
protective measures. This difference between the marked
evolution of the (dP/dt)max and the slighter effect on Pmax
has already been quoted for gas/dust mixtures (Bartknecht,
1989).

HYBRID MIXTURES EXPLOSION BEHAVIOUR
INFLUENCE OF HYBRID MIXTURES ON
EXPLOSION SEVERITY
The impacts of vapours content on the maximum explosion
pressure and on the maximum rate of pressure rise are
significantly distinct. For instance, considering poor magnesium stearate/ethanol mixtures, the obtained Pm quite
corresponds to the sum of the maximum pressures determined for each pure compound. These results are in accordance to the calculations of maximum pressures using the
adiabatic flame temperatures. In fact, these evolutions are
in good agreement with a thermodynamical point of view,
which considers that each compound brings its own
combustion enthalpy, these energies being directly added
if the reactions are complete.
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Figure 2. Representation of the maximum rate of pressure rise of magnesium stearate/ethanol hybrid mixtures
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Figure 3. 2D projection graph of the maximum explosion pressure of niacin/diisopropyl ether hybrid mixtures

These behaviours have also been noticed for other
hybrid mixtures (figures 3, 4, 6). It should also be stressed
that the violence of such explosions could be notably
increased even if the vapour content is lower than the lower
explosive limit. Figures 3 and 4 show that the introduction
of 0.5%v. of diisopropyl ether increases Pmax from 7.3 to
more than 8 bars at 250 g.m23 of niacin and from 685 to
1100 bar.s21 for (dP/dt)max at the same concentration.
If such evolutions have been observed for permanent
gas/dusts mixtures, they should not be taken as a generality
for vapour/dusts mixtures. Thus, Nifuku et al. found that
cyclopentane addition does neither increase the explosion
index Kst nor the maximum explosion pressure, and
indeed even leads to a slight decrease of (dP/dt)max
(Nifuku et al., 2006).

PREDICTION OF HYBRID MIXTURES EXPLOSION
LIMITS AND EXPLOSIBILITY
Considering the previous observations, it seems interesting
to apply classical relationships existing for gases or dusts
in order to predict the explosions limits and explosion severity of such mixtures. In the various studied cases, the
Le Chatelier’s law applied to hybrid mixtures show a
rather good agreement with the experimental results in
order to predict the lower flammability limit (Amyotte
et al., 1991) (Cashdollar, 1996) (Pilao, Ramalho & Pinho,
2006) (Zabetakis, 1965).
Moreover, the nearly linear pressure limits represented on figure 3 confirm that this relationship could
also be applied to determine the “iso-pressure” curves by
knowing the Pmax of the pure compounds.
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Figure 4. 2D projection graph of the maximum rate of pressure rise of niacin/diisopropyl ether hybrid mixtures
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Figure 5. Comparison between experimental results and the “Le Chatelier’s law” for niacin/diisopropyl ether hybrid mixtures
presenting maximum rates of pressure rise of 600 bar.s21

the concentrations required to reach 600 bar.s21 are
greater than those predicted. This effect being more significant for high dust concentrations, the existence of a lower
combustion yield for rich mixtures is put forward. Above
the effective stoechiometric concentration, the addition
of combustible vapours implies a competition between
powder and solvent in order to access to the remaining
oxygen molecules. The combustion time is then significantly increased. One could assume that the most flammable
compound mainly consumes oxygen. Experimentally, large
amounts of dusts collected in the explosion sphere after
explosion are still unburned.
Figures 4 and 6 also clearly show the decrease of the
concentrations Cmax corresponding to the optimum (dP/dt):

However, the Le Chatelier’s law could not be applied
to assess the maximum rate of pressure rise of dust/vapour
mixtures. Figures 4 and 5 clearly demonstrate the deviation
between an “ideal” additive behaviour and the experimental
data. Such departures from a linear relationship have already
been quoted by various authors when applied to determine
the lean explosivity limits and were ascribed to ignitability
effects (Cashdollar, 1996).
Figure 5 depicts the pair of concentrations (dust concentration and vapour volume concentration) leading to
(dP/dt)max of 600 bar.s21. For poor mixtures, both concentrations could be lower than those predict by an additive
model: the presence of an hybrid mixture tends to promote
the combustion kinetics. As a contrary, for rich mixtures
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Figure 6. 2D projection graph of the maximum rate of pressure rise of antibiotic/toluene hybrid mixtures
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for instance, one the one hand, for pure toluene the Cmax
corresponds to 8% whereas it decreases to 4% when small
amount of dusts are added; on the other hand, for antibiotic
powder, Cmax drops from 500 g.m23 for pure compound to
200 g.m23 when solvent is introduced. Such evolution have
already been quoted by various authors (Torrent & Fuchs,
1989) but this drop begins even for vapour concentrations
lower than LEL, which is at variance with the results
described by Bartknecht for cellulose and a flammable gas
(Bartknecht, 1989).
The optima are typically reached for concentrations
pairs having rather high solvent contents and low dusts concentrations. It tends to demonstrate that the solvent has a
leading role in the combustion kinetics, probably essentially
in the first steps of oxidation, even if the combustion could
neither be considered as a pure vapour reaction nor as a pure
dust oxidation.
Similarly, a mixture with dusts concentrations lower
than MEC could become explosible with a vapour amount
lower than LEL (figure 4) (Bartknecht, 1989).
As shown by figures 2, 4 and 6, the effect of hybrid
mixture presence is more pronounced for antibiotic than
for niacin or magnesium stearate. The fact that this influence
is stronger for less flammable or explosible dusts will be
inquired later and for other compounds.
The same dusts have been studied with other solvents
(acetone, ethanol, diisopropyl ether. . .) and confirmed the
previous results. The effect of temperature evolution on
vapours/dusts mixtures is currently studied.
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CONCLUSIONS
This case study on hybrid mixtures explosions in the
pharmaceutical industries allows a better understanding of
their particular behaviour. It notably should be noticed
that there are more than additive effects on explosions severity, especially on maximum rate of pressure rise. However,
this trend greatly depends on the fuel-air ratio (Denkevits,
2005). It should also be underlined that evolutions are
more perceptible on kinetics, i.e. (dP/dt)max, than on
explosion thermodynanics, i.e. Pmax. The increase of Pmax
due to solvent addition could be estimated for lean mixtures
thanks to adiabatic flame temperatures calculations.
Influences of dust introduction on the LEL of a vapour
atmosphere or of the vapour injection on the MEC of a dust
cloud are also noteworthy. Finally, the evolution of the concentration of maximum explosion as a function of combustibles concentrations shows that the impact of hybrid mixtures
is perceptible even for vapour amounts lower than LEL or
dust introduction at concentrations lower than MEC.
Faced with the lack of specific data, their recognition
as a specific case should lead to a better identification of
likelihood, the severity and the kinetics of this kind of accidents, and thus to more suitable preventive and protective
measures (Pekalski et al., 2005). To this purpose, NFPA
68 has been modified to take this specific case into
account (chapter 7: venting of deflagrations of dusts and
hybrid mixtures).
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NANO VS MICRO: ESTIMATION AND MODELLING OF THE DUST EXPLOSION
SENSITIVITY AND SEVERITY
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An experimental investigation was carried out on the influence of dust concentration on raw
multiwalled carbon nanotubes dust explosion. Results were compared with the explosion data
obtained for microsized carbon black. Tests were mainly conducted thanks to a 20 L explosion
sphere. It was found that these kind of carbon nanotubes represents a low explosion risk, in spite
of the fact it could have been thought that nanotubes would be drastically more reactive than microsized carbon materials. A model based on mass and heat balances, assuming a first order oxidation
kinetics, is used in order to represent the pressure evolution during the dust explosion. It has shown
a good agreement with our experimental results.

KEYWORDS: nanodust explosions, MWNT, modelling, carbon nanotube, nanopowders, combustion
kinetics

are considered to be one of the most promising nanomaterials for the future applications.

INTRODUCTION
There is currently a growing interest in developing nanomaterials. Over the past 10 years, many industrial applications have already been developed. Due to their
unique properties, nanomaterials interest scientists and
industrialists for use as catalysts, in cosmetics, paints
and coatings. Some of these materials are familiar compounds that have never been manufactured on the nanoscale, others are modified elements that do not naturally
exist such as carbon nanotubes. Concerning carbon nanotubes (CNTs), their market is positioned to “grow explosively” to reach 540 millions of dollars per year in 2007
and more specifically 340 millions of dollars per year for
multi-walled carbon nanotubes (MWNT) [Frost &
Sullivan, 2004]. CNTs production is going to increase in
the coming years and consequently potential risks associated
to the handling of CNTs will be proportionally more and
more important. Thus, it is necessary to evaluate
their potential environmental and occupational hazards.
Concerning hazards related to CNTs, their potential toxicity is the first thing that comes to mind. However,
potential toxicity of carbon nanotubes is not the only
potential hazard. Thermal stability and dust explosivity
have also to be assessed as CNTs are combustible powdered materials that may accidentally turn into explosible
atmospheres. This is the aim of our present work. So far,
literature studies concerning the evaluation of explosion
and flammability hazards of powders were essentially
carried out on microsized powders. There is only one
study on nanomaterials explosivity published in the literature, according to the HSL review on explosion
assessment of nanomaterials [K. Pritchard, 2004]. Thus, it
seems to be of a great interest to develop more studies
on nanopowders explosions. This work proposes to
assess the explosivity and the flammability of carbon
nanotubes and more specifically that of MWNT, which

EXPERIMENTAL SETUPS AND METHODS
CARBON NANOTUBE SAMPLES CHARACTERISTICS
In this study, multiwalled carbon nanotubes were provided
by an industrial partner. Some specifications were
unknown and were determined during this work. The particle-size distribution, determined by using a laser diffraction analyzer (Mastersizer, Malvern Instrument) and
performed in isopropanol, was characterized by the d10,
d50 and d90 of the volumetric distribution. d10, d50 and d90
values respectively 20, 200 and 560 mm. It has to be
noticed that carbon nanotubes seems to form large agglomerates, which is confirmed by the transmission electronic
microscope analysis.
TEM observations shows particles appearing as large
spheres with imbedded nanotubes networks having a
diameter ranging between 15 and 20 nm. Further analyses
were performed in order to better determine the composition
of the carbon nanotube sample. The X-ray microanalysis
showed that iron may be the catalysis substrate. However
MWNTs may contain other impurities. [Bom & Andrews,
2002] report that the purity of the raw MWNTs ranges
from 92.5% to 97.1%. The only impurities they found in
the raw nanotubes are a thin layer of amorphous carbon
nanoparticles and encapsulated transition metal (such as
iron) catalyst residue onto which carbon nanotubes have
grown [Bom & Andrews, 2002], [Landi & Cress, 2005].
In the case of a metallic catalyst, [Bom & Andrews, 2002]
determined an iron content of approximately 7% in weight
in raw MWNTs. So purity of our studied MWNTs has
been assessed by thermogravimetry analysis. Samples
were prepared in an alumine crucible of 70 mL under
ambient air and heated from 308C to 9008C with a heating
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Figure 1. TEM images of the MWNTs carbon nanotubes

rate of 20 K/min under an air flow rate of 80 mL/min. A
double determination has been performed and a residue of
8% in weight has been measured (i.e an iron content of
5.8%), which confirmed the previously quoted value.
Finally, the BET specific surface area and the helium pycnometer density, which is the true bulk density of the
particles, if they do not contain closed pores, have been
measured. By coupling the results obtained by BET and
helium pycnometer, an average grain size can be calculated
by considering that particles are isolated, cylindrical with a
monodisperse size distribution:
dBET ¼

4
rhelium : SBET

by experiments carried out on a 20 L apparatus (Kühner
AG) and is about 45 g/m3. A comparison has been made
with a microsized carbon black powder which d10, d50, d90
values are respectively 3, 9 and 64 mm. Experiments lead
to a MIT in cloud greater than 10008C, a MIE greater than
1J and a MEC value of about 45 g/m3. Studied NTC have
approximately the same ignition sensitivity as microsized
carbon black even if NTC are rather considered as carbon
nanomaterials. This could be explained by the fact that
raw MWNTS are imbedded on a microsized substrate and
then would have a behavior similar to microsized carbon
powder.

(1)
EXPLOSION SEVERITY
The measurements of dust explosion severity, i.e. Pmax
(maximum overpressure), and (dP/dt)max, (maximum rate
of pressure rise), were performed in a 20 L spherical
vessel in accordance with the ASTM Method E 1226. The
sphere consists in a spherical combustion chamber made
of stainless steel, a dust storage container connected with
the chamber via a dust outlet valve, a pair of electrodes
holding two pyrotechnic igniters of 5 kJ each at the sphere
centre, and two pressure sensors to record explosion development. The chamber is surrounded by a jacket with flowing
cooling water to keep the chamber wall temperature constant from test to test. The experiments were performed
with dust concentrations ranging from 15 g/m3 to
750 g/m3. Explosion experiments were carried out at
238C and under an atmosphere of 50% relative humidity.
It is assumed that the duration of the explosion test is sufficiently small to consider that the sorption equilibrium could
not be reached and the sample remains dry. The flow rate of
the cooling water in the jacket of the sphere was set at 1.7 L/
min. The pressure rise induced by the ignition source is systematically subtracted from the overall pressure.

BET surface area was estimated at 195 m2/g. Helium pycnometer density was found to be 2–2.1 g/cm3. BET diameter
was determined to be 10.5 nm. The BET diameter is slightly
smaller than the value obtained by transmission electronic
microscopy (15–20 nm). It means that carbon nanotubes
would have some “open porosity”, in other words, CNTs
would have structural defects along the carbon nanotubes
[Andrews and col., 2001], allowing oxygen to be adsorbed
on several graphene layers. As a matter of fact MWNTs
are composed of a few tens of graphene layers (hexagonal
carbon lattice network layers) coaxially rolled into seamless
cylinders.

THE SAMPLE PREPARATION
In order to have good reproducibility between the different
tests, the carbon nanotube samples were systematically
dried at 508C under dynamic vacuum of 1 Pa during 15
minutes and then under a static vacuum of 10 Pa during
4 hours before handling.

EXPLOSION SENSITIVITY
The minimum ignition energy (MIE), the minimum ignition
temperature (MIT) in layer and in cloud and the minimum
explosible concentration (MEC) have been determined.
Experiments lead to a MIT in layer greater than 4008C
and in cloud greater than 8008C for CNTs. A minimum
ignition energy greater than 1 J has been determined by
using the modified Hartmann tube (Kühner AG). The
minimum explosible concentration has been determined

RESULTS AND DISCUSSION
MECHANISMS OF CARBON NANOTUBE OXIDATION
Based on the current knowledge of carbon nanotubes, two
approaches are currently proposed to explain the oxidation
of CNTs. Some authors [Andrews and col., 2001] suggest
that the carbon nanotube is preferably oxidised at the
tubes ends where the presence of topological defects of
pentagons and heptagon produces both curvature and
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the combustion thermodynamics and could be estimated as
a first approximation, through the calculation of the adiabatic flame temperature, by considering the following oxidation reaction:

maximized strain. This preferred site of oxidation has also
been observed by [Morishita & Takarada 1997].
The second approach considers that carbon nanotubes
are in fact oxidized at some points along the cylindrical part,
i.e. the structural defects, whereas most of the tips remained
[Shimada and col., 2004]. More generally, it is considered
that the oxidative stability of carbon nanotubes depends
on the nanotube diameter. A smaller diameter would result
in a higher degree of curvature increasing the bond strain
and consequently the resistance towards the oxidation
would decrease [Chiang and col. 2001], [Yang and col.
2002].
Based on the current results found in the literature, it
can be concluded that the understanding of MWNT combustion mechanism need to be improved: the observed reactivity of carbon nanotubes seems to be an average of basal
vs. edge site carbon atom reactivities. Thus, MWNT nanotubes will be considered as graphite carbon in a first step
to make the preliminary study easier. Secondly, NTC
mass values have been systematically corrected to consider
only carbon. Finally, it has been considered in a preliminary
approach that residual iron has little or no effect on nanotube oxidation. As the MWNTs oxidation presumably occurs
at the surface of the nanotube, the catalyst particles, which
are encapsulated within the nanotube should not be involved
until the latest steps of combustion [Bom & Andrews, 2002].
However, it must be pointed out that [Landi and col., 2005]
reported that precombustion occurrence in raw SWNTs
samples induced by thermal oxidation of metal catalyst,
has been observed in the literature several times.

f
þ1
f
1
O2 (g) !
CO(g) þ
CO2
C(s) þ 2
1þf
1þf
1þf
f is the molar ratio of carbon monoxide on carbon dioxide at
CO
. It depends on the thermochemical equilibrium f ¼ nnCO
2
dynamic equilibrium between CO and CO2 at a given adiabatic flame temperature. Thus, it is more convenient, as a
first approach, to qualitatively define three reaction areas
by considering fuel rich (greater than 200 g/m3 pure
carbon by considering C(s) þ 12 O2 (g) ! CO at stoechiometry) and fuel poor mixtures (lower than 100 g/m3 of pure
carbon by considering C(s) þ O2 (g) ! CO2 at stoechiometry). Between 100 and 200 g/m3 of pure carbon, the ratio
f should be evaluate to determine accurate ratio of CO
and CO2. A simple tool developed within SAFEKINEX
project has been used to quickly estimate the pressure of
explosion in the 20 L explosion sphere. This program calculates the maximum pressure by assuming chemical equilibrium and adiabatic combustion in constant volume.
Convection and wall effects are neglected. This program
uses the minimum free energy method to calculate the composition and properties of products [Reynolds, 1986], [Pope
and col., 2003], [Svehla, 1973].
The explosion of igniters and the beginning of carbon
nanotubes oxidation cannot be considered as two distinct
phenomena. However, it is considered in a first approach
that these phenomena are distinct: Igniters firstly release
their 10 kJ energy and it is assumed that the MWNTs combustion only begins after the complete release of the igniters
heat. Thus, the following initial conditions are considered:
the initial pressure is 2.1 bara and the initial temperature
is 610 K. The figure 3 compares thermodynamic calculations and experimental results in absolute pressure. The
composition of the system is also plotted. There is a
maximum difference of about 25% between experimental

INFLUENCE OF DUST CONCENTRATION
The evolution of maximum pressures Pm, maximum rates of
pressure rise (dP/dt)m and time of combustion have been
represented as a function of dust concentration. The
maximum values of Pm and (dP/dt)m are noted Pmax and
(dP/dt)max. Figure 2 shows the influence of dust concentration on Pm and (dP/dt)m for dried MWNTs nanotubes.
Typical trends are observed. The explosion maximum
pressure increases until 250 g/m3 for poor mixtures and
then decreases for rich mixtures. Pm is mainly linked to
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Figure 3. Evolution of explosion pressure and pressure rise
with dust concentrations for microsized carbon black

Figure 2. Pressure rise and explosion pressure( MWNTs)
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results and calculated pressure. The difference could be
notably explained by the fact that:

where k is a reaction rate constant, Ea is the activation energy
(J.mol21) and Af a preexponential factor. Combining the
previous equations gives, after integration, the evolution of
the conversion rate X as a function of time and temperature.
The thermal balance is obtained by considering that
the energy released by the dusts oxidation heats the
burned and unburned gases and products. Radiative and convective heat transfers are also considered to take the diminution of pressure into account.

. NTC oxidation begins during the release of energy by
igniters.
. The thermodynamic equilibrium is not reached, which
leads to a decrease of reaction yield
. Convective and radiative transfers to the walls of the
sphere were neglected.
The figure 3 clearly shows the three reaction areas which
were defined previously. To complete this section, the
explosion severity has been determined. Dust explosions
are usually classified thanks to a parameter giving an
on the maximum rate
explosion index Kst whichdepends

dP
of pressure rise K ¼
V 1=3 . The maximum
st

dt

X d½ni (X,t)  Cv,i (T,t)T
dX
nNTC,0  DUoxidation (T) ¼
dt
dt
i
þ S  s (T(t)4  Tironsteal ) þ h  S  (T  Tironsteal )

where DUoxidation is the released energy by the oxidation of
carbon nanotubes (J.mol21) and Cv, the specific heat
capacities at constant volume (J.mol21.K21). S is the estimated surface of the sphere walls. This model assumes a
homogeneous temperature in the sphere. NTC are considered as a black body and convection coefficient h was
set at 300 W.m22 as determined when we have characterized the thermal behaviour of the sphere during the release
of igniters heat. It was considered that h is constant with
temperature. h value is usual for convective heat transfer
for gases under high pressure. Finally, it must be pointed
out that the pressure rise is calculated from temperature
rise via ideal gas law. This assumes that chemical equilibrium is reached which may not be true but enables to
provide quite satisfactory results.

max

explosion pressure for studied MWNTs is 6.6 bars. The
maximum rate of pressure rise is 227 bar/s and the
explosion index Kst is 62. This powder can be considered
as St1 explosivity class. Studied MWNTs triggers weak
explosions according to explosivity class.
The maximum explosion pressure for the studied
carbon black is 6.1 bars which is slightly lower than the
value for MWNTs. The maximum rate of pressure rise is
225 bar/s and the explosion index Kst is 61. This powder
can be considered as St1 explosivity class and triggers
weak explosions according to explosivity class. The
explosion severity of this carbon black and NTC is rather
closed. It seems that there are no great differences
between the microsized carbon black and NTC. No BET
was performed on carbon black but it can be assumed that
there is microporosity in carbon black that would explain
the similar reactivity between these two products. Further
experiments are currently performed to make an accurate
comparison between nanosized and microsized carbon
black in order to better understand the preliminary results
obtained in this study.

MODELLING OF THE PRESSURE FOR
DUST CONCENTRATIONS GREATER
THAN 200 g/m3CARBON
It is considered that the combustion of carbon nanotubes
only produces carbon monoxide and that the radiation
losses may be neglected as the dust cloud is highly concentrated. Finally, n was set at 0.6 in accordance to some
authors [Tyler, 1986], [Boumahmaza, 1991], [Smith &
Harris, 1991]. Activation energy has been determined by
minimising the delay between the pressure wave and the
flame front. For the whole dust concentration, the time
delay ranges between 0.002 s to 0.009 s, which is quite
acceptable considering that the combustion time is about
0.06 s for concentrations greater than 125 g/m3. Preexponential factor mainly influences the rate of pressure
rise and has been determined to minimize the difference
between experimental and calculated maximum rate of
pressure rise. In these conditions, activation energy value
8 kJ which is significantly lower than those reported in the
literature for coal combustion in bulk (from 60 to 180 kJ/
mol) [Tyler, 1986, Smith & Harris, 1991; Boumahmaza,
1991] or for soot (140 –170 kJ/mol) [Stanmore and col.,
2001]. Pre-exponential factor ranges between 550 and
680 mol.m23.s21.bar20.6. The model shows a quite good
agreement with experimental results for maximum pressure
and rate of pressure rise even if the modelled maximum
pressure is lower that the experimental ones. (figures 5 to 8).

DISPERSED MWNTS EXPLOSION MODELING
In order to model MWNTs explosion, mass and heat
balances have been considered. The mass balance in the
20 L apparatus considered as a batch reactor could be
written as follows:
0 ¼ rV þ nNTC,0 

d(1  X)
dt

(2)

where V is the volume of the sphere, nNTC,0 is the initial
number of NTC moles and X is the conversion rate. The
reaction rate r (m3.mol21.s21) has been chosen as a function
of the oxygen concentration [O2] at the power n by considering typical kinetic studies of coal oxidation [Hamor &
Smith, 1973], [Tyler, 1986], [Boumahmaza, 1991], [Smith
& Harris,1991]:
r ¼ k  ½O2 n ¼ Af  exp



Ea
 ½O2 n
RT

(4)

(3)
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Figure 4. Comparison of thermodynamic calculations
experimental results for explosion pressure and pressure rise
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Svehla R. A. (1973), Fortran IV computer program calculation
of thermodynamic and transport properties of complex
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MODELLING OF THE PRESSURE FOR DUST
CONCENTRATIONS BETWEEN 100 G/M3CARBON
AND 200 G/M3CARBON
Thermodynamic explosion temperature is higher for these
concentrations. Consequently, radiative and convective
losses were considered until the maximum explosion
pressure was reached. As MWNTs are completely oxidised,
only convection losses are considered after the maximum
pressure was reached. Activation energy and n are respectively 8 kJ and 0.6. The pre-exponential factors were set at
300 mol/m3.s1.bar0.6 and 120 mol/m3.s.bar0.6 for respectively a dust concentration of 200 g/m3 and 125 g/m3. The
model shows a quite good agreement with experimental
results for rate of pressure rise. However, the modelled
explosion pressure (8.5 bara) is rather greater than the experimental one (7.5 bara) and may be explained by the fact that
the increase of convective coefficient with the temperature
(pressure) was not considered in this study.

MODELING OF THE PRESSURE FOR
DUST CONCENTRATIONS LOWER
THAN 100 g/m3CARBON
For these low dust concentrations, closed to the minimum
explosion concentration, the effects of the chemical igniters
become preponderant in the pressure rise, which renders
pressure modelling difficult to be performed. The modelled
pressure development does not corroborate experimental data.

CONCLUSION
A preliminary model, based on heat and mass transfers
balances, has been proposed to represent the pressure evolution during the explosion. This approach, which differs
from the Euler-Euler or Euler-Lagrange models [Zhong
and col., 2002], [Kosinski and col., 2005], or from the
models “thin-flame” or “three zones” [Dahoe and col.,
1996], gives satisfactory agreement between calculations
and experimental data for concentrations greater than
200 g/m3 of pure carbon. This simple model was used in
a first approach. Other kinetic mechanisms, that could represent MWNTs explosive oxidation, will also be tested in
the future in order to validate these preliminary results.
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d’un charbon du Maroc par thermogravimétrie. Approche

6

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153

treatment, Journal of Physical Chemistry B 106: 7160–
7162.
Zhong S., Teodorczyk A., Deng X., Dand J., 2002, Modeling
and simulation of coal dust explosion. Journal of Physics,
7: 141– 147.

Tyler R. J, Intrinsic reactivity of petroleum coke to oxygen,
Fuel 65,1986,235.
Yang, Y., Zou, H., Wu, B., Li, Q., Zhang, J., Liu, Z.,
Guo, X. and Du, Z. (2002), Enrichment of large diameter
single-walled carbon nanotubes by oxidative acid

7

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153

DOMINO EFFECTS: THERMAL IMPACT OF JET FIRES ON INDUSTRIAL PIPES
S. Patej and T. Durussel
Institut National de l’Environnement et des Risques, INERIS, Parc Technologique ALATA,
60550 Verneuil-en-Halatte, France; e-mail: Stephanie.patej@ineris.fr
Due to accidental thermal attacks, industrial plants can be damaged or more seriously become
themselves the centre of major accidents (domino effects). At the origin of these attacks, it is
advisable to mention the “classical” fires such as pool fires, jet fires, but also more exceptional
phenomena which generate fire balls with an intense radiation as BLEVE or Boil-Over.
Therefore, as part of hazard surveys and more particularly survey of domino effects, some questions
are asked about, for example:
– the relevance to consider the explosion of such or such tank as a result of the contribution of
heat since a close fire considered besides,
– or again the quantitative earnings expected by the implementation of materials of heat insulation or the implementation of means of cooling.
Now it concerns typical structures as pipes or tanks, there are not or few tools which are enough
fine to answer the previous asked questions and at the same time there is not enough quick
implementation to be compatible with the deadline constraints of usual studies.
Thus a research programme focuses on the thermal impact of different fires on industrial pipes
and tanks. Its objective is to develop, to validate and to produce one or several tools of calculation
satisfying needs mentioned above in order to approach in a most realistic possible way the thermal
impact of fires on equipment such as the industrial pipes and tanks.
This paper presents an experimental campaign aiming to the analysis of the heat transfers being
exerted on a pipe submitted at a fire jet. Thus, an experimental apparatus was set up making it
possible to determine on the one hand, precisely the characteristics of jet fire and on the other
hand, the thermal response of the pipe crossed by water.
To characterise jet fire, measurements of gas temperatures, gas velocities and heat fluxes are
realised for three gases that are the methane, propane and ethylene and for various gas release
rates. Additionally, test monitoring has also been done, making use of both infrared camera and
conventional video camera. These measurements make it possible to define dimensions of jet
fires, its surface emissive power as well as the hot gas velocities for then deducing from them
the heat transfers received by the pipe. In the second time, the pipe crossed by water is subjected
to these various jet fires and the thermal response of pipe is quantified by monitoring the pipe with
thermocouples.
The experimental apparatus makes it possible to vary various parameters such as:
– the presence or not of an heat insulator like rockwool,
– the thermal attack (various gases and heat release rates),
– the flow velocity in the pipe going from 0,1 to 1 m/s.
This test campaign aims to validate the physical models concerning the thermal response of a
structure to a thermal attack and to quantify the influence of the hot soots conduction in the heat
transfers by testing jet fires of gas producing soots more or less.

KEYWORDS: domino effects, jet fire impingement, experiment, radiation, soot concentration

supports INERIS for the performance of a research program
named “FREDRIC”. This program focuses on the thermal
impact of fires on industrial pipes and tanks. Its main objective is to develop, to validate and to produce one or several
tools in order to calculate the thermal response of industrial
structures submitted to major fires accidents.
Within this framework, this paper presents an experimental campaign aiming to the analysis of heat transfers
being exerted on a pipe impinged by a jet fire. Ultimately,

INTRODUCTION
Due to accidental thermal attacks, industrial plants can be
damaged and become themselves the centre of major accidents (domino effects). At the origin of these attacks, it is
advisable to mention the “classical” fires such as pool fires,
jet fires, but also more exceptional phenomena which generate
fire balls with an intense radiation as BLEVE or Boil-Over.
To better characterise thermal domino effects, the
French Ministry for Ecology and Sustainable Development
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Figure 1. Sketch of the experimental apparatus

this test campaign aims to quantify the influence of the hot
soot in the heat transfers by testing jet fires of gas producing
soot more or less.

–
–

EXPERIMENTAL APPARATUS
A first experimental campaign consisted in determining
precisely the characteristics of jet fire and a second campaign made it possible to define the thermal response of
the pipe impinged by a jet fire. Figure 1 presents a sketch
of the global experimental apparatus. The experimental
campaigns were realised within the closed INERIS fire
gallery that provides a confined medium. Thus, there is no
influence of meteorological conditions such as wind.
A first experimental apparatus was set up making it
possible to characterise initially the phenomenon of jet fire
for three various gases chosen for their different propensity
to produce soot which are methane, propane and ethylene.
Figure 1 presents this apparatus which is made up of a gas
cylinder and a warming device of gas to allow the flowmeter
to work in its range of operation. This flowmeter is used to
control the exit gas velocity (nozzle diameter dj being
unchanged during all the tests) in order to obtain a jet fire
in stationary regime.
A mass flow rate and an exit temperature define the
gas jet. Then, in order to characterise jet fire in term of geometry (lift off, flame length . . .) but also radiative power,
various instruments of measurements are used such as:

–
–

thermocouples placed in the axis of the jet fire to
measure the hot gas temperatures Tg along the flame,
an anemometric bi-directional probe being able to be
moved along the axis of the flame to measure the hot
gases velocity Ug,
radiative fluxmeters located on the sides and above the
flame measuring the radiative flux,
a video camera system to measure dimensions of the
flame (by visualisation).

The plan of tests is presented in Table 1 which indicates for all gases, the ranges of the gas mass flow rate
_ of the exit gas velocity Uj,
_ f , of the heat release rate Q,
m
of the Reynolds number Res, of the Froude number Fr and
the effective diameter of the jet Ds. The Froude number is
often considered to define the characteristics of jet fire.
For the second experimental campaign, the steel pipe
is subjected to these various jet fires and the thermal
response of pipe is quantified by monitoring the pipe with
thermocouples (Figure 2).
It should be noted that measurements are done on the
part of the pipe directly impinged by jet fire and symmetrically on the part located in the drag of the flame. The pipe
has the following characteristics: internal diameter 22 mm
and external diameter 34 m, that is to say a 6 mm thickness.
The installation is made of three sections of measurements,
the section B located in the axis of jet fire, section A 10 cm
upstream and section C 10 cm downstream. The

Table 1. Characteristics of jet fires tests
Gas
Methane (CH4) fs2 ¼ 18,9%
Propane (C3H8) fs ¼ 17,6%
Ethylene (C2H4) fs ¼ 17%
1
2

_ f (g/s)
m

_ (kW)
Q

Uj (m/s)

D1s (mm)

1,02 –3,81
1,23 –5,31
1,32 –6,27

51 – 191
62 – 296
57 – 246

25 – 93
11 – 47
18 – 87

6,6
10,9
8,7

U2

Fr ¼ gDj s (  )

10000 –37330
27150 –117200
18790 –89260

9600– 134030
1130– 21060
3970– 89530

qﬃﬃﬃﬃﬃﬃ
Ds: Effective diameter of the gas jet such as: DS ¼ dj rrfuel .
air
fs: Fraction which represents the fuel mass fraction at which carbon particles begin to form (Beyler, 2002).

2

Uj Ds
nf

()

Res ¼
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Figure 2. Sketches and picture of the steel pipe monitored with thermocouples and the collector of connectors

thermocouples directly impacted by jet fire are noted AX1,
AX2, BX1, BX2, CY3 and CY4 and those in drag noted
AY3, AY4, BY3, BY4, CX1 and CX2 (Figure 2). In
addition, a collector was also necessary to place the whole
of the connectors, and also to ensure the clearing of the
extension cables towards outside (Figure 2). An internal
fluid that is water at ambient temperature flows in the pipe.
This water flow can be modulated until obtaining a
maximum mass flow rate of 12 kg/min, that is to say a velocity of 0,5 m/s. The temperature in water is measured
using thermocouples upstream and downstream from the
sections of measurements. Measurements are done with a rate
of 2 seconds acquisition and make it possible to obtain an
evolution of the steel pipe temperatures as well as the
water temperatures. The variable parameters are as follows:

their important soot concentration. Indeed, the ethylene
and propane have a greater propensity to produce soot
(see the fs fraction in Table 1).
The fraction of combustion energy radiated hr is
important in the calculation of the radiative flux received
by a target. To estimate it in experiments, a calculation is
carried out while being based on the values of radiative
flux given by the fluxmeters.
Figure 4 shows the fraction of combustion energy
_ accord_ r (Q
_ r ¼ hr Q)
radiated hr and the radiative power Q
ing to the Froude number Fr.
In a general way, the radiative fraction tends to
decrease when the gas jet velocity increases. This observation proves to be a recognized characteristic of the turbulent jet fires rather controlled by the forced convection
induced by the gas jet. Even if the fraction of combustion
_r
energy radiated hr is reduced, the radiative power Q
increases with the exit gas velocity. Indeed, more the mass
flow rate grows and more the flame is going to radiate.
In addition, the radiative fraction of the methane
flame is systematically lower than the radiative fractions

– the jet fire (various gases and the variation of heat
release rate),
– the water flow within the pipe (water velocity going
from 0 to 0,5 m/s),
– the presence or not of an heat insulator like rock wool.

EFFECT OF SOOT ON RADIANT ENERGY
Whatever the gas tested, the visualisation by video camera
shows that jet fire takes a general form of cone (Figure 3)
which characterises fully turbulent jet flames whose the
Reynolds number is greater than 2000 (Table 1). But the
structure of flame differs according to gas. Indeed, the
methane flame compared to the propane and ethylene
flames has a blue aspect and is very lifted off from the
nozzle. The blue color of this flame is characteristic of the
radiation in the field of visible of the carbon dioxide and
the water vapor. The methane flame is generally considered
as a nonluminous flame and soot radiation can be neglected
(Marracino, 1997). The soot production in a methane flame
is very weak even null under our conditions of tests. At the
opposite, the propane and ethylene flames known as luminous are characterised by their yellow color because of

Figure 3. Photos of different gas flames

3

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153
0,4

fire impingement of the steel pipe apprehended how jet fire
interacts with the engulfed equipment.
With this intention, Figure 5 presents the thermal
response of the pipe impinged by the flames of three gases
(methane, propane and ethylene). The pipe is located at
the centre of jet fire and has a water flow of 12 kg/min.
The methane mass flow rate is of 3,81 g/s, that of the
propane of 4,48 g/s and that of ethylene of 2,48 g/s
(Froude number is the same for propane and ethylene).
First of all, an observation can be made as the temperature of the pipe rises very fast. This is caused by its
thermal inertia which is very weak. This weak thermal
inertia is due mainly to the thermal diffusivity of the steel
which is high and about 1,55.1025 m2/s. Consequently, in
less than one minute, the pipe subjected to the methane
fire reaches a thermal equilibrium characterised by an
asymptotic temperature of 1208C. This thermal response is
logical since with thermal equilibrium, absorbed (contributions by radiation and forced convection) and evacuated
(losses by forced convection of water) heat fluxes by the
pipe are compensated. It should be noted that this is valid
only if absorbed and evacuated heat fluxes remain constant.
The pipe impinged by propane and ethylene flame does not
reach a thermal equilibrium. Indeed, after having reached a
temperature peak, the thermocouple returns a temperature
which decreases during time instead of stagnating. The
forced convection induced by the water flow remaining
unchanged during the test, only a modification of the heat
absorbed by the pipe can be at the origin of such a phenomenon. The photographs taken after tests showed that the
methane fire had caused an oxidation of steel due to the condensation of the combustion steam coupled with the high
temperature in the flame. The formation of this ferric
oxide residue did not have any impact on the thermal
response of steel. On the other hand, after the propane and
ethylene tests, it appeared on the pipe a consequent soot
deposit. Thus, we deduced from it that this deposit was at
the origin of the temperature decrease. This phenomenon
is called “thermophoresis” and corresponds to a laminar
transport by which the particles (soot) go upstream a temperature gradient. Indeed, the opaque particles (strongly
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of propane and ethylene. Indeed, the radiation of a methane
jet fire comes exclusively from the water vapor and carbon
dioxide which are bodies known as “semi-transparent”.
Their emission is very weak compared to the emission of
a black body. Conversely, ethylene and propane jet fires
have important concentrations of soot, particles radiating
as black bodies.
Moreover, ethylene jet fire has a radiative fraction
more raised than propane one. The radiation of the propane
and ethylene flames is due mainly to their consequent soot
concentration. The alkenes (ethylene) have a greater disposition to produce soot than the alkanes (propane) (Rasbah,
1982). The more the flames are concentrated out of soot
and the more they tend to radiate until they are saturated
with particles. It is completely logical to obtain a radiative
fraction of propane flame weaker than ethylene one.

EFFECT OF SOOT ON HEAT TRANSFERS
TO THE PIPE
The first tests realised with jet fires put forward the differences existing between tested gases in term of soot concentrations. The second experimental campaign based on the jet
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Figure 5. Evolution of the thermocouple directly impinged by jet fire and photos showing the consequences of jet fire
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absorbing) follow usually the heat gradient while escaping
from the hot zones to go towards the cold zones. Soot
would come to deposit preferentially on the cold pipe and
to insulate the pipe thermally as the deposit thickness
evolves in the course of time. A test carried out over one
forty minutes duration showed that the pipe could go
down until a temperature of 408C after having reached a
temperature peak of more than 1408C. The soot particles
always remain in place condensing and agglomerating on
the pipe in thin layer then in the form of aggregates.
How soot can create such a protection? The pipe
emissivity changes while passing from 0,2 to 0,95 because
of the formation of the soot deposit which radiates
roughly as a black body (McEnally, 1997). This modification generates an increased heat loss. In same time, soot
absorbs heat due to the radiation and the forced convection
but restore only a part with the pipe by conduction. An interstitial medium must remain between soot and the pipe inducing an imperfect contact and thus a thermal resistance of
contact, the heat transfer by conduction is carried out less
better. Moreover, this soot deposit plays the same role in
the long term as a heat insulator because of a very low
thermal conductivity.
In addition, this phenomenon which can be characterized by the relationship between the temperature decrease
DTsoots
and the time over which it is carried out noted
Dt
must be related to the soot quantity produced by jet fire.
DT
Figure 5 shows that for propane, Dtsoots ¼ 2,78C/min and
DTsoots
for ethylene,
¼ 10,88C/min. However, for these
Dt
two tests, the gas velocity and gas temperature are identical
(Ug ¼ 8,5 m/s and Tg ¼ 10008C) as well as the radiative
power which is 40 kW. If the radiative power is equivalent,
the quantities of soot provided by the two flames are about
equal. Therefore, the thermal decrease should be similar

between two gases and yet, there is a factor 4 between the
two DTDtsoots . This can be explained by the fact of a different
granulometry between ethylene and propane soots that
implies a more or less insulator soot deposit.

EFFECT OF HEAT INSULATOR ON THE
THERMAL RESPONSE OF THE PIPE
The system of heat insulator is tested in order to consider its
effect of fire protection on the pipe. The heat insulator used
for the tests consists of a rock wool layer 3 cm thickness.
Figure 6 presents two tests carried out, one concerning the
_ f ¼ 3,81 g/s) on the insulated
impact of the methane fire (m
pipe and the other the impact of the ethylene fire
_ f ¼ 4,91 g/s). The insulated pipe is placed in the centre
(m
of jet fire and is crossed by a water flow of 2 kg/min.
First of all, it should be noted that thermal equilibrium
is reached at the end of 3–4 minutes whereas without heat
insulator, less than one minute is enough. This additional
time is due to the high thermal inertia of the heat insulator
caused by a low thermal diffusivity of about 8.1027 m2/s.
Indeed, the heat insulator tends to diffuse heat more
slowly. Then, the very low thermal conductivity of the
heat insulator of 0,08 W/mK makes it possible to maintain
a maximum temperature of the pipe of 408C when the
methane jet fire impinges this one. The same test carried
out without heat insulator shows that the pipe reaches a
maximum temperature of 1408C. The heat insulator
decreases the temperature of 1008C that is to say a reduction
in the heat transmitted to the pipe of 70%. Consequently, a
system of heat insulator is completely eligible as fire passive
protection of the equipment. Thus, it can be considered like
a means of reducing the risk of rupture in the survey of
domino effects.
METHANE
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Figure 6. Tests carried out with the insulated pipe impinged by methane and ethylene jet fire
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On the other hand, this heat insulator can undergo
deterioration during the thermal aggression. Indeed, the
photographs show it, during the test with methane, the
binder constituting the heat insulator started to burn. With
the end of the test, this binder being partly consumed, the
structure of the heat insulator is found somewhat faded on
the surface. At the opposite, while looking at the photo of
the heat insulator after ethylene jet fire, one realises that
the rock wool was not degraded and that a soot deposit
came to be formed with the flame impingement. And yet,
_ ¼ 232 kW) as
the heat release rate of the ethylene fire (Q
well as the temperature in the flame (Tg ¼ 11008C) are
_ ¼ 191 kW;
higher than those of the methane fire (Q
Tg ¼ 9008C).
Thus, soot condensation on the heat insulator by thermophoresis could be at the origin of this different rate of
deterioration. The graph of the temperatures shows that
with thermal equilibrium, the temperature located in the
jet fire drag is more consequent than at the impingement.
In the case of the methane fire, these temperatures are identical with a few degrees because, under normal conditions,
the heat insulator must restore heat towards the pipe in a
more homogeneous way. Soot would act like an additional
insulator protecting a part of the heat insulator from the
thermal aggression. The phenomenon that appears with
the soot deposit is the same one as observed with the pipe
without heat insulator. Except any decrease of temperature
is not observed, because of the heat insulator thermal
inertia which is stronger than steel one.

radiative fraction model will have to take into account the
soot concentration of the flame. To supplement these investigations, the experimental data will be compared with the
existing models of jet fires calculation which are the
SHELL model (Chamberlain, 1987) and the API RP 521
model (API, 1997).
Concerning the thermal response of the pipe subjected
jet fire, it appears that soot comes to insulate the pipe by a
phenomenon of “thermophoresis”. The soot deposit plays
the same role than a heat insulator. When the pipe is insulated by rockwool, the soot deposit protects rockwool
from the jet fire heat. Soot acts as a second heat insulator.
Ultimately, this second tests campaign aims to modify the
physical models concerning the thermal response of a structure subjected to fires. It will be necessary to determine the
thermophoretic soot mass flux settling on the equipment as
well as the increase thickness of insulating soot in the course
of time. The modification of the physical models will be the
subject of the other papers.
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CONCLUSION AND FUTURE WORK
Two tests campaigns were carried out. One related to the
characterization of jet fires and the other the thermal
response of a pipe subjected to these jet fires. In this
paper, only the effect of soot was investigated.
The tests about jet fires showed that a high molar mass
of fuel did not grant a better propensity to produce soot.
Propensity is related to the chemical nature of fuel such as
alkenes have a better propensity than alkanes. The alkenes
flames tend to radiate more than alkanes ones. Thus, the
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CALCULATION OF THE UPPER EXPLOSION LIMIT OF METHANE-AIR MIXTURES
AT ELEVATED PRESSURES AND TEMPERATURES
F. Van den Schoor1, F. Verplaetsen2 and J. Berghmans1
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Four different existing methods to calculate the upper explosion limit of methane-air mixtures at
initial pressures up to 10 bar and initial temperatures up to 2008C are evaluated by comparison
with experimental data. Planar freely propagating flames are calculated with the inclusion of a radiation heat loss term in the energy conservation equation to numerically obtain explosion limits.
Three different reaction mechanisms are used in these calculations. At atmospheric pressure, the
results of these calculations are satisfactory. At elevated pressures, however, large discrepancies
are found. The spherically expanding flame calculations only show a marginal improvement compared with the planar flame calculations. On the other hand, the application of a limiting burning
velocity with a pressure dependence Su,lim  p21/2 is found to give good agreement with the experimental data, whereas the application of a limiting flame temperature is found to underestimate the
pressure dependence of the upper explosion limit.

KEYWORDS: explosion limits, methane, pressure, temperature

Since it is expected that the chemical kinetics play an
important role in the limit flame behaviour, different reaction mechanisms will be used in the planar flame calculations: the GRI 3.0 mechanism (Smith et al.), the Konnov
0.5 mechanism (Konnov, 2000), the Leeds 1.5 mechanism
(Hughes et al., 2001) and a mechanism by Appel et al.
(2000), which will be called the Berkeley mechanism in
the remainder of this manuscript. All these mechanisms
are available on the Internet.
In the next section the determination of explosion
limits from numerical calculations of both planar and
spherical flames is explained. In Section 3 the different reaction mechanisms which are used in the numerical calculations are presented. Section 4 gives the main results of
this study, whereas Section 5 gives a discussion of these
results from a physical point of view.

INTRODUCTION
The explosion limits of a combustible substance in air
determine the range of concentrations of this substance
in air, within which an explosion can occur. Knowledge
of these limits, thus, allows industrial processes to be run
safely and economically. Primarily, explosion limits are
determined experimentally. These experiments are,
however, cumbersome and time-consuming, especially at
the elevated conditions of pressure and temperature at
which many industrial processes are operated. Therefore,
it is necessary to seek other methods with which safe and
accurate values of the explosion limits can be obtained.
To guarantee a safe operation, these estimates should at
the least be higher (lower) than the experimentally determined upper (lower) explosion limit values. The differences
between the estimated and the experimental values cannot,
however, be too large, since this could lead to a non economic operation.
The aim of this study is to evaluate existing methods
to calculate the upper explosion limit of methane-air mixtures at initial pressures up to 10 bar and initial temperatures
up to 2008C. The methods that will be evaluated are the
numerical calculation of planar (Lakshmisha et al., 1990;
Law and Egolfopoulos, 1992) and spherical (Sibulkin and
Frendi, 1990) freely propagating flames with the inclusion
of a heat loss term in the energy conservation equation
and the application of a limiting flame temperature
(Wierzba et al., 1996; Shebeko et al. 2002) and of a limiting
burning velocity (Bui-Pham and Miller, 1994) below which
flames are unable to propagate. The evaluation of these
different approaches will be based upon a comparison
with experimental data (Van den Schoor and Verplaetsen,
2007).

NUMERICAL CALCULATIONS
The numerical calculations are performed using CHEM1D,
a one-dimensional (1D) flame code capable of solving 1D
mass, energy and species conservation equations with
detailed transport and chemical kinetics models. Two different flame geometries are used, namely 1D planar premixed
flames, both steady and unsteady, and quasi 1D spherically
expanding premixed flames. By introducing a heat loss term
into the energy conservation equation it is possible to
numerically calculate limits of flame propagation. Since
flames will always lose part of their energy by radiation
heat transfer, a radiation heat loss term was chosen. Four
radiating species are considered, namely CO2, H2O, CO
and CH4. To simplify the numerical calculations, the radiation is modelled by means of the optically thin limit,
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meaning that no reabsorption of emitted radiation is
considered.
Estimates for the explosion limits are obtained from
the planar flame calculations by considering whether an
unsteady flame calculation reaches a steady state or not. In
the latter case, the maximum flame temperature and
burning velocity will decrease continuously in time.
Before doing unsteady flame calculations, an initial guess
for the upper explosion limit is sought by doing a series of
steady flame calculations in which the equivalence ratio is
stepwise increased until a steady solution cannot be found
upon further increase of the equivalence ratio. Next,
steady solutions in the neighbourhood of this initial guess
are calculated with 90 –98% (depending on the initial
pressure) of the total radiation heat loss included. Finally,
these solutions serve as initial conditions for the unsteady
calculations, which are done from their start with the radiation heat loss restored to the full 100%.
In the spherical flame calculations, mixtures in which
flames propagate over a distance of 100 mm, are considered
to be flammable. Due to the large computational time and
the absence of a good initial guess, the equivalence ratio
at which calculations are performed is changed in steps
of 0.1. The ignition source is modelled as an energy input
of 10 J during a period of 40 ms in a spherical volume
with a diameter of 10 mm. These parameters are chosen to
resemble the ignition source that was used to obtain the
experimental data with which the numerical estimates will
be compared (Van den Schoor and Verplaetsen, 2007).
Beside estimates for the explosion limits the steady
planar flame calculations will also give values for the
maximum flame temperatures and the burning velocities
which enable evaluation of the limiting flame temperature
and limiting burning velocity approaches.

The Berkeley mechanism contains 544 elementary
reactions and 101 species. It can be used for the calculation
of methane, ethane, ethylene and acetylene flames at 1 bar.
It also includes aromatic species in order to better model
soot formation. There also exists a modification of this
mechanism for simulating flames at 10 bar, which contains
a different set of 546 elementary reactions.
Table 1 shows the number of elementary reactions
and species for the different reaction mechanisms used in
this study.
These reaction mechanisms were all validated against
a variety of experimental data, including burning velocities,
ignition delay times and species concentration profiles. The
most important parameter of these with respect to the calculation of explosion limits is the burning velocity. Therefore,
the different mechanisms are tested on their capability of
reproducing burning velocities of rich methane/air flames.
To this end, 1D planar freely propagating adiabatic premixed
flames were simulated at 1 atm and 258C. As can be seen in
Figure 1, the numerically calculated burning velocities
obtained with the Leeds mechanism are in poor agreement
with the experimentally determined values. Consequently,
this mechanism was not used in any of the further calculations, as it would underestimate the upper explosion limit.

RESULTS
NUMERICAL 1D PLANAR FLAME CALCULATIONS
At an initial pressure of 1 atm, the 1D planar flame calculations show a satisfactory agreement with the experiments
(Figure 2). All of the tested reaction mechanisms predict
the slope of the temperature dependence of the upper
explosion limit (UEL) well, whereas the observed differences between the numerically and experimentally determined values is approximately 2 mol%. At higher initial
pressures, however, larger differences are found between
the numerical and experimental results, as well as large discrepancies between the different reaction mechanisms.
Whereas the results of the Konnov mechanism reproduce
the slope of the pressure dependence at an initial temperature of 258C fairly well with a difference between numerical
and experimental results of about 5 mol% at an initial
pressure of 10 bar, the results of the GRI mechanism substantially diverge from the experimental ones, with differences over 10 mol% at 10 bar (Figure 3). Figure 4 shows

REACTION MECHANISMS
The GRI mechanism contains 325 elementary reactions and
53 species. It can be used for the calculation of methane and
natural gas flames and it is validated for temperatures of
1000– 2500 K, pressures up to 10 bar and equivalence
ratios up to 5.
The Konnov mechanism contains 1027 elementary
reactions and 127 species. Compared to the GRI mechanism, it can also be used for calculating the combustion of
C2 and C3 hydrocarbons and their derivatives.
To reduce computational times the nitrogen chemistry
is stripped from both these mechanisms, since it is unimportant for the highly rich flames under consideration. To allow
a better comparison between the GRI mechanism and the
Konnov mechanism, the C3 –C6 species other than C3H8
and n-C3H7 also present in the GRI mechanism are stripped
from the Konnov mechanism, thereby further reducing the
number of elementary reactions and species.
The Leeds mechanism contains 175 elementary
reactions and 37 species. It can be used for the calculation
of methane, hydrogen, carbon monoxide, ethane and
ethylene flames.

Table 1. Number of elementary reactions and species for the
different reaction mechanisms
# elementary reactions

# species

219
776
456
175
544
546

36
93
54
37
101
101

GRI 3.0
Konnov 0.5
Konnov 0.5 (reduced)
Leeds 1.5
Berkeley (1 bar)
Berkeley (10 bar)


2
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Figure 1. Comparison between experimentally determined and
numerically calculated adiabatic burning velocities of rich
methane-air flames at 1 atm and 258C

Figure 3. Comparison between experimentally determined and
numerically calculated upper explosion limits of methane-air
mixtures at 258C

that at an initial pressure of 10 bar, the calculated upper
explosion limits are significantly higher than the experimentally determined ones. These large differences imply that the
estimates of the upper explosion limits obtained by 1D
planar flame calculations are of limited value at elevated
pressures and temperatures.

in the range of theoretically derived (Buckmaster and
Mikolaitis, 1982; Ronney, 1998) and experimentally determined (Ronney and Wachman, 1985) values for the limiting
burning velocity. The theoretical derivation also gives the
pressure dependence of the limiting burning velocity:
Su,lim  p21/2 (Ronney, 1998). Through the data points a
relationship of the form Su,lim ¼ a pb is fitted by means of
the least squares method, with p the initial pressure
(Figure 5). The exponent b is found to be 20.51, 20.50
and 20.48, respectively at initial temperatures of 258C,
1008C and 2008C. These values are in excellent agreement
with the theory. It must, however, be noted that the estimates
for the burning velocity strongly depend on the reaction
mechanism. For example, calculations at 258C with the
full Konnov mechanism give a value for the exponent b of
20.47. Given the inaccuracies in the experimental determination of the explosion limits and in the numerical calculation of burning velocities, as well as the assumptions made
in the derivation of the limiting burning velocity (Buckmaster and Mikolaitis, 1982), the agreement is promising.

NUMERICAL 1D SPHERICAL FLAME
CALCULATIONS
Only a limited number of 1D spherical flame calculations
have been done. They show a slight lowering (of about
1.5 mol%) of the estimates of the UEL, when referred to
those of the 1D planar flame calculations, using the GRI
mechanism. Additional calculations are being done to
ascertain whether these findings also hold for the other
mechanisms.
LIMITING BURNING VELOCITY
Figure 5 shows estimates of the burning velocities at the
experimentally determined upper explosion limits. These
estimates are obtained from the numerical calculation of
1D steady nonadiabatic planar flames using the reduced
Konnov mechanism. At atmospheric pressure and ambient
temperature a value of 4.8 cm/s is found. This value is

LIMITING FLAME TEMPERATURE
Often cited in literature is the modified law of Burgess and
Wheeler (Zabetakis et al., 1958), which describes a linear

Figure 2. Comparison between experimentally determined and
numerically calculated upper explosion limits of methane-air
mixtures at 1 atm

Figure 4. Comparison between experimentally determined and
numerically calculated upper explosion limits of methane-air
mixtures at 10 bar
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Table 2. Calculated values of the maximum flame temperature
at the experimentally determined upper explosion limits of
methane-air mixtures
(K)

298 K

373 K

473 K

1 atm
3 bar
6 bar
10 bar

1692
1648
1597
1545

1678
1622
1583
1533

1667
1612
1584
1524

Figure 5. Calculated values of the burning velocity at the
experimentally determined upper explosion limits of methaneair mixtures as a function of pressure. The plot shows a least
squares fit based upon the relationship Su,lim ¼ a pb

experimental data than the limiting flame temperature
approach, since it is less dependent on flame chemistry.

relationship between the explosion limits and initial temperature. This law is based upon a constancy of the adiabatic
flame temperature at the limits, independent of initial temperature. Table 2 shows estimates of the maximum flame
temperatures at the experimentally determined UEL
values. These estimates are obtained from the numerical calculation of 1D steady nonadiabatic planar flames using the
reduced Konnov mechanism. As can be seen, they are
nearly constant for a given initial pressure. This corroborates the experimental finding that the UEL increases linearly with initial temperature. The concept of a constant
limiting flame temperature, however, cannot, be used to estimate the pressure dependence of the upper explosion limit,
as the flame temperatures decrease by approximately 150 K
in the pressure range 1–10 bar. This corroborates the
experimental finding that the slope of the linear dependence
of the UEL on initial temperature increases with increasing
initial pressure. The application of a constant limiting flame
temperature, thus, leads to underestimation of the upper
explosion limits at elevated pressures.

CONCLUSIONS
. At atmospheric pressure the estimation of the UEL by
numerically calculating 1D planar flames with the
inclusion of a radiation heat loss term into the energy
conservation equation is satisfactory. The differences
between the different reaction mechanisms are minimal.
. At elevated pressures, however, large discrepancies are
found. The estimated UEL values are significantly too
high and large differences are found between the different reaction mechanisms. The results obtained with the
(reduced) Konnov mechanism show the best agreement
with the experimental UEL data.
. The 1D spherical flame calculations only show a marginal improvement compared with the 1D planar flame
calculations.
. The application of a limiting burning velocity with a
pressure dependence Su.lim  p21/2 gives good agreement with the experimental UEL data.
. The application of a limiting flame temperature underestimates the pressure dependence of the UEL.
Overall, the limiting burning velocity approach shows
the best potential for estimating the upper explosion limits at
elevated pressures and temperatures and it would certainly
be interesting to further explore it.

DISCUSSION
The large differences between the experimental data and the
estimates of the numerical planar flame calculations are not
surprising, since the laboratory flames are far from planar.
Upon igniting the mixture a flame kernel is initiated which
spreads out spherically. At the same time it starts to rise
as a result of natural convection. This causes the flame
to become stretched as a result of its spherical expansion
and of the interaction with the flow field caused by its
buoyancy. This flame stretch obviously needs to be taken
into account. By doing spherical flame calculations only
part of this stretch — especially the stretch upon igniting
the mixture — is included. From a physical point of view,
the most promising approach would be the concept of a
limiting burning velocity, since its expression was derived
by equating the stretch experienced by a flame propagating
upwards in a cylindrical tube with the stretch necessary to
extinguish the flame (Buckmaster and Mikolaitis, 1982).
Moreover, it is expected to give better agreement with the
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In practical applications when an explosion occurs, the flame encounters obstructions (pipes,
pressure vessels, walls) that disturb its flat propagation. From flames/obstacles interaction
various levels and scales of turbulence are generated, resulting in turbulent self-accelerating
flames and in overpressures much higher than the corresponding free propagation.
For project design, engineering correlations able to predict the peak-pressure of obstaclesinduced explosions are needed. To this end, a thorough and deep knowledge about the mechanisms
driving the flame acceleration and the pressure rise has to be acquired.
In the past, many experiments on obstacle-accelerated flames were carried out, mainly devoted to
the quantification of the link of flame velocities and overpressures measured in conditions of practical interest. The theoretical papers adopted CFD models based on the RANS approach that furnishes an averaged solution of Navier-Stokes equations. These works were aimed at validating
numerical codes versus experiments by tuning model constants and parameters.
Recently, the considerable efforts made on the experimental diagnostic techniques allowed
making some progress in understanding the physics of the turbulence/combustion interaction for
obstacle-accelerated flames [1, 2]. These works provides highly resolved data useful for development and validation of models that in turn may gain insights about the controlling mechanisms.
In the present paper we study the propagation of a stoichiometric CH4/air premixed flame around a
rectangular obstacle in a closed-end channel initially filled with a quiescent mixture.
The aim is to point out how coupling between turbulence and combustion affects the mechanisms
correlating flame structure, speed and resulting overpressure.
To this end we adopted a CFD model based on an advanced approach (Large Eddy Simulation)
which allows the direct solution of the large flow structures generated by the interaction between
flame and obstacles. The model is coupled to a combustion sub-model that follows all the stages of
flame propagation, from laminar to fully turbulent.
The simulation results are successfully compared with the experimental results by Hargrave et al.
[1]. Two pressure peaks are found. The first one occurs when the flame impinges onto the obstacle and
accelerates rapidly by interacting with the turbulent eddies that shed from the sharps edges of the
obstruction. The second peak is linked to the explosion of the gas accumulated behind the obstacle.

KEYWORDS: large eddy simulation, premixed combustion, unsteady flame propagation, obstacles

Gas explosions almost always occur under conditions
having disturbing elements present in the flame path. The
coupling of flame propagation and obstacles-induced turbulent flow field enhances the flame acceleration and the subsequent overpressure.
For obstacles-aggravated explosions the mechanisms
correlating flame structure, speed and resulting overpressure
are still debated, as well as the quantification of their role
and weight by varying conditions and parameters.
Recently, the adoption of sophisticated modeling
techniques coupled to the growing computational power,
has allowed the opportunity of simulating “more physics”
in turbulent combustion and, then, in explosions.
In the present paper a CFD model based on the
advanced approach of Large Eddy Simulation (LES) is

proposed to study the unsteady propagation of a stoichiometric CH4/air premixed flame around an obstacle in
a closed-end combustion chamber initially filled with a
quiescent mixture. A sub-grid scale combustion model is
implemented that is able to follow all the regimes experienced by the flame during the propagation, from laminar
to fully turbulent.
The model is validated against literature detailed
experimental data. Good agreement between simulation
and experiment is found in terms of flame shape, flame
speed profile along the chamber, and overpressure time
history.
The numerical results allow identifying in the
competition between combustion rate and venting rate
that establishes in the chamber zones upstream and
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downstream the obstacle, the mechanism responsible for
the two observed overpressure peaks. In particular, the
effects of the obstacle-side combustion on the laminar
propagation upstream the obstruction, and of the external
explosion on the turbulent combustion of the mixture
trapped behind the obstacle (over-combustion) are
highlighted.

(Lindstedt & Sakthitharan, 1998; Ibrahim et al., 2001;
Ibrahim & Masri, 2001; Hargrave et al., 2002; Naamansen
et al., 2002; Kirkpatrick et al., 2003). Furthermore, LES
may provide more detailed information about the velocity
field, the propagation velocity and structure of the flame,
and the shear layers that arise during the propagation (Kirkpatrick et al., 2003).
In the present paper we use Large Eddy Simulation to
study the propagation of a stoichiometric CH4/air premixed
flame around an obstacle in a closed-end combustion
chamber initially filled with a quiescent mixture. The
adopted model is coupled to a sub-grid scale combustion
model able to follow all the regimes experienced by the
flame during the propagation, from laminar to fully
turbulent.
The validation of the model is performed by comparing the simulation results with the experimental data by
Ibrahim et al. (2001). The model well reproduces the
global features of flame propagation, the flame speed
profile along the chamber, and the overpressure time history.
The numerical results are then examined with the aim
at identifying the mechanisms that correlate flame structure,
speed and resulting overpressure.

INTRODUCTION
In practical applications when an explosion occurs, the
flame encounters obstructions (pipes, pressure vessels,
tanks, walls, etc. . .) that disturb its flat propagation. The
interaction between the moving flame front and the local
blockage enhances the flame acceleration and the subsequent overpressure.
In order to aid the design and hazard assessment of
process plants and offshore platforms in the gas industries,
engineering correlations able to predict the peak overpressure of obstacles-aggravated explosions are needed. To
this end, the mechanisms driving flame acceleration and
pressure rise have to be identified with certainty, and their
role and weight have to be quantified as function of operating conditions and geometrical parameters.
In the last years, thanks to the progresses made in the
field of experimental diagnostics, high resolved data related
to the unsteady interaction between premixed flames and
obstacles have been obtained in terms of flame images and
speed profiles, flow field vectors and turbulence characteristics maps (Lindstedt & Sakthitharan, 1998; Masri et al.,
2000; Ibrahim et al., 2001; Ibrahim & Masri, 2001;
Hargrave et al., 2002; Patel et al., 2003a; Jarvis & Hargrave,
2006). These works have enabled a basic understanding of
the development details of flames propagating in smallscale explosion chambers.
On the numerical side, the adoption of CFD modeling
techniques has allowed the opportunity of simulating the
premixed flames propagation through obstacles taking into
account the full coupling of flow, turbulence and combustion by means of both, RANS (Naamansen et al., 2002;
Salzano et al., 2002; Patel et al., 2003a; 2003b) and Large
Eddy Simulation (LES) (Kirkpatrick et al., 2003)
approaches.
RANS modeling solves the Reynolds time- and
ensemble-averaged equations, thus eliminating the chaotic
fluctuations of turbulence. With LES the large-scale timedependent eddies are resolved, while the smaller sub-grid
scale effects are modelled.
By directly computing the largest turbulent structures,
LES involves a computational cost that is normally orders of
magnitudes higher than that for RANS calculations.
However, it is able to take into account much more
physics compared to RANS.
For obstacles-induced explosions, LES is particularly
useful as it captures the intrinsically unsteady nature of the
phenomenon and allows a better resolution of the eddies
formed around the obstruction, which have a key role in
generating turbulent flame acceleration and overpressure

THE MODEL
Compressible flow with premixed combustion is governed
by equations for conservation of mass, momentum, energy
and species and the thermodynamic equation of state (i.e.,
the ideal gas equation).
Under the assumption of a one-step global irreversible
reaction, the species-transport equation may be written in
the form of the transport equation for the reaction progress
variable (c) defined such that it is zero where the mixture
is unburned and unity where it is fully burned (Libby &
Williams, 1993).
The LES model equations are obtained by Favrefiltering the governing equations with a box filter in the
physical space (Poinsot & Veynante, 2001). The filtering
process filters out the eddies whose scales are smaller than
the filter width (i.e., the grid cell size). The resulting
equations thus govern the dynamics of large eddies and
modelling is only required at the sub-grid scales level.
Turbulence closure is achieved using the dynamic
Smagorinsky-Lilly eddy viscosity model (Lilly, 1992).
The sub-grid scalar fluxes of heat and progress variable
are modelled with a gradient transport assumption
(Poinsot & Veynante, 2001).
Chemical reaction at the sub-grid scale (vc) is parameterised according to the flame surface density approach
(Boger et al., 1998):

vc ¼ ro SL S

(1)

with ro, SL and S, filtered density of the unburned mixture,
laminar burning velocity and sub-grid scale flame surface
area per unit volume, respectively. S is expressed as function of the sub-grid scale flame wrinkling factor (i.e., the
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projection of the sub-grid scale surface in the propagating
direction), JD, according to:
S ¼ JD jrcj

(2)

In Eq. (2) JD is modelled to account for the coupling of
unresolved turbulence and reaction rate.
Both experiments (Ibrahim et al., 2001; Hargrave
et al., 2002) and simulations (Naamansen et al., 2002) of
explosions in presence of obstacles have shown that, due
to the effects of the obstacles-induced turbulent flow field
on flame structure and way and rate of burning, the transition from laminar to turbulent flame propagation takes
place.
In our model the sub-grid wrinkling factor JD is
adapted at each time step, referring to local non-dimensional
quantities related to the filter width and the flow and combustion characteristics, thus following the different combustion stages experienced by the propagating flame (laminar,
wrinkled flamelets, corrugated flamelets, thin reaction
zones, broken reaction zones) in accordance with the
Pitsch’s regime diagram for LES of premixed combustion
(Pitsch, 2006).
In both, the laminar regime and the wrinkled flamelets
regime no sub-grid modelling is needed (i.e., JD ¼ 1).
Indeed, in the wrinkled regime the weak flame front wrinkling is completely resolved on the numerical grid.
For the corrugated flamelets and the thin reaction
zones regimes the model that was derived by Charlette
et al. (2002) from direct numerical simulations of flame/
vortex interactions is implemented.
In the broken reaction zones, the global flame quenching is taken into account by clipping the sub-grid reaction
rate to zero (i.e., JD ¼ 0) according to the quenching
limits discussed by Meneveau & Poinsot (1991).
The model validation is performed against the experimental data by Ibrahim et al. (2001) on the propagation of a
stoichiometric CH4/air premixed flame around an obstacle
in a closed-end channel.
A schematic diagram of the simulated combustion
chamber is shown in Figure 1.
The chamber is (75 mm  150 mm  450 mm) and
contains a rectangular cross-section obstacle (40 mm 
12 mm) imposing an area blockage ratio of 50% ahead of
the flame. The obstacle was mounted inside the camber
and centered at 150 mm of distance from the closed face.
The chamber was initially filled with a quiescent
mixture at ambient values of pressure and temperature.
Ignition was given by a spark plug at the closed end
center. A plastic film diaphragm at the face opposite to the
closed one was used to retain the flammable mixture in
the combustion chamber prior to ignition.
High resolved data were obtained in terms of overpressure history measured at the lower closed end, flame
speed profile along the chamber and flame images during
the propagation.
In the simulation the laminar burning velocity (Sl) of
the flame is assumed constant with pressure and temperature
and equal to 0.405 m/s (Yu et al., 1986).

Figure 1. Schematic diagram of the explosion chamber by
Ibrahim et al. (2001) (not to scale)

For the unburned and burned mixtures, the specific
heats are approximated as fifth-power polynomial functions
of temperature and the molecular viscosities are calculated
according to the Sutherland’s law for air viscosity.
The model equations are discretised using a finite
volume formulation on a non-uniform structured grid.
Smaller cells size (2 mm) is used close to the obstruction
due to the presence of steeper gradients of the solution
field. In Figure 3. Second order bounded central schemes
are chosen for all the spatial differencing operators in
view of their low numerical diffusion coupled to a weak
propensity to give unphysical oscillating solutions.
The time integration is performed by using the second
order implicit Crank-Nicholson scheme with a time step
equal to 1025s.
Within the combustion chamber, solid boundary conditions are applied at the bottom, vertical sides and obstacle.
Outside the combustion chamber the computational domain
is extended to simulate the presence of a dump vessel. This
allows reproducing the exit of the expanding gas from the
combustion chamber in a more realistic way. A condition
of fixed static pressure is assigned at the boundaries of the
additional domain whose distance from the chamber (1 m
in each direction) allows avoiding interference between
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Figure 2. Temperature (K) (top) and vorticity magnitude (s21) (down) maps as computed at different time instants after the ignition
during the propagation of a stoichiometric CH4/air premixed flame around an obstacle (for each map the axial distance of the flame
front tip from the closed-end face is also reported)

the reflected pressure waves and the pressure field inside the
chamber.
The grid is heavily concentrated in the combustion
chamber where the cells number is about the 70% of the total.
Initial conditions have velocity components, energy
and reaction progress variable set to zero everywhere.
Ignition is obtained by means of a hemispherical patch,
with a radius equal to 5 mm, of hot combustion products
in proximity of the closed-end face centre.
Computations are performed by means of the Fluent
code version 6.2.16 (www.fluent.com) adopting the
SIMPLE method for pressure-velocity coupling.
The solution for each time step requires around 100
iterations to converge with values of all the residuals
always less than 6.0E-4 (Ferziger & Peric, 2002).

RESULTS AND DISCUSSION
In Figure 2 (top) the time sequence of the computed temperature maps is presented. For each map the axial distance
of the flame front tip from the closed end face (d) is also
reported.
By comparing these flame images with the experimental ones by Ibrahim et al. (2001), it turns out that the
model captures the main characteristics of the propagation:
the flame approaching the obstacle almost symmetrically
about the chamber centerline (28  t  33 ms); the impingement onto the obstacle with an incomplete combustion
of the fuel mixture in the upstream chamber zone
(32  t  33 ms); the separation into two opposite flames
passing around the obstacle (33  t  37.5 ms) and the
flames reconnection behind the obstacle coupled to the
venting towards the chamber exit (37.5  t  43 ms).
The model is also able to simulate the tongue-like
strip and the small volume of unburned mixture formed,
after the flames reconnection, along the chamber centerline
and in the region behind the obstacle, respectively
(40  t  43 ms).
In the experiment the time to reach the obstacle is
equal to about 35 ms, while in the computations we have
found a value around 32 ms. These results can be related
to the laminar flame speed of the stoichiometry CH4/air
mixture, thus suggesting that the flame propagation
upstream the obstacle is substantially laminar.
Both the experimental and computational flame
images show that the flame front has a laminar structure
during the propagation up to the obstacle location
(Figure 2, t  33 ms), while it appears as a typical premixed
turbulent front when the flame burns downstream the
obstacle (Figure 2, 36  t  43 ms).
Ibrahim et al. (2001) have addressed the transition
from laminar combustion to turbulent combustion to the
effect of the obstacle-induced turbulent flow field on the
flame propagation.
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Figure 3. Measured (Ibrahim et al., 2001) and computed flame
speed profiles along the chamber during the propagation around
an obstacle of a stoichiometric CH4/air premixed flame
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In Figure 2 (down) the field profiles of the magnitude
of the vorticity vectors are reported as calculated at the same
time instants of the temperature maps (Figure 2, top).
The vorticity is a measure of the rotation of a fluid
element as it moves in the flow field, and is defined as the
curl of the velocity vector:
!
j¼r V
(3)

differences have to be attributed to the fact that in the simulation the effect of the disposable sealing membrane is not
modelled and the combustion chamber face opposite to
the closed one is considered open during all the time of
the flame propagation.
In the experiment the first overpressure peak has been
found at the time when the flame front reaches the obstacle
(Figure 4, t  33 ms), and has been linked to the bursting
of the plastic diaphragm.
In the simulation the first peak is observed later, when
the flame has passed the obstacle (Figure 2 and Figure 4,
t ¼ 37.5 ms).
Concerning the second peak, there is a good agreement between simulation and experiment in terms of
shape, maximum overpressure and corresponding time
(Figure 4, t  42 ms).
The second peak corresponds to the combustion of the
fuel mixture trapped behind the obstacle after flames reconnection in both, experiment and simulation (Figure 2 and
Figure 4, t ¼ 41.6 ms).
In order to get insights into the nature of the computed
overpressure temporal trend of Figure 4, it is useful to divide
the combustion chamber into two parts as made in Figure 1:
the first part which lies from the bottom face up to the
obstacle and the second one from the obstacle up to the
chamber exit. Each chamber is vented: the first chamber
towards the second one and this latter towards the
atmosphere.
We have addressed the observed overpressure peaks
to the competition between combustion rate and venting
rate that establishes in both chambers.
To quantify the effective contributions of each
chamber, we have calculated the time profiles of combustion
and venting rates in the two chambers. The combustion rates
have been evaluated as temporal derivative of the mass of gas
in each portion of the chamber. The venting rates have been

As the flame starts to propagate it promotes a flow in the
unburned gas because the expansion of the freshly burned
gas moves the surrounding gas away.
When the unburned mixture, moved ahead by the propagating flame front, reaches the obstacle, it accelerates due
to the flow cross-section constriction, thus generating a “jetlike” flow around the obstacle. Consequently, a symmetrical
pair of eddies is formed either side of the obstacle, as shown
in Figure 2 (down) at t ¼ 28 ms. Each eddy sheds into the
stagnant wake behind the obstacle, starting from the backward facing edge of the rectangle.
As the flame approaches the obstacle, the eddies grow
and move towards the chamber centerline behind the
obstacle (28  t  33 ms).
When the flame touches the obstacle, the highmomentum jetting gas convects the flame downstream the
obstacle (33  t  35 ms). Here the flame burns into the
vortices formed during the early stage of propagation
(t  35 ms). The vortices wrinkle, corrugate and distort
the flame front. The subsequent increase of the flame area,
coupled to the increasing turbulence level, enhances the
burning velocity.
According to the experimental images, from the simulation it results that the vortices-induced flame wrinkling is
particularly evident in the obstacle wake starting from the
time of the flames reconnection (38.5  t  43 ms).
In Figure 3 the calculated flame speed profile along
the combustion chamber (dashed line) is presented in comparison with the corresponding experimental trend by
Ibrahim et al. (2001) (solid line).
As in the experiment the speed has been evaluated at
the flame tip where the maximum axial distance from the
ignition face (d) is reached.
From Figure 3 it is apparent that the experimental
trend is qualitatively and quantitatively well reproduced in
the simulation: the flame is observed to accelerate, decelerate and accelerate again.
The first flame acceleration corresponds to the flame
passage through the obstacle (Figure 2 and Figure 3,
125  d  175 mm). When the flame exits from the gap
between obstacle and chamber side walls decelerates
(Figure 2 and Figure 3, 175  d  210 m). Successively,
the flame re-accelerates starting to interact with the flow
turbulence (Figure 2 and Figure 3, 210  d  240 m).
In Figure 4 both the measured (solid line) and calculated (dashed line) time histories of the mean overpressure at
the bottom end of the chamber are reported.
As in the experiment, two overpressure peaks are well
evident. However, the computed first peak is lower and
shifted ahead compared to the experimental one. These
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Figure 4. Measured (Ibrahim et al., 2001) and computed time
histories of the mean overpressure at the bottom end of the
chamber during the propagation around an obstacle of a
stoichiometric CH4/air premixed flame
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computed as mass flow rate at the mid-height obstacle section
(d ¼ 0.15) and at the outlet channel section (d ¼ 0.45) for the
first and the second chamber, respectively.
In Figure 5 the time histories of the combustion rate
(solid line) and venting rate (dashed line) are reported for
each chamber together with the overpressure time trend in
the channel (dashed-dotted line).
From Figure 5 it turns out that up to about 33 ms after
the ignition, when the flame is all upstream the obstacle
(i.e., in the first chamber) (Figure 2, top), the combustion
chamber is efficiently vented towards the atmosphere.
Combustion rate and venting rates at both, the obstacle
section and the chamber exit, assume very close values.
As a result, the chamber overpressure does not increase
significantly (Figure 5).
Starting from t  33 ms the venting rate at the
obstacle section decreases (Figure 5). At this time,
the flame reaches the obstacle and starts to flow around it:
the passage between obstacle and chamber side walls is
blocked by the flame, while unburnt mixture is still
present in the first chamber (Figure 2, top). Consequently,
starting from t  33 ms the laminar combustion in the
first chamber almost proceeds as in a closed vessel.
Figure 5 also shows that before the first peak
(t  37.5 ms) combustion rate and venting rate in the
second chamber follow each other: the increasing chamber
pressure and the subsequent increasing pressure drop
promote the flow venting towards the exit. Indeed, the
burned gas produced by the obstacle-accelerated flame
almost instantaneously flows out of the channel.
As a conclusion, the pressure rise related to the
first peak has to be ascribed to the violent obstacle-side

Combustion rate

combustion acting as an external explosion of a simply
vented configuration (Harrison & Eyre, 1987).
After the first peak the pressure starts to decrease
since no unburnt remain in the first chamber and combustion
only proceeds in the second one (Figure 2 and Figure 5,
37.5  t  40 ms).
When the combustion is almost complete also in the
second chamber, a second overpressure peak occurs
(Figure 2 and Figure 5, t  41.6 ms) that is again the
result of the coupling between combustion rate and
venting rate (Figure 5).
Before this peak, the combustion rate of the mixture
accumulated behind the obstacle is enhanced by the interaction of the flame with the flow vortices shedding from
the edges into the obstacle wake (Figure 2 and Figure 5,
38.5  t  41.6 ms). On the contrary, the venting rate
decreases since the flame reaches the exit of the chamber
giving rise to an external combustion of the fresh gas
pushed out by the propagating flame front (Figure 2 and
Figure 5, 40  t  43 ms).
Consequently, the turbulent combustion of the
trapped reactants (over-combustion) occurs with a stopped
venting, thus causing the second overpressure peak.
CONCLUSIONS
In the present paper a LES-based CFD model has been proposed to study the unsteady propagation of a stoichiometric
CH4/air premixed flame around an obstacle in a closed-end
combustion chamber initially filled with a quiescent mixture.
A sub-grid combustion model is implemented able to
follow all the regimes experienced by the flame during the
propagation, from laminar to fully turbulent.
The model results are compared with the experimental data by Ibrahim et al. (2001) resulting in a good validation of the model itself. The model captures the main
features of flame propagation and the effect of the
obstacle-induced flow vortices on the flame front structure.
Furthermore, it reproduces the flame speed profile along the
chamber and the overpressure time history.
The numerical results allow identifying in the competition between combustion rate and venting rate that establishes in the chamber zones upstream (first chamber) and
downstream (second chamber) the obstacle, the mechanism
responsible for the two observed overpressure peaks.
When the propagating flame reaches the obstacle and
starts to flow around it, the passage between the obstacle and
the chamber side walls is blocked, while unburnt mixture is
still present upstream the obstacle. Consequently, due to the
obstacle-side combustion, the laminar propagation in the
first chamber almost proceeds as in a closed vessel, thus
leading to the first overpressure peak.
When the combustion is almost complete also in the
second chamber, the flame exits from the channel, giving
rise to an external combustion of the fresh gas pushed out
by the propagating flame front. As a result, the turbulent
combustion of the reactants trapped behind the obstacle
(over-combustion) occurs with a stopped venting. This
causes the second overpressure peak.
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Figure 5. Computed time histories of the combustion and
venting rates in the first and second chamber of the channel
during the propagation around an obstacle of a stoichiometric
CH4/air premixed flame (the channel overpressure time trend
is also reported)
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Venting devices are the main solution for the mitigation of accidental explosion. Relief ducts are
often mandatory for the discharge of combustion products to safe location. However, the presence
of a duct is likely to increase the severity of the explosion and the peak pressure with respect to
simply vented vessels.
To this regard, several mechanisms have been proposed to account for the enhanced violence of
the explosion in such configuration: secondary explosion in the duct (burn-up), frictional drag and
inertia of the gas column in the duct, acoustic and Helmholtz oscillations. The relative effects of the
cited phenomena and their weight on maximum pressure reached during ducted vented explosion is
strongly dependent on the geometry and on the mixture reactivity [Ferrara et al., 2006].
The available guidelines for the design of ducted vents for gas explosions are those proposed by
Bartknecht (1981), also reported in NFPA 68 (2002), and it is well known that they can lead to gross
errors since they do not take into account all the involved phenomena and parameters.
The current authors have recently developed a CFD model able to reproduce the duct-vented
phenomena [Ferrara et al., 2006]. According to the model results the driving mechanism is the
explosion occurring in the initial sections of the duct leading to a backflow from the duct
towards the main vessel, thus restricting the effective vent section and to the turbulisation of
flame within the combustion chamber. It was also shown that the main relevant phenomena is
venting reduction or turbulisation depending on the geometric parameters and mixture reactivity.
The use of this model has open the possibility of simulating the gas explosion in ducted vented
vessels by changing the geometric properties and the mixture reactivity to the end of finding out
the relevant parameters to be present in an engineering correlation.
In the present work, we then test several engineering correlation which take into account the
main phenomena responsible for the increased peak pressure and violence of explosion.

occurring in the initial sections of the duct (burn-up)
which leads to a backflow from the duct towards the main
vessel [Ferrara et al., 2006]. Burn-up and backflow act as
restricting the effective vent section and turbulizing the
flame within the combustion chamber, thus enhancing the
combustion rate and the rate of pressure rise.
The relative effects of the cited phenomena and their
weight on maximum pressure reached in the vessel with
respect to the geometric properties and operating conditions
are still uncertain. As a consequence, vent designers are still
unable to provide reliable and effective protection to
equipments.
In the following, we present a sensitivity analysis performed to find out the most important parameters affecting
the peak pressure when a ducted is fitted to the vessel.
Different results are found for the rear and the central
ignition cases.

INTRODUCTION
Venting devices are the main solution for the mitigation
of accidental explosion. Quite often, relief ducts are used
for the discharge of the combustion products to safe
location. However, the presence of a duct is likely to
increase the severity of the explosion and the peak
pressure with respect to simply vented vessels. Furthermore, it is well known that available guidelines for the
design of ducted vents for gas explosions as those proposed by Bartknecht (1981), also reported in NFPA 68
(2002), can lead to gross errors. Indeed, they recognize
only a linear effect of duct length on the maximum
pressure reached in the vessel, and propose vent design
based on equivalent un-ducted vented equipment [Russo
& Di Benedetto, 2006].
Several mechanisms have been proposed to account
for the enhanced violence of the explosion and peak
pressure in ducted vented configuration: Secondary
explosion in the duct (burn-up), frictional drag and inertia
of the gas column in the duct, acoustic and Helmholtz oscillations. To this regard, results of recent numerical analysis
by means of a CFD model have highlighted that the
increased peak pressure is the consequence of explosion

APPROACH DESCRIPTION
We here assume to calculate the peak pressure reached in
a ducted vented vessel by means of the correlation
developed by Molkov (2001) for the evaluation of the
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peak overpressure reached by gas explosion in simply
vented systems:

pred
¼ Brt2:4
PM  1; Brt  1
p1:5
v
pred
PM . 1; Brt , 1
PM ¼ 1:5 ¼ PM  6Brt0:5
pv

PM ¼

In particular, the intense burn-up in the initial section
of the duct gives rise to additional reduction of the vent
section or equivalently to additional frictional effects;
while, the resulting inversion of flow from the duct to the
vessel, due to local values of pressure in the duct higher
than that in the main combustion chamber, produces turbulisation of the mixture in the vessel (i.e. increase of x).
Hence, we have proceeded by defining a new turbulent Br number which takes into account the effect of the
duct:

(1)
(2)

where pred and pv are, respectively, the dimensionless ratio
of peak overpressure Pred and absolute vent set pressure
Pv,abs to the absolute initial pressure Pi; PM is the reduced
pressure reached when Brt ¼ 0. The turbulent Bradley
number Brt is defined as:
sﬃﬃﬃﬃﬃ
Em
Br
(3)
Brt ¼ 0:21
gu x

 
m
x
Brtducted
¼   ducted
m
Brtunducted

x unducted

¼ f ðreactivity, geometrical propertiesÞ

The f function, defined as a function of reactivity and
geometrical properties of the ducted vessel configuration,
allows to quantify the effect of the duct on venting.
In order to determine the parameters that primary
effect the f function, we used the experimental data, relevant to gas explosions in vessels vented through a duct,
available in the literature and described in details in our
previous study (Russo & Di Benedetto, 2006). These
experiments provide the peak overpressure measured in
ducted vented explosions as function of vessel volume,
duct diameter and length, ignition position, mixture
composition, vent opening pressure and venting area
(De Good & Chatrathi, 1991, Molkov et al., 1993,
Ponizy & Leyer, 1999a, 1999b).
From the experimental data, by applying Eqs 1,2) we
evaluated the Brt ducted. The Brt un-ducted number was calculated by means of Eq. (3 –4). Hence, the f function was calculated as the ratio of the Brt ducted to the Brt un-ducted number
by means of Eq. 5).
To the aim of defining the f function with respect to
geometrical and physical variable which characterize the
phenomena, we have analysed the following most general
correlation

where gu is the specific heat ratio for the unburned fuel at
initial condition, m and x are respectively the “discharge
coefficient” and the “turbulisation factor” which will be discussed later, and Br is the vent ratio coefficient (which was
named Bradley number by Molkov in his work) defined by
Bradley & Mitcheson (1978a,b) in pioneering works.
The turbulent Bradley number Brt was then introduce
to take into account the effect of turbulence on flame speed
(through the turbulisation factor m) and friction effects on
the flow through vent section (through the term x), by
means of their ratio x/m, named “deflagration-outflow interaction” (DOI) number. Molkov (2001) gives an empirical
correlation for the evaluation of the DOI number for
simple vented vessel as follow:
0:4
pﬃﬃﬃﬃﬃﬃ

1 þ 10 3 V# 1 þ 0:5Br b
x
¼a
p0:6
1,#
m
1 þ pv

(5)

(4)

Here, a and b are empirical coefficients and their
values are those suggested by the same author (a ¼ 1.75,
b ¼ 0.5), V# is a dimensionless volume (ratio of the actual
volume of the vented vessel to a vessel of 1 m3), and p1,# is
the dimensionless initial pressure expressed as the ratio of
absolute initial pressure to the pressure of 1 bar. In the
specific case of uncovered interconnected vessels, pv is
set to 1. In Eqs. 1– 2 PM is assumed as equal to 7 by
Molkov (2001). PM represents the reduced pressure
reached when Brt ¼ 0 thus being the reduced pressure
reached in the equivalent adiabatic closed vessel. Consequently, this value could vary if different fuels are used.
We found (Di Benedetto et al., 2005) that the data of
simply vented vessels for propane and methane used by
Molkov (2001) are better fitted for values of PM equal to
6.7 for methane and 8.2 for propane.
In the present paper, we assume that when ducted
venting is of concern, the phenomena reproduced by the
DOI number are still effective and the equations 1 and 2
are still valid.
However, the presence of the duct may cause intensification of both turbulisation and frictional effects.

 b
f ¼ a PM ðSu Þc ðV Þe ðLt Þg ðDt Þh

(6)

where a, b, c, e,g and h are coefficients, PM is the reduced
pressure reached when Brt ¼ 0, Su is the laminar burning
velocity, V is the vessel volume, Lt and Dt are the tube
length and diameter, respectively.
In the following the procedure adopted for the evaluation of cited coefficients is presented.
RESULTS AND DISCUSSION
We fitted the experimental values of the f function for all
the data together and separating the data obtained with
central and rear ignition. Figure 1 reports the f function
as calculated by Eq. 6 vs the f function obtained from
the experiments. The values of the obtained coefficients
are given in Table 1.
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Figure 1. f obtained by fitting the experimental data (eq.6) vs. f
calculated from the experiments

Figure 2. Maximum pressure (PM) vs. Brt as calculated by
means of the Eq.6

Figure 1 shows that the rear ignition data are very well
fitted by the experiments and that the central ignition data
are worst reproduced.
Starting from Eq. 6 with the coefficient values
reported in Table 1, we calculated the Brt and we plotted
the experimental PM values vs. the Brt, as reported in
Figure 2.
Figure 2 shows a satisfactory agreement between the
experimental and the theoretical data.
In order to quantify the weight of each parameter in
affecting the f ratio, we performed a sensitivity analysis.
We calculated the sensitivity coefficient according to the
following formula:

Looking separately at the data obtained by rear
and central ignition, it is found that in the case of rear
ignition, all the parameters have a similar weight being
all relevant in affecting the f function. Conversely,
the central data show a higher sensitivity to the mixture
reactivity trough Su., the vessel volume and the adiabatic
pressure.
This result is the consequence of the mechanisms
underlying the pressure increase in the vessel in the case
of central and rear ignition.
According to our previous results (Ferrara et al.,
2006) the peak pressure in ducted vented vessels is strongly
dependent on the ignition position. In particular, we showed
that the over-pressure depends on the combustion of the
residual unburnt mixture remaining in the vessel after
burn-up.
In the case of rear ignition, combustion proceeds with
higher reactivity after the burn-up due to the higher turbulence level generated during the flame propagation with
respect to the central ignition case. However, a lower
amount of unburned mixture is available for the residual
combustion with respect to the central ignition case. As a
consequence, in the case of central ignition much combustion proceed after burn-up thus needing a higher effective
venting, thus explained the strong sensitivity on the duct
diameter.

Fi ¼ xi

@f
@xi

(7)

In Figure 3 we have plotted the maximum value of the
absolute value of the sensitivity coefficient, Fi calculated for
each parameter obtained by varying it in the range of the
experimental values.
Looking at the sensitivity coefficients obtained by
using all the data, it appears that the f function is strongly
sensitive to the duct diameter (Dt) and the adiabatic
pressure, PM .
Table 1. Values of the coefficients obtained by fitting the
experimental values (Eq.6)
Parameter
R2
a
b
c
e
g
h

Rear ignition
0.99

Central ignition
0.42

2.4E-04
3.61
20.27
0.42
0.19
1.93

3.3E-06
3.99
0.09
0.39
1.57
23.73

CONCLUSIONS
The effect of the duct on explosions in vented vessel has
been parametrically studied by using the experimental
results available in the literature. The duct has been
assumed to act by changing the turbulent Br number
trough the DOI number: turbulisation and venting. A sensitivity analysis has been performed showing that the
most affecting parameters are the duct diameter and the
adiabatic pressure which is a measure of the burn-up
intensity.
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Figure 3. Absolute value of the sensitivity coefficients for real and central ignition
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MODEL FOR THE EVALUATION OF THERMO-KINETIC PARAMETERS
OF DUST EXPLOSIONS
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The guidelines for mitigation of dust explosion require the knowledge thermo-kinetic parameters as
the deflagration index, the maximum pressure and the laminar burning velocity.
The experimental evaluation of these parameters is strongly affected by dust dispersion degree,
initial turbulence level, particle size distribution (Cashdollar, 1996) which have to be carefully
controlled in order to avoid dispersion into the data.
Numerical simulations may overcome these difficulties; however modelling dust explosion is
quite a difficult task. It is widely accepted that dust explosion proceeds through the following
steps: heating, heterogeneous combustion, devolatilization and homogeneous combustion; all of
them strongly influenced by the dust particle mean diameter and size distribution (Eckhoff, 2003).
At diameters lower than a critical value the thermo-kinetic parameters reach a plateau which represents the most conservative value (Peukert, 1996; Eckhoff, 2003). At this diameter, dust
explosion is mainly controlled by homogeneous combustion rather than by heating, heterogeneous
combustion and devolatilization (Cashdollar et al., 1988). In this condition, dust explosion is controlled by volatiles gas phase combustion and then it is mainly affected by the kinetics of the
involved combustion reactions.
In the present work we aim at evaluating dust explosion thermo-kinetic parameters (Kst, Sl, Pmax)
at the critical diameter, by means of a model in which the pyrolysis/devolatilization step is assumed
very fast and a detailed reaction mechanism for the gas phase combustion is used. The volatiles
composition is evaluated from literature results at different heating rates and temperatures.
We run simulations for several dust (corn starch, cellulose, polyethylene) and we successfully
compared the experimental values of Kst, Sl and Pmax available with those calculated by means
of the model.

KEYWORDS: dust explosion, deflagration index, turbulence, corn-starch, polyethylene

different steps: heating, heterogeneous combustion, devolatilization and homogeneous combustion; all of them
strongly influenced by dust properties (i.e. particle mean
diameter, size distribution). As deeply discussed by
Eckhoff (2003) many models have been proposed in the literature which simulate all or part of these steps. All these
models are based on one-step reaction rate to describe
both the heterogeneous and the homogeneous reactions.
Heterogeneous combustion, heating and devolatilization strongly increase when the ratio between the dust
powder external surface to volume ratio ( 1/d) increases.
As a result, on decreasing the diameter, they may become
extremely fast with respect to the homogeneous combustion.
Accordingly, it has been showed that each dust has a critical
diameter under which thermo-kinetic parameters reach a
plateau corresponding to the highest value (Peukert, 1996;
Eckhoff, 2003). When the plateau is reached the dust
explosion does not depend anymore on the dust diameter.
At these diameter values the dust explosion is controlled
by the homogeneous combustion rather than by heating,
heterogeneous combustion and devolatilization: in the case
of coal and organic materials pyrolysis/devolatilization

INTRODUCTION
For the safe handling of combustibile, it is imperative to
know the dangerous properties of the product. In the case
of dusts, the explosion severity is usually expressed in
terms of the thermo-kinetic parameters such as Pmax and
Kst. Pmax is the maximum overpressure attained during an
explosion in the vessel at the time of ignition. The deflagration index KSt is defined as the maximum rate of pressure
rise measured in constant volume explosion vessels, multiplied by the cube root of the vessel volume. This parameter
is traditionally used to characterize the reactivity of a combustible dust cloud. Both these thermo-kinetic parameters
are used in the guidelines to protect and mitigate equipments
from dust explosions. The evaluation of these parameters
either experimental or theoretical is then required.
The experimental measurement of such parameters
requires the control of dust dispersion degree, initial turbulence level and particle size distribution, which strongly
influence the Kst values (Cashdollar, 1996).
In this context numerical simulations can be an
alternative. Previous models (Continillo, 1989; Eckhoff,
2003) describe dust explosion through the proceeding of
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always precedes combustion which primarily occurs in the
homogeneous gas phase (Cashdollar, Hertzberg &
Zlochower, 1988, Yoshizawa & Kubota, 1982).
Recently, we presented a model of dust explosion in
which it is assumed that the pyrolysis/devolatilization step
is very fast and dust explosion is controlled by volatiles
combustion (Di Benedetto and Russo, 2006).
Dust explosion was then modelled as volatiles combustion by using a detailed reaction mechanism (GRIMech 3.4) implemented in the CHEMKIN software.
We calculated the Kst, Sl, Pmax for corn starch, cellulose and polyethylene and we obtained a good agreement
with the experimental values. Such results were obtained
by assuming laminar flow conditions. However, in the
experiments turbulent flow is present in the test vessel as
it is required for dispersing the dust and is generated when
the cloud burns: both the design of the dust dispersion
system, and the ignition delay time, significantly influence
the explosion development in closed vessels (Lee et al.,
1987; Amyotte et al., 1989; Pu et al., 1990; Tamanini,
1990; Tamanini & Ural, 1992; van der Wel et al., 1992;
Eckhoff, 1992; Gieras, 2000; Dahoe et al., 2001).
Therefore, in this work we took into account the effect
of the initial turbulence level on the Kst values. We here
report the results obtained for corn-starch and polyethylene
as function of the dust concentration and the turbulence level.

Table 1. Formula of turbulent burning velocity
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Reference
Zhen & Leuckel,
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Tezok et al.,
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Van Wingerden
et al., 1996
Phylakotu et al.,
1992
Pocheau,
1994
Gulder,
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The calculation of the laminar burning velocity (Sl)
was carried out by means of simulations of the onedimensional, planar, adiabatic, steady, unstretched, laminar
flame propagation. The Sandia PREMIX module of the
CHEMKIN package was used by implementing the detailed
reaction scheme GRI-Mech 3.0 (Bowman et al., 1999).
The code allows simulating a freely propagating
flame. The solution of the steady-state mass, species, and
energy conservation equations is performed by adopting a
hybrid time-integration/Newton-iteration technique. The
initial flow rate of the unburned mixture was chosen equal
to 0.04 g/cm2 s. As initial guess of the temperature profile,
the estimation of Van Maaren et al. (1994) valid for a stoichiometric methane/air flame was adopted. At the inlet
boundary temperature (300 K), pressure (1 atm) and composition of the unburned mixture were assigned. At the exit
boundary it was specified that all gradients are zero.
The windward differencing on both convective and
diffusion terms was used. The gradient and curvature
values were fixed equal to 0.2. The total length of the calculation domain, starting 2 cm upstream of the reaction zone,
was chosen equal to 12 cm. Further increases in mesh resolution and domain-size resulted in less than 1 cm/s difference in the calculated flame speeds.
The gas composition of volatiles was obtained from
literature data. In particular, in a previous work (Di
Benedetto and Russo, 2006), testing several volatiles compositions of corn starch, we found the best agreement between
simulation and experimental results with the data of Encinar
et al. (1997), obtained by performing the pyrolysis of corn
starch in a fixed bed reactor at 7008C. While for polyethylene, if we assume that all the ethylene contained in the
polymer burns as it is, we obtained the best agreement.

g1
Su

1


00:5
Sl  1 þ 3:5  u
Sl

5

where the maximum pressure rise (dP/dtmax) is calculated
according to the formula recently proposed by Dahoe &
de Gohey (2003):
"
#2=3
 
 g1
dP
3ðPmax  Po Þ
Po Pmax  P
¼
1
dt max
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P Pmax  Po
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MODEL
We calculated the deflagration index (Kst) by using the
formula of Lewis von Elbe here reported:
 
dP
Kst ¼
V 1=3
(1)
dt max



St
(m/s)

Number

ð2Þ

where: Pmax is the maximum pressure reached in a closed
vessel which has been calculated by using the equilibrium
module of the CHEMKIN code; Po is the initial pressure
(assumed equal to 1 bar); Rvessel is the radius of the reference
spherical vessel (1 m3) and Su is the burning velocity.
In order to take into account the effect of turbulence,
Su is assumed equal to turbulent burning velocity (St) calculated according to the formula reported in the literature for
dusts or gases and given in Table 1. In all these formula St
depend on the laminar burning velocity (Sl) and the velocity
fluctuation (uI).
The laminar burning velocity is here assumed to be
the laminar burning velocity of the volatiles produced
from the dust pyrolysis/devolatilization step.

RESULTS
In dust explosion tests, dust clouds are usually formed by
means of a pneumatic dust dispersion system. Therefore,
some degree of turbulence will exist in the dust clouds
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before ignition. Pre-ignition turbulence is necessary for
suspending the dust clouds, but has the feature of decaying
in its intensity with time. A dust cloud can be ignited by
a defined delay time from beginning of dust dispersion
and, hence at a given initial level of turbulence.
Recently, Dahoe et al. (2001) measured the turbulence level (velocity fluctuation, uI) as function of time
prior to ignition (ignition delay) in a 20 l explosion
sphere. Moreover, comparing the turbulence level in the
20 l sphere and the 1 m3 vessel, they found that equal turbulence level exists in both vessels when the ignition delay
times are 200 ms for 20 l and 600 ms for 1 m3 vessel.
The decay of turbulence obtained by Dahoe et al.
(2001) in their experiments is reported in Figure 1. In
Figure 1, the trends of St as function of the ignition delay
of corn-starch at the stoichiometric concentration
(C ¼ 230 g/m3) obtained from the formula of Table 1 are
also reported. In these formula the St values are calculated
from the laminar burning velocity of corn starch evaluated
by the model (Sl ¼ 1.4 m/s) at stoichiometric concentration
and from the uI value reported by Dahoe et al. (2001)
relevant to each ignition delay.
Results show that all the formula give almost the
same values of St at 200 ms except those of Van Wingerden
et al. (1996) and Zhen & Leukel (1997) which overestimate
these values.
We then calculated the deflagration index (Kst) as
function of the turbulence level (u’) using the formula (2)
proposed by Dahoe & de Gohey (2003) replacing Su with
the St here calculated and reported in Figure 1.
In Figure 2 the Kst profiles for corn-starch at stoichiometric concentration are reported as function of the ignition
delay time. For comparison in the same figure it is also given
the experimental value of Kst equal to 200 bar m/s, as
reported in guidelines (NFPA, 2002; database GESTISDUST-EX).
All the Kst profiles show the same behaviour and
verge to the Kst value relevant to quiescent conditions

u' (m/s)

15

1e+3

0
10

5

100
ignition delay time [ms]

1e+2
1000

(u’ ¼ 0; St ¼ Sl) except for the formula of Van Wingerden
et al. (1996) which gives Kst ¼ 0.
It is also worth noting from Figure 2, that the Kst
values at 60 ms, which corresponds to the ignition delay
time prescribed by technical guidelines for 20 l sphere in
consequence of experimental evidence presented by Bartknecht and Siwek (Bartknecht 1989), are all too much
high ( 1000 bar m/s) then experimental value and then
are not realistic. This is in agreement with the results
obtained by Dahoe et al. (2001) and Pu et al.(1990) which
indicates that equal turbulence levels exist in 20 l sphere
and 1 m3 vessel when the ignition delay time of the 20 l
sphere is 200 ms instead of 60 ms.
The results of Figure 2 also show that a change of the
turbulence level (u’) from 0.1 to 5 m/s causes an increase of
Kst values of about 5–8 times. This result is in agreement
with experimental data reported in the literature (Gieras,
2000; Lee et al., 1987; Tamanini & Ural, 1992) where the
effect of the initial level of turbulence on the Kst (or dP/
dtmax) was evaluated.
Similar results were obtained for polyethylene dust.
In Table 2 the values of Kst evaluated at 200 ms with
the different formula are reported for corn starch and polyethylene. The results are almost equivalent except those
coming from formula 1 (Zhen & Leukel, 1997) and 3
(Van Wingerden et al., 1996) which significantly overpredict the Kst values at 200 ms according to the over-prediction of St.
The model results show that in the experiments the
choice of the ignition delay time is an important step as
the deflagration index is significantly sensitive to the turbulence level (Figure 2). As a consequence, in the experimental tests of dust explosion, it is important to specify the
turbulence level and the ignition delay time at which the
experiment has been performed and the relevant Kst value
calculated, in agreement with previous findings (Lee et al.,
1987; Amyotte et al., 1989; Pu et al., 1990; Tamanini &
Ural, 1992; Gieras, 2000; Dahoe et al., 2001).
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Figure 2. Deflagration index (Kst) and velocity fluctuation (uI)
as function of the ignition delay. Corn starch at stoichiometric
concentration (C ¼ 230 g/m3)
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Figure 1. Turbulent burning velocity (St) and velocity
fluctuation (uI) as function of the ignition delay time. Corn
starch at stoichiometric concentration (C ¼ 230 g/m3)
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CONCLUSIONS
The developed model reveals to be able to quantify the
effect of turbulence on the deflagration index (Kst).
We used several formula for the evaluation of the turbulent burning velocity and we found that all the formula
developed for gases give good prediction, while among
the formula developed for dusts, only the one proposed by
Tezok et al. (1982) give reasonable results.
The model results show a high sensitivity of the Kst
value to the turbulence level in agreement with previous
experimental results, suggesting that the here proposed
model could be used for the quantification of dust
explosions severity. Future work will be devoted to the
further validation of the model by comparing the model
results with the literature available experimental results.
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The recent disaster in US and Asia have demonstrated that the analysis of interaction between
natural events and industrial installations is essential for the prevention and mitigation of largescale accidental scenario.
With specific reference to earthquakes, the extension of areas exposed to seismic risk worldwide
is leading regulatory commissions and process industry to develop methodologies for the quantitative assessment of industrial risks, to introduce acceptable risk criteria and thresholds values for
earthquake intensity, to develop early-design guidelines. In this framework, Early Warning
System (EWS), i.e. a set of actions that can be taken from the moment when a seismic event is triggered with a significant reliability to the moment the quake strikes in a given location, seems to be a
very valuable tool. More specifically, EWS can activate any preventing countermeasure aimed at
limiting the probability of occurrence of catastrophic accidental scenarios, which in turns are triggered by the release of relevant amount of gas or liquid flammable or toxic substances from
damaged equipment.
Quite clearly, EWS needs the knowledge of relations among earthquake occurrence probability,
earthquake intensity probability, seismic reliability of equipment, equipment structure, content
hazards, process conditions, reliability of equipment in terms of safety answer to external
events, consequence analysis, risk of domino effects, i.e. the effectiveness of preventing actions
may be only analysed by an interdisciplinary standpoint, in order to exploit the potentialities and
define even limitations of the approach.
In the paper, EWS are analysed for two typical hazardous process plants located in two sample
location in Italy, Results are given in terms of a specific a-dimensional number which has been
specifically defined for the evaluation of the ability of any industrial system to bear earthquakes.
Essentially, this number is the ratio of characteristic times for the earthquake arrival and the time of
response of safety system. More specifically, it depends on: i) the characteristic time for the seismic
wave to travel from the fault to the installation; ii) the intensity of earthquake expressed in terms of
Peak Ground Acceleration (PGA) and the related probability of occurrence; iii) the ability of structures (equipment) to resist to any PGA; and iv) the ability of system (e.g. safety interlock systems)
to prevent and/or mitigate the release of substances and the following accidental scenario.
Results are given as plots for anchored and unanchored atmospheric tanks and for pressurised
cylindrical horizontal vessel containing liquefied gas, at three different fill levels.
Finally, PGA threshold values for the earthquake intensity for the structural damage and accidental scenario are defined and discussed in order to identify cry-wolf issues.

KEYWORDS: natech risks, early warning, risk assessment, structural vulnerability

An interesting alternative approach consists of Seismic
Early Warning Systems (EWS): a set of actions that can
be taken from the moment when a seismic event is detected
with a significant reliability, to the moment the quake strikes
in a given location [Iervolino et al., 2006]. EWS needs
multi-risk tasks and strong interaction with seismological
infrastructures and competences, but can prevent disasters
and mitigate effects of natural seismic hazard by means of
activating effective countermeasures aimed at minimizing
either the probability of occurrence of catastrophic accidental scenarios, or at mitigating the release of relevant amount
of gas or liquid flammable or toxic substances from earthquake damaged equipment. Finally, effectiveness of

INTRODUCTION
Recent disaster in US and Asia have demonstrated that
interaction between natural events and industrial installations
cannot be neglected when prevention and mitigation of
large-scale accidental scenario are concerned (Na-Tech
Analysis). In this framework, Quantitative Risk Analysis
(QRA) of industrial facilities should include multiple external hazards threatening critical equipments. Risk analyses of
industrial plants and particularly oil storage installations
located in seismic areas can be found in open literature
[Fabbrocino et al., 2005]. QRA represents a rational tool
to design mitigation measures and interventions on equipments and complex systems, but is not the only option.
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seismic prevention and mitigation actions may be only analysed according to an interdisciplinary approach with industrial engineering and safety management, in order to exploit
the potentialities and define even limitations of the
methodology.
In the following, some industrial and structural relevant aspects of QRA are discussed with reference to
typical hazardous process plants. The study is focused on
steel structures for the containment of hazardous and flammable substances like atmospheric anchored and unanchored tanks, as well as pressurized cylindrical horizontal
vessels containing liquefied gases and pumps.
Valuations made with reference to Peak Ground
Acceleration (PGA) assumed as reference seismic intensity
measure are presented; the ability of structures (equipment)
to stand against a given PGA and the ability of system (e.g.
safety interlock systems) to prevent and/or mitigate the
release of substances and the following accidental scenario
are considered in a probabilistic framework. Finally, based
on available data, PGA threshold values for the earthquake
intensity for the structural damage and accidental scenario
are defined and discussed, also for the identification of
cry-wolf issues.

compressive stress in the tank wall and the possibility that
a characteristic buckling of the wall (Elephant Foot
Bucking – EFB) occurs. EFB is normally associated with
large diameter tanks with height to radius (H/R) ratios in
the range 2 to 3, whereas another common buckling mode,
known as diamond shape buckling (DSB), is associated
with taller tanks, that is H/R ratios about 4. While EFB is
associated with an elastic-plastic state of stress, the DSB
is a purely elastic buckling. Other structural damage are
the collapse of support columns for fixed roof tanks, tank
failures due to foundation collapse, splitting and leakage
associated only with bolted and riveted tanks [ASCE,
1997]. Liquid sloshing during earthquake action produces
several damages by fluid –structure interaction phenomena
and can result as the main cause of collapse for full or
nearly full tanks. Historical analysis and assessment of
seismic damages of storage tanks have shown that only
full (or near full) tanks experienced catastrophic failures.
Low H/R tanks only suffered cracks in conical roof connection, or damage by floating panel sinking. A very
common shell damage is the EFB. For unanchored tanks
and H/R , 0.8, EFB is typically not experienced but the
base plate or the shell connection can fail causing spillage
[Ballantyne and Crouse, 1997]. A full stress analysis is
certainly the more accurate way to design and to evaluate
the risk of steel tanks under earthquake loads. This approach
leads to the direct computation of the interaction between
shell deformations and content motion during earthquakes
[Haroun, 1999]. For base constrained and rigid tanks
(anchored), a complete seismic analysis requires solution
of Laplace’s equation for the motion of the contained
liquid, in order to obtain the total pressure history on the
tank shell during earthquakes [Eurocode 8, 1998]. When
flexible tanks are considered, a structural deformation
term must be also added to take account of the “impulsive”
and “convective” contributions. Actually the quantitative
assessment of risk within a complex industrial installation
needs the analysis of a large number of components.
Hence, in the light of simplification, statistical and empirical
tools derived from post-accident analysis are useful to define
easy to manage and general vulnerability functions. When
an earthquake occurs, the structural damage produced by
seismic actions on the equipment may be referred as
“damage state” (DS) [O’Rourke, 2000]. According to
HAZUS (1997) damage classification, damage states may
be classified as DS1 to DS5 where the absence of damage
is marked with the term DS1, slight damages to structures
have been defined as DS2, moderate damages as DS3, extensive damages as DS4 and the total collapse of structure as
DS5. The DS values is an alternative formulation of the classical “limit state” definition, which has been extensively
used to evaluate from a structural perspective the economical effort needed to repair and restore the tank structures. On
the other hand, all typical accidental scenarios in the process
industry (vapour cloud explosions, flash fires, tank and pool
fires or toxic dispersions) depend on the total amount of
released dangerous substance [Lees, 1996; Salzano, 2003].
Accordingly, seismic vulnerability should be expressed in

FAILURE MODES AND FRAGILITY ANALYSIS
FOR INDUSTRIAL EQUIPMENT
The dynamic behaviour of atmospheric storage tanks when
subjected to earthquake is characterised by two predominant
vibrating modes: the first is related to the mass that rigidly
moves together with the tank structure (impulsive mass),
the other corresponds to the liquid sloshing (convective
mass) [Malhotra et al., 2000]. Seismic response of steel
tanks depends however on complex fluid/structure interaction that may result in global overturning moments and
base shear induced by horizontal inertial forces. Overturning
moment causes an increase of the vertical stress in the tank
wall and even uplift of the base plate, while the base shear
can lead to relative displacements between the base plate
and the foundation.
Failure modes reflect these specific aspects of the
seismic demand on the structure and basically depend
upon the type of interface at the tank base and the presence
of mechanical devices are used to ensure an effective connection between the base plate and the foundation (unanchored or anchored). When unanchored tanks are of
concern, the friction at the base is able to ensure the
needed stability of the structure under environmental
actions, i.e. wind, but can be ineffective when strong
ground motions take place, thus generating large relative
displacements. Indeed, tank sliding reduces the maximum
acceleration suffered by the equipment, however relatively
small frictional factor may produce large relative displacements, hence large deformations and even failure of
piping and connections can occur. In addition, another
large-displacement mechanism is the partial uplift of the
base plate. This phenomenon reduces the hydrodynamic
forces in the tank, but can increases significantly the axial
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Table 1. Seismic fragility and probit coefficients for anchored
atmospheric steel tanks
Limit
state (RS)
2
3
2
3

Table 3. Seismic fragility and probit coefficients for
pressurised horizontal steel storage tanks

Fill
level

m
(g)

b
(g)

k1

k2

PGAk
(g)

Limit
state (DS)

Near full
Near full
50%
50%

0.30
1.25
0.71
3.72

0.60
0.65
0.80
0.80

7.01
4.66
5.43
3.36

1.67
1.54
1.25
1.25

0.074
0.275
0.110
0.577

1
2
3

2
3
2
3

Near full
Near full
50%
50%

m
(g)
0.15
0.68
0.15
1.06

b
(g)
0.70
0.75
0.12
0.80

k1
7.71
5.51
20.83
4.93

k2
1.43
1.34
8.35
1.25

b
(g)

k1

k2

PGAk
(g)

RS1
RS2
RS3

0.83
1.85
4.91

0.99
0.85
0.84

5.36
4.50
3.39

1.01
1.12
1.12

0.069
0.196
0.526

logðPGAÞ ¼ 0:014 þ 0:3MMI

(1)

It’s worth noting that in this (and in the cases of
reactor and pump), DS1 corresponds to slight movement
of tank support or low probability of failure of some connecting pipe, with null or very low release of content
(RS1), DS2 corresponds to failure of most connection
pipes and tank support system, with high likelihood of
release of tank content from pipes (RS2). Finally, DS3
and RS3 correspond to total failure of tank (with buckling).
It’s worth noting that in the case of pressurised flammable or
toxic gases, even small crack on tank surface would mean
large release of pressurised gas and catastrophic accidental
scenario. Similar analyses for industrial pumps and reactor
vessels are reported in Tables 4 and 5.
A first comparison of the analysis is given by
Talaslidis (2004) by numerical analysis for atmospheric
storage tank, 50% filling level, with volume of about
37000 m3. Similarly to the present approach, five limit
states for the structural damage were defined and fragility
curves were produced, one for each limit state, although
no reference is made to the loss of containment. These
curves have been compared with observational data reported
herein. Also, probit analysis and threshold values have been
carried out. The basic failure modes considered by

Table 2. Seismic fragility and probit coefficients for
unanchored atmospheric steel tanks
Fill
level

m
(g)

Although a large amount of data and analyses are
reported in literature for atmospheric storage tank, a few
information are found for pressurised equipments, reactor
vessel and pumps, which may be useful for complete risk
assessment. For horizontal pressurised cylinders, Table 3
has been derived from the results obtained by Seligson
et al. (1996). In this work, Mercalli-modified intensity
scale (MMI) to PGA transform is required and obtained
according to Trifunac (1976) equation as reported in
ATC-13 (1985):

terms of content release when industrial large-scale QRA is
of concern rather than structural analysis of tank. Therefore,
existing data concerning post-earthquake damage observations for steel tanks have been reviewed in order to optimize the limit state classifications of equipment response
[Salzano, 2003; Fabbrocino et al., 2005]. Then DS values
have been reviewed as three levels of intensity of loss of
containment, defined as RS (Risk State): no loss – RS1,
moderate loss – RS2, extensive or total loss of containment
– RS3. The RS states have been defined in order to describe
the seismic behaviour of storage tank with reference to the
accidental scenarios which can possibly follow the seismic
structural damage of the tank. Because of incomplete
descriptions of the actual damage to some tanks into empirical database considered, the definition of damage state DS
and/or RS is somehow left to judgment. Results of observational analysis based on large number of water storage tank
are reported in Table 1 and Table 2, depending on the design
of tank and its fill level. Details are reported elsewhere
[Salzano et al., 2004; Fabbrocino et al., 2005]. In particular
Table 1 and Table 2 reports the coefficients m and b of
cumulative log-normal distribution for the probability of
occurrence of RS limit state for anchored and unanchored
storage tank respectively. Besides, k1 and k2 are the equivalent probit coefficient with respect of PGA expressed in
terms of g (acceleration of gravity). By means of probit
analysis the threshold value for the PGA for having the
same limit state (PGAk) is also reported for the sake of
EWS definition.
Results reported in Table 1– 2 can be used for the prediction of accidental scenarios as fire (pool fire, flash fire,
tank fire), explosion (in the case of formation large vapour
cloud) or, when toxic vapour are formed, for the dispersion
analysis.

Limit
state (RS)

Limit
state (RS)

Table 4. Seismic fragility and probit coefficients for
pressurised reactor

PGAk
(g)

Limit
state (DS)

0.029
0.118
0.113
0.164

1
2
3

3

Limit
state (RS)

m
(g)

b
(g)

k1

k2

PGAk
(g)

RS1
RS2
RS3

0.79
2.02
6.35

0.92
0.78
0.95

5.46
4.36
3.30

1.10
1.22
0.99

0.080
0.249
0.526
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Table 5. Seismic fragility and probit coefficients for pumps
Limit
state (DS)
2
3

Limit
state (RS)

m
(g)

b
(g)

k1

k2

PGAk
(g)

RS2
RS3

0.81
2.44

1.29
1.00

5.31
4.30

0.77
1.00

0.032
0.195

Talaslidis is material yielding, whereas local buckling
(EFB) and other failure modes as sloshing and uplifting
have been neglected. As a consequence, the values obtained
as threshold PGA are higher than those obtained by means
of historical analysis, which considers all possible failures.

Figure 1. Lumped masses model for atmospheric storage tank.
mc convective, mi impulsive and rigid mr masses

FRAGILITY ANALYSIS BY MEANS OF SEISMIC
STRUCTURAL ANALYSIS
Early investigations on the seismic behaviour of tanks have
been carried out by Housner (1963). The author, based on
experimental and theoretical observations, proposed a simplified model for seismic analysis of anchored tanks with
rigid walls. It was assumed that a tank with a free liquid
surface subjected to horizontal ground acceleration forces
to participate to the motion only a part of the total volume
of contained liquid as rigid mass, while the remaining part
starts to oscillate determining dynamic forces on the
tank walls.
This force is equivalent to the one applied to a lumped
mass, known as convective mass, laterally restrained by a
horizontal spring. Newmark and Rosenblueth (1971) modified the expression initially suggested by Housner to estimate the convective and rigid masses and gave updated
formulations for the evaluation of the seismic design
forces of liquid storage tanks. In 1983, Haroun developed
a model to evaluate of the seismic response of storage
tanks including the deformation of the wall. In this model
a part of the liquid moves independently of tank shell,
again convective motion, while another part of the liquid
oscillates at unison with the tank. If the flexibility of the
tank wall is considered, a part of this mass moves independently (impulsive mass) while the remaining accelerates
back and forth with the tank (rigid mass). Figure 1 shows
the idealised structural model of a liquid storage tank. The
lumped masses model can take account of damping, depending on the selected mass; however it is neglected in the following analysis, without any loss of generality and
relevance of the results. Total liquid volume can be
divided into the following lumped masses: mc convective,
mi impulsive and rigid mr masses. The convective and
impulsive masses are connected to the tank wall by different
equivalent spring having stiffness kc and ki, respectively.
This model for anchored storage tank has been extended
to analyse unanchored and even base-isolated liquid
storage tanks [Shrimali et al., 2002]. The effective masses
are defined in terms of liquid mass m in Equations (2–5)
where Yc, Yi, and Yr are the function of the H/R ratio,
which is a filling coefficient and rw is the liquid’s specific

weight.
mc ¼ mYc
mi ¼ mYi

(2)
(3)

mr ¼ mYr

(4)

m ¼ pR2 H rw

(5)

The natural frequencies of convective mass, vc and
impulsive mass, vi are given by expressions (6) and (7):
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ


g
H
vc ¼ 1:84
tanh 1:84
R
R
sﬃﬃﬃﬃ
P E
vi ¼
H rs

(6)

(7)

where E and rs are the modulus of elasticity and density of
tank’s wall respectively and P is a dimensionless parameter
which is a function of liquid height to radius tank ratio H/R.
This is the structural model herein used for the incremental
dynamic analysis (IDA) aimed at the estimation of the
seismic demand. The investigation was repeated changing
the geometry (three different volume capacity were considered) of the tank and then considered filling ratio
(Table 7). Besides, for unanchored tank the investigations
were performed depending on friction coefficients. The
first step in the IDA analysis (Figure 2) procedure consisted
of the acquisition of suitable set records. For the analysis
presented in the paper a set of 300 European records was
considered. The selected earthquake ground motions
records are all stiff soil records with a broad range of magnitude and distances. All accelerogram used in the present
study have been retrieved from the European Strong
Motion Database (www.isesd.cv.ic.ac.uk). To obtain the
seismic demand at selected ground motion intensity levels,
seismic records are scaled in terms of Peak Ground Acceleration (PGA).
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of PGA can be effectively used in QRA contexts. In the
next future, similar analysis will be performed for any
failure mode for either anchored or un-anchored storage
tanks and for pressurised equipment (either horizontal or
spherical).

FINAL REMARKS AND OPEN ISSUES ON EWS
Early Warning System requires the knowledge of several
complex relations among earthquake and equipment in
order to be effective for the protection of industrial
systems. To this aim, preliminary analyses for the seismic
occurrence probability and its corresponding intensity is
necessary, together with the structural analysis for the definition of different seismic failure modes of any specific
equipment. When large number of analyses are needed,
these analyses have to be simplified but on the same time
reliable results are needed for avoiding economical losses
and sometime dangerous cry-wolfs. In this framework, our
approach has recurred to the threshold values for a single
degree of freedom variable, the Peak Ground Acceleration
(PGAk). In this work, PGAk for atmospheric storage tank,
pressurised horizontal tank and pumps have been obtained
starting from historical analysis and literature data, by considering all possible failure modes and earthquake intensity,
for different tank design and fill level, and considering also
the loss of containment intensity from the damaged equipment. Structural analysis for the evaluation of PGAk with
respect to the Elephant Foot Buckling failure mode is also
presented, for a preliminary validation of results obtained.
Quite clearly, on the industrial side, other information are
needed on the hazards related to the substances, process conditions. Hence, EWS is only effective of actions follow
seismic alarm. To this regard, Safety Interlock Systems
(SIS) are important protective measures for automatic
actions on abnormal plant events which are controlled by
basic control systems and manual interventions [Green
and Dowell, 1995]. Maintenance of SIS present a special
challenge created by the infrequent need for these systems

Figure 2. The incremental dynamic analysis (IDA)

The scaling factor x varies to get the PGA from 0.05 g
to 2 g. A procedure to solve the equation of motion was
implemented in a MatLab computer code using the
Wilson theta method. Results of present analysis are
reported in Table 6, assuming EC8 (1998) guidelines to
evaluate the ultimate stress. This approach will be extended
to all relevant failure modes of atmospheric storage tanks
reported above. Similar results are obtained using different
guidelines for the ultimate stress estimation as that reported
by Kim & Kim (2002). From a structural perspective, it is
worth to analyse the results of the structural dynamic analysis carried out to derive vulnerability functions for the
anchored storage tanks reported in Figure 3. Probability of
failure is plotted on the right side depending on PGA,
which in turns affects the demand of the structure as demonstrated by the left plot. The latter shows numerical data and
trends (in terms of average and average + standard deviation) of the demand in terms of vertical shell stress and confirms that a correlation between parameters exists. As a
consequence, vulnerability evaluations carried out in terms

1
0.8

200

Fragility [-]

Structural Demand [MPa]

300

0.6
0.4

100
0.2
0

0
0

0.4

0.8
1.2
PGA [g]

1.6

2

0

0.4

0.8

1.2

1.6

2

PGA [g]

Figure 3. Left: Structural demand (vertical shell stress) of anchored atmospheric storage tank with V ¼ 30000 m3, fill level ¼ 80%,
with respect to PGA. Dotted line represents the standard deviation. Right: For the same tank, and probability of failure (fragility) in
terms of fragility with respect to PGA
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Table 6. Seismic fragility and probit coefficients for EFB of different atmospheric fuel tanks at different fill level for structural
damage level DS2 and loss of containment level RS2
Vol
[m3]

Tank
height (m)

Tank
radius (m)

Fill level
(%)

m
(g)

b
(g)

k1

k2

PGAk
(g)

250

7.55

3.25

50
80
25
50
80
25
50
80

DS1
2.55
DS1
DS1
1.74
DS1
2.08
0.78

DS1
0.57
DS1
DS1
0.76
DS1
0.79
0.97

DS1
3.05
DS1
DS1
4.53
DS1
4.33
5.46

DS1
1.61
DS1
DS1
1.34
DS1
1.24
1.05

DS1
0.50
DS1
DS1
0.25
DS1
0.26
0.07

5000

10.8

12.25

30000

18.5

22.75

to act; i.e. SIS are only needed on rare occasions when
normal process controls are inadequate to keep the process
within acceptable bounds. Furthermore, SIS are typically
designed on the base of relatively fast, process-related
loss of control. In this framework, SIS can be usefully
re-designed taking into account the time allowed for the
seismic wave to reach the installation location and taking
into account its intensity, for the mitigation of earthquake
effects on plants, processes and storage systems.
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LNG FIRE SAFETY ENGINEERING RESEARCH INTERNATIONAL LIVE FIRE
TRAINING WORKSHOPS SPONSORED BY BP
Dr Yanjun Wang1, Benjamin Cormier2 and Kevin Westwood3
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LNG safety is back in the headlines as LNG importation terminals are being built at a rapid rate to
meet global natural gas demand. Controversy over location of LNG facilities has focused attention
on LNG safety issues, particularly the potential impact of large fires on adjacent areas.
BP Group Technology, in conjunction with BP Global LNG, has sponsored the Texas A&M
University’s Emergency Services Training Institute (ESTI) to develop new facilities for LNG emergency response training. The LNG fire training area has been constructed to demonstrate LNG
spillage with subsequent vapour cloud and pool fire scenarios.
The full infrastructure inclusive of fixed flame and gas detection, plus fixed and mobile suppression, together with additional fire ground props including marine scenario and extended concrete
pads make this facility a unique testing ground for fire protection equipment.
Running in parallel the Mary Kay O’Connor Process Safety Centre (part of Texas A&M University) has signed a contract with BP for “LNG Vapour Cloud Control and Mitigation Research”. This
project focuses on LNG vapour and fire control methods, with the goal to formulate guidelines for
LNG fire mitigation and flammable cloud suppression.
The objective of this research project is to support the formulation of the guidance on the engineering design criteria for mitigating the consequences of LNG spill and/or fire.
The goals of this experiment include:
.
.
.
.

To
To
To
To

understand the vapour cloud dispersion characteristics of small scale LNG spills;
validate various existing models and CFD models for LNG dispersion;
measure the effectiveness of foam and water curtain on mitigating LNG fire;
ensure the readiness of new equipment.

The workshop study training is primarily aimed at front line emergency fire responders, strategic
LNG project co-ordinators, and LNG facility managers who may be faced with an escape of LNG
vapour or liquid and require to understand the likely scenario that will result and the correct methodology in dealing with such releases, fires and explosions.
This unique facility allows for:
. Live application of hands-on vapour suppression and fire-fighting techniques.
. Fixed, mobile, active and passive fire protection equipment systems testing ground
. Major research into LNG gas dispersion and consequence analysis model validation
A great story of how industry, academia, suppliers and a training facility came together to further
the knowledge of inherent LNG safety and provided fire engineered solutions to allay real live
every day public concerns to the building of these facilities.

KEYWORDS: LNG, safety, suppression, extinguish, foam, fire-fighting, vapour, research

response and a thorough understanding of the behavior of
LNG. LNG does not respond well to the traditional firefighting and vapour suppression techniques that an industrial
emergency responder would use on a hydrocarbon product.
Realizing this, BP Group Technology, in conjunction with
BP Global LNG, launched an LNG training and research
project at Texas A&M University’s Emergency Services
Training Institute (ESTI) in 2004. An LNG fire ground to
simulate LNG spillage and subsequent vapour clouds and

INTRODUCTION & BACKGROUND
LNG safety is regularly in the headlines as expansion of
LNG importation terminals to meet the global natural gas
demand continues at a pace. Controversy over sitting LNG
facilities has focused attention on LNG safety and security
issues, particularly the potential impact of large fires on
adjacent areas.
The hazards posed by LNG can be managed by good
engineering design, expedient and appropriate emergency
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fire was constructed to enable LNG to be released to provide
realistic training, real-time research, experimentation and
measurements as well as a live test ground for new technologies and products being developed.
As part of this training and research program, BP
contracted with the Mary Kay O’Connor Process Safety
Center (MKOPSC) for the “LNG Vapour Cloud Control
and Mitigation Research Program”. This project focuses
on detection, control, suppression, and protection of LNG
vapour and fire to support formulating guidelines on LNG
fire safety and flammable cloud suppression.
LNG spill experiments were performed at the Brayton
fire training field at Texas A&M University (TAMU). Many
vendors were involved to provide materials, equipment, and
instruments required for these tests. ABB, Angus Fire,
Flameout Control, and Honeywell Analytics (formerly
Zellweger) supported the LNG initiative with their latest
material, technology, and equipment.

Brayton Fire Training Field
LNG Vapor Dispersion Experiment Pit Layout

10 x 10 x 4 ft
33 x 21 x 4 ft

Concrete
Pit

OBJECTIVES
The objective of the research project is to support the formulation of the guidance on the engineering design criteria for
mitigating the consequences of LNG spill and/or fire.
The goals of this experiment include:

Figure 1. Test facility plan view

Zellweger) supported the LNG initiative with their latest
material, technology, and equipment.
ABB Inc., Detection & Measurement Systems Inc.,
Flameout Controls, and Honeywell Analytics donated
devices and instruments to measure and record gas cloud
characteristics during LNG releases. With the Honeywell
Analytics point gas detectors, an approximation of a gas
cloud %LEL based on content and size was obtained.
These give the LNG vapour concentrations and in the case
of the open path detectors the LEL per meter range. An
ABB AC800xA computerized system recorded each detector over an extended period of time. This is coordinated with
the hydrocarbon cameras and colour cameras provided by
Flameout Control to characterize the LNG vapour dispersion behaviors.
Angus fire provided its latest Turbex fixed high
expansion foam generator specifically designed to control
LNG spills and fires. The Turbex is capable of up to a
500-to-1 expansion rate. Tests were conducted using high,
medium and low expansion foam. Angus provided the
instruments and devices necessary to measure foam application rate and thermal radiance to gauge its effectiveness.
Knowsley SK provided a new style of fire hydrant and
oscillating water monitors that was used to give real time
protection to nearby exposures.

. To understand the vapour cloud dispersion characteristics of small scale LNG spills;
. To validate various existing models and CFD models for
LNG dispersion;
. To measure the effectiveness of foam and water curtain
on mitigating LNG fire;
. To ensure the suitability of new equipment (foam generator from Angus).
TEST FACILITY
LNG tests were carried out at the LNG test facility at the
Brayton Fire School at Texas A&M University. The
$500 k test facility consists of three concrete pits as shown
in Figure 1 including:
. an L-shaped pit to simulate the trenches used to divert
any LNG spills into containment pits.
. two four foot deep pits with areas of 10ft X 10ft and 33 ft
X 21 ft, respectively.
. an eight foot deep pit with area 22ft X 22ft. This pit
includes a simulation of a high dike wall, typical of
the containment facilities used during LNG offloading.
The configuration of the containment pits and
trenches allows that multiple variations of small and large
spill vapour release and fires can be produced, which to
date have been from 3,000 to 35,000 gallons (US).

RESEARCH
Various LNG vapour dispersion tools are available at
MKOPSC such as DEGADIS, SLAB, CIRRUS, QUEST,
FEM3A and CFX-5.7. These tools have been explored and
compared with each other during experiments performed
at TAMU spread over a two year period.

PARTICIPANTS
ABB, Angus Fire, Ansul, Flameout Control, Knowsley SK,
Micropack Detection, and Honeywell Analytics (formerly
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Figure 2. Vertical gas concentration contour along the centerline during LNG release onto water with no mitigation measures

Data collected in October 2005 and April 2006 has
been analyzed. LNG boiling off rates were estimated from
the experimental data and compared to theoretical predictions. Gas concentration data were used to plot gas concentration contours and study the vapour dispersion.
Figure 2 presents vertical concentration contour along
the centerline. During this period, the highest concentration
reaches the 2.5% concentration zone. The hydrocarbon gas
point detectors above the pool give a vertical size of the
methane cloud.
Water curtain and high expansion foam were applied
subsequently, and the effects of these mitigation measures
on LNG vapour evaporation and vapour dispersions is
recorded and analyzed. Figure 3 shows the change in the concentration of LNG along the centerline during the entire test.

Figure 4 shows the reduction of 44 ppm downwind
distance during the April 2006 tests. The maximum downwind distance observed was 60 feet. Once the water
curtain was applied, the downwind distance was reduced
to 50 feet. The downwind distance was further reduced to
about 40 feet when the foam is applied.
LNG fire heat radiation level was recorded before and
after the application of high expansion foam. There were
four scenarios performed at the 65 m2 pit in 2005 and
2006 with the application rate of 3.5, 7, and 10 L/min/
m2, respectively.
Figure 5 represent the pool fire on the 65 m2 pit before
and after foam application at 7 L/min/m2. From the data
gathered by the radiometer located about 30 m from the
pit in the experiment, it is shown that the maximum heat

Figure 3. Gas concentrations at a fixed point along the centerline
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Figure 4. 44 ppm downwind distance during April 2006 tests

radiation reduction at 7 L/min/m2 is 95% which is obtained
2 minutes after foam application. The 90% heat radiation
reduction is achieved 100 seconds after foam application,
as shown in Figure 6.
A UV/IR hydrocarbon video camera was used to
record the methane gas cloud along with a regular video
camera to record the gas condensate in this test. The
videos from previous tests have shown tests that the actual
gas cloud and the condensate cloud could act independently
of each other and the gas cloud could extend far beyond the
visible white condensate cloud depending on the climatic
conditions. Under extreme conditions, the methane gas
can move in opposite directions from the condensate
cloud. Therefore, it is more important to predict actual gas
cloud dispersion to design the experiment since the visible
condensate cloud might be misleading.

INTERNATIONAL LIVE LNG TRAINING
WORKSHOP
The workshop study training is primarily aimed at front line
emergency fire responders, strategic LNG project coordinators, and LNG facility managers who may be faced with an
escape of LNG vapour or liquid and require to understand
the likely scenario that will result and the correct methodology in dealing with such releases, fires and explosions.
This unique facility provides:
.
.

Live application of hands-on vapour suppression and
fire-fighting techniques.
Fixed, mobile, active and passive fire protection equipment systems testing ground.

To date more than 180 first responders from existing
and proposed LNG facilities across the world have

Figure 5. Pool fire on the 65 m2 pit before and after foam application at 7 L/min/m2
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Figure 6. Control time for pool fire in the 65 m2 pit with foam application at 7 L/min/m2

Table 1. Results of foam experiments on LNG pool fire on year 2005 and 2006
Pit
area

Foam
application
rate

Maximum heat
radiation
reduced

Time to reach
90% heat
reduction

Time to reach
maximum heat
reduction

Equivalent
pool
diameter

M2

L/min/m2

%

minutes

minutes

m

Radiometer
(x pool
diameter)

45
65
65
65
65

7 (2006)
3.5 (2005)
7 (2006)
10 (2005)
10 (2006)

91
94
95
97
93
75.64

3.5
2.45
1.7
1
0.95
NA

3.6
4.5
2
1.2
1.5
0.79

7.57
9.10
9.10
9.10

4.0
3.3
3.3
3.3

9.10

3.0

completed the intensive three day course offered by the
facility. Such training is leading to a better understanding
of LNG and its rather unique physical properties. What
can be done and just as importantly what can’t be done in
the effective management of LNG releases. Ultimately the
knock on results is better facility layout and operations
and additional ways to enhance the safe handling of LNG.

visual CCTV flame detection and high expansion foam
systems, to provide effective fast vapour dispersion and
fire control capabilities.
All organisations and companies involved throughout
the LNG chain of liquefaction, shipping, re-gasification and
gas transportation can experience this unique facility for the
benefit of the LNG community worldwide. To date the
Facility has received requests from design houses, constructors, project engineers, regulators and operators to attend
and gain experience of LNG releases and fires.
The Mary Kay O’Connor Process Safety Center,
Texas A&M University Emergency Services Training Institute and BP have together provided a unique facility which
has proven to be a model for future collaborative work in the
endeavors of ensuring a safer LNG industry.

CONCLUSION
The existence of this Facility is allowing industry, suppliers
and academia to test and develop methods for the fast and
effective response to vapour releases and fires. It is providing an important test ground for validation of consequence
modeling software. Tests to date highlight the effectiveness
and benefits of rapid gas detection using open path systems,
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LOCATION AND DESIGN OF BLAST ENHANCED TEMPORARY MODULAR BUILDINGS
ON PETROCHEMICAL SITES
Ian Maclachlan
Tel.: 01324 878822, e-mail: ian@ikmconsulting.co.uk
Following the tragic events at BP Texas City in 2005, when fifteen people were killed in accommodation trailer modules on the petrochemical process unit during a plant start up, the use of temporary accommodation requires renewed focus to address the lessons learnt and to prevent workers
on such sites being exposed to unacceptable levels of risk. The more recent events at Buncefield,
although not fatal, were a reminder of the extent and impact that vapour cloud explosions can have
even on conventional buildings.
The purpose of this paper is to set out a possible strategy for the UK whereby a common approach
is adopted for the use of blast enhanced temporary modular buildings on petrochemical sites in the
UK. Their use for turnaround and maintenance events, could improve safety of occupants and
provide greater flexibility for operators running such sites.

This paper identifies that, by the use of different
enhanced temporary building specifications, petrochemical
companies can demonstrate that duty holders have reduced
risks to as low as reasonably practicable for ensuring the
occupants of temporary buildings during turnarounds.

SETTING
“Accidents resulting in major damage to occupied buildings
are rare, but when they occur results can be tragic and disastrous. The incidents at Hickson & Welsh in the UK (1992),
Le Mede Refinery, Total France (1993) and at the Phillips
plant in Pasadena, USA (1992) are events, in each case,
five or more people died as a direct results of being in a
building on a chemical site or a refinery” (CIA1).
Within the UK the compliance standard generally
followed is the Chemical Industry Association “Guidance
for the Location and Design of Occupied Buildings on
Chemical and Manufacturing Sites”, Revised 2nd Edition,
November 2003. This focuses principally on permanent
buildings, both new and existing, but also touches on temporary accommodation. This document also sets out the
basis for individual risk tolerability.
Within the UK the HSE uses a three tier framework
for risk tolerability. This suggests that the upper band risk
of death of 1  1023 per year is “the most that is ordinarily
accepted under modern conditions for workers in the United
Kingdom” (CIA2). Although it seems reasonable to adopt it
as a dividing line between what is just tolerable as a risk to
be accepted by any substantial category (of workers)
forming a large part of the working life on which is
unacceptable.
This upper limit applies to all aspects of risks that an
employee might face, not merely those associated with
temporary buildings on a petrochemical plant. When only
the major hazard aspects of an employee’s job are considered, it is suggested that the upper band should be
reduced by a factor of 10 and must be set at 1  1024
per year. It is generally accepted by petrochemical companies that no occupant of a temporary building should be
exposed to risk, i.e. the likelihood of a major accident
leading to a fatality, which is greater than 1  1024 per
year and where “reasonably practical this must be
reduced further”. The generally accepted target for temporary building occupants is 1  1025 per year for annualised
risk due to blast.

HAZARD IDENTIFICATION AND ASSESSMENT
Before any assessment can be made to identify potentially
safe areas for turnaround accommodation within a petrochemical site, detailed knowledge of the process inventories
and hazard potential are required. Petrochemical companies
adopt different methodologies for assessing these risks,
however the assessment process is often quite similar and
may output in the following format:
.

.

.

A free field overpressure contour plan based on
COMAH maximum credible event scenarios based on
the potential for hydrocarbon vapour cloud release, the
potential confinement in terms of volume, the density
of process plant and potential sources of ignition.
For fire events the potential size, type (pool, jet or flash
fire) and intensity are all considered to provide exclusion
zones and thermal radiation contours.
Other areas which buildings are normally excluded from
on petrochemical sites include adjacent particular
hazards, such as flares, vapour containing pits and
loading and unloading facilities.

THE UK INDUSTRY AT PRESENT
Within the UK there are eight major refineries, 950
COMAH regulated sites and 45 top tier COMAH sites. It
is the nature of all the petrochemical and fine chemical
process plants that they require extensive maintenance,
de-bottlenecking, revamps or turnaround projects to keep
them running at optimum performance. In support of these
activities there is often a requirement for temporary accommodation buildings. These vary from canteen, amenity and
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welfare facilities to offices and perhaps critically, control of
work, permitting and work control facilities.
The numbers of peoples occupied on such projects
can vary from tens of workers on a small maintenance
project to a thousand workers on a major refinery process
unit turnaround. For a major turnaround the working will
also often be in 24 hour shifts.
At present, custom and practice is to set up turnaround
villages as close to the process unit as possible to minimise
non-productive time and maximise work efficiency. The
principal constraint on location being available space and
travel distance/time.
The critical concern for operative safety is the proximity of potentially large populations of workers to substantial inventories of pressurised flammable gas or other
liquefied highly flammable hydrocarbons.
The nature of turnarounds is such that substantial proportions of workers are required in advance of shutting
down a plant and the findings of some incidents have been
that the risks during the start up and shut down process
are much greater than those during the constant operation
of a plant. Therefore, it is quite possible to expose significant numbers of workers to levels of risk which could in
the event of an incident lead to substantial numbers of
fatalities.
In the UK temporary modular buildings have been
lightweight structures constructed of timber with either
plywood or sheet metal cladding. Consequently, their
ability to withstand overpressure has been limited. An
assessment of existing temporary accommodation buildings
available in the UK suggest that a typical resistance to
substantial failure is only in the order of 30 mba
overpressure.
A typical assessment of a refinery process unit (crude
oil distillation unit, catalytic cracking unit or hydrocracker)
would suggest that this overpressure is reached at a distant
of some 800 m to 1 km away from the epicentre. Therefore,
to ensure the safety of occupants in relatively close proximity a different building type would be required. Within petrochemical sites it is rare that all units are shutdown
simultaneously. Consequently, even though there may be a
significant reduction in risk from shutting down a process
unit this does not remove all potential sources of hazard
from the site. Building types should address this.

processing facilities is not something new, however these
started principally in the offshore oil and gas production
field and were typically accommodation modules for the
use on rigs.
For onshore facilities a balance has to be struck
between occupancy, the level of protection that can be
achieved and other practical considerations such as
weight, cost and alternative uses. As potential overpressures
on a process unit can readily exceed 1,000 mba, a balance
has to be struck between distance from the unit and the
level of protection provided.
What is clear is that the level and extent of injuries
that can be sustained when conventional modular buildings
or trailers are within close proximity of a process plant can
be severe. At Texas City the office trailer units being used
were some 50 m away from the source of the incident the
occupants suffered 100% fatality in one unit (3 people)
and over 50% fatalities (12 people) in the largest office
unit with the mode of failure being total collapse of
the units.
One site in the UK that has taken a proactive approach
to addressing these issues has been the Ineos Grangemouth
Refinery in Central Scotland. The approach adopted there
was to categorise temporary building types and designate
a maximum overpressure use so that, by comparison with
the site hazard contour assessment plan, it could be
readily seen where turnaround facilities could be used
safely and provide the necessary degree of protection to
occupants.
The purpose of specifying and categorising a simple
range was also so that manufacturers in the UK could
develop designs and competitive prices could be sought
for the substantial numbers of cabins needed for turnaround
facilities.
The categories adopted were:
.
.
.
.
.

Category
Category
Category
Category
Category

1
2
3
4
5

–
–
–
–
–

30 mba or less free field overpressure.
Up to 50 mba free field overpressure.
Up to 100 mba free field overpressure.
Up to 200 mba free field overpressure.
Up to 300 mba free field overpressure.

While such a range of buildings seems quite extensive, in fact Category 1 and Category 2 are assessments of
existing readily available conventional modular units and
the last three categories reflect the types of buildings
which are utilised for maintenance and turnaround work
within the site.

BUILDINGS DESIGNED FOR POTENTIAL
HAZARDS ON PETROCHEMICAL SITES
Though some locations can normally be identified on petrochemical sites for turnaround villages which are outwith
hazard exclusion zones, these are typically still subject to
overpressure at some level. Therefore, it is appropriate to
adopt a standard of construction for temporary modular
buildings which could ensure the safety of occupants so
that in all cases buildings are designed to be “suitable for
the credible threat that they may face”.
The design and construction of buildings to resist
accidental explosions within hydrocarbon producing or

FITNESS FOR PURPOSE
The premise adopted is that in all cases and locations
the buildings will provide an appropriate degree of protection for the threat they may face and ensure that occupant
vulnerability is no greater than 1% in any case. This is the
standard of protection required by the Health & Safety
Executive for any new permanent building within a UK
petrochemical site.
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.

For far field buildings, at 30 and 50 mba, the principal
threat that the buildings may receive is overpressure.
However, for near field the buildings may receive:
.
.
.
.

.

Overpressure.
Thermal radiation.
Strike by missiles and debris.
Envelopment by toxic or flammable gas.

.

In all instances it is intended that buildings should
provide a greater degree of protection than an operative
would stand in the open.

All doors to be designed to be openable after receiving
the maximum credible overpressure.
Furniture and heavy fitments to be fixed around the perimeter of cabin securely with structural fixings.
All furniture, tables, chairs and cabinets to have rounded
or protected corners to help prevent injury in the event of
an incident.

SECURING BUILDINGS OR HOLDING DOWN
For modular buildings subject to blast overpressure sliding
or overturning are potential effects. Overturning is to be
avoided at all cost due to the risk of injury to occupants,
however, with regard to sliding there are potential benefits
in dissipating energy. Design assessment has shown that
substantial foundations can be avoided by the expedient
measure of cabins configuration to prevent overturning.
Blast enhanced modular buildings are, by their nature,
heavy and as such there is significant inertia to be overcome
during a relatively short (100 ms) overpressure incident.

CONSTRUCTION AND DESIGN STANDARDS
To achieve the necessary degree of protection for occupants
of buildings other than Category 1 –30 mba, it is proposed
that steel fabricated and welded units are utilised to offer
high levels of ductility and energy absorbing capacity with
the optimum connection system to ensure structural integrity and to minimise overpressure ingress.
The typical design features for modular buildings to
resist blast overpressure have features such as:
. Deep trough cladding to walls formed from hot rolled
plate.
. Hot rolled section steel frame.
. Structural posts and ring beam.
. Fully welded construction.
. Blast resistant doors.
. Laminated glass windows for lower order protection.
. No windows for 300 mba units.
. Overpressure protection for 300 mba units.

MANUFACTURERS CONSIDERATIONS
AND PRODUCTS
To meet the requirements for turnaround villages in the UK
a number of blast enhanced modular designs have now been
developed. Different procurement practices have also been
put in place with some manufacturers developing substantial
fleets of blast enhanced modular buildings for hire while
other sites have purchased a series of modular buildings
for use in such circumstances.
What is clear, however, is that the development of
available blast enhanced modular buildings offers the opportunity for much greater flexibility in siting turnaround villages within petrochemical complexes while ensuring the
safety of occupants. This offers the site operators significant
benefit in reducing non-productive time and flexibility.
Developing a blast enhanced design is a balance for
the hire company. The potential revenue from hire to a turnaround is potentially greater, however, if it cannot be used
for day to day hires for the rest of the year the return on
investment may be limited. Consequently, some manufacturers have decided to concentrate on the lower overpressure
cabins which can be let out as anti-vandal units when not
used by petrochemical companies, while others have produced greater protection (200mba) cabins for petrochemical
use only.
For 100 mba and 200 mba overpressure cabins,
windows can be included in designs. These offer greater
opportunities for ventilation and are more pleasant for day
to day use, however, the potential risk of window panes
being blown out must be addressed and speciality glazing
must be utilised.
For 200 mba and 300 mba modules these tend to be
used for more specific or long term projects, such as permanent on-site amenity buildings offering safe accommodation
for maintenance crews in the heart of the process plants.

For Category 3 (100 mba and above) a design pulse
duration was taken as an isosceles triangle with a peak
pulse duration of 100 ms.
For each face of the unit the elevation is designed to
withstand full reflective overpressure, slightly greater than
twice the free field overpressure. Deflection within the
building also is limited to wall panels and joint members.
Review of the Texas City incident identified damage
from beneath the structure and also extensive debris from
items within the units. These also require to be addressed
as part of the design.

BUILDING FEATURES
Regardless of the strength or integrity of the outer envelope,
buildings potentially subject to overpressure require special
features to mitigate against particular threat. These features
include:
. All buildings should be single storey with no equipment
fitted on the roof.
. Buildings to be placed directly at grade, or if slightly
above grade to have fixed skirts to prevent ingress of
flammable gas or overpressure under the floor.
. All windows and doors to be capable of being closed
tightly to prevent gas ingress.

3

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153

For higher order protection buildings, 300 mba, these
are generally used for near-field applications such as for
control of work and permitting for the start up and shut
down of process plants.
During turnarounds control of work and permitting
are critical and consequently it is essential that permit
offices (which are effectively permanently occupied during
the turnaround process from the very commencement of
shutting down to the unit going back on line) are designed
to be located safely as near to the plant as possible. In this
location and application a “forward operating building”
(FOB) has been designed to withstand 300 mba free field
overpressure, 680 mba reflective with full overpressure protection on the doors and ventilation systems sufficiently safe
to be occupied during the start up phase of recommissioning.

learned’ from previous incidents such that the safety of
temporary building occupants can be assured in the future.
Ian Maclachlan
Managing Director
IKM Consulting Ltd
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CONCLUSION
Within the UK petrochemical and fine chemical industry
there is recognition that the Health & Safety Executive
expects operators to take all measures necessary to ensure
the risks faced by operatives working on petrochemical
sites are reduced to as low as is reasonably practicable.
For turnaround events there are a number of enhanced
blast protection modular buildings on the market, albeit
with different design features and to different design standards. To achieve maximum benefit to operators and their
workers on site, an industry wide understanding of what
building specification is required to meet the necessary standard, would be beneficial.
The approach adopted by Ineos Grangemouth will not
be unique in terms of hazard assessment or locating turnaround villages. However, the simple categorisation of a
number of blast overpressure ratings, together with a
target vulnerability, is something which offers other operators and manufacturers a common understanding of each
other’s requirements.
On this basis, it will be possible for cost effective
designs to be developed. It would also offer the opportunity
for the incorporation of a large number of the ‘lessons
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CHALLENGE IN DEFINING THE FLAMMABILITY LIMITS AT ELEVATED CONDITIONS:
DIFFERENCE BETWEEN THE UPPER EXPLOSION LIMIT AND THE LOWER
COOL FLAME LIMIT†
Pekalski A.A.1 and Pasman H.J.2
1
Shell Global Solutions, Shell Technology Centre Thornton, PO Box 1, Chester CH1 3SH, United Kingdom;
e-mail: Andrzej.Pekalski@shell.com
2
TU Delft, Fac. Applied Sciences, Multi-Scale Physics, Prins Bernardlaan 6, 2628 BW Delft, the Netherlands
Previous research showed that at certain conditions, close to the flammability range exists a regime
where cool flame may develop either due to elevated temperature or it may be initiated by an
ignition source. Propagation of the cool flame in a closed test vessel may double the initial pressure.
Such pressure increase exceeds recommended ignition criteria for explosion limit determination
that are based on 5 or 7% of pressure rise leading to inaccurate classification of the oxidation
phenomena, i.e. cool flame propagation may be classified as hot flame propagation.
Two mixtures were tested: n-butane-oxygen (extensively) and C1-C2-oxygen (in limited range)
at elevated conditions at their upper explosion limits. Flame development was analysed by flame
emission spectroscopy and the post-oxidation mixture was analysed by gas chromatography (GC)
to characterise the oxidation mechanism of the flame. Additionally explosion pressure rise, flame
temperature, and maximum rate of pressure rise were measured. In all experiments with the pressure
rise ratio below two the low temperature oxidation mechanism assisted the flame propagation.

KEYWORDS: explosion limit, ignition criterion, elevated temperature, cool flame, flame propagation,
low temperature oxidation mechanism

a comprehensive and systematic study on experimental
parameters that influence the explosion limits, especially
at elevated conditions, is still not complete.
The measurement standards differ significantly not
only in the methodology, apparatus, and ignition criterion
but also in the definitions. For instance, an explosion
limit by the ASTM standard (1995) is a mixture composition at which flame is just able to propagate while in
the EN standard (2003) flame just fails to propagate at
flammability limits. Because of the differences between
the standards an ambiguous situation is created that result
in various explosion limit data, even at the most straightforward, atmospheric conditions (Schröder, 2004). Elevated conditions of pressure and temperature magnify the
problem and difficulty. Where at atmospheric pressure
experiments can still be done in a vertical glass pipe,
which allows direct visual observation of the vertically
rising and expanding flame ball, at higher pressure tests
are usually conducted in a closed steel vessel equipped
with a pressure sensor. This triggered the development of
the ignition criterion based on pressure increase. ASTM
918– 83 (1999) sets the threshold as 7% of pressure rise,
while EN 1839 (2003) as 5%.
The determination of the upper explosion limit is much
more problematic than that of the lower one. The lower one is
usually a rather sharp cut-off also at elevated conditions.
It also does not shift much with higher pressure and temperature. This does not mean there is no ambiguity about its value.
However the dispersion in values leaves less uncertainty than

INTRODUCTION
The explosion range of gas mixtures, which is defined as the
fuel concentration between the lower and the upper
explosion limit in air or other oxidiser at given conditions,
is a very important parameter in risk studies and safe
design. If an industrial process operates outside a welldefined explosion range, under normal operation conditions,
the flame, even if ignited, cannot propagate. Therefore, in
these conditions, an explosion cannot occur. While accurate
determination of the explosion range for a given method,
conditions and criteria requires only accurate instruments
and careful experimenting and observation, the proper determination is more complex. The complexity arises from
experimental factors, which influence the value of the
explosion limits and proper interpretation of observed
phenomena. Factors are initial pressure, initial temperature,
size of an experimental vessel and its dimensions, ignition
type and energy, direction of flame propagation, turbulence,
presence of impurities, and ignition criterion. Additionally,
at elevated conditions, the state of the vessel walls (heterogeneous reactions), pre-ignition reactions, cool flame
phenomena and multi-stage ignition in general contribute
to the complexity (Pekalski et al. 2005a).
Much research was conducted to understand the influence of a few single variables on explosion limits. A variety
of measurement concepts, ignition criteria, methodologies
and apparatuses have been used: Safekinex (2004), Steen
(2001), Pekalski et al. (2005b), Chen et al. (2003), Vanderstraeten et al. (1997), Van den Schoor et al (2006). However,
†
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for the upper explosion limit. The latter also shifts over a wide
range to higher fuel composition with both pressure and
temperature, Holtappels et al. (this conference). However,
depending on the nature of the fuel over a considerable part
of the range adjacent to the limit, the severity of the explosion
in terms of explosion pressure and rate of pressure rise of the
explosion is very low. This means that also the risk of obtaining
damage to equipment is low.
When increasing temperature in a given mixture,
which is in the explosion range, the possibility of selfignition will come closer. At higher pressure self-ignition
will even occur easier. It means that with limit compositions
at higher pressure and higher temperature a self-ignition
threshold is reached beyond which a mixture self-ignites
after a certain induction period. Self-ignition will start at
the hottest spot. If induction is sufficient short a flame ball
may expand in the reacting mixture. On the other hand if
induction is relatively long the reacting mixture may well
be exhausted and no flame ball will develop. In such case
the mixture is beyond the explosion limit but is still reactive
and can develop heat, which in a closed vessel will lead to
pressure increase.
Hydrocarbon oxidation mechanisms vary drastically
with temperature range and it is classified into Low-, Intermediate-, and High Temperature Oxidation Mechanism.
There is a wealth of literature available on this subject
(Griffiths 1996; Pilling 1997; Westbrook 2000). At the
Lowest Temperature Oxidation Mechanism (LTOM), in
particular in fuel rich mixtures, organic peroxides are
formed which in turn decompose producing more than one
radical per radical consumed. In this so-called chain branching process, which progressively accelerates, the peroxides
decompose and fuel the process until their extinction.
Amongst others such reactions generate stable products
like formaldehyde and alcohols. It culminates in a sudden
phenomenon known as cool flame in which organic peroxide are consumed. Cool flame is accompanied by a
sudden temperature increase. It may show itself as a repeating faint blue flame with a limited temperature increase and
at maximum a doubling in pressure (Fish 1968; Coffee
1980; Shtern 1964). Less known is cool flame initiation by
an artificial ignition source. This phenomenon was
extensively studied, in the past, by e.g. Towned and
co-workers, more reference is available in Pekalski (2004).
All studied hydrocarbons (ethers, alkanes C3-C7) showed
the same behaviour; after being ignited, depending on the
initial conditions (mainly temperature, pressure, and
mixture composition), either normal hot flame or a cool
flame phenomenon propagated over the vessel. An
example for n-hexane in air is presented in Figure 1.
At temperature below the self-ignition value the
amount of ignition energy deposited in the mixture, in
order to cause oxidation, is lower compared to room
temperature. The deposited energy creates, in the limited
volume, a very high temperature, which decays over time.
However, this creates transient conditions favourable for
development of a certain type of oxidation mechanism
that depends on mixture conditions, i.e. its reactivity.

Figure 1. The cool flame and normal flame region for hexane
air mixtures by Hsieh

Near the explosion limit reactivity will be low and
if sustained oxidation was initiated the temperature will rise
relatively slow. This will allow the low temperature
oxidation mechanism to play a relatively important role
where in case of high reactivity and quick temperature rise
the oxidation mechanism will progress according to the high
temperature oxidation mechanism. Such mechanism generates different post combustion products like CO2, H2O, and H2.
The present paper will show what kind of oxidation
mechanism develops after ignition at fuel rich conditions.
Additionally a evaluation was performed weather based on
a pressure rise criterion the upper explosion limit may be
distinguished from the lower cool flame limit. From
hazard point of view proper classification of oxidation
phenomena is important.
The work described was performed as a part of
the PhD study (Pekalski 2004), where more details can
be found.
RESEARCH APPROACH
In order to identify presence of low temperature oxidation
mechanism (cool flames) after an artificial ignition two
research programmes were conducted. The first one was
based on a value of pressure rise after ignition and characteristic post explosion products. The second one was based on a
characteristic flame emission.
Two mixtures, at initial temperature of approximately
500K, were studied: n-butane-oxygen, at initial pressure of
approximately 2 and 4 bara, and methane, ethylene, carbon
dioxide, oxygen so called C1-C2 mixture at 16.2 bara. The
former is known to exhibit cool flames hence it was used as a
benchmark. The C1-C2 mixture was investigated because of
practical importance, however, only by means of flame
emission spectroscopy at one oxygen composition.
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The experiments were performed in the 20-litre
strengthened explosion sphere, described elsewhere
(Pekalski 2004, 2005a). The sphere was equipped with
two pressure sensors and three vertically and two horizontally placed thermocouples. Preheated oxygen was rapidly
injected to the explosion sphere filled with pure preheated
fuel. The mixture created was ignited by a tungsten fused
wire 90 seconds after the oxygen injection was completed.
The ignition energy was approximately 3.4 J. Two
minutes after combustion phenomena the post explosion
mixture was taken for GC analysis.
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Figure 2. Explosion indices of C4H10-O2 mixture as a function
of mixture composition, Pini ¼ 2 bara

Concentrations of methanol, ethanol and ethylene in
the post-explosion mixture are given in Figure 4.
Concentrations of the species assume a clear
maximum at certain mixture composition. The highest
measured concentrations of methanol, ethanol and ethylene
respectively were at 67.5, 66.5 and 62.4% of n-butane. The
pressure ratio assumes values of 1.99, 2.02, and 2.29
respectively.
In summary, several conclusions can be made:
1.

2.

It was anticipated that the highest concentration of alcohols is induced by the low temperature oxidation mechanism. Their concentrations should decrease as the
intermediate temperature oxidation mechanism
becomes more important, i.e. with increasing oxygen
contents in the initial mixtures. At this moment the
ethylene concentration should assume the highest
value. Further increase in the flame temperature
causes these species to vanish. Such behaviour was
observed at both initial pressures investigated (2 and 4
bara).
The conditions at which the maximum concentrations
of methanol, ethanol and ethylene occur are quite
similar at both initial pressures. These are summarised
in Table 1.
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EXPLOSION TEST RESULTS
The dependence of the explosion pressure rise rate, (dP/
dt)ex, and the pressure ratio (Pex/Pini) on the oxygen contents in the mixture are presented in Figures 2 and 3.
At initial pressure of two bara and mixture composition of 67.4% mole of n-butane the experiment was
repeated five times to check the reproducibility, which
turned out to be very good. The pressure ratio increases
with increasing oxygen concentration, however, not steadily. In very fuel rich mixtures in the range of 73 to 83%
of n-butane increase of oxygen does not change the pressure
ratio much: it changes from 2.4 to 21%. A second plateau is
observed around 66% of n-butane, where the pressure ratio
assumes values around 2. The rate of explosion pressure rise
shows a much wider plateau. In the concentration range
of 60 to 67% n-butane it assumes similar values around
2.2 bar/s. In fuel leaner mixtures that 60% of n-butane the
explosion rate of pressure rise increases more rapidly with
increasing oxygen contents.
The pressure ratio values, for fuel rich mixtures, are
marked in Figure 2. It is clearly evident that based on the
assumed ignition criterion different values of the explosion
limits can be found. According to the 7% threshold pressure
rise criterion the explosion limit would be just below 78% of
n-butane. For 5% it would be just about 80%. According to
the criterion of doubling the initial pressure (research
criterion) the explosion limit would be around 66%.
Similar behaviour was observed at initial pressure of 4
bara (Figure 3).
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Figure 3. Explosion indices of C4H10-O2 mixture as a function of mixture composition, Pini ¼ 4 bara
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Figure 4. Concentration of some species in the post-explosion mixture as a function of the mixture composition, Pini ¼ 2 bara. With
the gaschromato-graph more than 30 stable product peaks could be found

3. Independently of the initial pressures the maximum
number of the post explosion species occurred at the
same value of the pressure ratios. This is in the range
of 1.70 to 2.024.

the cool flame emission spectra. The emission spectrum
appeared to be the same for several different fuels (ethers,
acetaldehyde, propionaldehyde and hexane). The spectra
of cool flames consist of a series of bands, shaded toward
the red, the intensity of which is greatest in the blue and
near-ultraviolet regions. The same spectrum was observed
for different hydrocarbons (saturated and unsaturated), alcohols, aldehydes, ketons, acids, oils, ethers and waxes
(Gaydon 1957 p. 279; Kondratiev 1964 p. 688). The blue
luminescence originates from an electronically excited
state of formaldehyde, which is formed in a chemiluminescent reaction mainly by the radical þ radical reactions:

Based on above points it can be concluded that the
pressure rise after ignition, in cases the pressure ratio is
below two, is strongly associated with the low temperature
oxidation mechanism. As the standards recommend a
pressure rise criterion of 5 and 7% for determination of
explosion limit, it is very ambiguous, as products not associated with the high temperature oxidation mechanism are
present in the post combustion mixture.

CH3 O þ OH ! CH2 O þ H2 O
CH3 O þ CH3 O ! CH2 O þ CH3 OH

FLAME EMISSION SPECTROSCOPY
During the oxidation processes of hydrocarbons certain
intermediate compounds become excited and release the
energy excess by photon emission. The wavelength of the
photon is specific for a given specie and can be used for
identification purposes.
Appearance of cool flame is accompanied by pale
blue chemiluminescence. Emeleus (1926, 1929) studied

Additional emission sources might be present, but
their contribution to emission is very minor compared to a
chemiluminescence of formaldehyde (Sheinson 1973;
Angew 1956, 1965). On average only one photon is
emitter per 103 molecules of fuel consumed (Griffiths 1996).
When more oxygen is added to the mixture that exhibits pale blue luminescence when cool flame appears, the
blue luminescence becomes more intensive. Temperature
becomes higher and hydrogen peroxide is going to dominate
the scene. It is then called blue flame. A temperature rise is
reported, up to 400 K. However this temperature rise is still
far below the temperature of the hot flame. More oxygen
admission to the mixture causes the flammability limit to
be exceeded and the hot flame appears with distinctly different emission spectra compared to the cool or blue flame
spectra (Ohta 1991, Kondratiev 1981 p 216, Sheinson 1973).

Table 1. The n-butane concentrations at which highest concentration of selected species occur in the post-combustion mixtures and the respective pressure ratio values
C4H10 concentration [% mole] / Pex/Pini
Pinitial [bara]

CH3OH

C2H4OH

C2H4

2
4

67.5/1.99
75.7/1.705

66.5/2.02
72.7/1.89

62.4/2.29
64.7/2.78
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Table 2. Experimental conditions for n-butane-oxygen mixtures
Exp. No.
1
2
3

Pinitial [bara]

Tinitial [K]

yC4H10 [%]

yO2 [%]

Exposure time [s]

Pex/Pini

2.1
2.1
4.1

503
501
501

67.4
72.6
72.9

32.6
27.4
27.1

5
5
5

1.98
1.28
1.89

Table 3. Experimental conditions for the C1-C2 and oxygen mixture
Exp. No.
4
5

Pinitial [bara]

Tinitial [K]

yCH4 [%]

yC2H4 [%]

yCO2 [%]

yO2 [%]

Exposure time [s]

16.2
16.2

502
501

47.1
46.9

43.7
43.9

2.0
2.0

7.2
7.2

5
30

The cool flame spectrum consists mainly of the emission from the excited formaldehyde. In the blue flame
additionally emissions bands from CH, OH and HCO
appear. The hot flame spectrum does not have any formaldehyde emission but mainly emission spectra form C2,
CH and OH.
Formaldehyde emission reveals a characteristic
pattern of emission bands at 385, 396 and 405 nm. This
emission pattern does not overlap with other emission
bands (Ohta 1991; Pekalski 2004).
The set-up consists four main parts, namely explosion
sphere, camera, monochromator, and computer for data
acquisition. An optical window replaced one of the pressure
transducer in 20-litre strengthened explosion sphere. The
flame spectroscopy set-up was able to record spectra with
a limited radiation band wavelength of 30 nm. Hence the
set-up was adjusted to record the flame emission in the
range of 380.2 to 410.2 nm. Detailed description is available
elsewhere (Pekalski 2004).
Tables 2 and 3 present the experimental conditions for
n-butane and the C1-C2 oxygen mixtures respectively.
The main goal with varying oxygen contents was the
identification of the presence of the formaldehyde emission
that is characteristic for the low temperature oxidation
mechanism. Increased oxygen concentration in the
mixture results in higher flame temperature hence in
higher values of pressure ratios.

The experimental conditions for the methane, ethylene, carbon dioxide, oxygen mixtures were taken from a
larger experimental test series dedicated to determine the
upper explosion limit (Pekalski 2001). The exposure time
was varied to investigate the flame emission of the upward
and downwards-propagating flame.

FLAME SPECTROSCOPY RESULTS
In total five experiments were conducted. In all of them,
irrespectively of the oxygen contents and the initial
pressure, oxidation phenomena give a clear spectrum
pattern. The pattern is the same for all n-butane-oxygen
experiments as well as for the C1-C2-oxygen mixture. An
example of the spectra is presented in Figure 5.
The spectra of all experiments show clearly three
peaks. Their maximum is at wavelength of 386, 396 and
404 nm, with relative intensities of 9, 10 and 5 respectively,
which agree with the characteristic wavelength of excited
formaldehyde emission. The intensity of the peaks for C1C2 mixture is lower than n-butane oxygen mixture.
Thermocouple analysis showed the upward flame
propagation after ignition followed by downward propagation (Pekalski 2005b). The flame appeared in the vicinity
of the horizontal thermocouples approximately 5 seconds
after the ignition in experiment number 4 (Figure 6). The
vertical (red) line adjacent to the ordinate indicates the
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Figure 5. Flame spectrum of n-butane-oxygen flame, experiment number 3
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Figure 6. Temperature and pressure traces over time, experiment number 4

moment of fused wire ignition. Considering the thermal
inertia of thermocouples the upward propagating flame
reached a maximum temperature of approximately 850K,
while the downward propagating reached approximately
715K, i.e. about 130K lower.
Subsequent experiment, number 5, with longer
exposure time of 30 seconds was performed to capture the
emission of flame propagating downward. Its emission spectrum shows maxima at the wavelength of 384, 396 and
404 nm and the same peak intensity ratio as the upward propagating flame.

flame. This still has to be seen by time and space
resolved analysis.
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CONCLUSION
1. The post explosion analysis of stable products shows
presence of species typical for the low temperature oxidation mechanism (alcohols). Their concentration
maximum is at the pressure rise ratio of approximately
2, i.e. 100% pressure rise.
2. Flame emission spectroscopy, for the pressure rise ratio
below two, reveals in the propagating flame in both
investigated mixtures (n-butane and C1-C2 oxygen
the presence of formaldehyde which is a characteristic
species for the low temperature oxidation mechanism
(LTOM).
3. Presence of the low temperature oxidation mechanism
during flame propagation complicates the determination
whether a hot flame regime exists or a cool flame one.
I.e. determination of the upper explosion limit based
on a criterion of pressure rise may lead to classification
of the cool flame regime as the flammable regime. The
pressure rise of 5 and 7%, used by standards seems to be
ambiguous.
4. Relatively high maximum flame temperature might
suggest more complex nature of propagating upward
flame in comparison with downward flame. The periphery of the propagating flame might be characteristic
for the LTOM i.e. cool flame, while other type of oxidation mechanism supports the core of the propagating
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INFLUENCE OF RAREFACTION WAVE-FLAME INTERACTION ON PREMIXED
PROPANE-AIR FLAME STRUCTURE AND PROPAGATION BEHAVIOR
Chen Xianfeng Sun Jinhua and Yao Liyin
1
State Key Laboratory of Fire Science, University of Science and Technology of China, Hefei, Anhui 230026, China;
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To explore the influence of rarefaction wave on flame structure and propagation behavior, the
premixed propane/air flame was experimented in a rectangle combustion pipe. The high speed
camera and Schlieren images methods were used to record the processes of interaction between
rarefaction wave and flame. Meanwhile, the pressure sensor was fixed up to catch the pressure variation in the process of flame propagation. Two opposite direction rarefaction waves were induced
by different ignition scheme to intervene in the flame. The experiment result shows that the interference of rarefaction wave on flame causes the flame front structure change, which leads to the
flame transition from laminar to turbulent quickly. The coflow rarefaction wave intervenes in the
flame and making the flame front surface turn into dentiform structure, where violent turbulent
combustion begins to appear in part of the flame front firstly; subsequently the turbulent combustion
spreads to the whole flame front surface. On the other hand, the counterflow rarefaction wave
induces the whole flame fronts to be turbulent since the beginning and subsequently intensifies turbulence. In addition, the coflow rarefaction leads the flame propagation speed to decrease. On the
contrary, the counterflow rarefaction wave accelerates the flame speed on the whole, accompanied
with sharp vibration.

KEYWORDS: gas explosion, rarefaction wave, flame structure, laminar flame, turbulent combustion

induce turbulence combustion [8]. In most industry
disasters, the pressure wave always influences the gas
propagation speed. At the same time, the pressure-flame
interaction can induce the flame unstable and further elicit
turbulence, even result in the transition from deflagration
to detonation. Accordingly, the pressure –flame interaction
may change the whole combustion process and characteristic, which has attracted many researchers’ attention.
Markstain [9] firstly recorded the photos of flame instability
induced by shock wave, describing the flame variation
course when affected by incidence and reflection shock
wave respectively. Fairweather [10] carried out methaneair explosion in a semi-vented pipe, and found that the
flame propagation along the pipe axis was almost laminar,
only at the late stage of explosion did the fast turbulence
combustion appear and obvious overpressure occurred.
Thomas et al experimenting on flame –shock wave interaction showed the shock wave can obviously accelerate
the flame propagation speed, which was testified by
Gamezo [11] et al. Many numerical simulations [12,13]
and theoretic analysis on pressure-flame interaction are
also achieved, most of which focus on the variation of
flow field and flame behavior after the pressure wave
swept flame front. But the instant interaction at the initial
stage of flame propagation is rarely studied, especially the
microstructure variation during the interaction between rarefaction wave and flame is few available [14].
As a whole, the pressure-flame interaction is complicated; especially the flame structure change induced by rarefaction wave needs further research. Therefore, in this
paper the premixed propane-air flame was observed as

INTRODUCTION
Flammable gas explosion is one of the most destructive
accidents in industry and living field. Incident statistics
data of fires and explosions shows that flammable gas
involved in 90% of the total accidents [1]. Therefore, it is
important to discern the gas explosion mechanism, and
thus to predict and suppress the explosion disaster with corresponding methods.
In order to prevent gas explosion, it is indispensable
to control the fuel-air combustion process. Generally, in
the case of gas explosion, the transition from laminar
flame to turbulent combustion takes place firstly and following accelerates the flame propagation speed, which increases
the combustion surface area and heat release rate, and finally
leads to serious explosion disaster due to the rapid overpressure rise [2,3]. Accordingly, the flame propagation and
pressure rise are closely related to turbulent combustion
occurrence. Then it is necessary to discern the microdynamic process and the intrinsic mechanism during the
laminar-turbulent transition.
Gas combustion process coexists with flow in almost
all the practical combustion cases. The flame-flow interactions have been one of the most challenging areas in combustion science field, which related to the fundamental
elements of combustion process, i.e., flame structure,
flame propagation, flame instabilities, et al [4,5,6,7]. A
detailed physical understanding the laminar-turbulent transition and turbulence-flame interactions are still lacking
due to the complexity of the problem itself. Many elements
influence the gas combustion process, of which the pressure
wave-flame interaction is one of the most typical reasons to
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Figure 1. Sketch of gas explosive experiment system
1. Combustion chamber, 2. Mercury vapor lamp, 3. Concave mirror, 4. Knife edge, 5. Data recorder, 6. Computer, 7. Spark igniter,
8. High speed video camera, 9. Synchronization Controller

object, and the high speed video camera and Schlieren
image technology were used to record the process of
flame propagation. The pressure transducer was used to
investigate the interaction of rarefaction wave and premixed
flame structure.

flame propagation characteristic and flame structure
evolution process, the sides of the chamber were made of
high-intensity glass. The cross section of the combustion
chamber is shown in Figure 2. When the membrane
covered the vent ruptured, a rarefaction was induced to
influence the flame propagation behavior. A high
frequency-dynamic piezoelectricity transducer was set up
on the combustion pipe to detect the pressure-time history
during the interaction between rarefaction wave and flame.

EXPERIMENT SETUP AND PROCEDURE
EXPERIMENTAL APPARATUS
The experimental system is schematically shown in
Figure 1, which is composed of a combustion chamber, an
ignition system, a data recorder, a Schlieren image system,
a high speed video camera and a synchronization controller.
The Schlieren image system shown in Figure 1 consists of a
25 W mercury vapor lamp, a knife edge and two concave
mirrors. The combustion chamber is a square pipe, and the
inner size is 500 mm  80 mm  80 mm. Two spark igniters were fixed at each end of the pipe, which can elicit rarefaction wave propagating towards different directions
respectively relative to flame propagation. To observe

EXPERIMENTAL CONDITIONS AND PROCEDURE
After the experiment pipe was vacuumized, the combustion
pipe was filled with 4.0% volume percent of propane/air
mixture, and the inner pressure was kept to be 0.1 Mpa.
When the premixed mixture was ignited with an electric spark produced by a high voltage igniter, a flame front
propagates forward in sphere shape. When the pressure
exceeds a certain extent, the membrane will rupture
quickly. And then a rarefaction wave will be induced to

Figure 2. Sketch of gas explosion experimental pipe
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propagate leftward in the combustion chamber. When the
rarefaction wave overtakes flame, the flame front structure
and propagation behavior will change due to the interference between rarefaction wave and flame. The flame behavior and pressure-time history will be recorded with high
speed Schlieren system and piezoelectricity transducers.
Finally, two ignition schemes were performed in the
experiment. When ignited with electrode1, both the flame
and rarefaction wave propagate leftward. When ignited
with electrode 2, the rarefaction wave propagates leftward,
while the flame propagates reversely.
In the test, the startup time of the high speed video
camera (Photron, Fastcam Ultima APX), the high speed
digital data recorder (HIOKI, 8826 Memory Hicorder) and
the high voltage igniter was controlled by a synchronization
controller. The detailed experimental conditions were given
as following:
Ignition voltage: 20,000 V; Discharge period: 0.001 s;
Membrane intensity: 5kpa; Recording speed of high speed
video camera: 10,000 fps; Sampling rate of data recorder:
100 KHz.

flame was recorded with high speed Schlieren system and
pressure transducer.
Flame structure and propagation behavior based on
Schlieren images
As known to all, the density change of flow field shows the
direct influences of temperature, concentration and pressure
on flame structure. The Schlieren image was obtained based
on the light refraction of flow, so the Schlieren image can be
used to reflect the inner flow structure characteristics.
According to turbulent combustion theory, the turbulence
flame is composed of many different scale vortexes, which
not only disperses and distorts outside the flame front, but
engulfs the premixed gas inside the flame front. The reaction
intensity and the heat and mass transfer in the flame front
change with the density grads, which reveal the inner flow
field structure of premixed flame.
Figure 3 is a series of typical high speed Schlieren
photographs, depicting the flame propagation process and
flame front structure behavior. As shown in Figure 3, the
convex flame front propagated towards the unburned gas
in regular spherical wave shape and the flame was obvious
laminar at the early stage. Meanwhile, the burned and
unburned gases were separated by the thin flame front.
When time t ¼ 14.5 ms after ignition, the rarefaction wave
induced by membrane rupture caught up with the flame
front, and began to intervene in the flame structure. Hereafter, the flame configuration changed gradually. Firstly,
the flame front became plane indicating the flame front
reached the minimum surface area. With the flame propagation, the flame front stretched and led to thicker flame
front. From time t ¼ 16.5 ms, the regular flame front was

RESULTS AND DISCUSSION
THE CASE OF FLAME –COFLOW RAREFACTION
WAVE INTERACTION
In this case, the premixed mixture was ignited by electrode
1. The flame front propagated from right to left. When the
membrane ruptured, a rarefaction wave was induced to
move leftward in the pipe. When rarefaction wave caught
up with the flame, the interaction of rarefaction wave and

Figure 3. High speed schlieren images on flame propagation
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torn up into dentiform structure, many irregular wrinkles
appearing, all which made for greater flame front surface
area. Here, the flame structure characteristics indicated
that obvious turbulence came into being. With further interaction of rarefaction wave and flame, bifurcation phenomena appearing on the flame front led to thicker flame front
and greater turbulence intensity. It can be seen from the
Schlieren images that, the turbulent flame propagation in a
wide flame front area, unlike the laminar flame in a very
thin front surface. After t ¼ 22 ms, the flame front outline
became blurry and propagated ahead with strong turbulence
as a whole. The Schlieren images reveal the micro-process
of flame structure changing clearly, which also showed
just the interference of rarefaction wave on flame inducing
the transition from laminar to turbulence immediately.
Many experiments on the same test condition showed the
similar results and phenomena as above.

Overpressure/ kpa
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THE CASE OF FLAME–COFLOW RAREFACTION
WAVE INTERACTION
In this case, the premixed mixture was ignited by electrode
2. After ignition, the flame front propagates rightwards,
while the rarefaction wave moved leftward when the membrane ruptured. When rarefaction wave encountered flame
front, they may overlap each other. The interaction would
influence the flame propagation configuration and the
characteristic of flow field.

Analysis on high speed Schlieren images
Figure 6 shows the high speed Schlieren images of counterflow rarefaction wave-flame interaction. It can be seen that,
at the initial stages of combustion, the laminar flame propagated ahead in smooth spherical wave. After t ¼ 16 ms, the
reversed V shape flame structure appeared. At about
t ¼ 20 ms, the flame front and the rarefaction wave encountered and overlapped, which caused the flame front to
deform. After then, the flame front configuration became
irregular. With the interaction of rarefaction wave and
flame, the flame front stretched to greater flame surface
area. Here, the whole flame front was turbulent, and the
flame profile was clear, indicating that the flame was midsmall scale turbulent combustion. With the interference of
rarefaction wave, the flame front grew blurry quickly,
which means that the intense turbulence began to appear.
At t ¼ 26 ms, it can be seen clear that the large-scale
vortex appeared in the flamelet. In conclusion, the counterflow rarefaction wave can deform the flame structure and
subsequently led to the transition from laminar to turbulence
quickly.

-6

20

15

Therefore, it can be drawn that just the interference of
coflow rarefaction wave on flame decreased the flame speed
sharply, while increased the turbulence intensity quickly,
which caused the flame speed to accelerate again, simultaneously accompanied with fluctuations.
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Figure 5. Relation between pipe pressure with time
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Discussion on the results of pressure and flame speed
Figure 4 shows the relationship between flame propagation
speed with time. At the initial stage, the laminar flame
propagation speed increased with time increasing. After
t ¼ 14.85 ms, the rarefaction wave encountered the flame
and began to influence the flame propagation behavior.
Firstly, the flame speed decreased sharply from 2.1 m/s to
27.5 m/s in no more than 1.5 ms. But the flame speed
rose quickly again and oscillation appeared on the speed
curve, mainly due to the turbulence effect induced by rarefaction wave-flame interaction.
Figure 5 shows the curve of pressure variation in combustion chamber with time. It can be seen that the pressure
value in combustion chamber increased with time at the
initial stages of flame propagation. At t ¼ 14.8 ms, the
pressure dropped sharply, which indicates that rarefaction
wave reached the pressure sensor in combustion pipe and
began to influence the pressure in combustion pipe. Combined with Schlieren images, the rarefaction wave-flame
interaction caused the transition from laminar to turbulent
quickly, and led to obvious flame speed fluctuation.
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Figure 4. Relation between flame speed with time
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Figure 6. High speed Schlieren images on flame propagation

Discussion on pressure and flame speed results
The pressure variation with time is shown in Figure 7. At the
early stage of flame propagation, the pressure value rose
with time increasing. When the membrane ruptured at
t ¼ 19.8 ms, a rarefaction wave is induced to move leftwards in the combustion pipe, which caused the pressure
to decrease rapidly, and obvious pressure fluctuations
appeared on the curve. After time t ¼ 22 ms, the pressure
value began to rise again with time.
Figure 8 shows the flame speed with time during the
course of counterflow rarefaction wave-flame interaction.
It is clear that laminar flame was not affected by rarefaction
wave at the initial stage, and the flame speed increased
almost linearly. After the flame encountered rarefaction
wave at t ¼ 20 ms, the flame speed rose up to more
than 20 m/s quickly due to the flame-rarefaction wave

interference. After then, there appeared sharp vibration on
the speed curve. Comparing with the Schlieren images in
Figure 6, it can be seen that, just the interaction of reverse
rarefaction wave and flame caused the flame speed to
increase on the whole, simultaneous accompanied with
great fluctuations, all which further accelerated the flame
transition from laminar to turbulence.

CONCLUSIONS
In this paper, the interaction between premixed propane-air
flame and rarefaction wave was studied. By two ignition
schemes, the rarefaction wave was induced to intervene in
the flame propagating towards different directions. In the
test, high speed Schlieren image and pressure measuring
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technology were used to record the flame front structure and
propagation behavior. Based on the result and discussion,
the conclusions were drawn as following:
. Rarefaction wave imposed great influence on flame
structure and propagation behavior. When encountered
with rarefaction wave, the flame was induced to
change from laminar to turbulence quickly due to the
rarefaction wave-flame interaction. In addition, the
rarefaction-flame interaction accelerated the laminarturbulent transition.
. Coflow and counterflow rarefaction wave can make
different effect on flame structure deformation and
propagation behavior. The coflow rarefaction wave
made the flame front transform to dentiform configuration firstly; here strong turbulence existed in only part
of flame front. With the flame propagation, intensive turbulence spread to the whole flame front in the end.
However, the counter-flow rarefaction led to the
laminar-turbulence transition through the whole flame
front since the beginning, and subsequently intensified
the turbulence gradually.
. The cowflow rarefaction wave can decelerate the flame
speed on the whole, even once led to the propagation
reversely. After the turbulence became strong enough,
the flame speed rose quickly again. While counterflow
rarefaction wave can speedup flame propagating, simultaneously accompanied with sharp fluctuations.
. During the course of flame structure change induced by
rarefaction wave, obviously pressure fluctuations also
comes into being, which further to accelerate laminarturbulent transition.
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THE BP CLAIR PLATFORM: A CASE STUDY OF APPLICATION OF LAYOUT
IN THE CONTROL OF EXPLOSION HAZARDS
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One of the prime tools in the control of major hazards, such as gas explosion is layout of equipment.
An offshore production facility, unlike its onshore counterpart, very often has a limited footprint.
Equipments are often arranged on many levels separated by decks. This creates potentially situations where both congestion and confinement could lead to high explosion overpressures. In
this paper, we describe the general principle of layout, gave examples based on the recently
built bp Clair platform, the application of these principles and some novel approach to layout
that led to a facility that is able to tolerate virtually all worst-case explosion events as understood
using the current state of the art tools.

KEYWORDS: explosion, control, layout, case-study, bp clair

potential for gas explosion hazards at an early stage, by
designing these out as far as possible. This approach
began in the design of Bruce at the end of the 80’s and
embedded into our design process since the design of bp
ETAP (Paterson 1998) where the process of PECT was
applied. This will be discussed in more detail later.

INTRODUCTION
The layout of equipment, pipework, walls and decks on an
offshore platform is known to have an impact on the severity
of a potential explosion on the platform (IGN 1993). The
same is true for an onshore processing plant. This paper
illustrates the process and methodology used in optimizing
layout against gas explosion hazards in a recently completed
offshore production platform, Clair. Our experience is that
decisions made in the early phase of the project, i.e.
Concept Selection and Early FEED is critical for successful
application in the control of potential explosion hazards.
Clair is the first bp facility to operate in the UKCS
designed in Houston, USA, by Mustang Engineering. This
precedent has created much discussion in the industry in
the UK. Some of the discussions centered round cost
saving, some on maximizing learning across different
cultures. It is not the purpose of this paper to delve into the
details of differences in working practices and approaches in
design engineering in general. Rather we focus on the
process of the Clair design against gas explosion hazards
given the engineering organization. Our experience is that
no one deliberately set out ignoring major hazards in the
design of a new platform and Mustang Engineering is of
no exception. The path to produce a fit-for-purpose design
for the UKCS might be different to that taken by, say, a
UK engineering contractor; but it is the end results that
count. In this paper, we will touch upon some of the
factors that drive the Clair design and highlight some of
the differences when compared with a conventional UKCS
platform specifically on gas explosion hazard.
Past experience showed that gas explosion hazards
have the potential to form a significant part of the total
risk both to personnel and to the Temporary Refuge on an
offshore platform. The cost in reducing this risk to a tolerable level was recognized to be potentially high, particularly
if changes in design were to be made at the latter stages, e.g.
in retrospective upgrading of blast walls. The BP approach
on the Project was to eliminate, prevent and minimize the

CLAIR PHASE 1 DEVELOPMENT
The Clair Oil Field is one of the largest, yet to be exploited oil
field in the UKCS. Figure 1 gives the location of the Clair Oil
Field, the location of the Phase 1 Development platform and
the export pipeline routes to shore. The Clair facility described
in this paper form Phase 1 of the development of the field and
is located 45 miles west of the Shetland Islands in 140 m of
water. Phase 1 is expected to have a recoverable reserve of
some 250 million barrels of oil and a plateau production rate
of 60,000 b/d of oil and 20 MMSCFD of gas. Two pipelines
bring the Clair oil and gas production to reception facilities at
the Sullom Voe terminal in Shetland.
The Clair platform consists of a single, 4-leg steel
jacket, with integrated topsides comprising wells, drilling
and oil and gas production facilities, associated utilities,
power generation, safety systems and accommodation for
120 persons. It has a service life of 25 years.
There will be some 15 production wells, which will be
gas lifted and 8 water injection wells with the wellheads
located in a central wellbay. The well fluids will be processed
in 2 oil separation trains, each consisting of 3 stages of
separation and a single 3-stage gas compression train. Oil
is exported via a dedicated 22 inch pipeline to the Sullom
Voe oil terminal and gas in exported to the BP West of Shetlands Pipeline system (WoSPS) via a 10 km 6 inch pipeline.
The drilling arrangements comprise the Drilling
Equipment Set (DES), with drill floor and derrick and the
Drilling Support Module (DSM), with mud systems.
Power generation is centralized and comprises 3 Solar gas
turbine powered generation sets.
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Figure 1. Location of Clair field, platform location and pipeline routes

The platform has been laid-out on the principle of
separating the hazardous and non-hazardous sections by
the greatest distance vertically and horizontally, over 3
main deck levels: Cellar, Production and Main decks. The
wellheads, manifolds, oil separation and pumping and pipeline risers being located on the lower two levels in a single,
un-segregated hazardous area. Gas compression is located in
a separate module above Main deck level to the E of the
platform. The DES is located above the Main deck and
the DSM is located adjacent the DES to the E.
Power generation, water injection, fire and service
water and other utilities are located in a separate segregated
area to the W and the accommodation module, which provides the Temporary Refuge, to the far W. Four 50%POB
free-fall lifeboats are located directly adjacent to the accommodation to the W.
Figure 2 shows a representational overview of the
facilities, Figure 3 a more detailed elevation of the platform
and Figure 4 shows a plan view of the platform (at
production deck level)

gas explosion than those of previous platforms built by bp in
the North Sea. And the Project drove the design down the
path of preventing and reducing the severity of potential
gas explosion events very early in the design.
SOME HISTORICAL PERSPECTIVE
There is an established infra-structure to service the oil and
production industry in the shallow water of Gulf of Mexico.
Platforms are designed and built in large numbers. There is
also a large market for reuse of topside facilities and supporting jackets. This drives towards building facilities with a
limited number of building blocks using off-the-shelf components and standard vendor packages. With time and experience of operations, the designs of these facilities were
optimized. The Gulf of Mexico now enjoys a reputation of
producing simple and low cost offshore facilities to service
the large range of fields in the shallow water region of the Gulf.
It is interesting to note that the first generation of
North Sea platforms in the seventies were derived from
the Gulf of Mexico design. Through many different
factors, such as severe weather conditions, higher production rates and more recently a more severe legislative
regime, North Sea designs diverge from the Gulf of
Mexico practice. The industry has been able to produce a

PROJECT OBJECTIVE
At the outset of the design process, the project set an objective that the Clair platform has a higher performance against
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Figure 2. Conceptual overview of the Phase 1 platform

diverse range of facilities designed specifically to exploit
specific oil and gas fields. These facilities are often large
and complex in relation to the typical Gulf of Mexico
facilities.

In concept, Clair is a conventional North Sea
platform with an integrated deck. The design of Clair in
the Gulf has meant bringing together the two different
design cultures.

Figure 3. Platfrom Elevation (north) of the Clair platform
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Figure 4. Platform plan view (production deck level)

APPLICATION AND EXTENSION OF
PAST KNOWLEDGE
As far as the approach to gas explosion hazard goes, Clair
could build on the experience of a number of recent past
bp projects. The Clair process is largely adopted from that
of ETAP (Paterson 1998). There are two reasons for this:
we have intimate knowledge of its application because it is
a bp facility, and many inspectors in the UK HSE viewed
this as an example of industry best practice (HSE 2004).
There are four elements to the process used on ETAP.
We called this process PECT. PECT stands for using the
right People with leadership and relevant expertise Early
in the design to drive down explosion risks and maintain
this Continuously throughout the design process utilizing
appropriate Tools.
We also leaned through the design of bp Schiehallion
and bp Andrew facilities that it is important to control
runaway length and aspect ratio. We will discuss the application of these later.
The explosion management process on Clair can be
summarised as addressing the issue at all stages of design:

order to provide the necessary understanding to optimize
various part of the design. This approach was used throughout the design cycle. The majority of the explosion hazard
assessment work was done right up front during early
FEED. The final stages were mainly for verification. Some
aspects of design were sufficiently well understood that
good engineering knowledge was deemed to be sufficient,
such as the initial layout of equipment, aspect ratio, etc.
Even so, on some occasions, we found CFD was useful as
a coaching aid to ensure all parties have common understanding of the issues involved.
Here, we describe some of the areas we addressed.
Some of these would be familiar to readers and have been
covered in our previous papers (Paterson 1998, Tam 1994
and Tam 1997). We have not included them in this paper.
Here we concentrate on issues relating to Gulf of Mexico
practices or further development to our previous
applications.

CONCEPT AND EARLY FEED
Adopt an open, un-segregated design
One common feature of Gulf of Mexico offshore facilities is
their openness. It is not uncommon to find facilities which
are open on all sides with grated decks throughout. The
design philosophy has been to rely on the use of natural ventilation to control major hazards such as gas explosions.
This, by and large, has been successful for platforms in
the shallow water in the Gulf and embedded into engineering practices in the Gulf. We believe that this is one of the
strengths of the Gulf design approach in explosion hazard
control.
The bp Clair design team also preferred an open
design at the outset, so there was a meeting of minds. The
issue was the degree of openness.
One concern of this design was the impact on working
environment, as the West of Shetlands environment is harsh.

.
.
.
.

starting at Concept
early FEED
continuously through the design
mop-up late changes at end of detailed design and construction
. Verification/confirmation of key assumptions prior to
start-up
DESIGN PROCESS
In this section we describe the process specifically on how
we addressed gas explosion during the various stages of
design. A more general discussion on the project management of major hazards is given in later sections.
As with the ETAP project design, the design team
applied latest CFD technology right at the beginning in
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There were many discussions relating to the concern for
working environment involving the operations team in the
project.
The project team agreed on an open design without
wind walls for personnel protection.

Clair chose to separate the manifolds from the
wellbay. This considerably reduced the extent and amount
of congestion in this area and has further significant
benefit in removing potential sources of high pressure gas
leaks to elsewhere where natural ventilation rates are
higher. This concept was to be defined in more detail
during FEED.

Shape of facilities
The aspect ratio of an area is the ratio of its length to its
height. A large aspect ratio allows an extensive flame to
accelerate through equipment. Our experience indicates
that this ratio should be kept to below 3, and preferable
2.5 or less (Tam 1994). The Clair facility resembles a rectangular cuboid, 20 m wide between supporting truss,
50 m long and 28 m high. The aspect ratio is therefore
much less than 2,5 in all dimensions. The large height
between decks was dictated in part by access requirements
for well intervention equipment. Nevertheless, this provided
benefit in the control of explosion hazards.

Control location of HP or high inventory sources
The Clair philosophy has been to locate high pressure gas
inventories as far away from the TR as possible, in areas
where ventilation rates are high and open to the outside so
that potential releases could disperse out of harm’s way.
Examples include:
Location of compression module
This module has a very low aspect ratio. It is located high up
at the east end (the TR is on the west end) of the platform
above the Main deck.

Horizontal and vertical barriers
Clair considered two types of segregation barriers: vertical
and horizontal.
Vertical barriers are blast and/or fire-rated walls
which segregate the hazardous external spaces (e.g.
process areas) into smaller areas. The initial design did
not contain any vertical barriers in order to maximize
natural ventilation in the process areas in common with
the Gulf of Mexico norm. We considered the relative
benefits and de-merits of vertical barriers between the
wellbay and the utility area and between the wellbay and
the process areas. The latter was discounted, but we found
that, in practice, the wellbay – utility area barrier provided
means of controlling the worst-case gas cloud size and
separating this from the face of the Temporary Refuge.
Horizontal barriers are decks which segregate the
process space further into smaller areas. However, introducing these will have the impact of increasing the aspect ratio.
One of our design objectives was to control the ‘critical run
length’, which is the distance above which explosion overpressure could increase rapidly; a dividing point between
a less rapid and more rapid development of gas explosion
(Tam 1994). We found that horizontal barriers could
reduce the critical run length considerably.
The design that moved forward to detailed design had
only one vertical barrier (between wellbay and utility area),
and with all horizontal decks below the Main (weather deck)
grated.

Manifolds – gas lift
The production, test and gas lift manifold arrangements are
located at the east end of the facilities on the production
deck. This has two benefits: one is to reduce the level and
extent of congestion in the wellbay area in the middle of
the platform, and ventilation rates at the east end is higher
than the wellbay area. Figure 4 shows the layout of the
plant, with the manifolds to the far E. of the platform and
the wellheads located in the central wellbay area. The flowlines to/from the wellheads to the manifolds run longitudinally between the two locations within the line of the main
E-W structural beams.

FEED
During FEED, layout was further refined and there was a
focus on leak management: elimination prevention, and
reduction were addressed. Some of the examples are given
below:
Connecting pipework between wellhead and manifolds
In a conventional layout, connecting pipework is often looped
to reduce stresses. This can create an array of pipes that runs in
all three directions, which leads to conditions where gas
explosion, should one occur, are severe. On Clair, the connecting pipework runs predominantly straight from the wellbay
along the length of the platform to the manifold at the east
end. This reduces the congestion in the wellbay. As pipes
run along the along the length of the platform by the E-W
main steel structures, they do not introduce significant
increase of turbulence generating congestion either.

Control congestion
One example is the wellbay-manifold area. In a conventional design, this area has a high level of congestion and often
difficult to control by alternative arrangement. This arrangement usually lead to this arrangement: moving from one end
of the facility to the other, there is the TR, utility, wellbay/
manifold, high pressure processing equipment and low
pressure processing equipment. The consequence is that
high pressure inventories are located close to the centre of
the facilities where natural ventilation is not the highest.

Gas injection lines
Not all the gas lift flowlines are needed during initial
commissioning and production. One option was to install
them as and when required during operation. However, the
project felt that this could introduce large number of potential
leak sources during operations due to on-site construction
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limitations and decided that all gas lift flowlines were to be
pre-installed during construction. The pre-installed lines
are welded throughout and run from the manifold area to
the edge of the wellbay area. This measure removes a large
number of flanged high pressure gas connections.

the annulus is isolated to the maximum possible extent
should a failure of the gas lift line line and/or the connection
at the wellhead occur. Figure 5 shows a typical Clair production well arrangement.
DETAILED DESIGN
Built-in strength – eliminate potential weak points
The integrity of the structure is only as strong as the weakest
link. The project spent much effort to maximize the efficiency of the structures, as common in any other project.
When weaknesses were identified, the project has a bias
towards removing structural weakness rather than having
studies to justify their adequacy. For example, there was
an occasion when the main author attended a meeting
during which engineers, who had identified a weak structural member, discussed the risk of this on the integrity
against extreme blast load. The project manager intervened.

Wellhead design
All the 15 production wells will require gas lift and therefore
the A annulus on each of these will contain high pressure
gas, the inventory of which could potentially fill a substantial part of the wellbay area if loss were to occur. BP carried
out significant work in conjunction with it’s Xmas tree/
wellhead vendor on the design of the tree to minimize the
number of potential leak sources, to increase the overall
integrity of the tree/wellhead assemblies and to include
both annular safety valves and integral wellhead gas lift
check valves. This means that the large volume of gas in

Figure 5. Typical Clair production wellhead/tree arrangement
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He authorized the increase of size for that structural member
and the weakness was eliminated. The meeting could have
lasted longer, could have resulted in a more detailed structural analysis to anticipated extreme loads, and might not
lead to the elimination of the weakness identified.

.

CONSTRUCTION
Address late changes
One identified late design change was associated with the
gas turbine-driven power generators The vendor package
contains a fuel gas knock-out pot which increases the hydrocarbon inventory and leak source count in the power generation area. The associated parts of the topsides design also
contained additional leak sources not already accounted
for in the explosion modeling.
We assessed the impact of gas leaks in this area and
the size of flammable gas that could accumulate there. We
found that there was not sufficient inventory and initial
gas pressure to generate a cloud of sufficient size to cause
impairment of the adjacent TR boundaries
Despite this knowledge, the design was enhanced to
include the following measures:

This is nothing new to most operating companies
working in the UKCS who will recognize this type of
process as part of the management of major hazards and
in the safety case. It shows that the management of major
hazards process developed in the UKCS worked well in
the GOM setting.
In the case of BP Clair, this process was integrated
into the project design team. BP, Mustang, and Wood
Group discipline engineers were intimately involved in the
hazard management process and took ownership of the
process to ensure that the principals and concepts were integrated into the design of the installation.

.

Identification of the all of the available hazard management measures to eliminate, prevent, control, mitigate
and emergency respond to the hazard event.
Selection of the appropriate management measure performance standards such that all hazards are managed
to ALARP.

THE PEOPLE
There was a focus on management of explosion consequences through the minimization of congestion and confinement on a on-going, rather than ‘once-off’ basis. The
explosion analysis results were used to identify areas for
improvement at discrete steps in the design. At each of
these steps, workshops between the discipline engineers
and the explosion analysis experts were held in the
Houston design offices. This enabled a better understanding
of explosion consequences by the design team, and a better
understanding of the design constraints by the explosion analysts. As a result hazard management measures were identified early, and were practically implemented, and were
not compromised during subsequent design development.
The Mustang design process was very receptive to
this approach. While working together, both sides realized
that there was more in common with respect to hazard management in design that previously understood prior to starting the process. Mustang’s engineering management team
had excellent processes for keeping the design simple.
This was augmented by BP’s understanding and analysis
of major accident hazards into one effective, fit-for–
purpose package.

. gas detection arrays at the gas inlet to the turbine
enclosures.
. additional shut down valves on the fuel gas supplied to
the turbine to minimize gas inventory leaked into the
power generation area.
. additional shut down initiation of the production facilities on confirmed gas detection in the power generation
area.
Verification
The final stage of the explosion modelling work was verification. This mainly involved the verification of the accuracy
of the geometric model used for assessing gas explosion
loadings (generated during the design process). This was
done before float out of the main deck from the construction
yard on Tyne-side during the final stages of construction/
commissioning phase.

DISCUSSIONS INCLUDING SOME
LESSONS LEARNT
HAZARD MANAGEMENT PROCESS
One of the primary mechanisms for actual delivery of the
explosion management measures for Clair were the BP
hazard management and the Mustang Engineering design
processes used for the project. Essentially these elements
worked hand in hand to deliver a fit for purpose design
which effectively manages and controls all the major accident hazards, including gas explosions.
BP’s hazard management process, in simply terms, is
accomplished by:

Small focused team
The Mustang team was relatively small and focused in comparison to typical North Sea project teams. The team during
detailed design was primarily located on one floor of the
Mustang building in Houston. This group truly functioned
as a team, most of which have worked together for a
number of projects, with a common management system.
This small integrated team concept helps to keep the
process simple, reduce rework, provides strong leadership,
enables communication, and generally enhances the end
result. While it may be difficult to describe the differences
between this approach and typical North Sea practice,
those people who have seen both sides of the equation
will clearly recognize them.

. Identification of hazards.
. Development of an understanding of the hazards (causes,
consequences, impacts, escalation likelihood, etc.).
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Effective communication between analysis and design
Due to long distance between explosion analysts in London
and the design office in Houston, effective communication
between these two key groups was recognized to be key if
Clair was to achieve its objective. Clair has been able to
develop an effective ‘bridging the gap’ process in periods
between workshops – using key personnel to interpret and
effectively communicate design requirements to the design
team.

This was highlighted some years ago and only limited
progress in certain areas has been made. This seems to be an
area where a concerted joint industry approach is needed to
force the pace.
LIMIT STATE PERFORMANCE
Limit States was advocated for design against gas explosion
(Corr 1999). Two limit states were recommended: the
Design (or serviceability) Case and the Extreme (or ductility) Case. The former relates to more frequent but low
severity events and the latter for rare but high severity
events. A well-designed facility is robust against both
types of events.
Clair’s approach to preventative design has led to
both these two limits states being met comfortably. The
analysis and assessment work carried out indicates that the
design exceeds the stated performance such that it is able
to withstand all worst-case explosion events except one
(this being a catastrophic failure of the gas export riser
and its shutdown valves. Though this event has very
severe consequences also has an extremely low likelihood).

Continuity of staff
We found that the most vulnerable period is during the early
stage of execution or construction phase. The design team in
Houston was being demobilised, and a new team set up in
the UK. Our experience is that this process needs to be carefully planned to ensure key knowledge from both UK and
US based personnel was maintained.
HAZARD CONTROL VERSUS THE APPLICATION
OF QUANTIFIED RISK ASSESSMENT (QRA)
As stated above, the focus of the project was on controlling
hazards, rather than minimized quantifying risks. The four
maxims were followed: elimination, prevention, control
and mitigate, in that order. QRA is not widely used at the
Gulf of Mexico and not part of the normal design toolkit
in Mustang Engineering. The project design team’s belief
was that if the hazards are controlled well, then risks
would be automatically low- this is borne out in practice
on Clair.
QRA was therefore only used as verification tool
towards the latter half of design and to support the necessary
inputs to the Safety Case.

SUMMARY
The bp Clair facilities design has been completed. It is onstation and operating. The design and explosion analysis
process that has evolved over the past few projects have
been effectively implemented in the design office in the
Gulf of Mexico. Explosion hazards have been successfully
controlled in the Clair design. Although the Gulf of
Mexico design team had little pre-conception of a North
Sea design norm, we were able to implement some effective
enhancements in layout and, such as the wellhead/ manifold
area. The design’s performance required for the two limit
states is comfortably exceeded and barring a complete
rupture of the main gas export riser, the facility is robust
against all credible explosion events. One issue that has
dogged us, however, over the last few projects is the application of explosion hazard control process to vendor equipment packages. We believe that this could be more
effectively addressed by the industry as a whole.

CONCERNS OF THE OPEN NATURE
OF THE DESIGN
During the early phases of design, there were many discussions as to the pros and cons of an open design and in particular with respect to the potentially harsh working
environment in the open wellbay and process area. Now
that Clair has been on station for several monthskey offshore
personnel have expressed that they are in no doubt that the
right decision as to maintaining maximum openness had
been made.
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Water-based fire control and suppression techniques such as water deluge systems have received
widespread attention in the last decades because of their economical and environmental merits.
The effectiveness of water deluge to control, mitigate and extinguish fires strongly depends on
the environment they operate in. For example, recent large-scale experiments have shown that
ambient wind speed affects the performance of water deluge to mitigate pool fires. The present
study is undertaken to provide a better understanding of the parameters and conditions affecting
the effectiveness of water deluge systems. Computational fluid dynamics (CFD) techniques are
employed to study the interaction between pool fires and water deluge. Four scenarios have been
investigated using FDS, the large eddy simulation (LES) based Fire Dynamics Simulator developed
by the National Institute of Standards (NIST) in the USA. The first scenario describes the effect of a
water deluge on a methanol pool fire in an enclosed compartment (under-ventilated fire). The predictions support the experimental results published in the literature. The second scenario investigates the influence of water deluge on the cooling and smoke dilution of an open pool fire in the
vicinities of a blast wall on an offshore platform. The third scenario is concerned with the effectiveness of a water deluge system in mitigating a condensate pool fire located under a deck on an offshore platform. Finally the effect of water deluge on controlling fire growth and smoke movement
on a hypothetical offshore platform in high wind speed conditions is examined. The simulations
provide useful information about the influence of droplet size, ventilation conditions and wind
speed on the effectiveness of the water deluge technique.

KEYWORDS: water deluge, pool fire, fire mitigation, wind condition

geometry, momentum, fire properties and ventilation conditions. Earlier research on fire extinguishment by water
deluge was reviewed by Tatem et al., 1994. The effect of
water deluge on jet diffusion flames was investigated by
McCaffrey, 1984. More recently, Prasad et al., 1999, have
studied the suppression of small scale methanol liquid
pool fires by water deluge. The interaction between water
deluge, methanol and hexane pool fires in a compartment
was studied by Kim and Ryou, 2003. They identified two
different cooling regimes (sudden and gradual cooling) in
the smoke layer temperature of the methanol pool fire. In
an effort to understand the effectiveness of the water
deluge technique in mitigating potential offshore jet and
pool fires, a large scale study, sponsored by a joint industry
project involving several oil companies including bp, was
undertaken recently (e.g. Gosse et al., 2000). These
studies highlighted the complexity of fire control or suppression by water deluge due to the variety of factors involved.
In the present study, we employ CFD code FDS to investigate the effect of water deluge on pool fires for different
environmental conditions. Exploiting the flexibility of
CFD techniques to handle different geometric conditions
and different combination of geometric layout and wind
conditions, our investigation covers fully confined medium
scale enclosure fires as well as large scale kerosene pool
fires in semi-confined environment of hypothetical offshore
platforms either in a simplified form (neglecting the

INTRODUCTION
Water deluge is used extensively on offshore oil and gas
production facilities to control fires and their impact.
There is a general consensus supported by tests that water
deluge is effective as a protective measure. This is achieved
by controlling the development and severity of pool fires,
reducing the heat load on equipment and structures and
reducing radiation and smoke to personnel sheltering on
or near the facility.
The design of deluge systems is usually by codes and
standards and the effect of the environment such as ambient
wind, or changes of environment such as a change in ventilation conditions are not explicitly accounted for in the
design by additional evaluation. We have conducted
numerical simulations of the interaction between water
deluge and fires using computational fluid dynamic (CFD)
techniques for a range of applications. In this paper, we
report on the modelling of four scenarios to illustrate the
application of advanced CFD tools to quantify the behaviour
and performance of water deluge on fire control.
Typically, deluge or sprays are composed of a multitude of liquid droplets of different sizes and velocities. The
suppression or mitigation of pool fires by water deluge is
achieved through thermal cooling, oxygen displacement,
fuel surface cooling and attenuation of radiant energy. The
performance of a water deluge system is affected by
factors such as the droplets size, velocity, spray pattern,
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is a 4 m  4 m  2.3 m steel-walled enclosure (underventilated compartment fire). The methanol fuel pan has
the dimensions of 30 cm  30 cm  5 cm and is positioned
at the centre of the floor. The water deluge nozzles are
installed on the ceiling, 1.8 above the floor. The mean
burning rate of the fuel is 0.0148 kg/m2s and the heat
release rate 26.64 kW. The orifice diameter of the nozzle
is 3 mm, the operating pressure 13 bar, flow rate 6 l/min,
K-Factor 1.66 and the Sauter mean diameter 121 mm. This scenario serves as a good verification test for FDS code’s predictions.
The second scenario is based on one deck and a fire
wall. This is a much simplified offshore platform. A schematic diagram of this is shown in Figure 2. A vertical
blast wall of dimensions 15 m  15 m is installed on a
45 m  35 m offshore platform deck. A crude oil pool fire
of dimensions 10 m  10 m is located on one side of the
wall. The heat release rate of the fire is 1840 kW/m2.
Water deluge nozzles are installed on the left-hand side of
the wall to investigate their effect on the smoke and temperature distributions. The other half of the pool fire was
not covered by deluge. A total of 63  2 nozzles are
arranged at two different heights above the pool surface:
4.5 m and 8.5 m. The operating pressure of the nozzles is
16 bar, K-Factor 20.3 and the droplets mean size
1000 mm. The wind speed for this scenario is 5 m/s.
The third scenario, shown in Figure 3, is based on one
of the large scale experiment which was set up to investigate
the effectiveness of water deluge on a simplified offshore
platform geometry. In this case, there was a condensate
pool fire. The condensate pool of size 6 m  6 m was
located on the ground under a 20 m  20 m deck which

Figure 1. Schematic view of the experimental set-up for
scenario 1. It shows the location of deluge nozzle and sensor
location (circle). Dimension is in cm. (Figure reproduced
from Kim and Ryou, 2003)

accommodation block and other structures and deck plates)
or with multiple decks and grating.

SCENARIOS STUDIED
The first scenario, as shown in Figure 1, is based on the
experimental data of Kim and Ryou, 2003.The compartment

Figure 2. Schematic of scenario 2: water deluge effect on fire in the vicinities of a blast wall. Deluge was applied on one half of the
area only so that one half of the blast wall was not protected by deluge. Dimension is in m
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Figure 3. Schematic diagram for Scenario 3 showing the pool fire, the deluge nozzle location and the deck above the pool fire

was 8 m above ground level. The influence of the wind
speed and spray droplets size was analysed.
Finally, we examine the effect of water deluge on a
hypothetical platform as shown in Figure 4. The facility considered is a 4-deck structure of a conventional layout. There
was a process area, a fire and blast wall, and a protected area
consisted of accommodation and utility. The process area
consisted of 4 decks (Cellar, mezzanine, intermediate and
weather deck): the decks were all plated with regions
close to the blast wall grated. We simulated a pool fire on
the cellar deck in the process area. The scenario represented
a full surface pool fire with a high wind speed condition
(12 m/s blowing towards the fire and blast wall). The platform was modelled using simple blocks and plates to represent the accommodation block, structures and deck
plates. The structural beams were included as they affect
the spread of fire and smoke. Major process equipment

was modelled simply as rectangular blocks. All cylindrical
objects were approximated to parallelepiped geometry
with the same volume. Small objects were not considered.

NUMERICAL DETAILS
The CFD code used for the simulations is the version 4.0.7
of FDS, the Fire Dynamics Simulator developed by National
Institute of Standards in the USA (McGrattan et al., 2006).
FDS solves the Navier-Stokes equations for low Mach
number (Ma , 0.3), which covers most thermally-driven
flows that occur on onshore and offshore oil/gas production
facilities. The numerical algorithm employed is an explicit
predictor/corrector scheme, second order accurate in
space and time, using a direct Poisson solver. Turbulence
is treated by means of large Eddy Simulation, via the
Smagorinski, 1963, sub-grid scale model. For combustion,

Figure 4. Schematic of the hypothetical offshore platform for Scenario 4. It shows, moving from right to left, a process area, a fire and
blast wall near the centre, and accommodation and utility area on the left. The pool fire was on the bottom deck (Cellar deck) shown in
blue. All decks above the Cellar Deck are plated with a region of grating near the fire and blast wall. Equipments were represented
simply as solid blocks

3

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153

a mixture fraction model is used. It assumes “infinitely fast
reaction”, the mass fraction of oxygen is calculated from the
so-called “ideal state relation”, which is generated from the
definition of mixture fraction. The corresponding mass fraction of fuel and products are obtained from the oxygen mass
fraction. Two-phase flow between water droplets and gas
flow is modelled by Eulerian-Lagrangian method. For radiation, FDS solves the finite-volume based radiation transport equations (RTE) and considers soot as the most
important combustion product controlling the thermal radiation from the fire and hot smoke. The code accounts for the
contribution of soot using a simple approach through some
band-mean absorption coefficients. The code has been
widely used by the international fire community and undergone various validations for fire applications. The Fire and
Explosion Research Group at Kingston University was
one of the first university groups to adopt the code for
some of its fire research work and has since devoted considerable effort to carry out further development and validations to the code in various applications which include
pool fires (Kang et al. 2000, Kang and Wen, 2005, and
Wen et al. 2006), phenomena in under-ventilated compartment fires (Ferraris et al., 2005 and 2006, Ferraris and
Wen 2006) and the mitigation of backdraft with watermist
(Magda, 2006), etc.
For the first scenario, the simulation with FDS
employed 350,000 computational grids. For the second
and third scenarios, the total number of grids used were
580,800 and 921,600, respectively. The simulation was
carried out using a parallel version of the FDS code on a
1.8 MHz AMD 10-node cluster with four meshes. While a
finite volume based radiation model is embedded in the
FDS code, a constant radiative heat loss equivalent to
25% of the total combustion heat release was assumed in
all the first three scenarios to save computational time.
The last scenario involves all four decks of the platform
and thus requires a large number of computational grids to
represent the geometry. It is therefore necessary to exploit
the parallel computing facility to speed up the calculation.
This is achieved by using the multi-block option in FDS
which allows the collective representation of the physical
domain using several mesh blocks. The computational

domain in consideration is 180 m  75 m  90 m, represented by six meshes with a total of 7 million grid cells.
The grids are clustered towards the fire and accommodation
zone. For computational efficiency, thermal radiation was
neglected in the calculation of the last scenario which was
performed as part of a comparative study to explore different design considerations. Even so, it took 5 days to run a
300 s real-time simulation of the this scenario on a 16node Linux cluster with the parallel version of FDS 4.0.7.
The other three scenarios are relatively much quicker
because of the simplicity of the geometry and smaller
sizes of the computational domain.

RESULTS AND DISCUSSION
SCENARIO 1: DELUGE ON A CONFINED FIRE
Figure 5 presents the experimental and simulations results
for the temperature at a distance of 0.5 m (see Figure 1)
from the centreline along the ceiling. There is relatively
good agreement between the predictions and the experimental data of Kim and Ryou, 2003. Figure 6 shows
the effect of water deluge on the average temperature of
the compartment ceiling. The water deluge was activated
300 s after the start of the pool fire, at which time, a
near steady state was reached. The droplets that vaporised
after heat absorption contribute to the cooling of the hot
combustion gases layer at the ceiling. The predictions
are slightly higher than the experimental data after
350 s. For the methanol pool fire investigated, there are
two cooling regimes: sudden and gradual. In the latter
regime, the temperature difference between the droplets
and smoke layers is relatively lower than in the sudden
regime. However care must be taken not to extrapolate
this behaviour to other fuels since oxygen consumption
and heat release rates of hydrocarbon fuels for example
are larger than those of alcoholic fuels such as methanol.
The water deluge flux of 67 l/min/m2 was relatively high
compared with the 12 l/min/m2 recommended by NFPA,
but was not sufficient to extinguish the fire. The study has
nevertheless demonstrated the cooling effect of water
deluge on compartment fires.

Figure 5. Experimental and predicted temperature along the ceiling at R ¼ 0.5 m (scenario 1)
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Figure 6. Variation of mean ceiling temperature after water deluge activation (scenario 1)

SCENARIO 2: PARTIAL DELUGE ON A POOL FIRE
For the second scenario, there was deluge applied to one half
of the pool fire. Figures 7 and 8 present the mean air temperature and soot density distribution at half-height (7.5 m)
on the left-hand side (deluge side) and right-hand side
(dry) of the fire and blast wall. The water deluge was activated 2 s after the start of the fire. The reduction in temperature in the deluged region was very significant. On the “dry”
side, the transient temperature reached 5008C whereas on
the deluged side the temperature was almost at the
ambient value of 208C near the blast wall. One explanation
is that the large droplets produced by the deluge in this scenario (1000 mm) have a higher momentum and flux density to
reach deeper the fire plume and possibly the fuel surface.
That provides a better cooling effect. The mitigation effect
on the soot concentration is also evident, underlining the
benefit of the spray to keep the effect of the fire impacting
on the fire and blast wall. The simulations demonstrate the
potential of water deluge to provide a good protection in
the vicinities and behind the blast wall. It also demonstrates
the potential advantage of using water deluge to protect

evacuation corridor in the event of fires on offshore
platforms.

SCENARIO 3: DIFFERENT DROPLET SIZES IN LIGHT
WIND CONDITIONS
Figure 9 shows the centreline temperature distribution at
4 m above the surface of the condensate pool fire for two
different nozzles (MV57 and TF12) at a wind speed of
2 m/s. Nozzle MV57 ejects water droplets at a Sauter
mean diameter of 640 mm at 3.7 bars while nozzle TF12
issues water droplets at a Sauter mean diameter of
300 mm (Gosse et al. 2000). The water deluge rate was
12 l/min/m2. It is well established that in principle finer
droplets (TF12) provide a better mitigation than larger droplets (MV57) because of the increase in the surface area of
water that is available for heat absorption and evaporation.
This may be true in a quiescent environment, but as can
be seen in Figure 8, with a wind speed of 2 m/s, a better
temperature cooling is achieved with the larger droplets
(MV57) than the finer (TF12). Our results showed that the

Figure 7. Average wall temperature on the deluge side and non-deluge side of the blast wall (scenario 2)
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Figure 8. Average soot density at the wall on the deluge side (left) and non-deluge side (right) of the blast wall (scenario 2)

small droplets were carried away by the wind and therefore
did not contribute to the mitigation by heat absorption and
evaporation. In contrast larger droplets (MV57) had higher
momentum, less affected by the wind, absorbed heat from
the fire and provided a more effective mitigation. The simulations show that the effect of wind needs to be considered in
designing water deluge systems.
It should be mentioned that for this scenario, we have
made some simplifications on the geometry which was used
in the experiment. In the experiment, there was a hollow
pipe above the pool fire which served as measuring
targets. This was not included as the code is not able to

represent the hollow pipe accurately without some
modification. There is, however, plan to carry out further
development of the code to the representation of such
geometry so the test conditions can be captured more
accurately.

SCENARIO 4: EFFECT OF STRONG WIND
IN AN OPEN OFFSHORE MODULE
In the final scenario, we simulated strong wind condition of
12 m/s blowing from the process area towards the blast wall
with a fully involved deck fire on the cellar deck.

Figure 9. Air temperature (degree Celsius) at 4 m above the surface of the condensate pool fire for two pool fires: dark line represents
pool with MV57 nozzles and light line represents pool with TF12 nozzle (scenario 3)
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Figure 10. The predicted water droplet distribution on the hypothetical platform. Droplets of water are represented by blue dots.
Deluge was applied above the pool fire on the Cellar Deck and at the three deck level in the grated region

Three identical water deluge systems were located at
the ceiling levels of the three decks (cellar, mezzanine and
intermediate) delivering water of 200 mm in Sauter mean
diameter at 15 l/min in the downwards direction. In the calculation, we tracked the water droplets following their exit
from the nozzle. These droplets are represented by the blue
dots in Figure 10. It is seen that some water droplets have
been blown away from the fire zone towards the blast wall.
Results showed that the air flow on the decks was influenced by the grating near the blast wall (all three decks were
grated near the blast wall except the Cellar deck). There was a
strong updraft created in the region of the grating.
Figure 10 shows that the wind was sufficiently strong
to carry the water droplets towards the wall and upward
through the grating. As the fire was on the lowest deck, a significant amount of the water released did not reach the fire.
As a result, the overall effect of the deluge was limited. For
example, the conditions in the area on the other side of the
blast wall remained similar with or without deluge.
We repeated the simulation using larger water droplets of Sauter mean diameter of around 600 mm. We
found the improvement to be marginal. This indicated that
while 600 mm droplets might be sufficient to overcome
light wind (2 m/s as in Scenario 2) conditions, much
larger droplets are needed in strong wind.
The present results suggest that although water deluge
can be effectively used to control fires in moderate wind
conditions in semi-confined and confined enclosures, its
effectiveness in controlling fires and smoke movement in
high wind conditions under fully open or semi-confined
configurations such as those encountered by offshore

platforms can be significantly hindered as high wind tends
to take a significant portion of the deluge water some distance downwind preventing them from reaching the fire.

CONCLUSIONS
The effectiveness of water deluge in fire suppression and
mitigation has been studied through CFD simulations by considering different scenarios reflecting different conditions.
The results show that the effectiveness of water deluge
systems strongly depends on the ventilation conditions
(under-ventilated as in scenario 1, well ventilated as in the
last two offshore scenarios), the droplets size and spray
momentum, as well as the wind speed for open fires.
Although finer droplets provide in theory better mitigation
than larger ones, the study shows that wind speed should be
taken into account in practical design, as finer droplets
could be carried away and therefore unable to contribute to
fire mitigation or suppression. Present study of the hypothetical platform shows that even the effectiveness of relatively
larger droplets with Sauter mean diameters of 200 mm and
600 mm suffer from the wind blowing effect. Consideration
should therefore be given to design modifications which
can mitigate the wind effect or alternative means of fire and
smoke control in severe environment conditions.
The present study has also demonstrated that validated CFD code can serve as a useful tool for parametric
studies in risk assessment and in practical design to optimize
nozzle arrangement, spray size, momentum and orientation
appropriate for the expected operating and environment
conditions.
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Safety, health and environmental (SHE) issues are important factors that need to be taken into
account in any process and ultimately plant in order to avoid or minimize any harm to employees
and environment. The main aim of the “IMPULSE” project is to innovate through targeted application of structured processing equipment such as microreactors, compact heat exchangers and thin
film devices. Substitution of batch plant by continuous plant in pharmaceutical and fine chemical
plant is another aim. There is expected to be a considerable difference between the safety, health
and environmental performance of traditional and “IMPULSE” plants. In this paper an initial comparison of hazard issues in batch and IMPULSE continuous (IC) plant is made, and the methods
used to analyse the situation are discussed. The comparison of conventional and IC plant is considered for the hydrogenation process as case study in terms of SHE (safety, health and environment) issues. While in the IMPULSE plant major releases and hazards are clearly less likely for
IC, the potential for operator exposure and minor problems may be greater. It is concluded that
further work is required to assess the overall balance of changes in SHE performance to be able
to inform designers.

KEYWORDS: inherent safety, environment, IMPULSE, process intensification

the target was equipment size, not business success. In
this context, business benefit is taken to include safety and
environmental performance.
The novel, IMPULSE devices will be smaller compared to conventional devices. There should be a considerable difference between traditional and IMPULSE
technologies in terms of fire and explosion risks, harmful
emissions and efficiency. In order to find out whether, and
in what ways IMPULSE continuous plant is inherently
safer than batch, a comprehensive assessment is required.
Green chemistry has also emerged as a response to
growing public fear of chemicals and the chemical industry.
Green chemistry is the design of substances and processes
that eliminate the use and generation of hazardous material.
Green chemistry is a central approach to pollution prevention and seeks to introduce innovative scientific solutions
to the environmental problem. Anastas and Warner (1998)
provide 12 principles for green chemistry, which include
requirements for the avoidance of hazardous substance,
materials and energy efficiency and reduction of accident
potential.
A main strategy in developing inherently safer chemical process is process intensification. Reduction of inventory
of hazardous substances or energy leads to reduction of the
consequences of failure to control that hazardous substance
(Barton and Rogers 1993). Safety of a plant should be based
on reduction of possible damage. Safety devices are not
perfect and will probably fail at some point; they are not
totally reliable. In a chemical plant with large content of
hazardous material or energy, the result of the failure of
the add-on safety devices can be large. In a small plant the
inherent capability to cause damage is reduced, so small

“in a healthy society, engineering design gets
smarter and smarter; in gangster states it gets
bigger and bigger”
Peter Beckman
INTRODUCTION
If a system remains non-hazardous when subject to all
deviations that might lead to danger, the system is called
inherently safe. According to (Kletz 1998) this arises from
designing a safe plant and not by adding equipment to the
system to make it safe. This can be achieved by preventing
problems at their root causes; therefore inherent safety has
an important role during process design.
Nowadays, industries are looking for shorter lead
times, higher quality for their products as well as lower
environmental discharges and safer plant. It has been
suggested that in order for the chemical industry to
survive in the developed world, radical and novel
approaches are needed. The main aim of the IMPULSE
Project (Integrated Process Units with Locally Structured
Elements) is to innovate through application of structured
process equipment such as microreactors, compact heat
exchangers and thin film device (Sharratt, Matlosz and
Bayer 2006). Substitution of batch by continuous plant in
pharmaceutical and fine chemical plants is another aim.
The IMPULSE approach is application driven – in other
words the novel devices being deployed with the aim of
delivering the best possible process outcome; this is distinct
from the early approaches of Process Intensification where

www.impulse-project.net IMPULSE is an EU Framework 6 Integrated
Project for the deployment of novel “structured” processing devices.
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plant can be considered safer (Stankiewicz and Moulijn
2004). Nevertheless, there is also a need to reduce probability of hazards as much as possible – it is possible that
the increased complexity of small plant might result in
more frequent problems and therefore increased risk.
In order to support comparison of the IMPULSE continuous (IC) plant with conventional plant the main Safety,
Health and Environmental issues for a typical Pharmaceutical plant are listed in Table 1. This table also summarises existing understanding of the means to assess the
corresponding risk for IC plant, or equally identifies gaps.

batch manufacturing methods requires deep consideration.
IMPULSE is trying to achieve inherent safety through one
or more of
.
.

.
.

having all equipment as small and safe as possible
allowing substitution of dangerous materials with less
dangerous by being able to process them in ways not
possible in traditional plant
attenuation of the operating conditions and
intensifying the process to minimise inventories.

To move beyond the simple argument that “smaller is
better” needs a more detailed analysis. Reasons for having
large reactors are low conversion and slow reaction or
both. If the conversion is low, reactants should be recovered
or recycled which leads to increasing inventory, particularly

INHERENT SAFETY AND IMPULSE
It is important to find the best choice of technology in order
to apply in a system. Choosing between IC and conventional

Table 1. Major SHE hazards in primary pharmaceutical manufacture
Hazards in
pharmaceutical
plants (batch)
Runaway reaction

† Loss of reactor
cooling or agitation during
an exothermic reaction

Reactor over
-pressurization

† Overcharging with
compressed gas or liquid
† Excessive vapour generation

Fire and explosion

† Due to handling flammable
solvent or finely
divided organic powders.

Dust explosion

† Size of PM ,75
microns form
exposure mixture in air.
† Lower explosive
limit 15 – 60 gm m23
† Upper explosive
limit 2 – 6 kg m23
† Secondary dust explosions
which come from the ignition
of very large dust clouds
have the most severe
consequences
† Due to uncontrolled exposure
to harmful substances.
† Due to exposure to harmful
physical conditions

Occupational
health

Protection
approaches

Due to
†
†
†
†
†

Emergency venting
Containment
Crash cooling
Reaction inhibition
Adopting suitable
operating procedures.
† Using relief pressure valve

† Testing the materials
used for fire and
explosion potential
† Safe process design
(considering key factors
such as gas and vapour
limits, flammable and highly
flammable liquids, finely
divided powders and dusts)
† Eliminate potential
ignition sources
† Adequate earthling of metal
conductors and
electrostatic charges
† Explosion venting, inerting
suppression and containment

† Containment, PPE,
automation

2

IC plant issues/
risk assessment
Lower because of
lower inventory

Lower risk as devices
can withstand
higher pressure, also
lower storage of
pressure energy in
smaller devices
Lower risk because of
lower inventory and
stronger device

Not clear

Not clear, but more
complex plant with
more joints may
be a concern
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in batch reactions. In continuous plant it will tend to lead to
additional plant items to carry out the separations, with
additional opportunities for leakage. While acceleration of
reaction by catalysis or higher temperature/pressure are
possible there are problems. Development of catalytic
systems is expensive and difficult, especially where the reaction is not one of the set of commonly catalysed reactions
(such as hydrogenation). While running under more
extreme conditions can reduce reactor volume substantially,
there is a trade-off of increasing the hazard per mass of
process fluid, as well as increasing the likelihood of corrosion. In general, plants with vapour phase processing
will have lower inventories than liquid phase processes,
but this is rarely feasible for pharmaceutical processes that
have large, thermally sensitive molecules of low vapour
pressure.
Clearly, some types of hazard are much reduced by
moving to intensive, continuous processing. For example,
in a semi batch reactor in operation one or more reactant
is in the reactor and the last reactant can be added during
the progress of reaction. As the process progresses, the
accumulation of unreacted material can happen due to
failure of the mixing process or exhaustion of the catalysts.
In general, even at high pressure and temperature a small
reactor is safe as it has little material and in the extreme
case of loss of all material, it is still nearly impossible to
have a serious incident.
Issues that need to be engineered in order to control
hazards in IMPULSE plants include:

METHOD
The IMPULSE project is developing a number of industrial
case studies in applications in a range of industry sectors –
and by the end of the project all of these will be assessed for
their SHE and Sustainability performance. The work
reported here concentrates on the application to pharmaceutical production, and in particular hydrogenation. In
order to understand the scope and nature of real industrial
issues and concerns and to investigate the current hazard
issues and what would change with an equivalent IC plant
the following approach has been adopted.
.

.

.
.

Survey of safety issues for an existing hydrogenation
(questionnaire) for IMPULSE partners, including identification of concerns in moving to IC plant (Case Study
A);
Consideration of a specific hydrogenation process (both
an exisiting batch process and an IC equivalent) (Case
Study B);
Gap analysis to identify areas for further analysis;
Generation of further research targets to fill the identified gaps.
In this paper, the first two are addressed.

CASE STUDY A
In order to have a better understanding of the hazards a survey
was carried out at one of the companies participating in
IMPULSE which operates a range of batch chemicals processes, including hydrogenation. The questions were
divided into 7 sections such as training, cost, monitoring,
hazards, storage and handling of H2. The questions were put
to the technologists responsible for the technical support of
an operating multi-purpose hydrogenation unit in the UK.
The company’s response to the questionnaire
indicated that in order to achieve a safe plant various
different hazard identification approaches are used, such as
COSHH, studies based on the 6-stage ICI hazard assessment
system, COSHH assessment, manual handling assessment.
More detailed studies are done by third parties such as contractors/consultants.
It was concluded that in the hydrogenation plant many
safety precautions are taken and safety assessment delivers a
high level of performance. Their major worry is about the
nature of hydrogen. As it is highly flammable they believed
that reducing the inventory would certainly reduce the
hazards and capital cost. However, they also believe that
the novel technology has its own problems. For example,
the need for reactors with wide processing capability is
one of the main concerns. In addition the presence of impurities might be a big driver in novel technology so getting rid
of impurity is another substantial concern. Whether moving
from conventional plant to novel plant is cost effective or
not is another concern; as usual money is important. It is
important for the people who invest for it to know the cost
effectiveness of moving from conventional plant to the
IMPULSE plant. SHE issues might be a big driver for
H2. The risk most probably will change in IMPULSE
plant – for example the pressure in the conventional plant

. Equipment is smaller in size but maybe more in number
. More sophisticated to operate / more complex, so
additional concerns around control reliability
. Higher probability of failure of some devices – for
example microreactors often have very thin internal
walls that may be less thick than a typical corrosion
allowance in a standard plant item
. There may be more connections (and potentially more
leaks)
. Under more severe operating conditions devices may be
more prone to blockage, failure
. More maintenance may be required.
By contrast, advantages are as follows:
. Smaller inventory
. Larger surface area belongs to small plant; therefore,
additional cooling capacity is not required.
. They can be built in whole or part off-site at specialist
workshops, allowing higher engineering standards to
be delivered easily.
. Devices can be passive (i.e., no moving parts like agitators ) so IC can be more reliable
. Greater heat loss/ cooling capacity
. Physically stronger
. Lower accumulation.
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is not a concern because pressure in the conventional plant
tends to be near atmospheric pressure. By contrast, pressure
is a main concern in novel plant. The leakage from valves
and flanges might not be a concern in novel technology
though leakage from pumps might be as the numbers of
pumps are more in novel plant compared to the conventional
plant. It seems that in order to satisfy the plant technologists
that the novel technology is safe, more evidence required.

sufficient; for example there is no information about
possible changes to the operation temperature, pressure
and so on. However, just using common sense it can be
found out that the hazards of having runaway reaction is
less due to having less inventory, the possibility of human
error may be less due to using computers rather than rely
on humans. Furthermore, the possibility of injury to employees is low due to not having the operators around the system
continuously. The operator most probably would be in a
control room and controlling the system. Thus, in case of
having explosion (which in any case would be small due
to low inventory) the operator is away from the system so
the risk of injury is much reduced.

CASE STUDY B
A hydrogenation process operated by another IMPULSE
partner was considered. This hydrogenation step is one
stage in a longer synthetic chain. Initially, a comparison
was made of all safety issues for the exisiting process and
an outline design for an IC hydrogenation process. Here,
an attempt was made to develop a side-by-side comparison
of all of the safety issues in the two types of plant. An
excerpt of the results is given in Table 2.
It can be seen from Table 2 even at this stage that our
knowledge of the detailed design of the IC plant is not

CONCLUSION AND FUTURE WORK
While major releases and hazards are clearly less likely for
IC, the potential for operator exposure and minor problems
may be greater – more work is needed to resolve this.
Also, as the IC plants are going to be compact compared
to conventional plant so this technology probably requires

Table 2. Excerpt of comparison of equipment hazards in Case Study B hydrogenation process and assumed IC process

Issues/features

Current
process

Manhole

Yes

No

Leakage of H2
from flanges

Yes

Leakage of N2
(used for inerting)

Yes

Exothermic
reaction
Existence of
solvent storage
Pressure

Yes
Yes

Probably small flanges
are involved and
may have more
Probably fewer flanges
will be used so the
leakage is lower,
possible that inerting
not needed
Less likely and very
small inventory
?

45 psi

Number of flanges

Existence of
agitator
Existence of
ventilation system
Quality of construction

Hazard concerns
related to these issues
in Case Study B

IC

Operator exposure
in inspection
Fire and explosion due to
high amount of leakage

Hazard concerns
related to these
issues in IC plant
None

Operator suffocation

Lower inventory,
reduction of leak rate,
but possibly more leaks
Eliminated?

Explosion

Lower volume (less energy)

Flammable

Probably still required

High p

–

25

?

Having higher leakage

Yes

Probably not

Breaking the agitator

Yes

Hydrogenation would be
in a well-vented place
It may change e.g. due
to corrosion a better
alloy and protection
layer is needed.

Failure of
ventilation system
–

P is great but V is less
and E ¼ PV So released
energy is small
Probably less leakage,
though the number of
pumps might be more
than conventional plant
Maybe or having kind of
rotating disks
Need to consider ventilation
in smaller, tighter plant
Corrosion

–
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new identification and qualification methods; all of the
methods found in the literature are for conventional plant
with significant spacing between plant items. As IC plant
is smaller it might be possible to use energy integration
and possibly even renewable energy sources. Another
theme that has emerged is the relation between size of
plant and risk, as well as how this risk changes in moving
from traditional batch to IC plant.
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THE IMPORTANCE OF A ROBUST ASSESSMENT PROCEDURE IN PROTECTING
AGAINST RAPID OVERPRESSURE HAZARDS
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The identification of a suitable basis of safety to protect, or prevent, against overpressure hazards
from gas, vapour or dust explosions and runaway chemical reactions or decompositions is a prerequisite for safe operation. However, the process of successfully realising and implementing the
basis of safety is critical to its success.
This paper examines the critical phases of selection of the most appropriate basis of safety and its
specification and implementation. Some potential pitfalls at each stage of the process are highlighted with short case studies.
The common, and universal, approach to safety involves material or reaction characterisation,
hazard assessment, identification of a basis of safety and design of the required functional safety
systems. The overall success of the functional safety system(s) relies on each stage being well executed – deficiencies in any phase of the safety lifecycle will directly impact on the end result.
Within the intended layers of protection, particular attention is paid to the technical aspects of
selecting a basis of safety for rapid overpressure events resulting from explosions or runaway reactions in process plant. The criticality of a thorough technical understanding of the properties of the
materials and processes is highlighted.
The options for safe operation including prevention and protection systems are overviewed and
criteria are proposed to enable selection of the most desirable basis for safety.
The application of IEC 61508/11 to the design of a safety instrumented system with selection of
appropriate safety integrity levels (SIL) is discussed, as are the increasingly important aspects of
ATEX and the assessment of ignition sources arising from mechanical items of equipment.

still exists to formally record the risk assessments and risk
reduction measures.
Any hazard assessment, irrespective of the nature of
the hazard under assessment, requires a methodical strategy
involving:

INTRODUCTION
Rapid overpressure events in process plants typically arise
from dust, gas and vapour explosions, detonation or deflagration of highly energetic materials, rapid decomposition
of thermally unstable substances or mixtures or runaway
exothermic chemical processes. The recently introduced
ATEXi and CADii legislation have placed stringent requirements on operating companies within Europe to conduct risk
assessments and implement preventative or mitigating
measures to avoid or minimise the occurrence of such
events. This paper provides an overview of the bases of
safety available to protect against such hazards and some
critical decisions involved in their selection and
specification.

.
.
.
.

Characterisation of the process and material
Hazard and risk identification
Consequence analysis
Safety system specification, design and implementation

Deficiency in any of these areas will potentially result in an
ineffective – or in the worst case unsafe – basis of safe
operation.
This paper aims to tie in the critical decisions at each
stage of the assessment process and identifies critical data
requirements and linkage to specific bases of safety.
Detailed discussions of methods for risk assessment are
not covered.

WHAT IS A BASIS OF SAFETY?
In handling flammable, explosive or thermally unstable substances or reactions there must be a defined mechanism for
avoiding or protecting against the intrinsic hazard of the
material or process. This might be a single safety system
(eg. explosion relief vent) or a combination of measures
which collectively protect the plant, personnel and environment from the consequences of all foreseeable undesirable
events. These individual or collective measures are
defined as the Basis of Safety for the plant or operation.
In the ATEX directives, it is explicitly required for
this basis of safety to be detailed in an “Explosion Protection
Document.” In other regulations (eg. CAD), the requirement

CHARACTERISATION OF THE PROCESS
AND MATERIAL
Fundamental to the provision of a sound basis of safety is a
thorough understanding of the process and/or materials
involved. For explosion hazards, characterisation of the
hazard is provided through an understanding of the parameters detailed in Table 1.
Data may be available from reliable literature
sources for gases and vapours, but for dusts and powders
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Table 1. Important parameters for characterising flammability hazards
Parameter group

Dusts/powders

Gases/vapours

†
†
†
†

Ignition sensitivity

Minimum ignition energy
Minimum (cloud) ignition temperature
Layer (5 mm) ignition temperature
Maximum explosion
pressure (Pmax)
† Explosion severity constant (Kst)
† Minimum explosible
concentration (MEC)
† Limiting oxygen concentration
for combustion (LOC)

Ignition severity

Flammable range

their considerable variability is such that measurement of
properties specific to a material will probably be required.
Only the tests needed to specify and confirm the acceptability of the basis of safety are required. Not all parameters
may be essential for the ultimate basis of safety.
For thermal instability and runaway reaction hazards,
characterisation of the hazard is provided through an understanding of the parameters detailed in Table 2.
Again, literature data may be available for common
materials, whereas experimental testing will be required
for proprietary materials. For thermally unstable substances,
the conditions required to initiate the instability should be
characterised. This may initially take the form of small
scale screening tests such as Differential Scanning Calorimetry (DSC) or Carius tube test. These rapid and relatively
crude tests provide a preliminary indication of onset conditions and magnitude. If instability occurs close to the
potential plant operating conditions, then more sensitive
techniques may be required for detailed characterisation
(eg. Accelerating Rate Calorimetry, ARC). Interpretation

Thermodynamics
Kinetics

Pressure effects

Minimum ignition energy
Autoignition temperature

† Maximum explosion pressure (Pmax)
† Explosion severity constant (Kg)
†

Upper and lower explosive
limits (UEL and LEL)
† Minimum oxygen concentration
for combustion (MOC)
† Flash point

of the data from such tests requires a good understanding
of the test sensitivity such that appropriate safety margins
can be derived.iii Special tests exist for examining selfheating properties (as opposed to pure decomposition properties). For drying or storage under air, these special tests
should be considered in addition to the pure decomposition
analysis afforded by DSC, Carius Tube or ARC methods.
For exothermic chemical reactions which have the
potential to runaway, a good understanding of the thermodynamics, kinetics and gas generation/vapour pressure of
the desired process provides a sound basis for evaluating
the consequences of process deviations. Calorimetric techniques typically employed for such measurements are
often based on heat flow measurements under controlled
laboratory conditions (for example, using the Mettler
Toledo, RC1 systemiv). Results from these investigations
are used in combination with the thermal stability data to
allow an understanding of the behavioural limits during
deviation assessments.
As well as understanding the materials and reactions,
it is equally important to understand the characteristics of
the plant. Even for generic unit operations, the equipment
will be unique and will present its own individual hazards.

Table 2. Important parameters for characterising thermal
instability and runaway reaction hazards

HAZARD AND RISK IDENTIFICATION
Once the process and/or materials have been characterised,
it is necessary to establish the hazards which exist on the
industrial scale and identify the likelihood of the hazard
being realised (ie. the risk). There are numerous techniques
available for hazard and risk assessment including:

Thermal instability/
runaway reaction
hazards

Parameter group

†
†

†
†
†

Magnitude of heat release
“Onset” temperature of activity
Rate of heat release and
rate of change with temperature
† Catalytic impact of possible
contaminants – including
autocatalytic behaviour
† Identification of gas generation
(quantity and rate) and/or
† Identification of vapour pressure
effects of principal components and
secondary decomposition products

.

2

Hazard and Operability Studies (HAZOP)
A structured technique involving a review team of
knowledgeable professionals guided by a study leader
in which a series of guide words are used to examine
potential deviations that could occur for each part of
the plant. For example, when considering a reactor,
deviations might include higher temperature, increased
catalyst, inhibiting contamination, failed agitation,
inadequate cooling, etc. The consequence (including
knock-on effects) of each deviation judged to have a
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credible cause is considered by the team, the acceptability of safeguards assessed, potentially hazardous situations are retained for more detailed further
investigation (consequence analysis).
. “What-if. . .” or checklist analysis
A technique in which a checklist of potential failure situations determined from past experience, is reviewed in
combination with the plant and process details.
. Failure Modes and Effects Analysis (FMEA)
FMEA is based on identifying the possible failure modes
of each component of a system and predicting the consequences of the failure. This method is especially
useful for the analysis of systems containing many critical components but few process steps (e.g. instrumentation loops).
. Fault Tree Analysis (FTA)

of an event may be evaluated using explosion prediction
software (such as PHASTv, etc). Such software is well
developed, readily available and provides a rapid overview
of the impact of an event.
For thermal stability and reaction hazards, consequence analysis is harder to evaluate using software owing
to the extensive nature of the required inputs (kinetic parameters, physical properties prediction, etc). For batch and
semi-batch reaction hazards, experimental techniques are
usually employed to simulate the deviation scenario under
thermal inertia (phi factor) and heat loss conditions which
closely resemble the manufacturing environment. The techniques employed are usually based around adiabatic calorimeters such as the ADC II (Adiabatic pressure Dewar
Calorimeter)vi. These methods provide a basis for simulating specific scenarios and determining – in terms of
pressure, temperature and time – the consequences of the
deviation under assessment. Data from such tests is also
indispensable for the specification of safety systems (e.g.
required response time from corrective controls, data for
emergency relief vent sizing, etc).
The magnitude of the consequence will govern the
acceptability of the risk and therefore the extent of effort
and cost, applied to controlling the risk. The principle of
ALARP (As Low As Reasonably Practicable) is applied
by UK and other regulators to such risks, and decisions
taken during the assessments will be required to be fully
supported by investigation.

This analysis is based on working from a “top event” such as
“explosion in reactor” and then considers all combinations
of failures and conditions which could cause the event to
occur. This technique is widely used as a precursor to quantitative risk assessment. Event Tree Analysis works in
reverse, by identifying an “initiating event” and then
working forward to “top events.”
FMEA and FTA are complex techniques and, because
of this, their use in the process industries is often limited to
the identification of hazard progression sequences before
quantification is applied.
The choice of the most appropriate hazard identification technique is a key step in being able to ensure and
demonstrate the degree of safety of a plant. The more
detailed techniques are generally more applicable to
highly hazardous processes (e.g. chemical processes using
extremely hazardous substances), and often follow on
from less rigorous screening studies. The HAZOP technique is probably the most widely used identification methodology in the process industries but its success is governed
by the quality of the team. A team containing experienced
practitioners and straddling a variety of disciplines is
required to achieve a thorough and balanced view of the
process hazard. Such a team will usually focus the
HAZOP study in the appropriate direction – spending a
proportionate amount of time on the higher risks whilst
remaining rigorous across the whole process.
Whichever technique is chosen, the outcome should
be a list of retained scenarios requiring consequence
analysis, possibly their quantification, and will yield recommendations for steps to be taken for the specification,
detailed design and implementation of appropriate safety
measures.

SAFETY SYSTEM SPECIFICATION, DESIGN AND
IMPLEMENTATION
There are a variety of safety measures that can be applied to
thermal stability, runaway reaction and explosion hazards to
prevent them occurring or, alternatively, to protect against
them. These measures can be passive (i.e. not instrumented
and not requiring external energy for activation) or instrumented (i.e. requiring pneumatic or electrical activation).
Typical measures are summarised in Table 3.
It is not uncommon for a combination of layers of
protection to be employed rather than place sole reliance
on one basis of safety. Layers of Protection Analysis
(LOPA)vii has recently found prominence in extending
the hazard identification and risk assessment process to
allow demonstration that a systematic assessment of multiple independent safety features achieve an acceptable
level of safety. If a safeguard is effective in preventing a
scenario from reaching its consequence, and it is independent of the initiating event and other layers of protection,
then it is considered to be an Independent Protection
Layer (IPL). The combination of IPLs, general design features, procedural and other such layers are assessed to yield
an overall credit. The frequency of the initiating event, the
assessed Risk Reduction or Probability of Failure on
Demand (PFD) and the severity of the undesired consequence, are used to judge the acceptability of an identified
risk against tolerable safety and environment and commercial criteria.

CONSEQUENCE ANALYSIS
The consequence and risk of an undesirable event will
dictate the level of expense and time allocated to addressing
it. The consequence may be trivial (eg. off-spec product) or
catastrophic (eg. reactor explosion resulting in fatalities,
environmental contamination, and commercial loss). For
gas, vapour or dust explosion hazards, the consequences

3
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Table 3. Basis of safety against fire, explosion or runaway reaction hazards
Type of safety system
Thermal instability and reaction hazards

Passive – prevention
Passive – protection
Instrumented – prevention
Instrumented – protection

Dust, gas and vapour explosion hazards

Passive – prevention

Passive – protection
Instrumented – prevention
Instrumented – protection

Analysis of the efficacy of the combined layers of protection against the risk acceptability criteria can be used to
assess the acceptability of a number of layers of protection
and examine, readily, the efficacy and necessity of adding
additional layers.
Inherent safety is the ideal goal in process design but
this is difficult to achieve and is rarely the sole basis of
safety. Passive protection systems are often considered
favourably since there is significant complexity in the
design, evaluation, maintenance and operation of instrumented safety systems. For runaway reactions, for example, it is
most common to find process control systems backed up
with passive emergency venting systems to safely relieve
over-pressure. On the surface, this is a straightforward
safety solution. However, such relief systems require
detailed design to best practice techniques (e.g. DIERS
methodology to account for multi-phase flow) and almost
always require provision of adequate catch-tank or other
environmental protection systems to contain the material
ultimately relieved. The additional costs of such systems
(in space as well as cost) can therefore impact on the desirability of this basis of safety.
As has been stated, the allocation of protection
measures is a choice by the designer bearing in mind
the characteristics of the hazard, the desirability and efficacy of the various options, and the costs of provision.
Where safety instrumented systems are employed to
control safety critical parameters, it is best practice to
follow the principles laid down in IEC 61508viii and
IEC 61511ix. These international standards provide both
a framework for assessing the required standard to
which a safety instrumented system (SIS) should be specified, and provide the instrument engineer with the methodology to build, operate and maintain an appropriate
system – thus the standards encompass process safety
and are not just instrumentation standards. The standards
cover the entire lifecycle of safety instrumentation from
assessment of the process risk through design, installation

Specific safety measure
†
†
†
†
†
†
†
†
†
†
†
†
†
†

Inherent safety
Venting
Containment
Process control
Emergency (secondary) cooling
Quenching
Reaction inhibition
Inherent safety
Avoidance of ignition sources
Avoidance of flammable concentrations
Venting
Containment
Inerting
Explosion suppression

commissioning, validation, operation, maintenance and
decommissioning.
The first step in the application of IEC 61511 would
typically follow on from the HAZOP and consequence
studies. Using either Risk Graphs or LOPA (discussed
above), the magnitude and likelihood of the unprotected
hazard would be assessed by a review team – only
hazards deemed significant by the earlier studies would be
taken into this analysis. Credit will then be assigned for traditional protective measures, possibility of avoidance or
escape, and proportion of time exposed to the risk. By calibrating the techniques against tolerable risk criteria for
safety (e.g. to R2P2x), environmental and commercial risk,
the required integrity of the protection systems can be determined; this will principally be the SIL (Safety Integrity
Level) of the proposed SIS. The majority of instrumented
protection systems for process protection will be demand
mode systems (i.e. they sit in the background and only
operate when other process control measures fail – less
than once per year); in this case the SIL is a measure of
the additional risk reduction (RR) required, with the low
end SIL 1 systems (RR of 10 –100) often being comparatively simple instrumentation loops and SIL 3 (RR of
1000 –10000) systems requiring more complex and expensive installations (SIL 4 systems would not be encountered in
the process industries). From this study, the safety requirements specification (required SIL, required function, and
the acceptable spurious failure rate), will be identified
against which the instrument designer will work.
The SIL is applied to the overall instrument loop, not
the individual components. It is then the designer’s job to
specify the architecture and components capable to
meeting the required SIL. This will involve an assessment
of the probability of failure on demand (PFD) of the
overall loop resulting from the component characteristics,
an assessment of the fault tolerance (i.e. need for redundancy), the testing regime and frequency, and other such
aspects. Conformity assessment, maintenance, training and
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competency requirements will need to be met and careful
documentation of the whole study will be required before
the instrumented protection system can be considered to
have achieved the required SIL.
Safety instrumented systems will typically be independent of the process control system, will usually employ
proven technology and will be limited in programmable
functionality. In the simplest sense, a SIS may consist of a
traditional “hardwired” interlock, whilst the higher specification systems will probably involve multiple sensors and
shutdown valves, redundancy in the logic unit, diagnostics
in the signal transmission circuits, etc. Thus high SIL
systems can become expensive, particularly once lifetime
costs of testing, maintenance, management, etc are
considered.
The selection of the most appropriate basis of safety
will be governed by technical and financial issues. Whichever basis of safety is selected, it is critical that all phases
of the hazard assessment process are rigorously completed.
Characterisation of the process and/or material hazards is a
critical phase in the process and one that can easily be overlooked. The ultimate basis of safety must protect or prevent
the manifestation of process/material hazards and therefore
must be based on a sound understanding of the hazards.

oxygen concentration for combustion) such that the design
level for the inerting system can be soundly specified. The
data requirements associated with bases of safety for flammability hazards are highlighted in Figure 1.
Whilst literature data is usually available and sufficient for vapour and gas flammability hazards (at least at
standard temperature and pressure conditions), data for
dusts is scarcer. Dust explosion hazard data is markedly
affected by changes in physical characteristics such as particle size, moisture content and even particle shape. Best
practice would be to obtain experimental data for the
specific materials processed – this mitigates question
marks that arise in the use of generic data.
For thermal stability and reaction hazards, the data
requirements associated with the various available bases
of safety are highlighted in Figure 2.
Thermal stability and reaction hazards data are
almost always derived by experimentation. There are a
wide range of techniques available and the selection of
the most appropriate technique for the specific material/
process situation is crucial in obtaining valid and relevant
information. For powder drying or storage situations, for
example, Differential Scanning Calorimetry (normally
conducted in a sealed or inerted test cell), is an inappropriate technique. Powder specific test methods are
required to simulate such conditionsiii.

DATA REQUIREMENTS FOR THE BASIS
OF SAFETY
For dust, gas and vapour explosion hazards, data must be
obtained on the characteristics of the material to identify
the criteria that must be met by the safety system. For
example, designing an inerting system for handling flammable gases requires knowledge of the LOC (limiting

Data
Requirement

CONCLUSIONS
Protecting against overpressure hazards arising from gas,
vapour or dust explosion, and thermal stability and reaction
hazards is a pre-requisite for the process industries. The
critical phases in the process are:

Decision
Can the material form
a cloud under any
foreseeable condition?

Basis of Safety
No

Absence of flammable
atmosphere

Yes

Dust / Gas
Ignition Test

Is the material
flammable?

MIE, MIT, MIT (dusts)
or MIE, AIT (gases)

How sensitive is the
material to ignition?

Not
flammable

Absence of flammable
atmosphere

Flammable
Not too
sensitive

Avoidance of ignition
sources

Too sensitive

Containment
Explosion severity
(Kst / Pmax –dusts)
(Kg / Pmax -gases)

How severe is the
explosion?

Venting
Suppression

OR
MEC (dusts)
LEL/UEL (gases)

What are
flammable limits?

LOC (dusts) or
MOC (gases)

Avoidance of
Flammable
Atmospheres
Inerting

Figure 1. Data requirements for the basis of safety for flammability hazards
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Data
Requirement
Reaction
Characteristics
• Heat of reaction
• Kinetics
• Gas generation

Decision

Basis of Safety

What are the
characteristics of the
normal process?
What hazardous
scenarios exist?

Material Stability
Characteristics
• Onset temperature
• Heat of decomposition
• Kinetics
• Gas generation

What are the
consequences of
hazardous scenarios?

Hazardous Scenario
Characteristics
• Adiabatic simulation

Can all hazardous
scenarios be avoided?

None

Some
Minor

Inherent Safety

Significant
Yes

Process Control

No

Containment
Emergency Venting
Quenching
Reaction Inhibition
Emergency Cooling

Figure 2. Data requirements for the basis of safety for thermal stability / reaction hazards

.
.
.
.

ii

Process/material characterisation
Hazard and risk identification
Consequence analysis
Safety system specification, design and implementation
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At the end of this process, a robust basis of safety
should be specified and implemented which protects
against all foreseeable overpressure hazards. A rigorous
exercise will dictate the extent to which overpressure
hazards are foreseen. Consequence analysis will identify
the magnitude of the manifested hazard and will dictate
the effort and measures imposed to mitigate the risk.
The criticality of having the appropriate experimental
data on the process and/or material cannot be understated. Deficiency in safety data can lead to under –
design of the safety system – rendering it potentially
unsafe – or can lead to over-design of the safety
system – adding unnecessary expense and potentially
complexity.
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PREVENTION OF DAMAGES BY CORRECT SELECTION OF MATERIALS
Margit Weltschev
Federal Institute for Materials Research and Testing, Berlin, Germany; e-mail: Margit.weltschev@bam.de
Compatibility evaluation data for metallic and polymeric materials under the influence of chemicals
have been collected and maintained on the base of laboratory tests, operational experiences and literature data in the Federal Institute for Material Research and Testing (BAM) in Germany since 20
years. Compatibility evaluations of metallic tank materials and polymeric gasket, coating and lining
materials are part of the substance-related prototype approvals for tank containers and portable
tanks by the BAM. These data also serve as source of knowledge for compatibility data for
railway tank cars and tank vehicles (figure 1).
However compatibility evaluations are not only relevant for the safe transport of dangerous
goods and water-polluting substances but also for tank and plant construction.
The number of inquiries for the selection of resistant materials for transport containers, storage
tanks, pumps, pipelines etc. has been increased in the last years. The BAM tries to satisfy the widespread need for information at least partly by publishing these compatibility data.
The variety of corrosion types which can occur at construction materials cause different types of
losses with quite varying risk potentials. Uniform corrosion is easily to recognise and technically
detectable. However crevices, pitting, internal material separations and embrittlement occurrences
can occur unforeseeably and are far more dangerous thereby. The caused leakages, breakages and
crack occurrences are damage types that may represent a high endangerment for humans and
environment. Depending on the energy releasing rate toxic, combustible or explosive substances
can leak. Crevice corrosion ranks among the most dangerous ones that are often recognized for
the first time when the container becomes leaky.
Protection against corrosion already begins with the selection of a corrosion resistant material for
handling a certain medium.
The term “corrosion” is common for metals, for polymers terms such as degradation, dissolution,
resistance or chemical stability are used.
Users who are not corrosion or polymer scientists can use the compatibility data lists of the BAM
to answer the question: “Which material is suitable for a special medium?” However the application
of the compatibility data requires the consideration of specific operational conditions.
The publication of the compatibility data by the BAM should contribute to prevent corrosion
damages by correct selection of materials.

KEYWORDS: dangerous goods, transport, storage, tanks, resistance, metallic materials,
polymeric materials

Standardised corrosion tests are to be interpreted and
evaluated under consideration of these substance-related
operational conditions as well. They reflect the interaction
of the medium under test conditions and may serve as guidebook for practical use. In particular cases a corrosion test
under the specific operating conditions has to be performed.
Corrosion reactions at container materials lead to
measurable material modifications and to corrosion occurrences like

CORROSION RESISTANCE OF METALLIC
MATERIALS
Corrosion resistance is not a material property but a
material behaviour determined by interactions between
the material surface and the ambient medium. Both,
medium and material affect the corrosion resistance. In
EN ISO 8044 “Corrosion of Metals and Alloys – Basic Principles and Definitions (1999–08)” corrosion is defined as an
interaction between a metal and its surrounding. A material
is corrosion resistant if this interaction does not result in corrosion occurrences or in such ones that can be regarded as
tolerable. Corrosion resistance is thus the ability of a
metal to keep up the functional capability in a given corrosion system. If the corrosion resistance of a metallic
material has to be evaluated, the ambient medium and
other important conditions for the possible reaction, such
as surface condition, temperature and flow rate have to be
included into the evaluation.

.
.

formation of corrosion products,
uniform corrosion and corrosion cracks.

This metal modifying corrosion occurrences are based on
certain types of corrosion.
The variety of corrosion types which can occur at
construction materials cause different types of losses
with varying risk potentials. Uniform corrosion is easily
to recognise and technically detectable. Crevices, pitting,

1

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153

Austenitic stainless CrNi- and CrNiMo-steels
The most common and frequently used austenitic stainless
steels (see table 2) belong to two types of alloys with a
basic compositions of 18% chromium and 8% nickel
(CrNi-steel) or 17% chromium, 12% nickel and 2–3% molybdenum (CrNiMo-steel) respectively. There are various
materials within the two groups of steels which differ in
the content of carbon (e.g. 1.4301 and 1.4306, 1.4401 and
1.4404) or are characterised by a stabilisation with titanium
or niobium (e.g. 1.4541, 1.4571). Some of them are alloyed
with nitrogen (e.g. 1.4311, 1.4406).
Figure 1. Tank vehicle produced of alloy 31 (1.4562)

Special austenitic higher-alloyed stainless steels
The so-called superaustenitic steels with high contents of
chromium (20–25%), molybdenum (4 –7%) and nitrogen
(0.2 –0.5%) have been developed for applications with
corrosive dangerous goods. These materials need nickel
contents of approx. 18 –28% to maintain their austenitic
structure. By developing these steels it has been considered
that chromium, molybdenum and nitrogen increase the
resistance to pitting and crevice corrosion. The corrosion
resistance of the two superaustenitic steels alloy 926
(1.4529) and alloy 31 (1.4562) to corrosive dangerous
goods was tested in a comprehensive test programme
within a research project.

intergranular corrosion and embrittlement can occur unforeseeably and are far more dangerous thereby. The caused
leakages, breakages and cracks are damage types that can
represent a high endangerment for humans and environment. Depending on the energy releasing rate, toxic, combustible or explosive substances can leak. Crevice
corrosion ranks among the most dangerous ones that are
often recognized for the first time when the container
becomes leaky. Protection against corrosion already
begins with the selection of a corrosion resistant material
for handling a certain medium.
The evaluations specified in the BAM-List –
Requirements for tanks for the carriage of dangerous
goods – have originally been provided for tank containers
and portable tanks for the carriage of dangerous goods [1].
These data are also transferable to other practical applications. Considering the respective practical conditions
they are applicable as guidebook for packagings, IBC’s,
storage tanks, pipelines etc. made of metallic materials.

Nickel-Chromium-Molybdenum alloys
Nickel-chromium-molybdenum alloys are also called Calloys. Within these alloys the material 2.4605 shows the
optimal combination of multifunctional corrosion resistance
and good workability. No further elements such as tungsten
and iron are contained besides the alloying components
nickel (59%), chromium (23%) and molybdenum (16%).
This material shows a very good resistance to mineral
acids, organic acids and mixed acids, even if they are contaminated. The corrosion resistance of this C-alloy to corrosive dangerous goods was investigated in a
comprehensive test program of a research project.

OVERVIEW OF METALLIC MATERIALS
The following frequently used metallic materials for tank
construction are included into the evaluation.

Aluminium and aluminium alloys
The compatibility evaluations for aluminium with at least
99.5% aluminium (EN AW-1060A) are also applicable to
aluminium alloys with improved strength properties, e.g.
alloy AlMg4.5Mn (EN Aw-5083). This alloy is often used
in tank construction. These alloys belong to the group of
“sea water-suitable” aluminium kneading materials
because of their large corrosion resistance.

Unalloyed steels
In table 1 are listed commonly used unalloyed steels, for
which compatibility evaluations of the substance list can
be applied under consideration of the specific conditions.

Table 1. Unalloyed steels of compatibility evaluations
Steel grade

Material-no.

S235JR
S235J
S235J2 þ N
S275J2 þ N
P235GH
P265GH
P295GH

1.0038
1.0037
1.0116 þ N
1.0145 þ N
1.0345
1.0425
1.0481

Zinc (layer metal for the production of galvanized steel
tanks).
Zinc is a non-noble metal and dissolves actively during electrolytic corrosion.

Standard
EN
EN
EN
EN
EN
EN
EN

10025-2
10025-2
10025-2
10025-2
10028-2
10028-2
10028-2

The formation of protecting surface layers can inhibit
this dissolution, which results in the good corrosion resistance of zinc in a lot of chemicals. Zinc is used as layer
metal for the production of galvanized steel containers and
tanks by hot-dip galvanisation process.
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Table 2. Standard austenitic stainless steels of the compatibility evaluations
Chemical composition: [Weight-%]
Material-no.
1.4306
1.4541
1.4401
1.4404
1.4406
1.4571

DIN-identification

C

Cr

Ni

Mo

Cu

N

other

X2CrNi19-11
X6CrNi18-10
X5CrNiMo17-12-2
X2CrNiMo17-12-2
X2CrNiMoN17-11-2
X6CrNiMoTi17-12-2

0.02
0.04
0.03
0.02
0.02
0.04

18.2
17.3
17.1
17.3
17.2
16.8

10.1
9.1
10.7
11.1
10.3
10.9

–
–
2.1
2.1
2.1
2.1

–
–
–
–
–
–

0.14
0.01
0.03
0.04
0.14
0.01

–
Ti
–
–
–
Ti

FUNDAMENTAL DATA
Compatibility evaluations are based on:

It is assumed that tanks including their fittings are
constructed at least according to the state-of-the-art technology. This applies in particular to welds and the conditioning
of the inner tank shell. The following general rule can be
applied when selecting a welding filler metal for lowalloyed steels: low-alloyed steels are welded with similar
filler metals, while high-alloyed steels are welded with dissimilar (e.g. austenitic) filler metals. The filler metals for
welding high-alloyed steels have to meet the requirements
specified in the respective material standards.

. literature data,
. operational experiences and
. laboratory tests
Numerous data, which were determined in laboratory
tests or operational experiments, are available in form of
tables or diagrams. It has to be considered that literature
data are based on laboratory tests which are not representative in each case. The knowledge of the test conditions of
literature data and corrosion tests is very important for the
evaluation of the corrosion resistance. Even small changes
in the operating conditions have an effect on the corrosion
values.

Consideration of test intervals for the compatibility
evaluation
A compulsory internal visual inspection of transport tanks is
required after a certain period in the dangerous goods regulations. For tank containers, this test interval is generally
five years in accordance with ADR/RID [2, 3], cap. 6.8,
and in accordance with IMDG Code [4] 2 12 years, as for
road tank vehicles is required a test interval of six years.
For rail tank cars the required test intervals are eight years
for the inner inspection in the dangerous goods regulations
RID. The principle of the consideration of test intervals as
a standard for the compatibility evaluations of containers
for the transport of dangerous goods can be transferred to
other fields, such as the storage of chemicals, too.

GENERAL PRINCIPLES OF EVALUATION
The compatibility evaluations are based on the following
evaluation principles
The compatibility evaluations do not only evaluate the corrosion, which is caused by a substance contacting the shell
material, but also possible dangerous effects of the shell
material onto the substance, such as a catalytic decomposition
of chemically unstable substances (e.g. hydrogen peroxide).
Only those reactions are taken into consideration, which are
relevant for a safe handling of dangerous goods.
Other factors of practical relevance in material selection, like a deterioration of the medium quality by the shell
material, are not subject of the compatibility evaluations.

CRITERIA FOR COMPATIBILITY EVALUATIONS
Suitability of material-substance-combinations with longterm test intervals (e.g. 5/6 years)
Material-substance-combinations are evaluated for test
intervals of five or six years as suitable if

Operating temperature
Unless otherwise specified, the compatibility evaluations
apply for mean working temperatures up to a maximum
of 508C.

.

uniform corrosion causes a reduction of the shell thickness of less than 0.1 mm per annum and
. localized corrosion in form of pitting corrosion, stress
corrosion cracking and crevice corrosion are to be
excluded.
Suitability of material-substance-combinations with shortterm test intervals (e.g. 2.5/3 years)
Material-substance-combinations are evaluated for shortterm test intervals of 212 or three years as suitable if

Purity of substances
Even if no special conditions are required for the purity of
substances charged into the tanks, the compatibility evaluations apply only for commercially pure (industrial) substances. They do not apply to waste or mixtures with an
uncertain number and concentration of additions or impurities in any case. The corrosion resistance of waste or mixtures has to be evaluated on the basis of suitable tests.

.
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. localized corrosion occurrences in form of pitting corrosion, stress corrosion cracking and crevice corrosion
are to be excluded.

polymer, fillers and additives), the composition of the interacting medium as well as the exposure conditions. Depending on the kind of exposure, the interacting medium can be
associated schematically to one of the following two groups:

Unsuitable material-substance-combinations
Material-substance-combinations are evaluated as unsuitable if

.

. material loss caused by uniform surface corrosion does
exceed 0.5 mm per year,
. the substance causes stress corrosion in a temperature
range necessary under operating conditions,
. other localized corrosion occurrences such as pitting
corrosion are to be expected systematically independent
of the conditions to be complied with,
. the substance reacts dangerously with the tank shell in
any other way (e.g. catalytic decomposition of the substance).

.

Physically active media, which do not react with the
polymer but cause swelling up to dissolution and reversible changes of polymer properties.
Chemically active media, which do react with the
polymer and cause irreversible changes of polymer
properties. It is characteristically for the chemical structure of polymers that even negligible chemical
changes can cause very distinct changes in their physical
properties.

CHEMICAL EXPOSURE WITH SIMULTANEOUS
MECHANICAL STRESS
Simultaneous mechanical stress is an important factor for
the behaviour of polymers in aggressive media. Mechanical
stresses themselves can degrade covalent bonds in the
macromolecule but they can also activate the molecule. At
most practical applications the plastic materials and elastomers are stressed chemically and mechanically at the same
time. Therefore chemical relaxation, creep strength and
behaviour during stress cracking have to be investigated.

Each of the listed criteria itself excludes suitability.
It has to be remarked that a “-” doesn’t mean in
every case that a material is not suitable for a special
substance in every case.
Since the substance list is a “public” list, the suitability of special material-medium-combinations was evaluated with “-,” according to the conservative principle, to
prevent cases of damage, which could result from inappropriate handling. The tank shell materials can be used
by means of shorter test intervals (e.g. six months, one year).
INDEX OF CONDITIONS
If a positive material is ensured only under certain conditions, then these conditions are specified in coded form
in the section “conditions.”

OVERVIEW OF POLYMERIC MATERIALS
The following polymeric materials which are frequently
used in tank construction were included into the evaluation
whereas the abbreviated terms for these materials are
defined in the EN ISO 1043-1 (2002): Plastics – symbols
and abbreviated terms – Part 1: polymers and their special
characteristics.

Examples for substance-related and operational conditions:

.
.

A: Anhydrous

.
.

A1: Water content less than 10%

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

B: Bromide- and chloride-free
C: Free from acids (pH-value 6.5 to 8.5)
H: Liquid temperature at the tank shell less than 308C
I: Corrosion inhibitors are required, e.g. amines or
ammonia
N: Tanks/containers are to be pressurised with 0.5 bar
(overpressure) of nitrogen or another suitable dry gas.
COMPATIBILITY EVALUATION OF POLYMERIC
GASKET, COATING AND LINING MATERIALS
The resistance of polymer materials to chemical exposure
depends on the chemical composition and the structure of
the polymeric material (chemical composition of the

4

Polytetrafluoroethylene (PTFE)
Vinylidene-fluoride-hexafluoropropylene
copolymer (FPM)
Perfluoro-alkoxyl copolymer (PFA)
Ethylene-chloro-trifluoro-ethylene copolymer
(E-CTFE)
Polyvinylidene-fluoride (PVDF)
Acrylonitrile-butadiene rubber (NBR)
Hydrated acrylonitrile-butadiene rubber (HNBR)
Natural rubber (NR)
Isoprene rubber (IR)
Butyl rubber (IIR)
Ethylene-propylene-diene rubber (EPDM)
Chloroprene rubber (CR)
Chlorosulfonated polyethylene (CSM)
Styrene-butadiene rubber (SBR)
Acrylate rubber (ACM)
Methyl-vinyl-silicone rubber (MVQ)
Methyl-fluoro-silicone rubber (MFQ)
Polyester-urethane rubber (AU)
Polyethylene (PE)
Polypropylene (PP)
Polyvinyl chloride (PVC)
Polyamides (PA)
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use of polymeric materials, because in contrast to most metallic materials, polymers tend to shift strongly in their molecular structure already at room temperature. This creep
behaviour, as a time- and temperature-dependent procedure,
can be strongly affected by the simultaneous exposure to
chemicals.

FUNDAMENTAL DATA
Compatibility evaluations are based on the following
documents:
. literature data,
. operational experiences and
. laboratory tests
The resistance to chemical active media can be estimated by simple immersion tests in the respective medium
with approximately the same or intensified exposure conditions (increase of temperature, pressure or flow rate).
Time- and equipment-consuming test methods to evaluate
the permeation, the absorption as well as the resistance to
stress cracking are required in many cases.
Apart from the visual evaluation of detectable
changes, changes in weight and dimension as well as the
course of mechanical and other physical characteristics,
depending on the immersion time are the parameters of
immersion tests. They are consulted as classification
characteristics.
In literature and company leaflets frequently used
classifications are “resistant,” “conditionally resistant” and
“not resistant.”
A reference for the compatibility evaluation of elastomeric materials to liquid media is the international standard
ISO 1817: Elastomers – determination of their behaviour to
liquids. This standard describes procedures for the determination of the resistance of vulcanised elastomers to liquids,
whereas the change in mass, volumes, dimensions, hardness
and tensile stress – strain characteristics before and after the
exposure to test liquids are measured.
The compatibility data of the following material list
are suitable for a screening of materials. However, the
evaluation of a practice-relevant chemical resistance
should always include the mechanical stress too. The
creep strength which is the behaviour under long-term
mechanical stress is a characteristic value for the practical

GENERAL PRINCIPLES OF EVALUATION
In contrast to the compatibility evaluation of metallic
materials, the compatibility evaluation of polymeric
materials includes only the effects of the charge onto the
gasket, coating and lining material.
The evaluation of the polymeric materials was carried
out in a very conservative way, similar to the metallic
materials. The regarded materials can show large ranges in
their material properties, like varying cross-linking
degrees, different fillers and plasticisers. For the evaluation
only literature data and resistance tables of the raw material
manufacturers and operational experiences of the users for
the reproduction of their compatibility statements were
considered.
A gasket and lining material was evaluated as
resistant, if the resistance was proved up to a temperature of 6088 C.
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ON-LINE REACTION CALORIMETRY OPTIMISATION OF SAFETY PARAMETERS
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Most of the chemical reactions in the fine chemistry are realised in a semi-batch mode. If the feed
rate is higher than the chemical rate, some accumulation may occur. This accumulation is the resultant of unreacted species in the reactor. Even if the feed is stopped, the chemical reaction will go on.
This is of course only a main concern if the reaction is exothermal but in this case it can lead to an
uncontrolled temperature rise. The consequences of such run-away can be dramatic.
Usually linear feeding profiles are realised. Doing so minimise the risks of misscharging the
reactor because only one feeding sequence has to be programmed and realised. The consequence
on the accumulation is that it is maximal at a certain point of the addition. All safety thinking
and measures have to be taken for an acute period of time. This can lead to the abandon of the
process if the accumulation is too high. If the feeding profile can be segmented it is possible, as
has showed Ubrich (Ubrich, EPFL Thesis 2245, 2000), to diminish the maximal accumulation
by “spreading” it on the whole addition time.
The company ChemiSens developed an additional software package for its calorimetric reactor
CPA 202 in order to control the addition profile on-line. With this tool it is possible to force the
system to reach an “ideal accumulation profile” by calculating on-line the thermal conversion
and comparing it to the advancement of the addition.
This paper will focus on the effectiveness of this tool. The accumulation of several reactions will
be optimised and the safety assessment of the reaction before and after optimisation will be
discussed.

KEYWORDS: MTSR, accumulation, on-line, optimisation, semi-batch

Such a breakdown can happen for example if the coolant circulation pumps fail but also if it is not possible to stir the
reaction mass or if the mass is viscous leading to a situation
of heat confinement. Depending on the accumulation and
the energy of the reaction this can lead to an important
uncontrolled temperature rise. The consequences of such
run-away can be dramatic.

INTRODUCTION
Optimisation of the addition profile of semi batch reactions
increases the safety of the process as well as the productivity. The development of a tool to perform an on-line
optimisation at the lab-scale is a challenging task. It is partially addressed in this paper.
Most of the chemical reactions in the fine chemicals
industry are performed in semi-batch mode. One of the key
reactant (it will be called B) is added, usually at a constant
rate, while the other one (A) is already present in the
reactor. The concentration of B in the reactor is a function
of two rates: the reaction rate and the addition rate. If the reaction rate is high, it is possible to assume that the concentration
of B in the reactor is zero at any time. If the chemical rate is
low (in comparison to the addition rate) the concentration of
B will continuously increase during the addition, reaching a
maximum value with the completion of the addition of a stoechiometric amount of B (this is true for almost all kinetics). In
this second case there is a certain accumulation of the reactant
B in the reactor. This accumulation is called thermal accumulation because the reactant B is well distributed in the reactor;
there is no inhomogeneity like multiple phases, clusters, or
unstirred zones. Stopping the feed of B in this case will not
stop the chemical reaction precisely because there is some
reactant B already at disposal in the reactor.
This is a major concern in the process safety field in
case of a cooling breakdown during an exothermal reaction.

THEORETICAL PART
Usually the feed rate is constant. Doing so minimises the
risks of misscharging the reactor because only one feeding
sequence has to be programmed. The consequence on the
accumulation is that it is maximal at a certain point of the
addition. Therefore the measures have to take into account
this peak accumulation. Considering the maximum accumulation which may be quite high can lead to the abandon of
the process. If the feeding profile can be segmented it is
possible as has showed Ubrich (Ubrich 2000) to diminish
the maximum accumulation by “spreading” it on the
whole addition time.
The company ChemiSens developed an additional
software package for its calorimetric reactor CPA202 in
order to control the addition profile on-line. With this tool
it is possible to force the system to reach an “ideal accumulation profile” by calculating on-line the thermal conversion
and comparing it to the advancement of the addition.

1
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The reaction with butan-2-ol was extensively studied
by Ubrich (Ubrich 2000) and can be considered as a model
reaction. We choose to work with butan-1-ol in order to
have a more reactive system. The two components reacts stochimetrically and the presence of a solvent is not necessary.
The reaction temperature is about 908C. Because of the ebullition point of one of the components the reaction temperature
cannot increase above 908C in order to increase its velocity.
This reaction is exothermal (DHR ¼ 2295 kJ.kg21
reaction mass)
corresponding to an adiabatic temperature rise of 150 K in
case of a 100% accumulation.
To provide a sufficient set of data before running the
optimisation process, this reaction was studied extensively
at different temperatures and addition rates. Only selected
results will be presented here after.

EXPERIMENTAL PART
The reaction calorimeter CPA202 from the company ChemiSens was used to optimise on-line the addition profile
of a semi-batch reaction. The measurement principle of
this reaction calorimeter is based on the measurement of
the heat-flow passing through the base of the reactor.
Careful design of the reactor and the use of a thermostating
bath ensure that all the heat produced by a chemical reaction
for example is removed by the bottom of the reactor only. A
Peltier-element cools the base and serves as the necessary
heat sink. In between the temperature is monitored accurately and as the material constants of the base are well
known the heat flow can be determined. This is a very convenient way of running reaction calorimetry experiments
because it is not necessary to calibrate the system before
and after reaction. The thermal constants of the metallic
base are nearly constant with time.
The fact that no calibration is necessary means that
the heat release rate is always known and that no baseline
has to be drawn a posteriori. As will be shown below this
is a prerequisite for this type of optimization.
This instrument is also interesting from the point of
view of the occupational safety because of the small size of
the reactor. Indeed it is already possible to work with
40 mL of reaction mass. This is especially important when
performing not well characterised reactions.
The reaction chosen for this study is the esterification
of proponic anhydride with butan-1-ol or butan-2-ol. The
difference between these two reactants is mainly the duration of the reaction due to the steric hindrance.

RESULTS AND DISCUSSION
The influence of the addition time was studied in a first time.
The fastest addition was performed within 15 minutes, then
in 30 and finally 60 minutes. Figures 1– 3 present the heat
flow as measured during the experiment (normalised to
the weight of the final reaction mass) and also the calculated
accumulation (thermal conversion normalised to 100%
minus the addition normalised to 100% of the stochiometric
amount).
As expected increasing addition times lower the
maximum heat flow. The accumulation also diminishes
from 51% to 32% and finally to 21% for the highest addition
time. Figure 4 presents these results.
Starting from these results a strategy to get an optimised addition was developed. The steps of the control
loop are shown below (Figure 5).
It is necessary to have some inputs before proceeding
to the optimisation. The knowledge of the reaction energy is
mandatory. Therefore the reaction must be performed at first
using an arbitrary addition time.
Based on the operating temperature and an extensive
study of the decomposition reactions, the MTSR (Maximum

Figure 1. Evolution of the heat flow (in W.kg21) with time for an addition time of 15 minutes. Also represented on this figure, the
addition profile (normalised to 100%, corresponding to the stoechiometric amount of component B), the calculated thermal conversion
and the accumulation
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Figure 2. Evolution of the heat flow (in W.kg21) with time for an addition time of 30 minutes. Also represented on this figure, the
addition profile (normalised to 100%, corresponding to the stoechiometric amount of component B), the calculated thermal conversion
and the accumulation

Figure 3. Evolution of the heat flow (in W.kg21) with time for an addition time of 60 minutes. Also represented on this figure, the
addition profile (normalised to 100%, corresponding to the stoechiometric amount of component B), the calculated thermal conversion
and the accumulation

Figure 4. Comparison of the calculated accumulation for the 3 different addition times (15, 30 and 60 minutes)
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In order to determine on-line the accumulation at time ti
the mass of the stochiometric amount of component B
must also be known.
The following points detail the procedure:
–

–

–

–

The heat flow is integrated from t ¼ 0 to t ¼ ti. This is
possible because no calibration is necessary: the baseline is the zero-line of heat flow.
Knowing the energy delivered up to time ti, it is possible
to determine the fraction of the total energy that was
delivered (the so called thermal conversion).
The accumulation at the time ti (Acci) is then determined: Acci ¼ amount of B added (in percent of the stochimoetric amount) minus the thermal conversion
(amount of B that has reacted).
If the accumulation is not maximal (Acci , Accmax)
then the corresponding amount of B (to reach the
maximal accumulation) is added rapidly.

This loop is repeated every 5 minutes (the frequency
can be higher but the signal of the heat flow is dependent of
the addition rate of component B and therefore can be
noisy). A low frequency should be enough to optimise correctly most of the reactions.
Figure 5. Schematic representation of the calculation flow that
allows an on-line optimisation of the addition

REFERENCES
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Ubrich, O., Improving Safety And Productivity Of Isothermal
Semi-Batch Reactors By Modulating The Feed Rate, Thèse
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Temperature of the Synthesis Reaction) can be chosen. This
choice will determine the maximum allowed accumulation
(Accmax). In case of a cooling failure the MTSR will be
reached due to the thermal accumulation in the reactor.
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IMPROVED ADIABATIC CALORIMETRY IN THE PHI-TEC APPARATUS USING
AUTOMATED ON-LINE HEAT LOSS COMPENSATION
B Kubascikova, D.G. Tee and S.P. Waldram
HEL Ltd, 50 Moxon Street, Barnet, Hertfordshire, EN5 5TS, UK; e-mail: dtee@helgroup.com
Low phi-factor adiabatic calorimetry has now found worldwide acceptance as a vital tool for reaction hazard identification and risk assessment in the chemical industry. Its primary use is to mimic
the runaway reaction behaviour that could occur as the result of maloperations (particularly loss of
cooling) on the industrial plant scale and to generate the data necessary for the safe design of such
plant. A specific application includes reactor relief line sizing. This type of instrument is also
widely used as a thermal screening device to estimate accurately the “onset” temperature of
exothermic activity in a chemical species or sample mixture. Due to the nature of runaway reactions, very high temperatures and pressures may be developed during experiments and as a consequence even equipment that is described as “adiabatic” will undoubtedly suffer from some heat
losses. These losses may appear small in well designed apparatus but nonetheless are significant
and can lead to an overestimation of safe operating temperatures, an underestimation of the temperatures and pressures that may be developed during runaway reactions and an associated underestimation of the total enthalpy release. Several instruments try to compensate for heat losses
with a variety of hardware and software based methods. The problem is always that under-compensation still leads to apparent “endotherms” and over-compensation generates a temperature increase
that accelerates or “drives” the reaction in an artificial manner. For these reasons precise heat loss
compensation can often be both difficult and time-consuming to achieve not only because of the
widely varying physical properties of the samples being tested but also because it must be effective
with the many different types of test cell or sample container that can be used. This paper describes
the new automated online heat loss compensation method that has been recently implemented with
the PHI-TEC calorimeter: an on-line calibration procedure is employed to counteract precisely the
effect of heat losses. This permits the user to obtain high quality data under extreme conditions
whilst still being able to work flexibly with a variety of test cells and with materials of grossly
different physical properties. The paper is illustrated with a range of experimental data.

KEYWORDS: adiabatic, calorimetry, PHI-TEC, exotherm, track, heat loss, compensation

On large-scale plant the thermal mass of the reactants
is typically much larger than the thermal mass of the reactor
containing them. Consequently the phi-factor, as defined
below, in large scale plant is often close to 1.0.
Phi factor ¼ f

BACKGROUND
Adiabatic calorimetry can provide data for process development but its main use is to quantify the thermal runaway
potential of a chemical reaction process. Upset conditions
such as loss of cooling, inadvertent heating, mischarging,
etc. can lead to runaway reactions. On full scale plant,
with little natural convective cooling, these runaways can
occur under near adiabatic conditions.
The PHI-TEC is a bench-scale adiabatic calorimeter,
developed by HEL, see Figure 1. At the heart of the calorimeter is a sample container, or test cell, which is surrounded
by three metal guard heaters: these are top, bottom and
circumferential units. The sample temperature is measured
by a ‘K’ type thermocouple in the test cell. When the
sample undergoes exothermic reaction leading to a rise in
its temperature the guard heaters are independently
controlled to match the surrounding temperature to that of
the sample. Heat losses are thereby reduced to a minimum
and as a consequence the sample is maintained in an adiabatic environment. The PHI-TEC guard heaters can track
temperatures at up to 200 8C min21. The sample test
cell and guard heaters sit within the main PHI-TEC pressure
chamber; see reference 1 for a more detailed description.

thermal mass of sample and container
thermal mass of sample
(MCp )c
(1)
¼1þ
(MCp )s
¼

where M is the mass and Cp the specific heat, subscript ‘c’
refers to the sample container and subscript ‘s’ to the
sample material.
By using thin walled test cells, which result in a low
thermal mass of the cell relative to that of the test sample,
PHI-TEC is able to achieve low phi-factor values, e.g.
down to 1.02 for aqueous systems or 1.04 for organic
samples. A disadvantage of using thin walled test cells is
that they can withstand differential pressures of just a few
bar. In order to prevent the test cell from rupturing when
the sample pressure rises, pressure compensation is
employed and nitrogen is admitted to the PHI-TEC pressure

1

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153

Figure 1. Schematic of the PHI-TEC II adiabatic calorimeter

chamber around the calorimeter assembly, see Figure 1. As
the reaction proceeds the rate of this pressurisation is controlled so that only a small pressure differential is allowed
to develop across the test cell wall. The pressure compensation system will track the sample pressure at up to 100
bar min21.
A consequence of these design features is that it is
possible to test exothermic runaway reactions under essentially adiabatic conditions and to apply results from PHITEC directly to large-scale equipment. Hence extrapolation
of test data is not required.
In the simplest type of test the sample is heated
rapidly to a user-defined temperature using a heater
wrapped around the test cell. The sample is then either
allowed to self-heat or an additional component of the reaction recipe is injected or sucked into the test cell prior to the
exotherm developing. Any exotherm will proceed to completion adiabatically with the guard heaters tracking the
sample temperature.
Exothermic runaway reactions that generate vapour
or non-condensible gas can create pressures that lead to
rupture of the test cell with possible consequent damage to
the calorimeter assembly. With non-condensible gas generation the test cell can be left open to a large pressure containment vessel (either the main pressure chamber or a
secondary pressure vessel connected to the test cell via the
feed line): an initial nitrogen ‘pad pressure’ in this larger
vessel is used to suppress vaporisation of the test sample.
In other tests where the ‘onset’ temperature of
exothermic activity is to be determined. The sample is
raised to a user-defined start temperature using an electric
heater wrapped around the test cell. The temperature is
then allowed to settle and stabilise during the ‘wait’
period before entering the ‘search’ period. At the end of
the ‘search’ period, a linear regression is made through
the sample temperature data. If the slope of this line has a
value in excess of the detection threshold, defined when

setting up the experiment, then an exotherm is judged to
have occurred and it is tracked adiabatically to completion.
If no exotherm is detected, the sample temperature is raised
step wise using the test cell heater and the process repeated.
The size of the step in temperature is user defined and is
typically in the range of 108C to 258C. This process is
repeated until an exotherm is detected or a maximum temperature, specified at the start of the experiment, has been
reached.

HEAT LOSSES
Although accurate temperature control of the test cell and
the surrounding environment is maintained by the guard
heaters, small heat losses from the test cell can occur.
These heat losses from the system can compromise the adiabatic nature of the system and are produced primarily in
three ways:
Radiation: In general the PHI-TEC equipment is
used within a temperature range for which heat transfer
losses due to radiation are smaller than those attributable
to conduction and convection. For this reason radiative
heat losses are ignored.
Conduction: Heat losses via conduction occur primarily along the feed line connecting the cell to the PHITEC vessel. For heat transfer by conduction Fourier’s law
is the fundamental equation. The temperature difference
between the cell and the sample is considered as the
unique variable for the conductive term.
Convection: Heat losses may occur through convection within the PHI-TEC vessel. Convection may be
described by the Nusselt equation and this predicts that convective heat losses are proportional to the density of the heat
transfer medium and the temperature difference. The density
of the gas is directly related to the pressure of the gas within
the main containment vessel. The other terms of the
equation may be considered as essentially remaining
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constant. Forced convection may occur when the pressure
compensation system is running. However, for the majority
of the time it will be natural convection that is prevalent and
this is the condition assumed by the Heat Loss Compensation software.
Sample Reflux: Vapour entering the feed pipe may
condense within the cooler sections of the feed line resulting
in a net heat loss from the system. If these condensed
vapours return to the bulk sample mass they may re-boil
and effectively set up a slow but steady reflux cycle. It is difficult to apply a mathematical model to correlate these heat
losses. Reflux can be minimised by the use of test cells with
small diameter feed lines (e.g. 1/1600 ).
Compensation for Heat Losses
A common method to counteract the effect of heat
losses is to compensate for them by increasing the temperature of the guard heaters to a value slightly above that of the
sample. This creates a small heat input into the cell which
must be such as to balance exactly the heat losses. This
requires a careful calibration of the apparatus considering
both the temperature and pressure effects. Should the
system be under-compensated then heat losses will still be
present and the sensitivity of the apparatus will be
reduced. Should the system be over-compensated then
false exothermic activity may be detected.
The mathematical model used as the general description for heat losses (convection and conduction) is of the
form described below (2):
Correction / a(P2 (T  T0 ))b þ c(T  T0 )

sample and guard heaters are raised to a selected
temperature at a given pressure. The pressure and guard
heater temperature are then held constant and the sample
allowed to reach thermal equilibrium. The measured temperature offset between the guard heaters and the sample is
recorded and the sample and guard heaters are then set to
a new temperature and pressure. This process is repeated
to build up a data set of offset corrections as a function of
both pressure and temperature. These data were then fitted
to an equation of the following form (3):
Correction ¼ Q  (a(P2 (T  T0 ))b þ c(T  T0 )) þ d (3)
‘a’ is known as the convection factor and ‘c’ is known as
the conduction factor. Q is a user defined variable known as the
quality factor. It is a simple correction that can be applied to the
fit: for example in cases where the fit is expected to result in
over compensation under certain conditions entering a
quality factor of Q , 1 will reduce the temperature advance
of the guard heaters. d is a user-defined offset, which is
explained in more detail later.
The range and specific values of the temperatures and
pressures employed in these experiments are defined using
experimental design techniques. After performing a calibration and modifying the factors in the control loops it is
important to verify that the system is working properly.
Performing a heat-wait-search on an inert material is
recommended: obviously this should not lead to any
observed exotherms.
If an exotherm is detected then the heat loss compensation software is over-compensating and either the
detection threshold in the heat-wait-search procedure
must be increased or the heat loss compensation calibration is re-evaluated. Q can also be decreased. If heat
losses are experienced then the system is under compensating and the heat loss compensation calibration needs
to be re-evaluated.

(2)
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Where a, b and c are constants. P is the pressure in the
PHI-TEC vessel, T is the sample temperature and T0 the
“ambient” temperature. For natural convection b is taken
as 0.7. Traditionally the values of a and c were determined
for each piece of apparatus and type of cell by performing a
lengthy heat loss compensation calibration test. In this, the
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ON-LINE CALIBRATIONS
The new methodology uses the existing heat loss compensation expression. However rather than pre-determining
best fit parameters for each type of test cell it uses an
unchanging set of typical values but alters the expression
by adjusting T0 using measured data from an on-line calibration. This is done in practice by first adjusting the
sample temperature to an initial calibration temperature.
This temperature must be low enough such that the
sample is thermally stable but ideally close to the start temperature for the test. The test first enters the calibration phase
during which the sample temperature is maintained at a constant value by adjusting the guard heater temperature. Sufficient time should be allowed such that both the sample and
guard heater temperatures are permitted to stabilize fully
and reach constant values. The offset or difference
between the sample and guard heater temperatures is then
measured and substituted into the heat loss compensation
expression which is then solved iteratively to determine
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In practice however it is often difficult to obtain a
single set of parameters that adequately describe the heat
losses over very wide temperature and pressure ranges, i.e.
the parameters may be good for most of the operating
range but may over compensate under some conditions
whilst under compensating under other conditions. In
these cases often a compromise must be made and most
users prefer to suffer under compensation and consequential
heat losses rather than risk detecting false exotherms.
Typical data is shown in figure 2. The ability to predict adequately the heat loss compensation parameters is further
complicated by changing conditions within the apparatus,
e.g. warming of the main pressure chamber and thus an
increase in T0. Different materials of construction of the
test cells have also been noted to affect the parameters as
have different physical properties of the sample. Warming
from the power required for direct mixing in the test cell
may be a factor that changes significantly with sample
temperature.
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Figure 4. 20% di-tert butyl peroxide in toluene (Expanded detail from Figure 3)
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the best value of T0 for fitting the calibration data. The
sample is then heated further to the start temperature of
the test and the test is followed as normal.
In heat-wait-search type procedures this calibration
process is repeated each time an exotherm has not been
detected during the search phase of the test and before
heating to the next step temperature. Special consideration
is also given to the case where exothermic activity may be
occurring but at a low level beneath the detection threshold.
In such cases the calibration would tend to underestimate the
required offset to counteract normal heat losses i.e. it would
reduce the required offset to balance the effect of the weak
exothermic activity. This affect may be cumulative on
subsequent steps and would clearly reduce the sensitivity
of the apparatus. Thus in such cases if, during a calibration
step the measured offset is smaller than for the previous
temperature step the expression is not re-calculated and T0
remains unchanged. In all test procedures the initial calibration should be sufficiently long to allow true stability
of the system even following rapid heating of the sample:
a typical calibration time might be 40 –60 minutes. In the
heat-wait search tests the sample and guard heater temperatures are typically near steady following the adjust and
search phases and clearly the system may be expected to
reach stable conditions earlier. For this reason there is an
option to make these second and subsequent calibration
steps significantly shorter i.e. perhaps 10–15 minutes. If
an exotherm is detected the software forces the test to
repeat the longer calibration procedure when a period of
adiabatic tracking expires and before continuing with the
heat-wait-search. These features are illustrated in figures 3
and 4.
This procedure has been found to improve the performance of the PHI-TEC by improving the adiabaticity

of the apparatus and increasing the sensitivity hence
leading to earlier onset detection. It also corrects for the
random differences between the type K thermocouple
characteristics in particular test cells, the heating effects
from any stirring system and under certain conditions for
refluxing effects.
In certain circumstances it is not always possible to
perform an initial calibration during a single test e.g. when
testing a sample taken from a part reacted batch. In such
circumstances it is possible within the software to skip
the calibration and either to use default heat loss compensation parameters or those determined from a previous
calibration run.
The software can also cope with occasions when an
apparent negative offset is measured e.g. due to normal
differences in the readings from different type K thermocouples particularly when operating near to ambient temperatures and when heat losses are small. In this case the d
factor is used. The value d is large enough such that when
it is added to the measured offset a positive value results.
This value is substituted into the heat loss compensation
expression such that it can be solved and T0 evaluated.
During the remainder of the test the required offset is calculated at any temperature and pressure using the determined
T0 however the d value is subtracted from this calculated
offset before it is applied to define the guard heater temperature set points.

REFERENCE
1. Singh, J., 1993, Reliable scale-up of thermal hazards data
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SIZING SAFETY VALVES FOR SUPERCRITICAL STEAM BOILERS†
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There is considerable interest in the improved efficiency afforded by the operation of steam boilers
at supercritical steam temperatures and pressures i.e. pressures above 220 bar and temperatures
above 3748C.
Steam boilers are normally fitted with safety valves to protect the boiler from over-pressurisation
and standard methods are available for the sizing of safety valves for steam flow, using either “gas
flow equations” with property data for steam or using simplified “steam flow equations”. The
methods are documented in the following standards: BS EN ISO 4126-1, various German standards
and API 520.
What methods should be used to size the safety valve for a supercritical steam boiler? The available literature on supercritical pressure relief, particularly involving steam, will be reviewed.
Safety valve sizing calculations were performed at various supercritical pressures and temperatures. Reference methods were available using the rigorous Homogeneous Equilibrium Method
(HEM) calculation method and the HEM using the Omega method (simple Equation of State).
These methods were compared with the methods outlined in the standards with various assumptions.
Recommendations are made for the sizing of safety valves for supercritical steam boilers.

KEYWORDS: safety valve sizing, supercritical steam, steam boilers, standards

choke conditions may occur in the superheated vapour
region or the sub-cooled liquid region. Where the relieving
pressure and temperature lie relative to the saturated vapour
and liquid lines on an entropy/temperature plot determines
where the choke will lie (see Figure 1). As the pressure falls
the fluid will follow a line of constant entropy. For supercritical steam there will generally be only one phase: the
supercritical fluid (choke in superheated vapour region) or
the liquid phase (choke in sub cooled liquid region). Isentropic expansions of sub-critical superheated steam can give
chokes in the two-phase region.
What follows is generally applicable to cases where
the choke is in the superheated vapour region. The use of
the isentropic coefficient k or similar term is only valid
where the choke is in the superheated region. The supercritical fluid is effectively being treated as a non-ideal high
temperature and pressure gas. Therefore where the choke
lies relative to the boundary between the two-phase and
supercritical region is of vital importance. For water/
steam, thermodynamic data in the form of tables and
entropy – temperature diagrams are readily available,
which allow the boundary between regions to be identified.
The section on Gas Flow and Standard Methods discusses
how the choke temperature and choke pressure ratios may
be estimated from the isentropic coefficient.

INTRODUCTION
There is considerable interest in the improved efficiency
afforded by the operation of steam boilers at supercritical
steam temperatures and pressures i.e. pressures above 220
bar and temperatures above 3748C. Steam boilers are normally fitted with safety valves to protect the boiler from
over-pressurisation and standard methods are available for
the sizing of safety valves for steam flow, using either
“gas flow equations” with property data for steam or using
simplified “steam flow equations”. The methods are documented in the various standards. This paper considers
what methods should be used to size the safety valve for a
supercritical steam boiler. In this paper, to avoid any confusion between terms, supercritical always refers to the thermodynamic state and choked conditions correspond to the
maximum mass flow rate.

BASIC THERMODYNAMICS AND FLUID
MECHANICS
Flow a supercritical fluid through a safety valve will be
dependent on a number of factors. It will normally reach a
condition whereby lowering the downstream pressure for a
given fluid pressure and temperature at the safety valve
inlet will not lead to an increase in velocity of the escaping
fluid. Under these conditions the flow is known as “choked”
flow and the safety valve acts as the “choke” point in the
system. Determining the maximum mass flux along an isentropic path identifies the choke. For supercritical fluids, the
†

HEM METHODS
The Homogeneous Equilibrium Model (HEM) (Fisher
1992) assumes uniform mixing across the flow area and
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Figure 1. Entropy – temperature graph for water/steam

dimensionless mass flux value (Gchoke ) for the rigorous
HEM calculation.

both thermodynamic and mechanical equilibrium. The rigorous HEM calculation uses physical property data to
evaluate the isentropic expansion from an initial supercritical pressure and supercritical temperature. The mass flux
(G) when calculated using equation (1) goes through a
maximum at the choke pressure (Pchoke). This maximum
flux is the choke mass flux (Gchoke).
G ¼ ((2(ho  h))1=2 )=v

h2c þ (v2  2v)(1  hc )2 þ 2v2 lnhc
þ 2v2 (1  hc ) ¼ 0

(1)

Gchoke  ¼ (hc =v1=2 )

(6)
(7)

GAS FLOW AND STANDARD METHODS
For gas flow, a dimensionless mass flux (Gchoke ) can be
defined similar to that used in the Omega method. Gchoke
can be estimated from the isentropic coefficient k using
equation (8). Similar terms, to the dimensionless mass
flux, occur in various standards. The terms can all be calculated from Gchoke or k. The sizing equations from ISO standard 4126-1 are given in the next subsection, including an
equation for the compressibility factor Z.

(2)

The HEM can be evaluated approximately using the
Omega method (Leung 1996). The value of Omega (v)
can be calculated at any pressure (P) using an Equation of
State (3). A single isentropic expansion is required to generate the Equation of State; generally the expansion is to 0.9 or
0.7 of the original pressure.

v ¼ ((v=vo )  1)=((Po =P)  1)

(5)

Gchoke ¼ (Po =vo )1=2 Gchoke 

The safety valve area (A) is then calculated using
equation (2), which includes the required mass flow rate
(Qm). Note in safety valve sizing, Qm is normally given in
(kg h21) and A in (mm2). The discharge coefficient (Kdr)
is the actual flow capacity divided by the theoretical flow
capacity. In the example calculations in this paper the discharge coefficient was taken to be 1.0.
A ¼ Qm 106 ={3600 Kdr Gchoke }

(4)

Pchoke ¼ Po hc

Gchoke  ¼ {k(2=(k þ 1))(kþ1)=(k1) }1=2

(8)

Working with a k value enables the choke pressure
ratio (hc) and choke temperature ratio (uc) to be estimated
using equations (9) and (10) based on gas flow theory
(Lapple 1943). The values of both ratios and Gchoke are
listed in Table 1 for k values of 1.135 (for saturated

(3)

The Omega method, implemented using a spreadsheet, can then be used to calculate the choke pressure
ratio (hc), hence the choke pressure (Pchoke) and also the
choke mass flux (Gchoke). To obtain hc, its value is varied
using a solver so that equation (4) is satisfied. Pchoke is
then obtained using equation (5). Gchoke is obtained using
equation (6) and Gchoke with equation (7). The safety
valve area (A) is then calculated using equation (2). Note
that equation (7) can be used to back calculate an equivalent

Table 1. Choke pressure and temperature ratios
Isentropic
coefficient
(k)
1.135
1.3

2

Choke
pressure
ratio (hc)

Choke
temperature
ratio (uc)

Dimensionless
mass flux
(Gchoke )

0.578
0.546

0.937
0.870

0.636
0.667
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steam) and 1.3 (for superheated steam). Some standards (BS
6759 and API 520) also give specific methods for steam flow
in which some of the steam properties are incorporated in
the sizing equations.

hc ¼ (2=(k þ 1))(k=(k1))
uc ¼ 2=(k þ 1)

while maintaining the same entropy; i.e. a vertical line
downwards on Figure 1.
For relieving temperatures of 5008C and above the
chokes were found to lie in the superheated vapour region
(right portion of the graph above the saturated vapour
line). Here, there was excellent agreement between the rigorous HEM and the Omega method in terms of the calculated vent areas. This is because the linear equation of
state (EOS) used in the Omega method is adequately predicting the pressure – specific volume relationship i.e.
Omega remains relatively constant during the isentropic
expansion. For a relieving temperature of 4008C the
chokes were found to lie in the sub-cooled liquid region
(left portion of the graph above the saturated liquid line).
There was less agreement between the rigorous HEM and
the Omega method in terms of the calculated vent areas.
This is because a linear EOS is not representing the pressure
– specific volume relationship accurately i.e. Omega varies
considerably during the isentropic expansion.
When the chokes were found to lie in the superheated
vapour region, the standard methods (BS EN ISO 4126-1,
AD Merkblatt A2, DIN 3320, TRD 421, BS 6759 and API
520) could also be evaluated (see results in Table 2). The
“gas flow” methods require an expression to characterise
the pressure – specific volume relationship for the fluid.
The specific volume was either used directly or calculated
from ideal gas theory modified with a compressibility
factor. The specific volume was obtained from steam
tables (e.g. Harvey (1995) or Rogers and Mayhew (1980))
and in good agreement with the PPDS data. Spirax Sarco
(2005) suggested two k values for steam work: k ¼ 1.3 for
superheated steam and k ¼ 1.135 for saturated steam.
There was excellent agreement between all the “gas flow”
methods, using a particular k value, in terms of the calculated vent area. Use of either k value does not imply that
supercritical steam is either saturated or superheated, but
that the k value could represent the isentropic behaviour

(9)
(10)

ISO STANDARD (BS EN 4126-1: 2004)
Two equations (11 and 12) are provided in section 9.3.3.1 of
the standard for calculating the flow area of a safety valve for
gaseous media at critical flow. The compressibility factor Z
is obtained from its definition in equation (13) using the
specific volume (v). It could also be obtained from charts,
showing Z as a function of the reduced temperature (Tr)
and reduced pressure (Pr). The function C is obtained from
the isentropic coefficient (k) using equation (14).
A ¼ Qm ={Po C Kdr (M=Z To )1=2 }

(11)

A ¼ Qm ={0:2883 C Kdr (Po =vo )1=2 }

(12)

5

Z ¼ 10 Po M vo =R To

(13)

C ¼ 3:948{k(2=(k þ 1))(kþ1)=(k1) }1=2 ¼ 3:948 Gchoke  (14)
EXAMPLE CALCULATIONS
Safety valve relief sizing calculations (see results in table 2)
were performed at four relieving pressures (400, 500, 600
and 700 bara) and four relieving temperatures (400, 500,
600 and 7008C) for a required mass flow rate of 20 000 kg
h21. The Rigorous HEM Calculation method (using data
from the PPDS database (PPDS 2004)) and the Omega
method (using a simple Equation of State) were used.
Figure 1, the entropy versus temperature diagram for
steam/water, shows isobars for all 4 pressures. Isentropic
expansion involves reducing the temperature (and pressure)

Table 2. Vent sizes (mm2) calculated at various relieving pressures and relieving temperatures
Relieving temperature
Method
Rigorous HEM

Gas flow k ¼ 1.3

Gas flow k ¼ 1.135

Relieving pressure
400
500
600
700
400
500
600
700
400
500
600
700

bara
bara
bara
bara
bara
bara
bara
bara
bara
bara
bara
bara

4008C

5008C

6008C

7008C

35
28
24
22
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

97
70
53
42
99
73
58
49
104
77
61
52

118
91
72
57
118
92
75
63
124
97
78
66

131
103
84
70
131
103
85
72
137
109
89
76
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Figure 2. Dimensionless mass flux

with pressure and decreases with temperature. Gchoke
values could be obtained using either the rigorous HEM or
the Omega method. For relieving temperatures of 5008C
and above, using a k value of 1.3 in the gas flow equations,
is more representative of Gchoke than using a k value of
1.135. The reason for the k ¼ 1.3 predictions being more
accurate is now clear. For a relieving temperature of 4008C,
the Gchoke values (obtained using the rigorous HEM) were
much higher, this causes the calculated vent sizes to be
much smaller. Gas flow equation methods would not be
valid for this relieving temperature; clearly the choke is in
the sub-cooled liquid region. Gchoke seems to be still increasing with pressure and decreasing with temperature. The graph
also shows the Gchoke for liquid flow; use of a liquid flow
equation would over-predict the dimensionless mass flux.
Figure 3 shows the choke pressure ratio (hc) versus
relieving pressure for a range of relieving temperatures.

of the fluid. Using any of the “gas flow” methods with accurate specific volume data and a k value of 1.3, the calculated
flow areas were slightly higher than the reference methods.
With accurate specific volume data and a k value of 1.135,
the calculated flow areas were higher than the reference
methods but were not unduly conservative. “Steam flow”
methods rely on the relief pressure and a superheat correction factor. These methods were not used in the calculations,
as superheat makes little sense for supercritical steam, as
there is no saturation temperature.

DISCUSSION AND RECOMMENDATIONS
Figure 2 shows the dimensionless mass flux (Gchoke ) versus
relieving pressure for a range of relieving temperatures. For
relieving temperatures of 5008C and above, there is less
Gchoke variation at low pressure and also Gchoke increases

Figure 3. Choke pressure ratio
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For the HEM, for relieving temperatures of 5008C and
above, there is less hc variation at low pressure and also
hc decreases with pressure and increases with temperature.
For relieving temperatures of 5008C and above, using a k
value of 1.3 in the gas flow equations is more representative
of hc than using a k value of 1.135. For a relieving temperature of 4008C, the hc values were significantly lower. Use of
gas flow equation methods would not be valid for this relieving temperature; clearly the choke is in the sub-cooled liquid
region. hc seems to be still decreasing with pressure and
increasing with temperature. The graph also shows the hc
for liquid flow, use of a liquid flow equation would under
predict the choke pressure ratio.
Figure 4 shows the choke temperature ratio (uc)
versus relieving pressure for a range of relieving temperatures. uc values were obtained using the rigorous HEM.
There is more uc variation at low temperature: for a relieving
temperature of 4008C uc decreases with pressure, whereas
for a relieving temperature of 5008C uc increases with
pressure. For relieving temperatures of 6008C and above,
using a k value of 1.3, in the gas flow equations, is more
representative of uc than using a k value of 1.135.
Supercritical steam boilers are finding increasing
application in the power generation sector. They are used
to achieve higher operating efficiencies. Pressures are typically in the range to 220 to 420 bara and mass flows
around 150,000 kg h21. Use of chrome containing steels
allows steam temperature up to 6208C, whilst nickel based
alloys can work up to 7208C.
The recommended method of approach is to examine
the relieving pressure and relieving temperature on the
entropy temperature diagram:

.

.

be achieved using gas flow equations with k ¼ 1.3 and
accurate specific volume data.
If it lies above the saturated liquid line vapour then the
choke will occur in the sub-cooled liquid region. The
rigorous HEM is generally the only method available
to predict the mass flux. Use of a liquid flow equation
may over predict the mass flux.
If it lies directly above the critical point, or above the
saturated vapour line but at a temperature below
5008C, it would be prudent to use the rigorous HEM.
Further work is in progress to better define the applicability of different methods in this region.

UNITS AND SYMBOLS
A ¼ flow area of safety valve (mm2)
C ¼ function of isentropic coefficient
G ¼ mass flux (kg m22 s21)
Gchoke ¼ maximum mass flux at choke pressure
(kg m22 s21)
Gchoke ¼ dimensionless mass flux at choke pressure
ho ¼ initial enthalpy at starting pressure (J kg21)
h ¼ enthalpy at current pressure (J kg21)
k ¼ isentropic coefficient
Kdr ¼ discharge coefficient
M ¼ molar mass (kg kmol21)
Po ¼ starting/relieving pressure (bara)
P ¼ current pressure (bara)
Pchoke ¼ choke pressure (bara)
Pr ¼ reduced pressure
Qm ¼ required mass flowrate (kg h21)
R ¼ universal gas constant
To ¼ relieving temperature (K)
T ¼ inlet temperature (K)
Tchoke ¼ choke temperature (K)
Tr ¼ reduced temperature
v ¼ specific volume at current pressure (m3 kg21)

. If it lies above the saturated vapour line then the choke
will occur in the superheated vapour region. For accurate work the rigorous HEM or the Omega method
(based on an EOS) can be used to determine the mass
flux. Reasonable predictions for the mass flux can also

Figure 4. Choke temperature ratio
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vo ¼ initial specific volume at starting pressure (m3 kg21)
Z ¼ compressibility factor
v ¼ Omega parameter
hc ¼ choke pressure ratio
uc ¼ choke temperature ratio
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8. Lapple “Isothermal and Adiabatic Flow of Compressible
Fluids” Trans AIChE Vol 39 p385– 432,1943
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IMPACT OF DEPENDENT FAILURE ON SIL ASSESSMENT†
Alan G King
ABB Engineering Services, Pavilion 9, Belasis Hall Technology Park, Billingham, Cleveland TS23 4YS, UK;
Tel: þ44 (0) 1642 372252, Fax: þ44 (0) 1642 372111, e-mail: alan.g.king@gb.abb.com
Over the last five years or so, the operators of chemical sites and other high hazard facilities have
been considering the implications of functional safety standards such as IEC 61508 and the sector
specific standards derived from IEC 61508. These standards offer guidance on the management of
functional safety systems and provide an approach the demonstration that the risk to people and
the environment is being managed appropriately. As part of the management process, it is necessary
to undertake a hazard and risk assessment to determine the amount of risk reduction required to be
provided by electrical, electronic or programmable electronic safety related systems. The output of
this process is a Target Safety Integrity Level (SIL) for each safety instrumented function. The demonstration of appropriate management of risk then requires that the, as designed and implemented,
safety function achieves a performance (designed or achieved SIL) that at least meets the target SIL.
The methods and techniques commonly used for hazard and risk analysis and the determination of
target SIL frequently make the assumption that all the relevant protective measures are considered to
be independent. This paper will address the significance of dependent failure and the vital importance
of its consideration – both in relation to the assessment of the target SIL and with respect to the
designed or achieved SIL. It will note that failure to consider dependent failure may lead to a
level of risk that is one or more orders of magnitude higher than intended. The paper will conclude
with some examples of the type of dependency that can be encountered and the significance of its
impact.

BACKGROUND
Dependent failure has for several decades been recognised
as a highly important issue – but largely in the nuclear
industry. In contrast, in the process sector it has not been
recognised as an issue of importance to the extent that it
really warrants. With the increasing use of techniques for
the assessment of Safety Integrity Levels as part of the
application of standards such as IEC 61508 [1] and IEC
61511 [2], it is vitally important that the process sector
gains sufficient understanding of the issues raised by dependent failure and how to deal with them.
Failure to do this will lead to increasing numbers of
inadequate assessments and the hand-over of poor guidance
to the next generation of engineers. Furthermore, assessments, that fail to recognise dependent failure and to take
it into account, are likely to lead to the insufficient provision
of risk reduction measures across the industry, with the
resulting levels of risk significantly higher than the assessments indicate. These risk levels may well be higher by
one or more order of magnitude.

WHAT IS DEPENDENT FAILURE
Dependent failure can be classified in one of two types: (a)
Classic Dependency and (b) Functional Dependency.

CLASSIC DEPENDENCY
Classic dependency is what is often referred to as common
cause failure or common mode failure. It can occur where
two or more functional units are similar and are operating
under the same conditions. Classic dependency occurs
when the trigger for the failure of one unit affects others
and causes failure of them at or around the same time. For
example, two pressure sensors sensing the pressure in a particular vessel will probably be of similar types, close
together in the same environment and will be sensing the
same process fluid.

FUNCTIONAL DEPENDENCY
Functional dependency is where a group of two or more
functional units depend for their correct operation on the
correct functioning of another single unit. Typical examples
would include a single sensor used to provide a signal to
operate both an alarm and a trip function. Failure of the
sensor would affect both the alarm and the trip.

SCOPE
This paper will cover some of the common cause or dependency issues that occur in SIL Assessments. It will also
provide some examples to highlight these issues, showing
where and how they can occur.

DEPENDENCY RELATING TO PEOPLE
Dependency affecting items of equipment is comparatively
well recognised; what is much less well recognised is that
there can be dependency associated with human actions.
Examples include:

†
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. People doing the same task can make the same error.
. People, using the same equipment at different times, can
make a similar error using it.
. Two or more tasks carried out by the same person –
same error repeated on each task.
. One person checking the work of another – the checker
fails to detect the error that the first person missed, for
the same reason.
Dependency can also affect a combination of equipment and people. For example, a sensor monitoring
process pressure may be used to control the process pressure
but also to provide an alarm for the control room operators
on high pressure. The sensor fails and reads low. The control
function will seek to increase the process pressure. The
operator receives no alarm and is therefore not prompted
to take action. Furthermore, any review of the pressure indication by the operator would suggest that the pressure is low
and therefore no action is required1.

Figure 1. Protection layer model

ate loss of control and no alarm due to sharing across layers.
The potential for common cause failure of both pressure
transmitters also exists and would result in a loss of
control, alarm and trip functions.

PROTECTION LAYER MODEL
It is commonplace to consider the control and protective
measures on a process as a Layered Model. A typical illustration of this is given in Figure 1. Simple analysis for safety
integrity level assessments assumes that there is complete
independence: (a) the failures of different measures within
a single layer are independent and (b) the failure of
measures in one layer is not linked to the failure of the
measures in another layer2. In reality, there is often dependency that needs to be considered.

HOW IS THE MAGNITUDE OF DEPENDENT
FAILURE ASSESSED
A typical safety instrumented function is shown in Figure 5
with a 1oo2 voting arrangement between the sensors and
also between the final elements. There may also be
redundancy and voting within the logic solver. Wherever
there is 1oo2 or other voting, dependency needs to be considered. If we look at the two sensors in Figure 5, the
working and failure states can be illustrated as in Figure 6.
The most widely used method for assessing the proportion
dependent failures is the Beta Factor Method.

DEPENDENCY WITHIN A LAYER
An example of dependency within a layer is shown in
Figure 2. It shows part of an instrumented protective function with three identical pressure sensors monitoring the
same process pressure. There is potential here for common
cause failure of all three pressure transmitters.

DEPENDENCY BETWEEN LAYERS
Dependency between layers is often more difficult to recognise. In Figure 3, the same three pressure sensors are monitoring pressure but in this case, each is associated with a
function in a different layer (1) a control function (2) an
alarm function and (3) an automated trip function. The
potential for common cause or dependent failure still
exists, but the analysis is more challenging.
In Figure 4, we have another example with potential
dependency between layers. In this example, the control
and alarm functions are sharing a transmitter. This is a functional dependency: dangerous failure of PT1 means immedi1

It is recognised that in some situations there will be other indications
that the operator can use to assess whether there is a process problem
or not.
2
This is the underlying assumption in Layer Of Protection Analysis,
Event Tree Analysis etc.

Figure 2. Dependency within a layer

2

# 2007 ABB Engineering Services

IChemE SYMPOSIUM SERIES NO. 153

Figure 5. Typical safety function

provides what is a rather complex equation:
PFDavg ¼ 2  ((1  bD )lDD þ (1  b)lDU )2




lDU Ti
lDD MTTR
þ MTTR þ

lD 2
lD




lDU Ti
lDD MTTR
þ MTTR þ

lD 3
lD

Figure 3. Dependency between layers (1)

þ (bD lDD MTTR)



Ti
þ MTTR
þ blDU
2

BETA FACTOR METHOD
In this method, the Beta Factor (b) is defined as:

where:
b
Dependent Dangerous Failure Rate
Beta FactorðbÞ ¼
Total Dangerous Failure Rate

Common Cause Beta Factor
(bD is for detected by diagnostics)
Failure Rate (D ¼ Total Dangerous
Failures; DD ¼ Dangerous Detected;
DU ¼ Dangerous Undetected)
Mean Time to Repair
Proof Test Interval

l

MTTR
Ti

However, if we assume (a) that the mean time to repair is
small compared with the Proof Test Interval and (b) that
dangerous failures are only found at proof test (so that
lDU ¼ lD and lDD ¼ 0), then the previous equation for
1oo2 simplifies and is more easily understood:

For calculation of the average probability of failure
on demand for a 1oo2 voting arrangement, IEC 61508-6

PFDavg ¼





4
Ti 2
Ti
(1  b)lD
blD
þ
3
2
2
|ﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄ}
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
Common cause
Independent
failure of both
sensors

failure affecting
both sensors

There are also similar equations for other voting
arrangements:

1oo3
1oo4
Figure 4. Dependency between layers (2)
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Figure 6. Working and failure states for 1oo2

PUTTING SOME NUMBERS IN . . .
For a single sensor with a PFDavg of 0.015 and using a Beta
Factor of 0.1, we can see in the following table the importance of including dependency in the calculation:
Independent
PFDavg
1oo2
1oo3
1oo4

2.43E-04
4.92E-06
1.06E-07

14%
0.3%
0.01%

Dependent
PFDavg
1.50E-03
1.50E-03
1.50E-03

86%
99.7%
99.99%

question is “what is the probability that Person B does not
detect the error that Person A has failed to notice”?
Answering these questions and taking dependency
into account is not easy to do. The best guidance is “Don’t
claim multiple layers of human reliability”. This will
avoid the issue of dependency.

Total
PFDavg
1.74E-03
1.50E-03
1.50E-03

SOME EXAMPLES TO THINK ABOUT
Here are two examples, to think about the implications of
dependency on SIL Assessment.

Omitting dependency makes a BIG difference – in all the
cases above, dependency is accounting for more than 85%
of the total probability of failure.

EXAMPLE 1
Figure 7 shows a process column with two notionally “independent” alarms: Level Alarm High (LAH) and Level Alarm
High-High (LAHH). From a dependency perspective, the

ASSESSING THE VALUE OF BETA
The value of Beta is usually in the range from 30% down to
0.1%. The assessment of an appropriate value involves consideration of factors such as: Separation, Diversity &
Redundancy, Complexity, Analysis, Procedures, Training,
Environment Control, and Environmental Tests. There is
some guidance in IEC 61508-6 Annex D. There is also guidance to be found in other publications [3]. Small Beta
Factors are progressively more difficult to achieve.
HUMAN DEPENDENCY
If you include the impact of humans on functional safety
(and one should in order to comply with standards) then
dependency is an important factor. Dependency is when a
failure at one step in a task makes the probability of
failure at the a later step more likely than if the earlier
step had been successful.
Consider, for example, the task of “Checking”.
Person A has completed a task and thinks it has been done
fully and correctly. Person B is asked to “check”. Checking
is only of value when Person A has made an error AND
Person A has not realised the error has occurred. The key

Figure 7. Example 1: two “independent” alarms
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Figure 8. Example 2: section of plant

alarm hardware will have some potential for common cause
failure, especially if both use the same technology. However,
both alarms are also dependent on the operator for any action
to occur. This raises two critical questions: (1) How long
does the operator have between the Level Alarm High

(LAH) and a hazardous event – 10 min, 20 min, 30 min or
more? Is it enough for effective response? (2) If the operator
fails to respond effectively to LAH in the time available but
does notice LAHH, there is even less time for response; so
does LAHH have any real risk reduction benefit? The answer
to this last question is probably “No”.

EXAMPLE 2
Figure 8 shows some pipework on a plant, which connects a
high pressure (HP) section to a low pressure (LP) section.
There is a defined start up routine to ensure that the two sections are isolated before the HP section pressure exceeds the
rating of the LP section: (1) Check that block valves
between HP and LP sections of plant are open (A&B) and
bleed valve (C) is closed; (2) Raise pressure in HP section
to 5 bar; (3) Close block valves (A&B), open bleed valve
(C); (4) Continue raising HP pressure to 30 bar.
Initial analysis of the potential frequency of over
pressure of the LP section gives a value of 2.5 x 1023/
yr and is shown in Figure 9. It was then proposed that
this be improved by the installation of a safety instrumented function to provide isolation in the event of an operator
failing to close the manual valves. This is shown in
Figure 10. The high pressure trip setting is 5.5 bar and is
assumed in the analysis to have safety integrity level of
SIL 1 and a failure probability of 0.05. The analysis for

Figure 9. Initial analysis

Figure 10. Improved design
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Figure 11. Analysis of improvement

Figure 12. Revised analysis

If you fail to consider it and omit dependency from
your assessment, then the level of risk is likely to be significantly higher than you have assessed – by one or more
decades.
Consideration of dependent failure is relevant no
matter what technique for assessment you are using.
Whether this be Event Trees, Fault Trees, LOPA or Risks
Graphs dependent failure is important.

this is shown in Figure 11 and gives a frequency of 1.25 x
1024/yr.
However, at start-up the operators adopted the practice of (a) waiting for HP Trip to function as pressure
increased and (b) then going to operate the manual isolation
valves. The revised analysis for this is shown in Figure 12.
The analysis now gives a frequency of 1.25 x 1022/yr.
The dependency between trip operation and manual
valve closure is shown to increase the hazardous event frequency by a factor of 100. The analysis shown has been simplified to help illustrate the problem. In practice, there are a
number of ways in which the situation may be improved. (a)
Reinforcement of correct start-up procedure by management. (b) Recovery - the operators realising that the trip
has not functioned and closing the manual valves late, but
before damage to the LP section occurs. (c) Testing the
trip just prior to start-up to achieve a significantly lower
PFDavg. But the problem needs to be recognised before it
can be addressed.
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CONCLUSIONS
Dependency is very important in any form of SIL Assessment. The assessor needs to think carefully where it could
occur – this is often quite challenging.
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INTEGRATING SAFETY INTO THE IMPROVEMENT CULTURE
David Dyer
Senior Consultant, Chartered Member CIPD, ABB Engineering Services
For almost 20 years ABB Engineering Services, Organisation & Systems Development consultancy
group, have been involved in business improvement with their clients. Most of these large, process
manufacturing, organisations have been feeling some form of pain, whether that be poor profitability, reduced yield, poor OEE (Overall Equipment Effectiveness), low quality or poor safety. Each
organisation has a different set of problems and a unique culture. We have produced a model based
on theory and experience that encapsulates the holistic nature of business improvement, from investigation, through implementation to integration.
This paper will share the model and support it with examples in the form of case studies that will
illustrate the benefits to be achieved through such a business transformation project. We will go on
to suggest how the model can be applied to organisational change to meet safety problems specifically and to reflect on the potential knock-on benefits to other business metrics.

“Safety is the number one priority” is a common cry we hear
from organisations these days. What arrant nonsense; prioritising the attention given to safety at the expense of everything else needed for business success would lead to a
defunct organisation.
Looking at the Bradley curve1, figure 1, we can see
the three distinct phases that ultimately lead to the interdependent team culture. We all know that safety is vitally
important in the profitable operation of a business, just as
financial performance, productivity, quality, environment,
etc., all are too. Integrating safety considerations with everything is important and balance is the ultimate key. How can
this be achieved?
For almost 20 years ABB Engineering Services,
Organisation & Systems Development consultancy group,
have been involved in business improvement with their
clients. Most of these large, process manufacturing, organisations have been feeling some form of pain, whether that be
poor profitability, reduced yield, poor OEE (Overall Equipment Effectiveness), low quality or poor safety. Each organisation has a different set of problems and a unique culture
but the overriding reasons behind why and what is done to
improve is similar.
Figure 2 is a model that has been devised through
experience but is grounded in theory–don’t worry about
reading the fine print, all will be explained through this
paper. Originally just devised as a means of explaining to
clients what we could offer we ended up developing a
reasonably holistic model without recourse to listing the
myriad of tools that all change agents use. This model was
created by looking back at successful (and unsuccessful)
change interventions with real clients, taking from those
experiences the learning of good and not so good practice.
What became clear is that for our clients the starting point
was often different, dependent upon their maturity, the
scale of the problems they faced and the efforts they had
already expended in trying to make the changes they
needed. Due to our inherent but tried, tested and validated
1

change principles we developed the model from the
middle out, from the operational stream of the implementation phase, a point where we often begin. The investigation into our past interventions began to demonstrate
how organisations needed more than just greater effort to
improve but needed leadership and organisational
capability.
Our key principles are that change is effective when:
.
.
.
.
.
.
.

It is a participative process and is team based
Opportunities for learning are involved
The whole organisation is considered
Everyone sees how the change is aligned to short,
medium and long term goals
Common values and behaviours are understood and
bought-into
The barriers are understood and dealt with
There is enough flexibility to react to emergent issues

INVESTIGATION
Thus one of our most successful methodologies is the
Improvement Team. It exists in many guises from full
time, over a period of weeks, to short bursts like Kaizen.
However, the most important aspects of this approach are
to engage people in improvements, provide an element of
success (these teams never fail) and to prove that putting
the right people to the right tasks will make a difference.
That is the overriding reason why we often suggest this as
an opening gambit in many change programmes. But
setting up a team alone is not the answer, choosing the
right people and tasks is a major part of the investigate
phase and is essential. Whatever methodology is chosen to
investigate the current situation the output must be a series
of actions that are aligned with an overall improvement
strategy developed by involving as many people as possible.
In the generic model of change we would recommend
a two part investigation of Baseline and Practices (see
Figure 3). The baseline is simply a way of setting the base
standard against which progress is measured. Typically

DuPont Discovery Team.
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Figure 3.

assessments is that they help to determine the existing capability to manage a change (of any description) and therefore
what must be done to develop that capability in the existing
people. They will also serve to highlight the ‘islands of best
practice’ that will inevitably exist within an organisation.
Different departments face different challenges and will
start at different points based upon their individual sub-cultures and management styles.
The Strategy Workshop is a time when the all the stakeholders (or at least representatives from the stakeholder
groups, e.g. senior management, functional leaders, trade
unions, middle managers, operators and front line staff)
can take some time to consider the data developed from
the baseline and practices assessments. It is an opportunity,
rarely taken, to allow a large group of employees to assimilate a gap analysis and come to conclusions of their own
rather than listening to the pontificating of an internal or
external consultant. Through the assessments and by involving a cross section & diagonal slice of the organisation the
level of buy-in and inclusion generated guarantees that the
improvement actions chosen will be pertinent, accepted
and supported readily. As to integrating safety with
improvement, this workshop will set the tone by ensuring
that the actions are mixed, and balanced taking account of
quality, productivity, environment, etc., & safety; and

Figure 1.

this would be some hard performance data which will be of
great advantage in feeding the improvement teams with
ideas of where to start. The practices element is that of
measuring the cultural aspects of the organisation, the
areas in which senior, middle management and operations
need to change or improve. In respect of safety there will
be many types of specific investigation tools but they all
conduct an initial review of the business with regard to operational safety risks and the associated control measures, a
gap analysis against good safe practice, etc. These should
be backed up with a business practices or ‘readiness for
change’ assessment. This includes focus groups being set
up, scoring the organisation against a word model of best
practice, listening to and recording (confidentially and anonymously) the comments raised in the discussions. Further
targeted interviews may then be used to check and validate
the views expressed. The attraction of these more cultural

Figure 2.
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more importantly that they are joint not separate, all leading
to business improvement generally.

. Introducing a simple wedge to lift a storage vessel
resulted in £30,000 reduction in purchasing costs.
Losses of containment were reduced as were and
the opportunities for slips, trips and falls.
. Agreeing a service level agreement between production departments saved over £250,000 p.a. in
damaged material.
. Changing the ordering procedure resulted in On Time
in Full (OTIF) rising sharply with happier customers.

Case point 1: In one organisation, who originally considered the inclusion of shop floor operatives in the strategy workshop to be wasteful, there was a wonderful
“Aha!” moment. When the workshop groups were considering an OEE of 56%, and a quality rate of 75%, to
determine actions to improve output, senior managers
suggested that production should continue during Christmas and Boxing days. One of the operators immediately
remarked that “we’re actually throwing out 1 product in
4, that’s where we should aim our efforts!”

World class organisations do not separate quality, productivity and safety, these three areas are viewed as cricket
stumps, holding up the bails (which is the organisations
financial & operational success). As in cricket, when one
stump is removed the bails fall off.2 In these successful
organisations there is great store placed upon the techniques
of RCA - root cause analysis and RCE - root cause elimination, and they address each loss completely (whether it be
quality, productivity or safety). They use whatever method
is appropriate. As we know, in safety, the most effective
risk reduction methodology is hazard elimination. Again
good organisations spend time to effectively understand
the hazards and risks and set up appropriate action based
teams to address the issues.
However, even with this knowledge and the experience of the benefits accrued, organisations often let them
die out very quickly. Why might this happen? There are
dynamics at play here that might provide the senior and
middle managers with a guilt complex. Why have they not
provided the conditions in which such an improvement
culture could grow and develop? In our model, figure 2, we
highlight there are different groups or ‘streams’ that need
to be considered. In our terms they are Leadership, Operational and Organisation. The first two are very clear but
‘organisation’ whilst it does refer strongly to middle management it does also mean the overall organisation and structure
of the business. There are many safety parallels and even in
HSG483 (published as far back as 1989 and updated last in

IMPLEMENTATION AND INTEGRATION
Case point 2: Following the implementation of full time
improvement teams and the further development of the
shift supervisors, one company found that this resulted
in an improvement in problem solving and root cause
elimination. Their supervisors were employing the
tools they had seen successfully used by the improvement teams, were including their own teams and were
communicating effectively across shift handovers. Only
when their own (and their teams) capability was
exhausted did they refer to their supporting managers
for additional help.
The improvement teams will start with a wave of enthusiasm and vigour, they will be successful and eventually
through time and with maturity, into the integrate phase,
these teams will continue but are supplemented by more
regular and targeted activities utilising the methods and
tools learned during this period. This will eventually lead
to individuals adopting the two job approach for themselves,
i.e. “one job to do and one job to improve the job I do”. This
is illustrated in Figure 4.
As stated these teams have never failed to deliver (the
financial benefits are always many times in excess of the
cost of the teams – see Case point 3). Why should this be
any different in the world of safety?
Case point 3:
. Conducting a SMED (changeover reduction) exercise a process was simplified and improved such
that it took 30 seconds to change what used to take
2 hours. The knock-on effect on quality was a
reduction in scrap of £70,000 per annum and a
massive reduction in the number of potentially
unsafe activities required to make the change, as
well as reducing the losses of containment that also
led to potentially dangerous recovery actions.

Figure 4.
2
Attrib., Sean Clinning, Rohm & Haas. – from a presentation made at
ABB’s Operational Excellence seminar, 2006.
3
HSG48, (2003), “Reducing error and influencing behaviour”, HSE
books.
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2003) there is a model of ‘Human Factors’ which links the
Organisation, The Job / Task and the Individual.
LEADERSHIP
Barry Oshry, in ‘The possibilities of organization’4, provides some rationale for this effect. He talks of three conditions, Top, Middle and Bottom. These may also be
positions of people but the conditions exist irrespective of
position. In a Top condition, where they are overburdened
with responsibility, a person reflexively “sucks up” more
work as they feel only they are capable of dealing with it.
With a Middle condition, where they find themselves
being pulled between Tops and Bottoms, they reflexively
“slide in between” and as a result get more embroiled and
torn between them. The Bottoms however, in their world
of blaming ‘Them’ for everything stop taking responsibility
and let others get on with things. So here we find some
reason for why senior managers end up working at least
one level below where they should, middle managers get
too involved in the day to day, and operators just sit back
and only do what they are told. These reflexive responses
to the conditions they always face drive them away from
taking time to address issues proactively. The reflexes of
Tops and Middles cause Bottoms to stop taking responsibility and making improvements. Unless the reactions to the
conditions are changed (and changing a reflex is very difficult) then over time any improvement activity which has
been started and is successful will die off.
Therefore it is important to address these issues during
the implementation and integration phases. In the implementation phase there is a need to pull the senior team back from
management and into leadership; and for middle managers to
become facilitators rather than ‘doers’. In figures 5 & 6 we
can see some of the activities graphically.
From figure 5, for the senior team there may be a need
to set up a steering group that will include other resources,
e.g. project sponsors, specialist individuals, etc., to help
guide the process. The intention over time is to move the
management team to a leadership team, to develop a regularly reviewed strategy and to provide opportunity for everyone to become aligned with it. This may require some hard
skills training and / or some personal performance coaching,
for example. It may also require the senior team to cascade a
similar approach to their subordinate middle managers. In
this instance it might mean the development of corporate
norms, values and standards of behaviour that they role
model and expect the middle managers to adopt (and
ultimately cascade, too). With specific regard to safety this
is one area where senior management can (and do) play a
vitalrole.

Figure 5.

companies), the core safety responsibilities are never separated from the line management. There may be specialised
support from advisors but the management discharges its
responsibility at all times. For the most senior managers it
requires a vision and direction that makes it clear how
safety will be managed, how it is aligned to the business
strategy and how it is integrated to the effective running
of an organisation. Simple to state but the proof is in the
behaviours demonstrated by the senior team. It is essential
that they refrain from going overboard on safety. They
must challenge decisions made in the name of ‘safety’ by
ensuring a correct balance of managing risk within an
operational framework but never allowing unsafe actions
to take place, even under extreme pressures. They need to
act whilst on plant in the same way that they expect all
other employees to act, wearing the correct PPE, adopting
the right behaviours in terms of risk assessment, challenging
poor safety performance, etc. And they must support the
actions of anyone who challenges unsafe behaviours and
conditions.
Case point 4: In an organisation where top level
command and control had been the predominant
culture a series of workshops were conducted to
develop management behaviours for the senior team to
demonstrate and then to cascade these down through
the rest of the management hierarchy. It has led to the
creation of a wider management ‘team’ where individual
managers take more responsibility for their own actions.
An old chestnut is that “Middle managers are weak
and ineffective”. They are often called the ‘frozen layer’,
or the ‘blockers’. Yet it is more correct to say that the
middle managers are the people who can have the greatest
effect on the development of the organisation (see
figure 6). It is they who will provide a link between strategy
and active deployment of resources to meet that vision.

ORGANISATION
Many organisations where safety does play a predominant
part in the working culture, (e.g. DuPont and the ex-ICI
4
Oshry, B, (1992): ‘The Possibilities of Organization’, Power þ
Systems.

Figure 6.
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They need to be the torch bearers and the awareness raisers
who get the rest of the organisation on board. Over time they
need to develop into facilitators, the people who align strategy with reality, who provide sane feedback over ideas
raised in ivory and blue collared towers, and who develop
others to the point where issues are resolved immediately
and only problems that require support form other levels
of managers are passed on. Therefore when it comes to
effective deployment of safety these middle managers can
make or break the initiative. If they are not bought into
the new vision and strategy they will be unlikely to
cascade either the vision or to live by & demonstrate the
safe behaviours necessary which will lead to a culture
different to that expected by the senior team. If they
refuse to train and develop their immediate sub-ordinates
in safety related subjects then the competence of the workforce will be diluted and the opportunities to link the skills
needed to run the operations under normal and abnormal
conditions with improvements in matters such as human
factors (including those that affect safety), hazard elimination and productivity will be lost. However, if the middle
management do engage fully then, in the integrate phase,
the culture of early local issue resolution will be such that
any safety related issues will be dealt with at source and
without much or any management involvement. They
truly will become their brothers’ keepers.

Figure 7.

of the senior team to lead these off, for the middle management to carry them through and for everyone to be party to
their development in order to create a community of
employees who have full and true alignment to the organisational goals.
The area of Systems indicated in figure 7 is one that
we have regularly encountered throughout our many consultancy assignments. How many organisations have developed a ‘management system’? There will be the QMS for
quality, the EMS for environment, the SMS for safety,
etc., etc. Yet how much of these systems ever gets used,
how much of it is ignored because it’s not relevant and
how much of it is just someone else’s view of what should
be happening rather than a reflection of what is actually
taking place? And just how many organisations monitor performance by tracking metrics but how many have rationalised this set of key performance indicators (KPIs) such
that they truly are aligned with the strategy, that everyone
in the organisation knows what they must do to ensure
success and that performance against them is monitored
by the right people at the right frequency? A new publicly
available specification, PAS99 2006, now exists for integrated management systems but so far many companies
are avoiding it because they cannot come to terms with
the commonalities in the three management systems of
ISO 9000, ISO14000 & OSHAS18000. Yet the vice president of one of our clients once said to his managers “If
you can’t manage safety then you cannot manage at all”.
And that for us says it all. Safety is not managed any differently from any other subject. So, why would safety be
excluded from continuous improvement?
If we look again at the Bradley curve, figure 1, we can
see the three distinct phases resulting in the interdependent
team culture. How different is that from our own Investigate,
Implement, Integrate model where we draw upon the

Case point 5: A paper making organisation was forced to
address some basic safety issues under ‘Making Paper
Safely’6. As a result it was discovered that there were
more effective ways of restarting the machine after a
paper break (loss of containment). This effectively eliminated the hazard and improved output. Without safety as
a driver this improvement would not have been realised.

In addition safety issues can then be used as drivers for
business and operations improvement. (See case point 5).
Looking at the model of empowered organisations
developed by Wellins, Byham and Wilson5, figure 7, it
becomes clear that in an organisation where decision
making is transferred to the ‘lowest’ level, i.e. where the
product is made or service delivered, this level is actually
considered as the highest or more important level, facing
the customer.
All the organisational effort is expended to support
that group. Thus the senior management is the foundation,
setting the vision and mission, providing leadership. What
is also required is that the whole organisation works consistently via a management system, has shared values and behaviours, and is monitored through key results.
These factors may be in place, need improvement or
need implementation from scratch and it is the responsibility
6

PABIAC, (2001), “Making Paper Safely”.
Wellins, R. S., Byham, W. C. and Wilson, J. M., (1991), Empowered
Teams: Creating self-directed work groups that improve quality, productivity and participation.
5
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Table 1.
Generic outcomes
Leadership stream

Operational stream

Organisational stream

Safety related outcomes

Long term orientation
Increased business
performance
Maintained strategic direction
Self directed teams
Safety, Quality & Output
improvements
5S & Visible Factory in place
Management by fact not fiction
Engagement through 2-way
dialogues
Management by facilitation
not dictation

management to lead the change, for self responsibility to be
developed via senior and middle management (in conjunction with the rest of the work force) leading ultimately to
a self sustaining interdependent, team based culture. The
only difference perhaps is that we think it applies to everything and not just safety in isolation.
And the outcomes? Table 1 provides a list of generic
and safety related outcomes against the three streams of leadership, operational and organisational streams, thus:
In summary, integrating safety into the improvement
culture is not really the issue. As we see it safety is only one
of a number of subjects that must be managed in order that a
business survives and prospers. Everything must be
managed in a balanced way with safety as one of the key
factors to be considered when thinking of change. The
whole business system must be considered but the implications on individuals must also be uppermost.
Managing in this holistic way will bring the benefits
of table 1 but more importantly will create a sustainable
business, one that is capable of competing in the market
place against all competitors including the Far East as

Robust licence to operate
Safety and business
performance linked
Safety focused teams
Safety, Quality & Output
linked
Brothers’ keepers
Leading & trailing safety (KPIs)
that help to focus
improvements to business
performance
Safety systems in place and
compliant
Integrated (and regularly
reviewed) safety, quality &
environmental management
systems

Case point 6 reminds us. There will be different solutions
for every organisation as they face different issues.
Case point 6: Some organisations have found themselves in competition with the Far East and China in particular. Two UK organisations that we know of have
analysed their own performance and capability and
have developed plans to meet that competition.
One organisation looked at its unit cost of
production and drove whole business changes that eventually drove that cost down without recourse to reducing
the number of people employed.
Another, after serious analysis of its competition
and taking the painful decision to reduce its workforce
then developed its capability throughout the organisation
to meet the demands it placed upon itself.
So, rather than safety being seen as a worthy cause
that is taken separately it should be viewed as a driver for
business improvement and sustainability.
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AUTOXIDATION AND SAFETY CHARACTERISTICS OF NEW ETHEREAL SOLVENT CPME
Atsumi Miyake1, Keita Nagasawa1 and Kiyoshi Watanabe2
1
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Cyclopentylmethylether (CPME) is a newly developed ethereal solvent which has relatively a low
solubility to water and a high tolerance of formation of peroxides, and is expected to be an alternative solvent to conventional solvent such as tetrahydrofuran (THF). In this paper, to obtain quantitative information on autoxidation behaviour and safety characteristic of CPME, accelerated
stability test was performed at 408C and thermal and infrared spectroscopic analyses were
carried out and the experimental data was compared with those of THF.

KEYWORDS: cyclopentylmethylether, tetrahydrofuran, autoxidation, peroxide, thermal analysis

heating rate of 5 K/min. The onset temperature and the heat
of reaction were determined. JASCO-FT/IR-420 was used
to investigate the infrared spectra of sampled material.

INTRODUCTION
Cyclopentylmethylether (CPME) is a newly developed
ethereal solvent which has characteristics such as low solubility to water, high boiling point, low melting point, low
latent heat of evaporation, high tolerance of formation peroxides, narrow explosion range, stability against acids and
bases, and so on, and is expected to be an alternative
solvent to conventional solvents such as tetrahydrofuran
(THF). In this paper to obtain quantitative information of
autoxidation behaviour and safety characteristic of CPME
accelerated stability test was performed at 408C and
thermal and infrared spectroscopic analyses were carried
out and the experimental data was compared with those
of THF.

RESULTS AND DISCUSSION
THERMAL BEHAVIOUR OF CPME
Figure 2 shows the DSC profiles of CPME under 0.1 MPa
oxygen atmosphere as a function of storing time at 408C.
The onset temperature of pure CPME without storage
was found at about 1008C and the heat of reaction of
exothermic peak didn’t show drastic change with the
increase of storing time. The maximum heat of reaction
of CPME was found to be 220 J/g at 35 days from the
beginning of the test and it decreased after that. To investigate the reaction products FT/IR analysis was conducted.
Figure 3 shows the IR spectra of CPME as a function of
storing time. Although some peaks at 1700, 2200 and
3300 cm21 were found in the spectra of 42 days no
remarkable change was found from the spectra the
CPME was considered to be stable during a storing time
of this study. The peak at 1700 cm21 is considered to be
C ¼ O stretch and it may be derived from cyclopentanone.
The broad peak at around 3300 cm21 is difficult to determine because there is several possibilities such as
alcohol, carboxylic acid or peroxide. It was found that
CPME is relatively a stable solvent and has a potential
as an alternative ethereal solvent.

MATERIALS
Figure 1 and Table 1 show the chemical formula and physical properties of materials used in this study. Both materials
were used without antioxidant such as Di-butylhydroxytoluene (BHT).
EXPERIMENTAL
ACCELERATED TEST
The pressure resistant closed vessel which was made of
SUS-304 stainless steel and the inner volume was 8 mL
was used as sample vessel for accelerated test. 4 mL of
material was put into the stainless spherical bomb in
1 MPa of 100% oxygen atmosphere and the bomb was
placed in the water bath which has been kept at 408C. The
material was sampled at adequate interval and thermal and
chemical analyses were carried out.

OMe

O
O
O

THERMAL AND INFRARED SPECTROSCOPIC
ANALYSES
Mettler-Toledo differential scanning calorimetery HPDSC827 was used to determine the thermal characteristics
of materials. The material was put in the SUS-304 stainless
closed crucible in 0.1 MPa of air and heated up to 3008C at a

THF

CPME
Figure 1.
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Table 1. Physical properties of CPME and THF

CPME
THF

CAS-No.

Density
[g/cm3]

b.p.
[8C]

m.p.
[8C]

Flash
point [8C]

Heat of evap.
[kcal/kg]

Solubility to water
[g/100gH2O]

Dipole
moment [D]

6041-50-2
142-68-7

0.86
0.89

106
88

, 2 140
244

21
215

69.2
87.1

1.1
8.1

1.27
1.63

THERMAL BEHAVIOUR OF THF
Figure 4 shows the DSC profiles of THF under 0.1 MPa
oxygen atmosphere as a function of storing time at 408C.
The onset temperature of pure THF without storage was
found at about 808C and the heat of reaction of exothermic
peak increased with the increase of storing time. Figure 5
shows the heat of reaction of CPME and THF as a function
of storing time at 408C. The maximum heat of reaction of

CPME was found to be 1130 J/g at 42 days from the
beginning of the test and it decreased after that. Figure 6
shows the FT/IR spectra of THF as a function of time.
Comparing to THF without storage sharp peaks at around
1700 cm21 appeared and peaks at 1190 and 3300 cm21
became larger. Those were determined to be C ¼ O
stretch at 1765 cm21 and C ¼ O stretch at 1720 cm21,
C-O-C anti-symmetric stretch and O-O-H stretch

110J/g
110J/g
40J/g
60J/g

90J/g

Figure 2.

Figure 3.
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1130J/g
330J/g
140J/g

610J/g

Figure 4.

Figure 5.

Figure 6.
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respectively and the formation of lactone, carboxylic acid
and peroxide were considered (Shurvell & Southby,
1997, Robertson, 1947, Matsudo, 2004). These were considered as reaction products after long time storage and
caused larger heat of reaction.
It was found that, after long time storage at room
temperature, THF decomposes due to auto-oxidation and
forms several reaction products including reactive chemicals such as peroxide and a risk of ignition becomes
higher than that of CPME.

compared with those of tetrahydrofuran (THF) and following conclusions can be drawn:
1.
2.

CPME is relatively a stable solvent and has a potential
of alternative solvent.
THF decomposes due to auto-oxidation and forms
several reaction products including reactive chemicals
such as peroxide and a risk of ignition becomes
higher than that of CPME.
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CONCLUSIONS
Accelerated stability test was performed at 408C for newly
developed ethereal solvent cyclopentylmethylether
(CPME) and thermal and infrared spectroscopic analyses
were carried out. Test results of experimental data were
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INFLUENCE OF PHYSICAL PROPERTIES ON AMMONIUM NITRATE ON THE
DETONATION BEHAVIOUR OF AMMONIUM NITRATE AND ACTIVATED
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Yuji Ogata2, Hiroyuki Arai3 and Terushige Ogawa1
1
Department of Safety Engineering, Yokohama National University (YNU), Tokiwadai, Hodogaya-ku,
Yokohama 240-8501, Japan; Tel: þ 81-45-339-3993, Fax: þ81-45-339-4011, e-mail: atsumi@ynu.ac.jp
2
National Institute of Advanced Industrial Science and Technology (AIST)
3
National Research Institute of Police Science (NRIPS)
After the accidental explosion in Toulouse in 2001, the demand of the detail information on the
detonation characteristics of ammonium nitrate has been increasing. To obtain a better understanding of detonation characteristics of ammonium nitrate (AN) and activated carbon (AC) mixtures
steel tube test was carried out for various composition of different kinds of AN and AC mixtures
and detonation velocity was measured.
As a result of test powdered AN when mixed with AC showed higher detonation velocity than
other type of AN such as prilled, phase stabilized and granular AN in a steel tube with the diameter
of 35 mm and the length of 350 mm. Experimentally observed detonation velocities of all kinds of
AN/AC compositions for each loading density were far below the theoretically predicted values
calculated by the thermohdrodynamic CHEETAH code and they showed so-called a non-ideal
detonation. Furthermore, to investigate the particle diameter effect of prilled AN, steel tube test
was also carried out for sieved prilled ANs. It was found that the particle diameter has a strong influence on the detonation velocity of AN/AC mixtures.

KEYWORDS: ammonium nitrate, activated carbon, non-ideal detonation, steel tube test

temperature below 1008C. To solve these problems and
improve the combustion and explosion characteristics of
AN, several methods has been attempted, which includes
the mixing with suitable combustibles such as activated
carbon (AC) [Hayashi, Miyasaka, Nakazato, Itoh, Wada,
Harada et al., 2001, Nakamura, Saeki, Akiyoshi & Takahashi,
2002].
On the other hand, after the accidental explosion in
Toulouse in 2001, the demand of the detail information on
the detonation characteristics of ammonium nitrate has
been increasing. At the Toulouse accident several hundreds
on tons of off-spec AN had been storing at the storage.
It is the purpose of this investigation to obtain a better
understanding of detonation characteristics of ammonium
nitrate (AN) and activated carbon (AC) mixtures, steel
tube test was carried out for various composition of AN/
AC mixtures. In the previous papers we reported the detonation parameters in the region of the non-ideal but steady
state detonation of AN and fuel oil mixture (ANFO)
[Miyake, Takahara, Ogawa, Ogata, Wada & Arai, 2001,
Miyake, Takahara, Ogawa, Ogata & Arai, 2002, Miyake,
Mori, Ogawa & Ogata, 2002, Miyake, Ohtagaki, Abe,
Wada, Nakayama & Ogawa, 2004]. In this paper the
shock and detonation velocity of four kinds of AN and
AC compositions was measured, and the influence of the
physical properties of AN and the mixing ratio on the detonation velocity was investigated. Furthermore, to investigate
the particle diameter effect of prilled AN, steel tube test was
also carried out for sieved prilled ANs and AC mixtures.

INTRODUCTION
Ammonium nitrate (AN) and AN based explosives have
been widely used as industrial explosives or energetic compositions such as ANFO, emulsion explosives or amatol
(AN/TNT) etc. They are explosives known for its nonideal detonation behaviour. This is shown, for example, by
the detonation velocity which does not easily reach theoretically predicted values. Explosives behave non-ideally
between the critical diameter (dc) below which a steady
detonation wave cannot be sustained, and the minimum
diameter (dm) above which the detonation is ideal. AN
and AN based explosives are typical “non-ideal” explosive
because they have large values for dm and relatively small
values for dc. For most practical conditions they will
never reach the ideal behaviour as predicted by thermohydrodynamic theory. Generally the non-ideal detonation
behaviour is explained by the relatively low decomposition
rate of AN, which cause a wide reaction zone, in combination with lateral heat losses and rarefaction waves
which extinguish the decomposition reactions [Cook, 1958].
AN has many advantage such that it is inexpensive,
it releases approximately 100% gas products when it
reacts and it has positive oxygen balance as þ20.0 g
and so on. Since its environmental impact is smaller
because it does not include chlorine, AN is expected to
be a superior oxidizer as halogen-free rocket propellant
or gas generant for air bag of the next generation.
While AN has several disadvantages such as low combustion performance, high hygroscopicity, phase transitions at
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of the detonation velocity measurement is considered as
within 3 %, the experimentally observed detonation velocity
was determined with 0.05 km/s increment. Composition of
samples were varied from AN/AC ¼ 100/0 to 80/20 in
wt.% and the detonation velocities were compared with
the theoretically predicted values which was calculated by
the thermohydrodynamic CHEETAH code with BKWC
equation of state [Fried, Howard & Souers, 1998]. Detonation velocity was measured at least two runs for each
condition.

Table 1. Physical properties of AN used in this study
Type
of AN

Density Ave. particle Purity
Moisture
[kg/m3] diameter [mm] [%] content [%]

Powdered
Prilled
Granular
Phase
stabilized

930
730
1000
900

0.14
1.15
1.50
0.13

.99
.99
.99
90

0.10
0.09
0.10
0.10

MATERIALS
In this series of test four kinds of ammonium nitrate were
used, which were commercially available powdered and
prilled AN for explosive grade, granular AN for fertilizer
and phase stabilized AN (PSAN) which contained 10
wt. % of potassium nitrate to prevent the phase transitions
below 1008C. Physical properties of ANs and AC used in
this study are listed in Tables 1 and 2. The stoichiometric
composition of AN/AC and PSAN/AC mixtures are
93.0/7.0 and 92.0/8.0 in wt.% respectively considering following equations.
2NH4 NO3 þ C ! 2 N2 þ 4H2 O þ CO2
4KNO3 þ 5C ! 2 N2 þ 2K2 O þ 5CO2

RESULTS AND DISCUSSION
INFLUENCE OF TYPE OF AN ON THE DETONATION
VELOCITY OF AN/AC COMPOSITION
Steel tube test was carried out for different type of AN and
AC compositions. As granular AN mixed with AC didn’t
show a stable detonation at any composition and unreacted
AN and AC were confirmed after the shot, granular AN was
found to be insensitive against shock.
Tables 3 and 4 show the detonation velocity of compositions of prilled AN and PSAN when mixed with AC.
Experimentally observed detonation velocities (Dobs) were
summarized with the calculated detonation velocity (Dcal)
and also with the ratio of them. Since the detonation parameters depend on the initial density, Dobs/Dcal was used
as an index of detonability of compositions to cancel the
difference of initial loading density. Although prilled AN
was initiated when mixed with AC at a ratio of 93.0/7.0
and 90.0/10.0 in wt.% it wasn’t initiated at other concentration. Prilled AN is made porous to easily absorb the oil
when one make ANFO explosive, but the diameter of
prilled AN is 100 times larger than AC powder. Since AN
contacts with AC only on the surface of prill it is considered
that the reaction proceeds in a different manner from a mass
balance described in Eq. (1).
Phase stabilized AN showed higher sensitivity and
higher detonation velocity than prilled AN. PSAN showed
the highest detonation velocity of 2.85 km/s at 90.0/10.0
composition, which is higher than the stoichiometric composition of 92.0/8.0 in wt. %. It is considered that the particle diameter of AN has a strong influence on the
detonation characteristics of AN/AC compositions.

(1)
(2)

To investigate the particle diameter effect of prilled
AN on the detonation behaviour prilled ANs (a) to (d)
were obtained by sieving prilled AN mentioned in
Table 1. The diameter of of prill (a), (b), (c) and (d) was
in the range of 0.85  1.00 mm, 1.00  1.18 mm,
1.18  1.40 mm and 1.40  1.70 mm respectively.

EXPERIMENTAL
The shock/detonation velocity measurement of AN/AC
mixtures were carried out in steel tubes with the inner and
outer diameter were 35.5 mm and 42.7 mm respectively
and the wall thickness was 3.6 mm. The total length of the
tube was 350 mm and the bottom of the tube was glued
with the steel plate with the thickness of 2 mm. 50 g
of Composition C-4 explosive (RDX/wax ¼ 90/10;
r ¼ 1400 kg/m3, DC-J ¼ 7.05 km/s, PC-J ¼ 18 GPa) was
used for the donor charge and was initiated with the No.6
electric detonator. The shock/detonation velocity was
measured with at least four ionization probes which were
mounted at each 50 mm and the shock/detonation velocity
was calculated by the distance of the probes and the
arrival time difference of the shock wave. As the accuracy

INFLUENCE OF MIXING RATIO OF POWDERED
AN AND AC COMPOSITION
Table 5 shows the results of detonation velocity measurement of powdered AN and AC compositions. As AN
without AC showed a decay of shock velocity and it was

Table 2. Physical properties of AC used in this study
Particle size distribution [%]
Loading density
[kg/m3]
260

Spec. surface
area [m2/g]

Ave. dia. of
pore [nm]

,325 mesh

200– 325

145– 200

100– 145

.100

1433

3.41

60

17

10

8

5

2
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Table 3. Influence of the composition on the detonation
velocity of prilled AN/AC mixtures

Table 4. Influence of the composition on the detonation
velocity of PSAN/AC mixtures

AN content [%]
Density
[kg/m3]
Dobs [km/s]
Dcal [km/s]
Dobs/Dcal

0

1.0

3.0

7.0

10.0

20.0

AN content [%]

0

1.0

8.0

10.0

20.0

835

840

880

865

815

725

Density [kg/m3]
Dobs [km/s]
Dcal [km/s]
Dobs/Dcal

1100
failure
4.49
–

985
1.60
3.89
0.41

945
2.35
4.64
0.51

885
2.85
4.50
0.63

715
1.95
3.63
0.54

failure failure failure 3.10 2.85 failure
3.68 3.869 4.26 4.64 4.47 3.84
–
–
–
0.67 0.64
–

Table 5. Influence of the composition on the detonation velocity of powdered AN/AC mixtures
AC content [%]

0

0.1

0.3

0.5

1.0

3.0

5.0

7.0

10.0

13.0

15.0

20.0

Density [kg/m3]
Dobs [km/s]
Dcal [km/s]
Dobs/Dcal

1000
failure
4.59
–

1010
1.25
4.23
0.30

1010
1.60
4.26
0.38

980
1.75
4.20
0.42

965
2.05
4.24
0.48

960
2.95
4.53
0.65

915
3.40
4.62
0.74

920
3.30
4.84
0.68

900
3.35
4.76
0.70

840
3.35
4.50
0.74

840
2.95
4.41
0.67

745
2.60
3.90
0.67

judged as failure, all the specimen reacted. Although all the
composition of AN/AC showed a stable detonation the
detonation velocity was far below the theoretically predicted
values and so-called a non-ideal detonation was confirmed.
The detonation velocity decreased with the decrease of
mixing ratio of AC and the lowest detonation velocity of
powdered AN and AC composition was obtained to be
D ¼ 1.25 km/s when AN was mixed with 0.1 wt% of AC.
Dobs/Dcal value of the condition is calculated to be 0.30
and it was considered to be close to the critical condition
for stable detonation.
Dcal values are determined by the thermal equilibrium
with the assumption that AN reacts with AC by the redox
reaction mentioned in Eq. (1). However the test result
does not give detail information on the reaction mechanism.
If the small amount of AC acts as a physical impurity to help
the AN decomposition Dcal should be the detonation velocity of AN without AC instead of the that of AN/AC composition, then Dobs/Dcal value may become larger. Detail
discussion on the difference of the reaction mechanism
between the observed detonation velocity and the calculated
value shall be the further investigation.
Fig. 2 shows the detonation velocity of powdered
AN and AC composition as a function of mixing ratio.

Detonation velocity increased with the increase of mixing
ratio of AC up to 5 wt.% of AC and the highest value of
3.40 km/s was measured at AN/AC ¼ 95/5 composition.
The figure also shows the Dobs/Dcal of powdered AN and

50

No.6 electric
detonator

50

Loading
density
Dobs
Dcal
Dobs/Dcal
[kg/m3] [km/s] [km/s]
[2]

50

350
50
50

50

PVC (VP-30)

Table 6. Influence of particle diameter of prilled AN on the
detonation velocity of AN/AC compositions

Sample
(a)
(b)
(c)
(d)

Diameter
[mm]
0.85
1.00
1.18
1.40

–
–
–
–

1.00
1.18
1.40
1.70

880
850
860
850

3.40
3.20
3.10
2.75

4.68
4.59
4.61
4.59

Booster(C4)

Sample

Ionization probes

Steel tube
PMMA
plate
[unit :mm]

0.73
0.70
0.67
0.60

Figure 1. Experimental set-up of steel tube test detonation
velocity and Dobs/Dcal of powdered AN/AC composition as a
function of mixing ratio of AC
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3
2
1

0 .6
0 .4
0 .2

0

0
0

5

10

15
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25

0

mixing ratio of AC [wt.%]

5

10

15

20

25

mixing ratio of AC [wt.%]

Figure 2.

AC composition as a function of mixing ratio of AC. Dobs/
Dcal value increases up to AN/AC ¼ 95/5 and it lies in the
range of 0.67 to 0.74 at higher mixing ratio. It is considered
that the detonation behaviour of AN/AC composition is in
the same manner at higher concentration of AC than a
certain value and AC doesn’t act as combustible.
Comparing with the PSAN/AC system powdered AN
showed higher detonation velocity. Since the diameter of
PSAN and its particle size distribution is quite similar
to those of powdered AN, and Dobs/Dcal value of PSAN/
AC system shows 0.63 at 90.0/10.0 composition, the
difference in detonation velocity between two types of AN
is considered mainly due to the difference of chemical
composition of oxidizer.

[2]

[3]

[4]
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INFLUENCE OF PARTICLE DIAMETER OF PRILLED
AN ON THE DETONATION VELOCITY OF AN AND
AC COMPOSITIONS
Table 6 shows the detonation velocity of sieved prilled ANs
and AC mixtures. The mixing ratio is fixed at 93.0/7.0, i.e.
the stoichiometric composition described in Eq. (1). The
detonation velocity increased with the decrease of the
particle diameter which showed the same results as for
ANFO [Miyake, Takahara, Ogawa, Ogata, Wada & Arai,
2001]. The highest Dobs and Dobs/Dcal value was obtained
to be 3.40 km/s and 0.73, which also showed a good
agreement with the that of powdered AN and AC composition shown in Table 5. From the test results it was found
that the particle diameter of prilled AN has a strong
influence on the detonation velocity of prilled AN and AC
compositions.
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CONCLUSIONS
Steel tube test was carried out for four kinds of AN and AC
compositions and detonation velocity was measured. Following conclusions can be drawn;
[1]

Observed detonation velocities were far below the
theoretically predicted values, and non-ideal detonation behaviour was confirmed.
Powdered AN was initiated at any mixing ratio with
AC and the lowest detonation velocity was obtained
to be D ¼ 1.25 km/s when mixed with 0.1 wt% of
AC, which was considered to be close to the critical
condition for stable detonation.
The particle diameter of prilled AN has a strong influence on the AN/AC compositions.

Powdered AN showed higher sensitivity and higher
detonation velocity than other type of AN such as
prilled, phase stabilized and granular AN when
mixed with AC.
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HAZARDOUS EVALUATION OF ORGANIC BLOWING AGENTS FOR TIRES
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e-mail: iwata@fri.go.jp
Two kinds of organic blowing agents for tires were involved in the fire in a tire production plant in
Japan in September, 2003. One organic blowing agent had N,N’-dinitrosopentamethylenetetramine
(DPT) and the other one had azodicarbonamide (ADCA). DPT and ADCA play an important role in
the recent automobile industry. Though they are known as typical self-reactive substances, the
overall hazardous evaluation has not been discussed in the addition of the view of the thermal stability, the combustion and the pressure rise characteristics. Their thermal behaviors and the combustion characteristics were studied using some thermal analyses and the hazardous evaluation methods
in this paper. The data in the adiabatic condition is important to predict and evaluate the intensity of
decomposition in a runaway reaction. The decomposition in the adiabatic condition was investigated
on the basis of the heat rate and the pressure rise measured by the adiabatic calorimetric equipment.
The thermal stability of organic blowing agents containing DPT and ADCA in addition to DPT
and ADCA was examined using a differential scanning calorimeter (DSC). A small flame test
and a flash point test regarding to solid substances were conducted to examine the combustion
characteristics of organic blowing agents.
The reaction hazards of DPT and ADCA were investigated using an auto pressure tracking adiabatic calorimeter (APTAC) in the adiabatic condition. The adiabatic control system of the APTAC is
the same as the accelerating rate calorimeter (ARC). However, the pressure rise data by the APTAC
is not so familiar in the chemical hazards evaluation. In this paper, the pressure data obtained by the
APTAC were discussed using di-tert-butylperoxide (DTBP) before the hazardous evaluation
method of the APTAC was applied to DPT and ADCA. DTBP was used as the standard substance
because there were several references regarding to DTBP decomposition. The main conclusions
were made as follows:
1.

2.

The heat onset temperatures of organic blowing agents containing DPT and ADCA were1508C
and 2048C. The organic blowing agent containing DPT was easy to ignite in the small flame
test. The flash points of organic blowing agents containing DPT and ADCA were 1278C and
1758C by the Seta closed-cup flash point test.
The thermal stability and the intensity of the decomposition were higher than those of ADCA
on the basis of data of the APTAC. When the pressure rise maximum per unit mass of DPT and
unit volume was compared, that of DPT was approximately eight times than that of
DTBP20 wt.%/toluene solution of 5 g. The activation energy of DPT was 215 kJ/mol. The
heat onset temperature of DPT was 1458C and lower than that of ADCA.

KEYWORDS: hazardous evaluation, pressure rise, DPT, ADCA, APTAC

conducted to examine the hazardous properties of organic
blowing agents, DPT and ADCA. An adiabatic pressure
tracking calorimeter (APTAC) was used to evaluate the reactivity of DPT and ADCA in thermal decomposition.

INTRODUCTION
The tire production plant fire occurred in Japan on
September, 2003. Because the fire continued for about
forty-seven hours it became a big social problem. Two
kinds of organic blowing agents were involved in its fire in
a tire production plant. One organic blowing agent contained
N,N’-dinitrosopentamethylenetetramine (DPT) and the other
one contained azodicarbonamide (ADCA). The organic
blowing agent is used to make the bubble structure in
natural rubber and synthetic rubber by using the generated
gas in thermal decomposition at a certain temperature.
Though their substances are known as typical self-reactive
substances, the overall hazardous evaluation has not been
discussed in the addition of the view of the thermal stability,
the combustion and the pressure rise characteristics. The
thermal analysis and the ignition evaluation test were

EXPERIMENT
SAMPLES
Two kinds of blowing agents were supplied by the tire production company. The blowing agent 1 (BW 1) containing
DPT of 40 –50 wt.% and the blowing agent 2 (BW 2) containing ADCA of 88 –98 wt.%. DPT and ADCA were provided by Wako Pure Chemical Industries, Ltd. DPT is
white powder. ADCA is pale yellow powder. Chemical
formula of DTP is C5H10N6O2 and molecular weight is
186.17. Chemical formula of ADCA is C2H4N4O2 and
molecular weight is 116.08.
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MEASUREMENT METHOD
DSC and TG-DTA
Samples for DSC measurement were BW 1, BW 2, DPT and
ADCA. The closed stainless cell was used. Sample mass
was from 0.9 to 1.1 mg. Heating rate was 10 K/min. Each
measurement run for BW 1 and BW 2 were more than
five times.
Samples for TG-DTA measurement were BW 1 and
BW 2. The open aluminum cell was used. Sample masses
were 6.5 mg of BW 1 and 4.7 mg of BW 2. Heating rate
was 2 K/min. Each measurement run for BW1 and BW 2
was one time.

APTAC
A schematic of the APTAC calorimeter is shown in Fig. 1.
Three type N thermocouples are used to measure the temperature inside the sample, the surface temperature of the
sample cell wall and the ambient temperature. The
APTAC maintains a sample in an adiabatic condition once
an exothermic reaction is detected. The top, side, bottom
and tube heaters are used to control the temperature inside
the sample adiabatically. The adiabatic control system is
the same as the accelerating rate calorimeter (ARC)
system. Reactions can be followed up to about 400K/min
[1]. The pressure outside the sample cell is controlled to
equal to the pressure inside the sample cell.
Normal volume of the sample cell of APTAC was
130 cm3. The sample cell of ARC was used to measure
DTP and ADCA instead of the APTAC vessel. The
volume of sample cell of ARC cell was 9 cm3.
Samples of the APTAC test were mixtures of DPT or
ADCA and a-alumina (Al2O3) powder. Because the heat
rate of pure DPT was beyond 400K/min in the APTAC,
it was diluted by a-alumina powder. The heat rate was so
large in the decomposition of DPT that the APTAC shut
down for safety. ADCA was also diluted by a-alumina
because the heat rate of pure ADCA may be beyond
400 K/min. The sample of DPT generated much soot and
many combustion products even if it was diluted. As a
result, the piping system of the measurement equipment
was stopped by the soot and the combustion products.
The concentration range of DTP and ADCA was
from 10 wt.% to 15 wt.%. Masses of pure DTP and
ADCA were from 0.10 g to 0.15 g. Sample mass of
mixture of DPT or ADCA and a-alumina powder put in
the sample cell was 1.0 g. The ARC sample cell was
used because the heat capacity of the ARC cell was
small compared with the APTAC normal cell. The experiment condition of the small thermal inertia was good for

Small flame test
The small flame test was conducted according to the
Japanese Fire Service Law. Samples for the small flame
test were BW 1 and BW 2. The purpose of this test was
to classify the flammable solid. Sample volume was
3 cm3. The sample was put on an adiabatic board,
molded like the hemisphere. Fuel of igniter was
propane/butane mixture gas. Flame height was 7 cm
approximately. The flame contacted within ten seconds.
Measurement run for BW 1 were three times and measurement run for BW 2 were five times.

Flash point test
The Seta flash point test was conducted according to the
Japanese Fire Service Law. Samples for the Seta flash
point test were BW 1 and BW 2. The purpose of this test
was to evaluate the flammability by measuring the flash
point of a flammable solid. Sample mass was 2 g. The
sample was put inside a sample cup of the tester for the
five minute at a set temperature. The test flame was
applied inside the sample cup.

thermocouple
pressure transducer
and tube
heater
drop-outpot

single
shot
injection

sample

N2 cylinder

relief
valve

pressure control
valve
vaccum

exhaust

Figure 1. Outline of APTAC apparatus
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the measurement for the hazardous evaluation. Measurement run for DPT were three times and measurement run
for ADCA was one time.
Heat of reaction of DPT was calculated the following
equations (1) and (2). Heat of reaction of ADCA was
obtained by the same calculation method. The w-factor is
the dimensionless thermal inertia factor for the sample cell
and Al2O3. The w-factor is defined as the following equation.
HR,DPT ¼ w  CDPT  (Tmax  To )
w ¼ (Cv  Wv þ CAl2O3  WAl2O3
þ CDPT  WDPT )=(CDPT  WDPT )

Table 1. Results of DSC

BW 1
BW 2
DPT
ADCA

To2(8C)

HR(J/g)

HR(kJ/mol)

150
204
160
211

–
–
194
–

1423
1275
3465
1165

–
–
645
135

BW 1: blowing agent 1, BW 2: blowing agent 2, To1,To2: heat onset
temperature of peak, HR: heat of reaction.

(1)

maximum slope of peak and baseline. The peak value of
BW 2 was about three times than that of BW 1. In contrast,
heat of reaction of BW 1 was slightly larger than that
of BW 2.
The DSC curves of DPT and ADCA are shown in
Figs. 2 and 3. There were two exothermic peaks in the
DSC curve of DPT. The lower and the higher heat onset
temperatures of DPT were 1608C and 1948C, respectively.
There is one exothermic peak in the DSC curve of ADCA.
The heat onset temperature of ADCA was 1948C. Because
heat of reaction per mole of DPT was 4.8 times larger than
that of ADCA, there was the possibility that the intensity
of the decomposition of DPT was higher than that of
ADCA. Because heat onset temperature of DPT was
lower than that of ADCA, the thermal stability of DPT
was lower than that of ADCA. The experimental results
of DSC show that DPT has more thermal hazards than
ADCA. The weight reduction onset temperatures in TGDTA curve of BW 1 and BW 2 were 1208C and 1708C.
The weight reduction rates were 0.004 wt.%/s and
0.003 wt.%/s at the heat onset temperatures.

(2)

HR,DPT: Heat of reaction of DPT (J/g), CDPT:
Specific heat of DPT (J/g/K), WDPT: DPT weight (g),
CAl2O3: Specific heat of Al2O3 (J/g/K), WAl2O3: Al2O3
weight (g), Cv: Specific heat of vessel (J/g/K), Wv:
Vessel weight (g), To: Heat onset temperature (8C),
Tmax: Maximum temperature (8C).
The specific heats of DPT and ADCA were measured
by DSC. They were 1.43J/g/K and 1.65J/g/K, respectively. The sample cell was made of titanium. The averaged
specific heats of titanium and Al2O3 between heat onset
temperature and the maximum temperature were used.
All experiments of the APTAC were performed in a
closed cell environment with ambient air above the
sample. The ARC sample cells made of titanium were
used in the measurement. The threshold to detect an
exothermic reaction was 0.05K/min of the heat rate. The
sample temperature was automatically incremented by
10K. The pressure rise inside the sample cells during the
reactions was followed up to about 7,500 kPa of the pressure
and 75,000 kPa/min of the pressure rate.

SMALL FLAME TEST
BW 1 was ignited and continued to burn after the pilot flame
contacted with the piled test sample of BW 1 within three
seconds in all run. BW 1 was judged as the first flammable
solid according to the Japanese Fire Service Law. BW 2
was not ignited after the pilot flame contacted with the

ACTIVATION ENERGY
Activation energy was calculated by the following equations
(3) and (4), assumed that reaction number was first. The
reaction was regarded as the first order, because [2log(k)]
was on the straight line against (1/T) in the plot of (1/T)
versus [–log(k)]. The activation energy was obtained from
the slope of the straight line [2].

50

203.6°C

40

(3)
(4)

HEAT FLOW (mW)

k ¼ (dT=dt)=(Tmax  T)
log (k) ¼ log (A)  (E=2:303=R)  (1=T)

To1(8C)

T: sample temperature (8C), k: kinetic rate (1/s), E:
activation energy (J/mol), A: frequency factor (1/s), R:
gas constant (8.314 J/mol/K).

DPT

30
20
10
0

RESULTS AND DISCUSSION
DSC AND TG-DTA
Heat of reaction and heat onset temperature are summarized
in Table 1. Number is the averaged values. The heat onset
temperature of BW 1 and 2 were 1508C and 2048C. The
heat onset temperature is the cross point between the

194.0°C
140

160

180
200
220
TEMPERATURE (°C)

240

260

Figure 2. Relationship between temperature of DPT and heat
flow measured by DSC
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250
215.8°C

80

TEMPERATURE (°C)

HEAT FLOW (mW)

100
ADCA

60
40
20
0
190

200

210

150
100
50
0

210.8°C
180

ADCA
ADCA

200

0
220

230

240

200

250

400
600
TIME(min)

800

1000

TEMPERATURE (°C)

Figure 5. Time history of temperature of ADCA measured by
APTAC

Figure 3. Relationship between temperature of ADCA and
heat flow measured by DSC

The both of heat onset temperatures measured by the
APTAC were lower than the values measured by the DSC
because the thermal stability of the APTAC was higher
than that of the DSC. Both of heats of reaction measured
by the APTAC were close to the values measured by the
DSC. The time history of the wall temperatures of the
vessel were the same as that of the sample temperature in
the APTAC measurements. These results showed the
APTAC measurement method with the dilution by aalumina was appropriate.
Fig. 6 shows the relationship between [1/T] and
[2 log(k)]. Because the straight lines were obtained in 1/
T versus [2 log(k)] diagrams of DPT and ADCA, the
decomposition reactions of DPT and ADCA could be
regarded as the first order reaction. The activation energy
does not depend on the concentration. The activation
energy can be applied to the hazardous evaluation considering the kinetic rate. It is the index of easiness of the reaction. The smaller the activation energy is, the easier the
decomposition reaction progresses.
Di-tert-butyl peroxide (DTBP)/toluene solution is
used as the standard sample of the ARC [3]. The results of
DPT and ADCA measured by the APTAC were compared
with those of DTBP measured by the APTAC. The glass
vessel of 130 cm3 was used in the measurement of DTBP
by the APTAC. The activation energy of DTBP20 wt.%/
toluene was 157 kJ/mol. With regarding to DTBP20 wt.%/
toluene solution of 5 g (w ¼ 7.6), the maximum of the
heat rate and pressure rate 0.23K/min and 3.1 kPa/min,
respectively.

piled test sample of BW 2 within ten seconds. BW 2 was not
judged as the flammable solid according to the Japanese Fire
Service Law.
FLASH POINT TEST
Flash points of BW 1 and 2 were 1278C and 1758C. The generated gas inside the sample cup was ignited at 1278C in the
test of BW 1. There was the case that BW 1 was not ignited
at 1308C because BW 1 generated the large amount of gas
and blew the flame. BW 2 did not generate the large
amount of gas beyond the flash point.
The weight reduction onset temperatures in TG-DTA
curve of BW 1 and BW 2 were 1208C and 1708C. The
weight reduction rates were 0.004 wt.%/s and
0.003 wt.%/s at each heat onset temperature. These temperatures almost corresponded to the flash points in the
flash point test of the BW 1 and BW 2. This experiment
results explained the generated decomposition gas was
immediately ignited after the beginning of decomposition.
APTAC TEST
The temperature history of DPT and ADCA are shown Figs.
4 and 5. The heat onset temperature and heat of reaction of
DPT and ADCA obtained by APTAC are shown in Table 2.
Number for DPT is the averaged values.

TEMPERATURE (°C)

300

DPT DPT

250
200

Table 2. Results of APTAC

150

HR
E
HRM Pmax
PRM
To
(8C) (kJ/mol) (kJ/mol) (K/min) (kPa) (kPa/min)

100
50

DPT
145
ADCA 165

0
0

500

1000

1500

595
115

215
164

17
2

657
507

44
13

TIME(min)

To: heat onset temperature, HR: heat of reaction, E: activation energy,
HRM: maximum heat rate, Pmax: maximum pressure, PRM:
maximum pressure rate.

Figure 4. Time history of temperature of DPT measured by
APTAC
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CONCLUSIONS
Two kinds of organic blowing agents were involved in a
fire in a tire production plant in Japan in September,
2003. One organic blowing agent had N,N0 -dinitrosopentamethylenetetramine (DPT) and the other one had azodicarbonamide (ADCA). The thermal stability of blowing
agents containing DPT and ADCA in addition to DPT
and ADCA was investigated by a differential scanning
calorimeter (DSC). A small flame test and a flash point
test were conducted to examine combustion characteristics
of organic blowing agents.
The reaction hazards of DPT and ADCA were investigated using an auto pressure tracking adiabatic calorimeter
(APTAC). The thermal properties of DTP and ADCA were
studied on the basis of the thermodynamic parameters and
the pressure data. The conclusions were made as follows:

6
DPT
ADCA

-logk

4

2

0
0.0021

0.0022
0.0023
1/T (1/K)

0.0024

Figure 6. Relationship between [1/T] and [ 2 log(k)]

1.

The maximum heat rate (HRM) of DPT12 wt.% in aalumina of 1.0 g (w ¼ 6.4) was 600 times larger than that of
DTBP20 wt.%/ toluene of 5 g approximately when HRM of
the unit weight was compared. The maximum pressure rate
(PRM) of DPT12 wt.% in a-alumina was 8 times larger than
that of DTBP20 wt.%/ toluene of 5 g approximately when
PRM of the unit weight was compared correcting the difference of vessel volume.
The amount of the DPT decomposition gas was investigated on the basis of the maximum pressure. The DPT of 1
mole generated the decomposition gas of 1.8 moles at the
maximum temperature of 2018C. The ADCA of 1 mole generated the decomposition gas of 0.64 moles at the maximum
temperature of 1878C. These experimental results are
important because the amount of the decomposition gas generated can be estimated from this from an arbitrary sample
mass. The heat of reaction, HRM and PRM of DPT were
larger than those of ADCA. The decomposition of DPT
was more intense that of ADCA. The heat onset temperature
of DPT was lower than that of ADCA. The thermal stability
of DPT was lower than that of ADCA. The activation energy
of DPT and ADCA was could be regarded as almost
the same values because the measurement error was considered. The decompositions of DPT and ADCA began in
almost the same kinetic rate DPT at each heat onset
temperature.

2.

The heat onset temperatures of organic blowing agents
containing DPT and ADCA were1508C and 2048C. The
organic blowing agent containing DPT was easy to
ignite in the small flame test. The flash points of
organic blowing agents containing DPT and ADCA
were 1278C and 1758C by the Seta closed-cup flash
point test.
The thermal hazards of DTP with regard to the thermal
stability and the intensity of decomposition were higher
than those of ADCA on the basis of the heat rate and the
pressure rate data obtained by the APTAC. The activation energy of DPT and ADCA were 215 kJ/mol
and 164 kJ/mol. The heat onset temperature of DPT
was 1458C and lower than that of ADCA.
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In the exploration of inherent safety of a substance a key issue is the possible hazard deriving from
the formation of unexpected decomposition products. Nevertheless, no standardized approach is
currently available to afford the problem. The present study aimed to the development of a simplified tool for the assessment of the possible hazard arising from decomposition products, based on
the coupling of experimental protocols and of the evaluation of toxic hazard indexes. The methodology is applied to the assessment of the hazard deriving from the decomposition of some intermediates currently used in industrial chemical processes.

KEYWORDS: compound hazard profile, index assessment, inherent safety, thermal decomposition
products

With respect to the first problem, some protocols are
proposed and reported with some improvements in present
study. The main technical problems to face in this field
concern both reproducing conditions similar to the accidental ones (that may vary in dependence of different factors)
and obtaining qualitative/quantitative resolution of the
complex mixtures coming from thermal decomposition processes. Beside this, the data about the toxicological proprieties of the decomposition products, even if identified with
previous techniques, are often incomplete, limiting the
possibility of understanding the hazard embedded in the
primary substance.
In the present paper a comprehensive framework for
the assessment of the hazard related to substance decomposition that may occur as a consequence of the loss of control
of chemical industrial processes is described. Experimental
protocols for the analysis of the decomposition process were
defined, and an approach based on the evaluation of indexes
for the description of the inherent hazard due to substances
formed in “out of control” conditions is presented. The outlined procedure is applied to a case study concerning the
decomposition of nitrobenzaldehyde, in order to assess the
validity of the method.

INTRODUCTION
The hazard of chemical substances is frequently related to
the proprieties of the material itself, devoting less attention
to the potential dangers that may arise from the thermal
decomposition reactions in the loss of control of chemical
systems or accidental events. While the problem of the possible formation of extremely hazardous compounds due to
the unwanted conditions is well known, the incomplete
availability of information and evaluation tools limits the
practical application of these concepts in safety assessment
and management, affecting deeply also the application of an
inherent safety approach.
The results of past accident analysis confirm that
severe accidents in the manufacture of fine chemicals and
pharmaceutical products were caused by the release of
hazardous decomposition products. Fort these reasons,
European Directive 96/82/EC (better known as Seveso-II
Directive) imposes (art.2) to account for the substances
“which it is believed may be generated during loss of
control of an industrial chemical process”. Nevertheless
for most of the chemicals, the section of their Material
Safety Data Sheet dedicated to the “decomposition products” contain no information or only scant data on
decomposition products; mainly concerning only the
evolved gases. This is principally due to the absence of
widely accepted experimental protocols for the determination of these products and to the difficulty of accounting
for these aspects in the safety assessment.

DESCRIPTION OF THE APPROACH
The approach developed may be divided in two main
phases: the experimental phase, that leads to the
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identification of decomposition processes and of the formed
compounds, and the hazard footprint assessment, that elaborates and integrates the data from the previous phase in
order to characterise the inherent safety profile of the
system. The main features of the two phases are described
in the following.

A first protocol is based on a combined TG-FTIR
technique, that allows the on-line analysis of volatile
decomposition products formed in thermal degradation or
combustion conditions. The experimental system comprises
a thermo-gravimeter or a simultaneous gravimeter –
differential scanning calorimeter, that is coupled, by a
thermostated transfer line, to a FTIR spectrometer for the
on-line analysis of reaction or decomposition products
released to the carrier gas phase. The protocol definition
required the selection of the incidental scenario to be simulated and, consequently, the identification of temperature,
temperature-time profile and reaction environment to be
used in the experimental test. These operative conditions
are set in the thermal analyser by the use of a specific
thermal program and of a proper composition of fluxing
gas. The analysis of TG data yields information on the
thermal stability and the decomposition kinetic of the
sample, while DSC data complete the framework providing
thermal effects. The FTIR analysis identifies volatile compounds; moreover the use of specific calibration techniques
allows quantitative determinations.
The small quantity of sample required in this kind of
tests represents a considerable advantage in terms of safety,
costs and experimental waste disposal. On the other side, it
shall be remembered that IR analysis is not suitable to identify the homonuclear diatomic compounds (e.g. H2, Br2). As
well, the protocol allows the study of primary decomposition reactions, while it is not able to detect secondary
gas phase reactions.

EXPERIMENTAL FRAMEWORK
The aim of this phase of the study is to obtain experimental
data on the decomposition behaviour of the analysed substances, devoting particular attention to the identification
of the products potentially formed. This requires the definition of an array of experimental protocols in order to
reproduce significant accidental scenarios to be representative of the large spectra of possible events (fire, runaway
reaction, etc.) (Cozzani & Zanelli, 1999). The defined protocols are based on the integration of calorimetric (thermal
gravimeter (TG), differential scanning calorimeter (DSC),
adiabatic calorimeter (AC)) and analytic techniques (infrared spectroscopy (FTIR), chromatographic techniques
(CG), mass spectroscopy (MS)). The former allows to reproduce industrial “out of control” conditions on a safe laboratory scale, the latter yield the identification of the formed
products. The main features of the developed protocols are
summarized in Table 1. These protocols have been
proofed by the application to a large number of chemical
systems of industrial concern in previous studies (Lunghi
et al, 2002; Marsanich et al., 2004c).

Table 1. Main features of the experimental protocols developed for the identification of the substances potentially formed in the loss
of control of chemical systems
TG-FTIR

DTA
Thermal
degradation

Fixed bed reactor

Reproduced
accidental
scenarios
Operative methods

Thermal
degradation,
combustion (fire)
Isotherm, constant
heating rate

Isotherm, constant
heating rate

Thermal
degradation,
combustion (fire)
Isotherm, constant
heating rate

Max. heating rate
Temperature range
Pressure range
Sample quantities
Formed products
Gas phase products
analysis

1008C/min
25 – 16008C
1 bar
1 – 50 mg

1008C/min
25 – 4008C
0 – 200 bar
0.5– 5 g

1008C/min
25 – 10008C
1 bar
0,02 – 2 g

Quail/quantitative
data from on-line
FTIR

Quail/quantitative
data from offline FTIR

Condensable phase
products analysis

Non suitable

Quail/quantitative
data from
off-line GC
analysis

Quail/quantitative
data from on-line
FTIR or
absorption and
titration
Quail/quantitative
data from offline GC analysis

2

Adiabatic
calorimeter
Runaway

“heat-wait-search”,
“open cell”,
“closed cell”
25 – 4008C
0 – 140 bar
0,5– 50 g
Quail/quantitative
data from
off-line FTIR

Quail/quantitative
data from
off-line GC
analysis

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153

TG-FTIR tests are not suitable for the identification of
non-gaseous products; thus the study of this compounds
requires different experimental techniques such as fixed
bed reactors. Fixed bed reactors allow the simulation of a
wide range of thermal degradation and combustion scenarios. Also in this case, specific protocols were identified
by the definition of temperature, temperature profile and
reaction environment; this is realized, in the experiment,
by a proper temperature program and fluxing gas. Procedures for sampling and analysis of the formed fractions
(solid residue, consensables and gases) were defined. Solid
residue can be studied by different techniques (e.g. elemental analysis, SEM analysis) that lead to information on the
composition. The off-line qualitative characterization of
condensable fraction is done by chromatographic techniques
(e.g. gas-chromatography, gas-chromatography coupled
with mass spectrometry); quantitative information can be
obtained by calibration. Gaseous compound are identified
by on-line FTIR analysis of the gas flow from the reactor.
Quantitative information on specific volatile compounds
can be obtained by quantitative FTIR analysis or by absorption in solution of proper reactives and subsequent titration.
The identification qualitative or quantitative of the formed
products, represents one of the main advantages of fixed
bed protocols.
The application of TG-FTIR and fixed bed protocols
is limited to atmospheric pressure. Thus, further protocols
were defined, based on differential thermal analysis (DTA)
in closed vessel, with continuous pressure recording. This
allows to monitor the pressure profile and his influence on
the decomposition.
The analysis of “runaway” reaction in chemical processes lead to the definition of a specific protocol based on
adiabatic calorimetry. Adiabatic calorimetry allows the
simulation of the behaviour that may occur in a vessel in
“runaway” conditions, that is loss of control due to exothermic reactions, desired or not, that may occur. This technique
was coupled with analytical techniques for the gathering of

quail/quantitative data on the formed compounds. The
identified protocol includes the definition of the operative
conditions of the test as well as the sampling and analysis
strategy for decomposition products. The data on thermal
and pressure profiles provide information on maximum
values and maximum increase rate for temperature and
pressure, as well as on the reaction apparent kinetic. The
quail/quantitative analysis of formed products can be
done off-line by techniques similar to those described for
fixed bed protocols (FTIR, GC, etc.).
THE HAZARD FOOTPRINT ASSESSMENT
Definition of the hazard proprieties for substance
characterization
A hazard vector was defined in order to represent the hazard
related to the release of any identified substance into
environmental compartments. In particular the analyzed
targets are: acute and long-term effects on human health,
ecosystems
damage
and
environmental
media
contamination.
As shown in Table 2, four categories of hazardous
properties were identified to represent the hazard of a chemical substance released into the environment. The analysis of
the methodologies and models typically used for human
health risk assessment, ecological risk assessment and
environmental media vulnerability, allowed to recognize
the more significant parameters to include in each category.
The first category is represented by toxicological and
eco-toxicological parameters, that express dose-response
relationships, as acute toxicity and chronic reference doses
(inhalation, oral and dermal), and cancer slope factors (inhalation, oral and dermal). In addition toxic effects on fish,
daphnia and birds are taken into account in order to define
the eco-toxicological behaviour.
The second category contains parameters influencing
the dispersion and the environmental fate of substances (i.e.
chemical and physical properties that describe the partition

Table 2. Potential impact categories and selected hazardous proprieties for the characterization of
substances released into the environment.
Categories

Proprieties

Symbol

Toxicological and
eco-toxicological
properties

Acute toxicity on humans (LC50, LD50)
Acute eco-toxicity on fauna and flora (LC50, LD50)
Chronic toxicity on humans (RfD)
Carcinogenicity (CSF)

PAT
PET
PChT
PC

Dispersion and
environmental fate

Molecular weight
Henry’s law constant
Boiling point
Water solubility
Octanol-water partition coefficient (Kow)

PMW
PH
PBp
PS
PKow

Overall persistence time

Pto

Uptake by humans
and animals
Persistence in the
environment
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of chemicals between solid, liquid and gas phases). Molecular weight, melting point, boiling point, relative density
(liquid, air), vapour pressure, Henry’s law constant, water
solubility, lipophilicity, air and water diffusivity belong to
this group.
The third category is represented by the parameters
influencing the uptake by humans and living organisms:
octanol-water partition coefficient (Kow), organic carbon
partition coefficient, bioconcentration and bioaccumulation
factors, soil-water partition coefficient, suspended solidssurface water partition coefficient, sediments-pores water
partition coefficient. However, it must be remarked that
reliable methodologies are available to derive all these parameters from the Kow coefficient.
The fourth and last category consists of properties
influencing the persistence in the environment: degradation
coefficients or half-life times in air, soil and water.
Although many parameters can fit in these four categories, relations among them led to a selection of a small
number of independent properties, as shown in Table 2.
The values of the parameters in Table 2 are at the basis of
the evaluation of the hazard indexes defined in the following, and thus their estimation is required for the application
of the present methodology. The values of these parameters
may be available from databases reporting experimental
data or may be estimated on the basis of the structure of
the chemical of concern. The predictive methods are generally described as group contribution methods, structure
activity methods (SARs) or quantitative structure activity
relationships (QSARs) (Allen & Shonnard, 2002). As well
specific toxicological and eco-toxicological tests can be
done where necessary.

the criteria were based on the classification given by Directive 67/548/EEC). Where more parameters contribute to
the assignation of a single parameter score, as in the case
of Table 3, the overall score is conservatively assumed on
the basis of the highest parameter.

HAZARD PROFILE DEFINITION
The values of the scores for any studied substance can be
listed in an hazard vector. Nevertheless, in order to allow
a more significant comparison of the hazards of different
substances it is useful to define the impact profile in a
more synthetic way that combines property scores in a
few indexes. Four indexes were defined to characterize the
impact hazard on specific targets: acute toxicity on
humans, eco-toxicity, chronic toxicity and carcinogenicity.
The indexes were homogeneously defined in order to
assume a numerical value between 0 and 27 and to be the
products of three factors:
–
–
–

a hazard factor, scoring the specific hazard of the substance for the target of concern;
an availability factor, addressing the availability of the
substance and the aptitude to reach the target;
a contact probability factor, addressing the likelihood
the substance is available for reaching the target.

Table 4 shows the definition and the method used for
the calculation of the four indexes starting from the hazard
proprieties defined in Table 2. An overall hazard index
may also be defined as the sum of the previously defined
ones. Although it is useful for quick hazard comparison of
different substances, its intrinsic limit due to the loss of
detail in the information has to be recognized.
The comparison of the hazard profile between the
primary substance and the decomposition products is a starting point for the risk assessment of scenarios involving
decomposition reactions following the loss control of the
chemical system. The single hazard vectors, featuring the
impact profile of the decomposition products, can be
arranged in an hazard matrix in order to allow a quick comparison. Graphical representation such, as that of Figure 1,
shows the new hazards that may arise in decomposition.

Hazard properties ranking
In order to evaluate and compare the different hazards
associated to a substance of concern, an arbitrary hazard
ranking was derived from the substance parameters listed
in Table 2. A score, whole number from 0 to 3, was assigned
to each property, on the basis of the value of the reference
parameters. Table 3 shows an example of this assignation
procedure for the acute eco-toxicity for fauna and flora
(PET). Scoring procedures similar to those described in
figure were defined for all the other parameters, and are
not described in detail for the sake of brevity. The scores
assigned to each range of the parameters were defined on
the basis of criteria depending on the specific parameter,
considering typical values for a large number of substances
as well as normative references (e.g. for the acute toxicity,

THE CASE-STUDY OF NITROBENZALDEHYDES
The substances investigated in the present study are the
three isomers of nitrobenzaldehyde. These compounds are
the intermediates of organic synthesis for the production

Table 3. Example of hazard ranking: acute eco-toxicity for flora and fauna (PET)

Very toxic
Toxic
Harmful
Negligible toxicity

Fish LC5096h (g/m3)

Daphnia LC5048h (g/m3)

Birds LD50oral (mg/kg)

Algae LC5072h (g/m3)

Score

,1
1 – 10
10 – 100
.100

,1
1– 10
10 – 100
.100

,10
10 – 100
100–1000
.1000

,1
1 – 10
10 – 100
.100

3
2
1
0
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Table 4. Specific and overall indexes used to describe the hazard profile
of the substances
Iat ¼ PAT . ((PH þ PBp)/2) . PMW
Iet ¼ max( (PETwater . PS . Pto); (PETair . PH . Pto) )
Icht ¼ PChT . PKow . Pto
Ic ¼ PC . PKow . Pto
Io ¼ Iat þ Iet þ Icht þ Ic

Acute Toxicity Index
Eco-toxicity Index
Chronic Toxicity Index
Carcinogenicity Index
Overall Index

(A)

(B)

Acute toxicity

Persistence

Eco-toxicity

Kow

Persistence

Carcinog.

Boiling point

Eco-toxicity

Kow

Chronic tox.

Solubility

Acute toxicity

Chronic tox.

Solubility

Molecular weight

Carcinog.

Boiling point

Henry's law constant

Molecular weight
Henry's law constant

60

3-Nitrobenzaldehyde
50

(A)

40

(B)

30
20
10
0

Acute toxicity
index

Eco-toxicity
index

Chronic toxicity
index

Carcinogenicity
index

Overall index

Figure 1. Hazard profile of 3-nitrobenzalehyde (black) compared to that of its decomposition products (grey) as obtained by tests in
mild (A) and severe (B) conditions. Some hazard indexes for 3-nitrbenzaldeyde are not visible in the histogram since their values are
practically zero

of dyes and biologically active products (pharmaceuticals,
agrochemicals, etc.). For example, 2-nitrobenzaldheyde is
a feedstock for the synthetic production of indigo.
These substance are reported to be thermally instable if
heated (Ando et al., 1991). Nevertheless safety data sheets
usually report scant data on their stability and
decomposition products (generally limited to carbon and
nitrogen oxides).

Some of the protocols previously described have been
applied for the investigation of the thermal stability of
nitrobenzadehydes. The samples used in the experimental
runs were obtained from Aldrich Chemical. Table 5 summarizes some results of this experimental investigation. In
particular data on the heat of reaction related to the first
stage of decomposition (different stages are identified for
the three compounds) are reported in the table. Data are

Table 5. Thermal data on the thermal stability of nitrobenzaldehydes. Heats of reaction refer to the first decomposition stage in TG-DSC tests. Condensable residue at
room temperature was obtained from DTA scanning stopped at 3608C. Onset temperatures refer to adiabatic calorimetry.

2-Nitrobenzaldehyde
3-Nitrobenzaldehyde
4-Nitrobenzaldehyde

Heat of 1st stage (J/g)

Residue

Onset (8C)

1106
699
630

23%
40%
38%

190
203
215

5

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153

obtained by TG-DSC tests in closed crucibles; the opening
of the crucible lid due to the generated pressure prevents
estimation of heats of further stages, because of the evaporative phenomena. Tests conduced by DTA avoid this limitation, and allow recording the value of pressure during the
experimental tests. In the Table, the final values for residues
at the end of the tests are reported. Adiabatic calorimetry
provides, among the other, information on the onset temperature of the three isomers.
The analytical techniques integrated within the protocols allow the obtainment of information on the compounds
formed in the accidental conditions simulated in the tests.
For sake of brevity, only results from adiabatic calorimetric
tests on 3-nitrobenzalheyde are presented and discussed in
this paper. In particular, tests performed with different quantities of sample made possible to explore different experimental operative conditions, due to the influence which
the initial sample mass has on the phi-factor and on the
pressure profile in a cell having a fixed volume. The different behaviour recorded in the tests confirmed one more time
that operative conditions are of fundamental importance in
determining the decomposition behaviour of substances,
implying the key role of using reference protocols in
testing, as previously discussed.
The analysis of the volatile compounds formed and of
residue allowed the identification of several decomposition
products. These appear to be very different in accordance
to the severity of operative conditions reached by the different tests. The envelope of the scores for the different proprieties of the substances formed is presented in the radial
graph of Figure 1. As it is clear from the graph, substances
characterized by different impact vectors compared to the
original one are formed: in particular more dangerous substances are formed as, for instance, nitro several substituted
aromatics and polycyclic aromatics as well as dangerous
gases like nitrogen oxides and hydrogen cyanide.
This is more evident when comparing specific impact
indexes (histogram in Figure 1). Substances characterized
by a high toxicity, both for humans and ecosystem, and carcinogens are formed in detectable quantities in the degradation. It can be generally observed that as the more
severe condition are reached (higher reaction temperatures
and pressures) cyclization reactions are promoted, yielding
to the formation of polycyclic compounds that frequently
are carcinogen compounds. In these severe conditions,
higher quantities of hazardous compounds, as nitrogen
oxides and hydrogen cyanide, can be identified in the gas
phase.

decomposition products formed in the loss of control of a
chemical process.

CONCLUSIONS
In present paper, a methodology to define the hazard profile
of decomposition products was outlined. The approach,
joined to reference methodologies for the screening of
expected decomposition products, proved to be effective
in the identification of the accidental scenarios that should
be assessed following the emission in the environment of
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PC [-] ¼ propriety score for
carcinogenicity
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INHERENTLY SAFE REACTOR DESIGN USING MICRO REACTORS
Dr. Ir. R.A. de Graaf1 and Ir. R. Tikku2
1
Akzo Nobel Technology & Engineering, Tel.: þ0031 570 679 829, e-mail: Robbert.deGraaf@akzonobel.com
2
Delft University, Zutphenseweg 1, 7400 Aa, Deventer, The Netherlands
For some years research is performed related to the question if micro reactor technology is useable
for the commercial production of fine-chemicals. This has lead to patents and even some industrial
processes. Still the important question for the chemical industries is if this technology will yield a
revolution comparable to the introduction of micro-computers. One aspect that influences the
outcome of this question is if micro reactors are able to fulfil its role as an inherently safe
reactor. In this article we focus on decomposition of unstable chemicals while flowing through a
micro reactor.
Two aspects are important to determine if a micro reactor is an inherent safe reactor, one is the
time till runaway as a function of the area to volume ratio (A/V). This ratio determines how well
the reactor may cool heat away. Experiments and calculations show that if the A/V is large enough
the time till runaway will go to infinity. With respect to this parameter micro-reactors will come
close of being inherently safe. In figure 1 a typical runaway temperature diagram is shown.
The second important parameter is the hold-up of the reactor. The lower the hold-up the lower
the danger to its surrounding.
Both arguments are only important in the case that an unstable chemical is present as an intermediate. If the formed end-product is unstable itself the problem is not the reactor anymore but the
whole production process. In that case the process can only be called inherent safe if every step of
the process is able to suppress the start of a runaway. This would mean that the A/V ratio of every
unit-operation should be that high that it is able to suppress a runaway reaction.

KEYWORDS: inherently safe, reactor design, micro reactors

parameter that determines if a chemical instable substance
will initiate a runaway. If this time approaches infinity it
is safe to assume that the process will not exhibit a
runaway reaction.

INTRODUCTION
At Akzo Nobel Safety Services research is performed for
Akzo Nobel but also for other companies. One of the
focus areas is providing solutions for performing chemical
processes as safe and efficient as possible. For years the
institute has been experimenting with new reactors in
order to find inherently safe processes. Producing the chemicals is generally not the problem but producing it in a safe
way is a different story. Sometimes it is not even possible
to design an inherently safe process; in that case the
process is protected by all kinds of external safety features,
from alarms and trip up to complete protection by a bunker.
Is this the best solution? To some extent yes, as we have
been able to produce energetic and thermally unstable compounds in a safe way for more than four decades. However,
if you look at it with the eyes of chemical engineer of course
not inherently safe reactor design.
A possible solution is the use of micro reactors [1, 2].
Their fundamental advantage over macro sized equipments
is the intensified mass and heat transfer characteristics.
Akzo Nobel uses for its products dangerous raw materials
like phosgene, ethylene-oxide and hydrogen cyanide. Moreover also some of its products like organic- or hydrogen
peroxides have to be handled with care as a decomposition
or runaway reaction may occur. In this research we will
focus on the use of micro mixers as reactors. Especially
the influence of the area to surface ratio is related to the
time till runaway. The time till runaway is an important

MICRO REACTORS
Micro reaction technology covers a wide spectrum of
equipments such as micro mixers, micro heat exchangers,
micro separators and micro reactors. Their fundamental
advantage over macro sized equipments is their intensified
mass and heat transfer characteristics. Decreasing linear
dimensions, for a given physical property increases the
respective gradient. This particularly refers to properties
such as temperature, concentration or density. Thus the
driving force for heat and mass transport increases significantly [1, 2]. This eventually means that chemical engineering aspects improve while the chemistry remains
unchanged.
The equipments is generally characterized by their
high surface to volume ratio (A/V), small amount of chemicals, laminar flow, high heat and mass transfer rates and
short residence times that make them a topic of research
interest. In chemical engineering they have been used in
various applications such as production of Hydrogen
for fuel cells, kinetic studies, catalyst screening and fine
chemical synthesis [2]. In this study the emphasise was
to determine how well chemical instable chemicals like
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Figure 2. Heat loss of water flowing through a micro mixer
that is cooled in a water bath. Inlet temperature of water
equalled 528C. Water bad temperature equalled 228C
Figure 1. Typical runaway characteristic of a thermal instable
chemical like a peroxide. SADT means the self-accelerating
decomposition temperature and is the temperature at which
the runaway will generate more heat than can be cooled
away. The consequence is a self-accelerating system

Most of the correlations obtained above stand for a
laminar flow condition in channels. However commercially
available micro mixers have a different structure
which means that the heat transfer has to be measured
again. The heat loss experiments of the micro mixer were
performed in air and in a water bath. The temperature
change of the water bath during a particular time
period and the temperature loss of the fluid flowing
through the micro mixer indicated the amount of heat that
has been lost by the flowing fluid. The mixer unit is
capable of handling flows of 0.01 ml/min to 20 ml/min.
Four experiments were designed to find out the effect of
fluid type, mass flow and effect of temperature on the
amount of heat that is lost. The heat lost was measured in
air as well as a water bath. In case of immersing the mixer
unit in a water bath the heat loss is in the order of 40,000
W/m2. This value is dependant on the fluid stream,
the temperature difference and the type of fluid. In the
figure 2 and table 1 the influence of a water bath as
cooling media is shown. In figure 3 the effect of air as
cooling media for the cooling of an ethanol or water
stream is set out.

peroxides could decompose. The simplest micro device
namely a micro mixer made by IMM Mainz was used as
testing device.
HEAT TRANSFER IN A MICRO MIXER
Heat transfer has been studied in channels whose hydraulic
diameter varies from 4880 mm to 78 mm [3]. Several
authors have published correlations [2– 13]. For instance
Adams [6] has studied micro channels of size 760 mm and
came up with the following correlation
!0:14
 3
m
0:3 D
ð1Þ
Nu ¼ 1:86ðRe PrÞ
L
mp
in here Dh is the diameter of the channel, L is the channel
length, m is the kinematic viscosity, Re the Reynolds
number and Pr the Prandtl number. Zhang et al. [7] has
suggested the following correlation for channels of diameter
less than 800 mm.
Nu ¼ 0:021ðRe PrÞ0:7

TIME TILL RUNAWAY
An important parameter that determines if a runaway will
occur is the time till runaway. This parameter is in principle
dependant on the heat balance that determines how much

ð2Þ

Table 1. Heat loss calculated by immersing the mixer unit in a water bath. Incoming fluid is water
Incoming fluid
(ml/min)
10
15
20

T1 [8C]
(Inlet Temp)

T2 [8C]
(Outlet Temp)

T3 [8C] (Initial
temp.of bath)

T4 [8C] (Final
Temp. of bath)

Qloss [J/s]
(In water)

Flux [W/m2]

52
58.5
52.83

40
51.7
48.4

22
22
22

25.7
30.01
29.1

112.07
75.662
74.29

40603
27414
26917
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Figure 3. Effect of fluid medium on heat loss capacity of a
micro mixer. The top line (diamonds) is ethanol, the lowest
line (squares) is water. Cooling medium is air of 208C

heat can be cooled away by the reactor and is formed by the
chemical reaction. Also the mass balance is important as it
determines how fast the reaction is and thus determines
how much heat can be generated. In its most simple form
the heat balance reads:
Ea
dT
m,0
¼
(1  z )DH ko e½RT 
dt (cp m,0 þ cw )

UA
(Tsurr  T)
þ
m(t)cP

Figure 4. CFD simulations of a decomposing peroxide in a
1 m3 reactor. The dark red spot in the upper right corner
shows the runaway region that will trigger the decomposition
in the rest of the reactor

data are presented. From figure 5 it is learned that if the
diameter of a reactor decreased the time till runaway will
at a certain point go to infinity. For the specific kinetics
this means that the diameter should be below 1 cm. A
draw back of the model is that it does not include convective
streaming, however it is expected that in that case the
minimal diameter of the reactor increases as the temperature
will be equalised.
Finally the simulations were tested using a micro
mixer as designed by IMM Mainz. In this case the diameter
of the channels was well below 1 cm ( 500 mm). The total
volume of the mixer equals 1 ml. The residence time in this
continues mixer was regulated by decreasing the flow rate
from 20 ml/min till 0.01 ml/min, resulting in a residence
time between 1/20 min till 100 min. The temperature of
the peroxide solution was measured before and after the

ð3Þ

in here T is the temperature, m the mass, Cp the heat
capacity of the reacting mixture, Cw the heat capacity of
the reactor, z is the conversion, DH the reaction enthalpy,
ko the pre-exponential reaction constant, Ea the activation
energy, R the gas constant, UA the heat transfer from the
reactor to the surrounding, Tsurr the surrounding temperature
and t is the time. This is an overall balance that does not take
convection into account. The mass balance is equal to:




 E
A
dm(t)
¼ mo e RT
dt

ð4Þ

A simulation model was build that incorporated both
balances. As a solver the Finite Element package of
COMSOL was chosen. With this package it is relativaly
simple to build all kind of geometries. Figure 4 shows an
example of the geometry used for a 1 m3 reactor. Solving
the model for different area to volume ratios and use the
kinetic data of a typical peroxide decomposition results in
figure 5. This figure shows the time till runaway as a function of the area to volume ratio. In table 2 the used kinetic

Table 2. Typical kinetic decomposition
data for a peroxide runaway
Ea/R
qo
Cp
Toutside
Tstart

3

199338 K
3.05 E 25 W/kg s
1450 J/kg K
318 K
293 K
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Figure 5. Time till runaway versus the area to volume ratio of
a reactor of an unstable chemical

micro mixer and showed no runaway characteristics, i.e. an
elevated temperature of more than 10 K compared to the
heating temperature of the water bath.

Activation energy [K]
Heat transfer coefficient [W/m2s]
Reaction enthalpy [J/kg]
pre-exponential coefficient [s21]
Length [m]
Pressure [N/m2]
Temperature [K]
Time [s]
Overall heat transfer coefficient [W/m2s]
Volume [m3]
Mass Throughput [kg/s]
Volume Throughput [kg/s]
heat conductivity [W/mK]
Shear [s21]
Mass throughput [kg/s]
Volume throughput [kg/s]
Viscosity [Pa s]
Density [kg/m3]
Reynolds number [-]
Prandtle number [-]
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DISCUSSION AND CONCLUSIONS
Heat transfer experiments with a micro mixer designed by
IMM Mainz show that more than 40E3 W/m2 can be
cooled away. This is valid for the case that the mixer is submerged in a water bath and water is flowing through the
micro mixer. If air is used as a cooling medium the heat
transfer is less (300– 800 W/m2).
Both simulations and experiments show that micro
mixers are able to cool away the large heats that are produced by decomposition reaction of the unstable chemicals
like peroxides. However the geometry of the mixer should in
that case be tailor-made to the decomposition kinetics. The
larger the decomposition heat rate, the smaller the reactor
should be.
With respect to inherently safe design it is concluded that the reactor or mixer unit can be made inherently
safe. However when chemicals are produced that are
instable by its nature, like peroxides the whole production process should be made inherently safe. Only in
the case that the unstable chemical is present as an intermediate during the reaction an inherently safe reactor
design is needed without changing the size of the other
process steps.
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A
Area [m2]
Heat capacity of reactor [J/K]
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Cp
D
Diameter [m]
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QRA’s FOR DUTCH INSTALLATIONS.
II. OVERVIEW OF RISK TOOL SAFETI-NL SELECTED BY THE DUTCH GOVERNMENT
Henk Witlox and David Worthington
DNV, London, UK; e-mail: henk.witlox@dnv.com, e-mail: david.worthington@dnv.com
The Dutch government has selected the Dutch version SAFETI-NL of the risk tool SAFETI from
DNV Software as the tool to be used within the Netherlands for the next five years for QRA studies
for installations. The companion paper (Part I) includes details on the new risk regulations and
methodology prescribed by the New Dutch Purple Book. The current paper (Part II) provides an
overview of the associated software tool SAFETI-NL.

KEYWORDS: QRA, risk analysis, consequence modelling, new dutch purple book, BEVI, SAFETI-NL

classes and wind speeds. Unlike SAFETI, SAFETI-NL
does not allow the user to add or edit weathers himself.
For each release scenario, the user specifies the accident frequency and release data such as storage conditions
(type of material, temperature, pressure and inventory),
scenario type (catastrophic vessel rupture, leak from hole
in vessel, line rupture, long pipeline; indoor or outdoor
release) and associated scenario input data. Based on these
the program carries out consequence calculations (discharge, dispersion, flammable and toxic effects). The user
can examine the consequence output (reports and graphs
including dynamic plots), which includes concentration,
radiation and overpressure data. It also includes probabilities of death for each flammable and toxic event.
SAFETI-NL only permits those release scenarios required
by the New Dutch Purple Book, while SAFETI includes a
wider range of scenarios.
Subsequently the user needs to specify population
data and ignition sources. SAFETI-NL calculates the individual risk contours and societal risk (F/N curve) based
on these data, consequence results and meteorological data
(wind-direction probabilities etc.). The contribution of
each release scenario to the overall individual risk is listed
in risk-ranking tables at user-specified risk ranking points.
The contribution of each scenario to the overall societal
risk is listed in an F/N pair ranking table
SAFETI-NL only includes those materials of which
data (such as probit coefficients for toxic materials) have
been approved by the Dutch government. No materials can
be added or edited by the user himself with the exception of
mixtures of materials included in the database. Also most parameters are hidden and cannot be edited by the user in order to
ensure full compliance of SAFETI-NL with the new Dutch
Purple Book. SAFETI does not include the above restrictions
and allows much more freedom to the user.

INTRODUCTION
A new Dutch law, known as the BEVI legislation, has been
introduced which prescribes the maximum allowable individual risk. Therefore, unique results for QRA studies for
installations in the Netherlands are desirable. However, a
previous Dutch study revealed that different QRA software
packages often give very different results. In conjunction
with this an EU tender was issued by the Dutch government,
and the Dutch version SAFETI-NL of the risk tool SAFETI
from DNV Software was selected as the tool for the next
five years.
The risk tool SAFETI calculates the individual risk
(risk at specific location) and societal risk (risk to overall
population) of accidental releases of toxic or flammable
chemicals to the atmosphere. This calculation includes consequence modelling (discharge and atmospheric dispersion,
toxic effects, flammable effects) and subsequent risk modelling. A significant number of modifications have been
applied to the Dutch version SAFETI-NL in order to fully
comply with the New Dutch Purple Book including risk
methodology as prescribed by the BEVI law and other
requirements from the Dutch Government.
The current paper presents a brief overview of the
above consequence and risk methodology including its verification and validation. It also includes an overview of the
main steps to be carried out by the user in a QRA using
SAFETI-NL (data input, consequence and risk calculations,
reporting/graphs).

OVERVIEW OF SAFETI-NL ANALYSIS
Figure 1 includes a schematic diagram of a SAFETI-NL
analysis, and the steps in this analysis (some of which are
optional) are described in the paragraphs below.
The user first imports a map into the new SAFETI-NL
study file, which covers the area of concern for his QRA.
Subsequently he selects the nearest Dutch weather station
and the surface roughness. From this input SAFETI-NL
automatically picks up all relevant weather categories applicable for both day and night including a range of stability

CONSEQUENCE MODELLING
Figure 2 lists the consequence models in SAFETI and
SAFETI-NL involving discharge modelling, dispersion
modelling and the evaluation of flammable and toxic effects.
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SAFETI-NL: input (

) and output (

)

Study (case) data
Consequence output

“Models” L OC data:
-Release data

Hazard
zones

Consequence run

-Release frequency

Risk output
Individual risk:
-Risk array (contours)
-Risk ranking tables

Weather
station

Societal risk:

Risk run

-Risk table (F/N curve)

“Risk” data:

-Rate of death

-Population data

-F/N pair ranking table

-Ignition data
“Map”

-Risk ranking

Default data: “Weather”, “Parameters”, “Materials”

Figure 1. Schematic diagram of SAFETI-NL analysis

First discharge calculations are carried out. All
release scenarios of relevance for the New Dutch Purple
Book may be modelled including releases from vessels
(leak or catastrophic rupture), releases from short or long
pipes and releases of combustion products following a
warehouse fire. Vapour, two-phase, and (sub-cooled, superheated or saturated) liquid releases may all be modelled.
Discharge modelling involves first expansion from stagnation to orifice conditions, and subsequent expansion from
orifice conditions to ambient conditions.
Secondly dispersion calculations are carried out to
determine the concentrations of the hazardous chemical
when the cloud travels in the downwind direction (see
Figure 3). This includes effects of jet, heavy-gas and
passive dispersion. Calculations are carried out typically

until the lower flammability limit (LFL) is reached for a
flammable chemical, or until the probability of death Pd is
reduced to 1% for a toxic chemical. In the case of a twophase release rainout may occur, and pool formation/
spreading and re-evaporation is modelled. The two-phase
thermodynamics module contained in the dispersion
model contains a homogeneous equilibrium model, a nonequilibrium model, and an equilibrium model specific to
HF. Also effects of indoor dispersion (for indoor releases)
and building wakes can be accounted for.
Subsequently toxic or flammable calculations are
carried out. For flammables, ignition may lead to fireballs
(instantaneous releases), jet fires (pressurised flammable
releases), pool fires (after rainout) and vapour cloud fires
or explosions. Radiation calculations are carried out for

indoor effect

toxic

flammable
short duration

indoor dispersion

indoor

outdoor dispersion

Discharge:
-vessel
-short pipe
-long pipe
-warehouse fire
-tank roof collapse
-vent from vapour
space

rainout

flammable
pressurised

re-evaporation

pool spread and
evaporation
wake
effects

flammable
rainout

flammable

indoor
concentration

toxics
fire ball
pool fire

radiation
radiation

jet fire
explosion

overpressure

Flammable

flash fire

building wake
dispersion

Models not needed for SAFETI-NL: tank roof collapse, vent from vapour space, indoor concentration
Models not in PHAST: flash fire

Figure 2. Consequence models in SAFETI
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Figure 3. Downwind cloud dispersion including droplet evaporation and rainout including potential flammable effects

fires, while overpressure calculations are carried out
for explosions. For each event, the probability of death is
determined using toxic or flammable probit functions.
Figure 3 illustrates the potential occurrence of the different
flammable events. The immediate ignition probability is set
using logic prescribed by the New Dutch Purple Book. It
results in a jet fire for a continuous release, and a fireball,
explosion or flash fire for an instantaneous release. While
the cloud is travelling in the downwind direction, delayed
ignition occurs if the cloud LFL area moves above a specified ignition source. This results in either a late explosion or
a late flash fire. In case of rainout, the early pool fire is
included for immediate ignition and a late pool fire with
delayed ignition.
Each of the consequence models has gone through an
extensive quality assessment, including verification against
analytical results and/or other software, and validation
against experimental data. Full information of this is
contained in the technical documentation provided by
SAFETI; see e.g. Witlox and Holt (1999) for details on validation of the dispersion model. More recent development
work includes more rigorous modelling of multi-component

releases (Witlox et. al, 2006) and improved modelling of
rainout (Witlox et al., 2007).

RISK MODELLING
A failure event tree is generated including failure probabilities for all the above toxic and flammable events, and
a calculation area is determined containing the hazardous
zones for all events. All potential scenarios are integrated
over the range of possible weather conditions and wind
directions. Subsequent individual and societal risks are
calculated.
SAFETI allows for a potential wide range of methods
for risk calculations. SAFETI-NL is very prescriptive in its
risk calculations as illustrated by Figure 4. For individual
risk the “free-field method” is prescribed for which the calculated risk is chosen to be independent of the offsite
ignition sources (which are beyond the control of the
company itself). Thus the user needs to specify onsite
ignition sources only. In case no onsite ignition takes
place and the LFL cloud moves beyond the site, delayed
ignition is assumed to occur at the time at which the LFL
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3. Free- field ignition
(always ignition)

maximum
LFL area
Terrain

2. Delayed ignition
(probability from specified ignition sources)

x
1. Immediate ignition
(probability from Purple Book)
release point

Only specify
onsite ignition
sources

Distance from release to site
boundary (parameter:
conservative value of 10 m)

WIND
(a) Dutch free-field method for individual-risk calculations

3. No effect

2. Delayed ignition (probability from
specified ignition and population
sources)

Terrain

2. Delayed ignition
(probability from specified ignition sources)

x
1. Immediate ignition
(probability from Purple Book)
release point

Specify all ignition sources
(onsite and offsite)

WIND
(b) Method for societal risk calculations

Figure 4. Individual and societal risk calculations

area is maximal (see Figure 4a). For societal risk the users
needs to specify offsite population data and both onsite
and offsite ignition sources. In case no ignition occurs
because of the specified ignition sources, no flammable
effects will occur (see Figure 4b).
The risk calculations in SAFETI (and SAFETI-NL)
have been extensively verified against analytical solutions
and by other means in order to ensure that the theory
has been implemented correctly for all possible types of

combinations of flammable and toxic outcomes in conjunction with a wide range of ignition and population data.
Figure 5 depicts the risk results for the hypothetical
case of a chemical plant NW of the town Pannerden.
Figure 5a shows individual risk contours accounting for an
onsite ignition area and ignoring offsite ignition caused by
cars present on surrounding roads. The 1027 and 1028 risk
contours reach into the town Pannerden. The F/N curve
exceeds the guideline as shown in Figure 5b.
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Figure 5. Hypothetical example for risk analysis of chemical plant
multi-component two-phase releases to the atmosphere,
pp. 250– 265, Hazards XIX Conference, Manchester,
27 – 30 March 2006
Witlox, H.W.M., Harper, M., Bowen, P.J. and Cleary,
V.M., 2007, Flashing liquid jets and two-phase
dispersion – II. Comparison and validation of
droplet size and rainout formulations, Accepted
for publication in Journal of Hazardous Materials
(2007)
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RUNAWAY REACTION: DEVELOPMENT OF A NEW EXPERIMENTAL VENT SIZING
TOOL FOR NON TEMPERED SYSTEMS AT THE LABORATORY SCALE
J.-P. Bigot1, L. Véchot1, D. Testa1, C. Noguera1, W. Minko1, M. Kazmierczak2 and P. Vicot2
1
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In order to protect chemical reactors from runaway reactions, vent sizing methods, based on
data obtained from adiabatic calorimetry and two-phase flow models, were built under the
guidance of the DIERS (Design Institute for Emergency System Relief). Nevertheless, because
of the simplifying assumptions used (mainly conservation of initial reactive mass and homogeneous
vessel venting), DIERS methods often lead to unrealistically large vent areas. This is especially the
case of non tempered systems (gas-generating and hybrid systems, peroxide decomposition for
example).
The United Nation Manual of Test and Criteria (UN) also proposes an experimental method to
determine the minimum required vent area using a 10 dm3 vessel test. The vent area is scaled up
on vessel volume. Prior mass loss and two phase flow being experimentally taken into account,
this method provides a more realistic vent size.
This type of area to volume scale up can be conservative in the case of non tempered systems
because the mass loss at small scale is more important.
Nevertheless, due to the fact that the sample size is large, the UN method has the disadvantage of
being time consuming, laborious and requires heavy safety precautions.
This article is about the development of a new experimental vent sizing tool for non tempered
system combining the advantages of DIERS method (laboratory scale) and UN method (less overconservative). This new tool consists of an extension of the adiabatic calorimeter Vent Sizing
Package II (VSP2).
The reactor in which chemical runaway reaction occurs is the “VSP2 blowdown test cell”. In
order to simulate the relief system the test cell is connected to a main vent line comprising of regulating valves which allow the simulation of “equivalent ideal orifice” area by volume ratios lying
between 1024 and 5.1023 m21. A feed bleed system is also installed. The assessment of the vented
mass from the test cell is done by adding at the end of the main vent line a glass column half filled
with water. During the relief the chemical products are vented in the column (quench of the reaction
is realised at the same time) leading to an increase in the differential pressure at the bottom of the
column. The initial VSP2 device has also been modified in terms of the rate of pressure rise and fall
to allow for these kinds of blowdown experiments.
This new device was tested by running the decomposition of cumene hydroperoxide in
2,2,4-trimethyl-1,3-pentanediol diisobutyrate which is a non tempered system. Pressure evolution
and the vented mass profile obtained are presented. The influence of several parameter (A/V
ratio, the initial fill level, feed bleed opening) is also observed.
However, heat losses at small scale are much more important, so working in fire simulation mode
is generally preferred over the adiabatic mode. This also means that the study of tempered system
appears difficult. This method can not be used with initial fill level superior to 80%. It is not adapted
to violent runaway reaction (for example very concentrated peroxide solutions).

KEYWORDS: vent sizing, untempered reaction, runaway reaction, similarity, cumene hydroperoxide
(CHP), adiabatic calorimeter, blowdown experiment, mass loss, non tempered system

can lead to too oversized vent areas, especially for
untempered systems (gas-generating and hybrid systems,
peroxide decomposition for example). DIERS vent
area can be overestimated by one order of magnitude
for xperoxide decomposition runaway reaction [Fauske
2000].

INTRODUCTION
Vent sizing methods, based on data obtained from
adiabatic calorimetry and two-phase flow models, were
designed by the DIERS (Design Institute for Emergency
System Relief) in order to protect chemical reactors
from runaway reactions. Nevertheless, these methods
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More realistic vent areas are obtained using a “similarity method” such as that proposed by the United Nation
Manual of Test and Criteria (UN) for the transportation of
peroxide chemicals [Appendix 5]. This latter method has
however the disadvantage of being time consuming, laborious and requiring heavy safety precautions because it
involves a 10 litre decomposition.
This paper proposes a new similarity vent sizing tool
combining the advantages of both DIERS method (laboratory scale) and UN method (less overconservative). This
tool allows blowdown experiments to be carried out at
laboratory scale. The objectives are both direct determination of the required vent area and real time measurement
of the vented mass during relief. This latter will enable a
better understanding of blowdown.

–

a rupture disc or a safety valve, which is designed to
open when the pressure in the reactor reaches the vent
set pressure (Ps).

During a runaway reaction, gases produced by the
reaction are first vented via the feed-bleed system. This
flow maintains pressure in the reactor close to the atmospheric pressure. Then pressure in the reactor starts to increase
when volumetric gas generation rate becomes greater. The
rupture disc opens when pressure in the reactor reaches Ps.
In the new vent sizing tool, the rupture disc is simulated by a relief vent line and the feed bleed system by a
feed bleed line. Both lines are composed of a ball valve
and a safety valve.
Relief vent line
The relief vent line is connected to the outlet of the blowdown test cell outside of the VSP2 containment vessel
(Figure 2). This line is made of 1/800 stainless steel tube
(inner diameter ¼ 1,76 mm). The line includes an actuated
1/800 ball valve (CV ¼ 0.2) followed by a 1/800 metering
valve (needle valve) (CV ¼ 0–0.03).
When pressure in the test cell reaches set pressure Ps,
an opening signal is sent by the VSP2 software to the ball
valve actuator. By this way, the test cell is open to the
atmosphere. Contents of the test cell are vented through
the metering valve. Venting flow is a function of the metering valve opening.

NEW “SIMILARITY VENT SIZING TOOL”
FEATURES
This tool is an extension of the adiabatic calorimeter VSP2.
The reactor in which chemical runaway reaction occurs is
the “VSP2 blowdown test cell”. The extension of the
VSP2 consists in the addition of both a feed bleed and a
safety relief system plus the addition of a vented mass
measurement device.

ADDITION OF RELIEF SYSTEM
Two venting systems generally exist on chemical reactors or
storage vessels:

Feed bleed line
The feed bleed line is installed in parallel to the relief vent
line (Figure 2). It’s also made of 1/800 stainless steel tube
and includes a manual 1/800 ball valve followed by a 1/800
metering valve (needle valve). The ball valve is always
“open” during a runaway experiment.

– a feed bleed system which is designed to avoid pressure
changes when filling or emptying the capacity. This feed
bleed system is supposed to vent only gas.

Figure 1. New similarity vent sizing tool
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Figure 2. Picture of relief system

ADDITION OF A VENTED MASS MEASUREMENT
SYSTEM (FIGURE 3)
The vented mass measurement device is composed of a
glass column (1 metre high, inner diameter ¼ 5 cm) partially filled with water. The relief vent line is ended with a
PTFE perforated tube which is immerged in the column
water in order to obtain small bubbles. A relative pressure
transducer (0 –100 mbar) is connected to the bottom of the
column.

During the relief, chemicals are vented through the
column (quench of the reaction is realized at the same
time). Gas is ejected while liquid and condensable matters
are collected at the top of the water. This leads to an increase
of the relative pressure at the bottom of the column.
The PTFE perforated tube reduces noises on pressure
measurement.
Assuming that vented mixture is not miscible with
water, DPmeasured is translated to vented mass measurement

Figure 3. Picture of vented mass measurement system
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(Dm) by the following formula:
Dm ¼ rmixture Dhmixture Acolumn


DPmeasured  DP0
¼ Acolumn
g


Dm Acolumn DPmeasured  DP0
¼
m0
m0
g

EXPERIMENTAL PROCEDURE
Blowdown experiments procedure is as follows:
–
(1)

–
–
–
–

(2)

–

Dh: height of vented chemical mixture in the glass column
Acolumn: glass column cross section
DP0: initial differential pressure (due to water)

–

–
TEST OF THE “SIMILARITY VENT SIZING TOOL”:
CHP RUNAWAY EXPERIMENTS
The new vent sizing device was tested by running non tempered system runaway experiments. The decomposition of
cumene hydroperoxide (CHP), which produces non condensable gases, was chosen.

Assembly of the test cell according to VSP2 documentation.
Vent line characterization.
Filling of reactant in test cell.
Feed-bleed line opening.
Guard heater activation (will always be activated to
limit heat losses).
Heating of the sample 208C à SADT þ 58C ( ¼ 858C)
by main heater.
Fire simulation: from 858C heating of the sample (constant heating power until the end of the runaway reaction
corresponding to 0,5 8C/min).
Relief vent line opening when test cell pressure reaches
set pressure Ps.

RESULTS
Figure 4 presents a 30% CHP runaway experiment with
similarity vent sizing tool. Test cell pressure (P1) and
liquid temperature (T1) histories are plotted. The experimental conditions are:
–
–
–
–

CHEMICAL SYSTEM AND RUNAWAY SCENARIO
80% (w/w) CHP solution in cumene was diluted in a high
boiling point solvent: 2,2,4-trimethyl-1,3-pentanediol diisobutyrate. The composition of the chemical system is thus
(w/w): 30% CHP, 7.5% cumene, 62.5% 2,2,4-trimethyl1,3-pentanediol diisobutyrate.
High boiling point of both peroxide and solvent is the
criterion which allowed us to consider this system as untempered (CHP: 1168C at 0.02 bar, solvent: 2808C at 1.013 bar).
A temperature increase rate of 0.58C/min simulates a fire
scenario.

–

Initial reactant mass: 79 g.
Test cell volume ¼ 125 cm3.
Initial fill level ¼ 65% (v/v).
Relief vent line: A/V ¼ 1.36 x 1023 m21 (3 turns
opened).
Feed bleed line metering valve ¼ 3/8 turn opened.

The whole experiment lasts approximately 3 hours.
The runaway period is relatively short (a few minutes).
Figure 5 shows a zoom for pressure, temperature and
vented mass profiles during the relief period for the same
runaway experiment.

Figure 4. Whole 30% CHP runaway experiment with test cell blowdown
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–

When initial fill level is higher than 80 %, liquid
enters the feed bleed line (which is supposed to vent
only gas)

Technical solutions can probably be found in the
future to solve these problems.
Achievement of similarity
The use of a similarity method is not conservative for
tempered systems [Fauske, 1985]. This is the reason why
our tool is only devoted to untempered systems. The
achievement of similarity is however delicate.
Hydrodynamic similarity
We can distinguish three aspects of hydrodynamic similarity:
–

–
Figure 5. 30% CHP runaway experiment: relief period (time 0
corresponds to relief vent line opening)

We can observe two pressure peaks. This is typical
for untempered systems. The first one corresponds to
relief vent line opening. It has no obvious influence on
temperature profile. This behavior confirms that the
chemical system is untempered. Dynamic vented mass
was measured. 20.4% of initial mass was vented at
turnaround.

–

LIMITS OF THE NEW VENT SIZING TOOL AND
ACHIEVEMENT OF SIMILARITY
Our device presents some technical limits. Some of these
limits have consequences on the achievement of the similarity concerning hydrodynamic and reaction kinetics.

–

Technical limits
The following technical limits were observed:
– Working with concentrated peroxide can lead to cell
volume swell (uncertainties on A/V) or even to cell
failure.
– Limited range of equivalent ideal nozzle diameter can be
simulated (between 1023 m21 and 3.5 1023 m21).
– The use of metering valve is convenient (easy to change
A/V) but not ideal: vent line has to be characterized
before each experiment because of aging.

Similarity of the level swell inside the reactor. The
vented mass is less important at small scale than at
large scale [Fauske, 1985]. So the similarity of level
can not be reached! This however means that at small
scale, the relative remaining mass at turnaround is
greater than at large scale. This leads to a more violent
pressure rise rate. This difference in the level swell
makes the new tool to be conservative.
Similarity of the venting flow through the vent. The
metering valve in the relief vent line has a complex
geometry, very different of an ideal nozzle. To obtain
an equivalent ideal nozzle diameter we assumed that
the viscous dissipation phenomena introduced by this
complex geometry is the same for a gas flow than for
a two-phase flow. This needs more investigations.
Moreover, similarity of the flow through the vent
needs mass flux (G) to be independent of vent area.
Several authors [Fletcher, 1984; Van den Akker
et al., 1984; Ogasawara, 1969; Kevorkov et al.,
1977; Marviken, 1979] showed that this is true for
vent diameter from 3.2 mm to 500 mm. There are
however no studies for smaller diameters. In the case
of the similarity tool, the vent line pipe has an inner
diameter equal to 1.76 mm. Capillarity effect could
appear and so lead to decrease of the mass flux. This
would, once again, make the similarity tool to be
conservative.
Similarity of the gas venting flow through the feed
bleed system. Gas venting capacity of the feed bleed
system has direct influence on temperature at vent
opening (Ts). For an untempered system, if Ts at
small scale is smaller than Ts at large scale, vented
mass at turnaround can be more important at small
scale, leading to a lower Pmax. With the similarity
tool, a good simulation of the feed bleed system is
quite difficult. A feed bleed line settings which
allows a vent opening temperature equal or greater to
that for a large scale vessel is necessary in order to
be conservative.

Globally, when hydrodynamic similarity is not
achieved, the similarity vent sizing tool is conservative.
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Kinetics (or thermal) similarity
Heat exchanges have to be similar at both scales in order
to obtain similarity of reaction kinetics. For our tool, the
following points can influence this similarity:

CHP 30% (w/w) in 2,2,4-trimethyl-1,3-pentanediol diisobutyrate.
Dynamic mass vented measurement was obtained.
That is the second main point of the similarity tool.
However the following work has still to be done in order
to improve the capacity of the similarity tool:

– Heat losses at small scale can be much more important
compared to industrial large scale [Friedel et al., 2000]
because of surface to volume ratio.
– Reactant mass in the test cell decreases during blowdown. This leads to an increase of the adiabaticity
factor (f).
– We ran 15% CHP (w/w) adiabatic runaway reaction
with both a closed test cell and a plugged blowdown
test cell (plug outside the containment vessel). We
observed that dT/dt obtained with the plugged blowdown test cell is lower than the one obtained with the
closed test cell (factor of 3 !, Table 1). This means
that addition of a vent line to the VSP2 calorimeter generates additional heat losses which can be important in
adiabatic mode. We did the same adiabatic tests using
a plugged blowdown test cell with a PTFE outlet tube.
The decrease of dT/dt was almost unchanged. This let
us think that heat losses do not come from conduction
phenomena but from presence of vaporisation/condensation phenomena. The same experiments for a fire scenario (dT/dt ¼ 0,58C/min) with or without the
blowdown line led to almost identical dT/dt measurements. The thermal bridge effect is masked when external heat flux is added.

–
–
–
–
–

improvement of vented mass measurement resolution,
extension of equivalent diameter range by increasing the
relief line size,
use of calibrated orifices for a better simulation of relief
vent line and feed bleed line,
reduction of heat losses in order to allow for adiabatic
tests,
study of vapour and heat losses effect on small scale blowdown measurements for domain of use determination.

Validation experiments will be done by comparison
with blowdown experiments at the 10 l scale. An future
paper will discuss the behaviour of non tempered system
based on vented mass measurement and specific behaviour
of CHP system.

NOMENCLATURE
A:
Vent area (m2)
m:
Reactant mass in the vessel (kg)
P1:
Pressure in the test cell (bar)
Pressure at turnaround (bar)
Pmax:
Vent opening pressure (bar)
Ps:
T:
Temperature (K)
Dm:
Vented chemical mixture mass
Dh:
Height of vented chemical mixture
r:
Reactor contents density (kg/m3)
f:
Adiabaticity factor

It has to be verified that thermal bridge has negligible
effect on chemical kinetics before any blowdown experiment with the similarity tool. This tool is not relevant for
systems which generate much vapour and for scenarios
with a low heat input.
These limits are undoubtedly the most severe ones for
this tool. They could lead to less violent runaway reactions
at small scale and so an unsafe A/V prediction.

SUBSCRIPTS
c:
column:
g:
mixture:
0:

CONCLUSION AND PERSPECTIVES
A new similarity vent sizing tool combining the advantages
of both DIERS method (laboratory scale) and UN method
(less overconservative) was built by extending VSP2 adiabatic calorimeter. This tool allows blowdown experiments
to be carried out at laboratory scale. It was tested with

Containment vessel
Glass column
Gas
Chemical mixture
Initial conditions
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0.5
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1,9
1.65
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DESIGN FOR SAFETY IN ENERGY INTENSIVE SYSTEMS BASED
ON THERMODYNAMIC APPROACH
V. Nikulshin1 and V. von Zedtwitz2
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In the design and operation of energy intensive systems the problem of improving the safety as well as
efficiency is very important. The main way for solving both these problems is optimization. This
paper describes the general approach for thermoeconomical optimization systems with linear structure. The suggested method is based on both laws of thermodynamic and graphs theory. The method
is illustrated by an example of optimization of solar heat pump systems with season heat storage.

KEYWORDS: optimization, graphs, thermoeconomics, heat pumps, solar systems

For that reason it is necessary to study the problem of
linear structures systems optimization separately from the
systems of arbitrary structure.

INTRODUCTION
Processes that take place in complex energy intensive systems
are characterized by mutual transformation of quantitatively
different power resources. It is clear that the safety of such
systems depends on the total energetic level of flows in the
system and in general case requests the possible minimum of
this level (of course due to constrains for appropriate technology). The fast growth and development of modern technologies requests a thermodynamic analysis and optimization of
such systems, based on combined application of both laws of
thermodynamics, and demands an exergy approach(Bejan
et al, 1996,). Exergetic methods are universal and make it possible to estimate the energy fluxes and to develop energy balances for every element of the system using a common
criterion of efficiency. Therefore, the exergetic methods are
meaningful in analysis and calculations.
Despite its usefulness, the benefits of the exergetic
approach were not fully realized until recent years. One
reason for this situation is the underestimation of exergetic
functions for mathematical modeling, synthesis, and optimization of flow sheets. Another reason is the mathematical
difficulty of the exergetic approach in thermodynamic
analysis. Meanwhile, the increasing complexity of optimization problems requires more effective and powerful mathematical methods. Hence, during the last few years, many
papers with different applications of exergetic methods
have been published (Casarosa et al, 2001, Cornelissen
et al, 2000, Erlach et al, 2001).
The above referenced papers, as well as the author’s
earlier investigations (Nikulshin et al, 1999, 2000, 2001,
2002)show that one of the most effective mathematical
methods used for exergetic analysis and optimization is
the method of graph theory(Harary, 1995). The benefit of
graph models can also be demonstrated by its flexibility
and its wide varieties of possible applications.
Possible exergy topological methods include the sole
use or combination of exergy flow graphs, exergy loss
graphs, and thermoeconomical graphs (Nikulshin et al,
1999, 2000, 2001, 2002).
Systems with linear structure are often used in energy
technology as well as in other branches of industry.

METHOD OPTIMIZATION OF LINEAR SYSTEMS
First, let us consider a homogeneous system that contains n
different elements of one type (as shown in Figure 1).
In this system one flow hj, j ¼ 1 interacts successively
with flows Ci, i ¼ 1,2, . . . n.
In the problem of optimal synthesis, this can be reformulated in such a way:
It is necessary to distribute the multitude of flows
C ¼ {C1 , C2 , . . . , Ci , . . . , Cn }
along the flow (( (( ¼ 1) and in result of interaction of which
parameters of flow (( in outlet of system will be in interval of
required constrains and thermoeconomical criteria will be
minimized
XX
i

Zij ¼ ZSmin

(1)

j

where Zij -thermoeconomical expenditure at i-element
( j ¼ 1).
For solving this type of problem, it is necessary to
build the graph of thermoeconomical expenditure as it was
shown in (Nikulshin et al, 1999). In our case this graph
(Figure 2) will be a tree Z ¼ (N, D), the multitude of
nodes N displays the possibility of distribution of flows in
the system, the multitude of arcs D, displays the possible
meanings of thermoeconomical expenditures.
The governing equation which are representing these
levels are:
N ¼ N0

[

N1

[

N2

[

...:

[

Np . . .

[

Nk

n
o
pÞ
Np ¼ C1ð pÞ ,C2ð pÞ , . . . ,CiðppÞ , . . . ,C½ðn
ð p1Þ
p ¼ 1,2, . . . , k; ip ¼ 1,2, . . . , ½n  ð p  1Þ

1

(2)
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The flow hj in graph Z(N,D) is described as node C0ð0Þ .
Then for obtaining conditions (1) it is necessary to find an
optimal way C , N,

h1
C1

C2

1



ðkÞ
C ¼ C0ð0Þ ,C1ð1Þ , . . . ,CiðppÞ , . . . ,C½n(p1)

(6)

2

so that
XX
*
*
Ci

Cn

ip

ZiðppÞ ¼ ZSmin

The algorithm of Belmann-Kalaba is usually used for
seeking the optimal way in graphs without contours. This
algorithm is based on matrix of expenditures analyses
(Harary, 1995).
In our case the graph of thermoeconomical expenditure is successive:

i

n

Gp Np ¼ N pþ1

where
Np , C,p ¼ 1,2, . . . , k,
p ¼ 0 ) jN0 j ¼ 1
 
p ¼ 1 ) Np  ¼ jCj,C  Np ¼ 1
 
1  p  k ) Np   jCj




p1Þ ð pÞ
p1Þ ð pÞ
8 Ciðp1
,Cip [ D ) Ciðp1
,Cip ¼ ZiðppÞ




p1Þ ð pÞ
p1Þ ð pÞ
8 Ciðp1
,Cip  D ) Ciðp1
,Cip ¼ 1

(3)

(4)
(5)

where symbol 1 shows that arcs of this type are absent.

..

C 2(p 1)

C 1(p 1

Z1( p )

C i(p 1)
(p 1)

Z (2p )

C 2(p)

(8)

where Gp is display of set Np , and condition of Eq. (4) will be
valid for elements of matrix which are located in the interp1Þ
, p ¼ 1,2, . . . , k;
section of columns CiðppÞ and lines Ciðp1
ip ¼ 1, 2, . . . , ½n  ðp  1Þ. This feature of graph of thermoeconomical expenditure allows one to simplify the matrix of
expenditure and to reduce the number of analyzed variant in
n times (Nikulshin et al, 1999).
Based on features of the thermoeconomical expenditure graph, we recommend the algorithm of searching
optimal variant be used.
Each step of seeking an optimal variant is successively compared with thermoeconomical expenditure ZiðppÞ
ð pÞ
and Zmin
. In result, the flow corresponded equation
(7) can be found. Then applying the procedure of seeking
ð pÞ
to all k steps, we will find the optimal flow distribution
Zmin
which corresponds to the condition in Eq. (1).

Figure 1. Linear system

C 1(p)

(7)

p

..

Z [(np) (p 1)]

Z i(pp )

..

C [(np 1()p 2)]

C i(p)
p

..

C [(np) (p 1)]

Figure 2. (P-1) and P – levels tree of thermoeconomical expenditure
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In case of inhomogeneous linear systems optimization, the main idea of this approach will retain.
Since inhomogeneous elements are able to change the
different characteristics of flow hj , it is necessary to consider
not only the pth-step but also previous steps of the system’s
optimization. Consequently the method of dynamic programming has to be changed to branch and bound method. On this
approach at each step we seek and then save expenditure
ZSð pÞ min , where ZSð pÞ is the sum of thermoeconomical expenditure for all p steps of considered variant. Then expenditure
ZSð pÞ min will be compared with the analogous sums for the
previous steps ðp  1Þ,ðp  2Þ, . . . ,1.
Then the variant corresponding to the following
equation has to be developed
h
i
(9)
ZSmin ¼ min ZSðlÞ min , l ¼ 1,2, . . . ,p

AT – antifreese tank; E – evaporator of heat pump; C –
condenser of heat pump; OC – oil cooler of heat pump;
EB – electric boiler; CHW – cistern of hot water.
The main difference of a SHPS from others energy
intensive systems with traditional energy sources is the
presence of a “charge-free” source-the sun.
However, the use of the thermoeconomics approach
allows to take into account real exergy losses in the subsystem: a solar collector - the heat exchangers and to find the
certain cost of the SHPS as a whole.
As it was shown above the application of the
suggested method of optimization requests the presentation
of the system’s structure in “linear view”.
For the SHPS it is possible to present this scheme as a
four sequence levels (zones) graph of thermoeconomical
expenditures as it is shown in Figure 4.
Numbers of indexes “i” coincide numbers of heat
exchangers of the scheme in Figure 3. (e.g., ZV – thermoeconomical expenditures the heat exchanger H5). For the
other elements the correspondence of nodes of thermoeconomical graph and elements are the following: solar collector (SC) – ZXVI; cistern (Cis) – ZVII; season storage tank
(ST) – ZVIII; antifreese tank (AT) – ZXIX; evaporator of
heat pump (E) – ZXX; condenser of heat pump (C) –
ZXXIV; oil cooler of heat pump (OC) – ZXXI; EB – electric
boiler (EB) – ZXXII; cistern of hot water (CHW) – ZXXIII.
After transforming the initial scheme SHPS (Figure 3)
to a view of graph of thermoeconomical expenditures (Figure
4) it is easy to build the tree of thermoeconomical expenditure
shown in Figure 5.
As it follows from the analysis of the graph in
Figure 4. the tree of thermoeconomical expenditure will
also contain four levels.

Thew elements for the next step of optimization have
to be taken from the multitude Npþ1 , which corresponds to
equation (8).
OPTIMIZATION OF SOLAR-HEAT PUMP SYSTEMS
WITH SEASON HEAT STORAGE
The described above approach was applied for the optimization of a solar- heat pump systems with season heat
storage (SHPS) with the total heat productivity of 0.5 MW
(see Figure 3) detailed description of which is given in
(Draganov et al, 2001).
Flows: CW – cold water; HW – hot water; WTHS –
water to heating system; WFHS – water from heating
system. Elements: H1-H15 – heat exchangers; SC –
solar collector; Cis – cistern; ST – season storage tank;

Cis
SC

CHW

H1
H6

H14

H12

C
HW

H13

EB

ST
H7

H2

H15
WTHS
H10

H5

WFHS

H11

AT
H3

H8

H4
E

H9

OC
CW

Figure 3. Solar-heat pump systems with season heat storage
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E 17
ZXXIII

E 16
E 15
E 14

ZXVII

E 42

ZXIV
E 49

E 39

ZXXII

ZXXIV
E3
ZI

E4

E 46

ZXVI

E5

E 28
E 19

E 18

E2
ZII

Z
E 7 XVIII
E8

E6

E 30
E 31
E 20

E 21

E 10

ZXXII

ZIII
E 12

E 29

E 25

IV

E 33
E 32
ZVIII

E 24

E 11
E 27
E 26

E 47

E 44

ZX

E 43
E 34

E 23 E 36
ZXXI
ZXX

E 35
ZIX

ZXIX
I

ZXV

ZXIII

E 22

ZV

E9

E 51 E 50

ZVII E 45

ZVI
E1

E 40

E 41

E 13

E 48

E 38

II

E 37
III

Figure 4. Graph of thermoeconomical expenditures the system shown in Figure 3

Further consideration will be conducted on an
example of SHPS with a total heat production of 0.5 MW.
This system was analyzed in [4] for 64 variants:

The number of tops of a level I is equal to four pursuant to four sizes of solar collector area ASK ¼ 1000 m2;
2000 m2; 3000 m2; 4000 m2;
Accordingly possible thermoeconomical expenditure
at a level I:

– area of Solar Collector: ASK ¼ 1000 m2; 2000 m2;
3000 m2; 4000 m2;
– volume of Season Storage Tank:VST ¼ 3000 m3;
4000 m3; 11000 m3; 15000 m3;
– use factor for Heat Pump: n ¼ 0.2, 0.4, 0.6, 1;
– use factor for Electric Boiler Heat: s ¼ 0.2, 0.4, 0.6, 1;

ZIk ¼ ZkI þ ZkII þ ZkIII þ ZkXVI ,
With k ¼ 1,2,3,4 - displays four sizes of Solar Collector and corresponding heat exchangers H1, H2, H3.
With the growth of the area of solar collector will
grow not only cost of it but also the cost of the heat exchangers H1, H2, H3,so ZI1 , ZI2 , ZI3 , ZI4.
Level II also contains four trailing tops reflecting
possible thermoeconomical expenditure in a zone 2 (see
Figure 4) which includes tanks Cis, ST, AT, and also heat
exchangers H4, H5, H6.
As the size of the season storage tank - accumulator
varies (VST ¼ 3000 m3; 4000 m3; 11000 m3; 15000 m3)

with appropriate economical estimation for each of analyzed
variant.
The advantages of the suggested approach are
described by solving of this optimization problem.
Level I (Figure 5) contains four trailing tops reflecting
possible thermoeconomical expenditure in a zone I
(Figure 4) which includes one solar collector and three
heat exchangers H1, H2, H3.
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Z

I

ZI 1

Z

II

Z

Z

II

ZI 2

Z

1-1

III

Z

Z III 1-1-1

II

ZI 3

Z

1-2

II

ZI 4

3

Z

1-3

II

1-4

Z III 1-1-2

ZIII 1-1-3

Z III 1-1-4

Z IV 1-1-3-2

Z IV 1-1-3-3

Z IV 1-1-3-4

IV

Z IV 1-1-3-1

Figure 5. Tree of possible thermoeconomical expenditures

With growth “n” the thermoeconomical expenditure
III
III
III
in this zone also grows, so ZIII
1 , Z2 , Z3 , Z4 .
Level IV reflects the possible thermoeconomical
expenditure in a zone 4 (see Figure 4) including the electric
boiler, heat exchangers H14 and H15, and also cistern with
hot water.
This level contains the water heating after the level III
which increases the thermoeconomical expenditure.
Accordingly level IV also contains four tops, which
one increases the thermoeconomical expenditure:

different Cis, AT and heat exchangers H4, H5, H6 of corresponding size are needed, then by analogy with level I:
ZIIl ¼ ZlIV þ ZlV þ ZlVI þ ZlVII þ ZlVIII þ ZlIX ,
l ¼ 1,2,3,4:
With growth of a volume VST the indispensable costs
of other tanks and heat exchangers will also increase, so Z1II
II
II , ZII
2 , Z3 , Z4 .
Level III, reflecting the possible thermoeconomical
expenditure in a zone 3 (see Figure 4) including the heat
pump and the supplementary heat exchangers. It contains
4 tops displaying the use factor of the heat pump.
Here the main difference to the previous two levels is
the invariable cost of the equipment, the essential factor is
the costs of the electric power consumption, depending on
use factor of a heat pump n ¼ 0,2; 0,4; 0,6; 1:

IV
IV
IV
ZIV
1 , Z2 , Z3 , Z4 ,

Where:
r
r
r
r
ZIV
r ¼ ZXIV þ ZXV þ ZXXII þ ZXXIII ,
r ¼ 1,2,3,4:

m
m
m
m
m
m
ZIII
m ¼ ZVII þ ZIX þ ZX þ ZXI þ ZXII þ ZXIII

Zm
IX

þ
þ
m ¼ 1,2,3,4:

Zm
XX

þ

Zm
XXI

þ

In the tree of possible thermoeconomical expenditure
(Figure 5) each trailing top corresponds to the total thermoeconomical expenditure in the subsystem of the SHPS for the
given and the previous levels. The number of bottom indexes

Zm
XXIV ,
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m
N
Np

for trailing tops corresponds to the number of a level in the
tree and also reflects the previous way to this trailing top.
For example the top ZIII
1-1-3 reflects the thermoeconomical expenditure of the selected version 1 in a zone I,
version 1 – in a zone II and version 3 – in a zone III.
In result the thermoeconomical expenditures of trailing tops in a zone IV give the general costs of the developed
version for the SHPS as a whole.
The application of the described approach allows to
receive the minimum value of thermoeconomical expenditures for trailing top Z1-1-3-2. So the optimal variant for the
SHPS with total heat production of 0.5 MW is the system
with a Solar Collector ASK ¼ 1000 m2, Season Storage
Tank VST ¼ 3000 m3, use factor for Heat Pump n ¼ 0.6,
use factor for Electric Boiler Heat s ¼ 0.4.
So the corresponding minimum of thermoeconomical
expenditures in the system:

n
P
p

t
Z
Z n¼ ðN,D
o Þ
ð pÞ
Z Zip
p
n
o
Zp ZiðppÞ

Zopt
S ¼ Z1132 ¼ 2502 USD/year

ZiðppÞ

In the tree of possible thermoeconomical expenditures (Figure 5) the optimal variant is shown by bold arcs.
It is easy to see, that in contrast to a method of direct
enumeration (Draganov et al, 2001) which requests the calculation of full 64 versions of a system, the suggested by us
procedure of a “tree search” requests for optimization only 8
full calculations of SHPS (zone IV), 8 calculations up to a
zone III and 16 calculations of zones I and II.
In result the total time for seeking an optimal variant
decreased more than in 6 times.

SUBSCRIPTS
A
cw
i
ip
ij
iw
j
min
S

CONCLUSION
The problem of developing the modern technologies (safety
and high efficiency) based on optimization of linear systems
has to be solved separately from the problem of optimization
of systems with arbitrary structure. On the basis of features
of linear systems it is possible to build the effective procedure of optimization. The suggested method based on
development and analysis of thermoeconomical expenditure
graph. It allows one to find the optimal variant for homogeneous systems as well as for systems with different
types of elements. The method is illustrated by an
example of optimization for the solar-heat pump systems
with the season heat storage.

mass flow
multitude of nodes graph Z ¼ ðN,DÞ
multitude of nodes graph Z ¼ ðN,DÞ
on p-step
total number of elements in system
price of water
number of step of optimal synthesis
of system
working time of system during the year
thermoeconomical expenditure
graph of thermoeconomical expenditure
multitude of possible thermoeconomical
expenditure in system on the whole
number of step of optimal synthesis
of system
multitude of possible thermoeconomical
expenditure in system on p-step of
synthesis of system
possible thermoeconomical
expenditure in element with number ip

surface
cooled water
number of processes flow
number of element ( node ) on p-step
of optimal synthesis
number of element of interaction
of i and j flows
industrial water
number of processed flow
minimum
sum

REFERENCES
Bejan A., Tsatsaronis G., Moran M., 1996, Thermal Design and
Optimization, John Wiley & Sons Inc., New York.
Casarosa C., Franco A., 2001, “Thermodynamic optimization of
the operative parameters for the heat recovery in combined
power plants ”, Int. Journal of Applied Thermodynamics,
4(1), pp. 43 – 52.
Cornelissen R.L., van Nimwegen P.A., Hirs G.G., 2000, “Exergetic life cycle analysis”, Proc. of International Conference
ECOS-2000, Twente, Netherlands, pp.1131– 1143.
Draganov B., Amerkhanov R., 2001, Design of heat supply
systems in agriculture, Krasnodar (in Russian).
Erlach B., Tsatsaronis G., Cziesla F., 2001, “A new approach
for assigning cost and fuels to co-generation products”,
Proc. of International Conference ECOS-01, Istanbul,
Turkey, pp. 107– 115.
Harary F.,1995, Graph Theory, Narosa Publishing House, New
Deli.
Nikulshin V., Wu C., 2000, “Thermodynamic analysis of
energy intensive systems on exergy topological models”,
Proc.of 12-Th. International Symposium on transport
phenomena, ISTP-12, Istanbul, Turkey, pp. 341– 349.

NOMENCLATURE
c
processes flow
C
multitude of flows c
C
optimal way in graph Z ¼ ðN,DÞ
node of graph Z ¼ ðN,DÞ for
CiðppÞ
element number ip
D
multitude of arcs graph Z ¼ ðN,DÞ
E
exergy
display of set Np
Gp
h
processed flow
k
number of elements and steps of
optimal synthesis of system

6

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153

Power and Energy Systems, Las Vegas, Nevada, USA,
pp. 489– 491.
Nikulshin V., Wu C., Bailey M., Nikulshina V., 2002, “Method
of thermoeconomical optimization on graphs of energy
intensive systems with pair interplay of flows”, Proc. of
International Conference ECOS-02, Berlin, Germany, pp.
1477– 1484.

Nukulshin V., Wu C., Nikulshina V., 2001, “Exergy efficiency
calculation of energy intensive systems by graphs”, Proc. of
International Conference ECOS-01, Istanbul, Turkey, pp.
107– 115.
Nikulshin V., Wu C.,1999, “Method of thermodynamic analysis and optimization of energy intensive systems on exergy
flow graphs”, Proc. of International Conference on

7

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153

EFFECT OF WEATHER AND RELEASE CONDITIONS ON THE RESULTS OF TOXIC
RELEASE CALCULATION
Roberto Bubbico and Barbara Mazzarotta
Dipartimento di Ingegneria Chimica, Università di Roma “La Sapienza”, Via Eudossiana 18, 00184, Roma, Italy;
Tel.: þ39 06 44585 780, Fax þ39 06 4827453, e-mail: bubbico@ingchim.ing.uniroma1.it
Consequence calculation represents one of the fundamental steps in the comprehensive methodology
of Risk Assessment. It consists in the evaluation of the impact areas associated to all the accident
scenarios which have been previously identified in the hazard identification step. Such impact
areas strongly depend on a high number of input parameters linked to the specific characteristics
of the chemical(s) involved in the accident, to the modalities of the release, and to the characteristics
of the environment into which the chemical is released. The combinations of the different values of all
these parameters will give rise to a number of accident scenarios, each of them characterized by a
given value of the probability of occurrence. Since risk assessment is a probabilistic approach, the
calculation of the impact areas has to be repeated for all those combinations, and their values combined with the probabilities of occurrence to give the value of the risk. At least in theory, the higher
the number of scenarios, the higher the accuracy of the calculation.
Depending on the size of the facility under study, and on the number of values adopted for each parameter (release size, weather conditions, operating conditions and so on) the number of scenarios to be
analysed can be very high and, consequently, consequence calculation can be a very time consuming
step. At the same time, not always a change in the input parameters will lead to a markedly different
value of the impact area.
As a consequence, an easier calculation procedure, or at least the availability of some guidelines to
devise a more efficient application of it, would be of high value for a much more widespread adoption of
the whole methodology.
For example, the a priori knowledge of the effects of the different input parameters on the calculated
areas, or their ranking based on the relative importance, might be of great help in reducing the calculation time and/or in identifying (and analysing) only those scenarios which actually affect the
calculation of the global risk or which are considered of highest interest (worst case scenarios, most
probable scenarios and so on).
To this aim, in the present work, a number of scenarios have been identified by varying the values of
some of the most important input parameters (such as ambient temperature, wind velocity, Pasquill
stability class, release rate, etc.). The values of these parameters have been obtained by statistical analysis of historical data. Different chemicals have been taken into consideration, to check the effect of the
chemical and physical properties of the substance, as well.
The calculated impact areas have been correlated and some general equations have been provided.

KEYWORDS: risk analysis, consequence calculation, toxic substances, parametric analysis

on a probabilistic approach, this procedure must be repeated
with reference to all the possible scenarios associated to
the activity under examination and, at least in principle,
the higher the number of scenarios adopted, the higher the
accuracy of the calculation.
Of course, depending on the activity analysed, this procedure can be very time consuming and, a thorough and
detailed application of the methodology can be rarely
carried out, actually. This will represent a large obstacle in
view of a careful and effective policy of accident prevention
and emergency planning.
A possible, and commonly employed, simplified procedure, consists in adopting a limited number of reference
scenarios characterised by a high probability of occurrence.
These scenarios (both for the release and for the dispersion)
are identified by selecting the most probable values of the

INTRODUCTION
In order to estimate the risk associated with the release of a
toxic chemical, all the possible accidental scenarios have to
be identified, and then, based on the toxicity of the substance, on the amount released and on its dispersion in the
surrounding environment, the extension of the impact
areas have to be calculated. The impact area associated to
the accidental release of a toxic chemical depends on
various parameters (CCPS, 2000; Lees, 1996) related to
the substance itself, to the modalities with which the
release occurs (release rate, phase of the release, etc.) and
related to the outside environment (weather conditions, configuration of the surrounding territory etc.). As a consequence, this calculation requires to assign a number of
input parameters whose specific values will more or less
markedly influence the results. Since risk analysis is based
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input parameters, as obtained from an analysis of historical
data. However, even if a remarkable reduction of the
number of scenarios can be achieved, this methodology
presents the drawback of requiring an evaluation of the
corresponding frequency/probability of occurrence.
A different approach might be used if the influence
of the input parameters on the results of the calculation
were known in advance. In fact, depending on the specific
conditions characterising the case under study (e.g. the type
of the substance, the location of the release, etc.),
this would allow performing a relatively small number of
calculations, by varying only those input parameters
which actually affect the results of the simulations.
Despite the much smaller burden of calculation, this
procedure would not lead to a loss in the accuracy of the
results.
To this aim, in the present work, some of the main
parameters affecting the calculation of the release and dispersion of toxic chemicals in atmosphere have been
selected, and the influence of their variability on the
results of the calculation has been assessed. In order to
assess also the dependence of the obtained results on the
specific substance under examination, all the runs have
been repeated for two chemicals characterised by quite
different physical and toxicity properties.

SCENARIOS AND SUBSTANCES
The release scenarios adopted in the study have been created
with the aim of simulating some conditions as close to possible real situations as possible. So, it has been assumed that
the substance was stored in a cylindrical horizontal tank
10 m long with 3 m diameter, giving a maximum total
volume of about 70 m3, in liquid state and at ambient temperature. The release has been assumed through a circular
hole located on the bottom side of the tank shell, so that it
will be always in liquid phase and at the maximum flow
rate for the adopted operating conditions. The release hole
diameter was 10, 30 and 50 mm, with 30 mm as the
average value. Finally, the duration of the release was 15
minutes, assuming after that period plant operators were
able to stop the release from the tank or the evaporation
from the possibly generated liquid pool. The external
environmental conditions are characterised by the weather
conditions and by the surrounding terrain conformation.
Among the many parameters characterising the meteorological conditions, those considered most affecting the dispersion of a vapour cloud in the atmosphere have been
varied and their effects assessed, i.e. the atmospheric stability class, the ambient temperature, the time of the day
(daytime or night-time), the wind velocity and the intensity
of solar radiation. In particular the specific values assumed
for the above parameters were:

METHODOLOGY
The parameters which most affect the results of the dispersion modelling can be identified by means of a sensitivity analysis, consisting in quantifying the variation of a
dependent output variable of the model as a consequence
of a corresponding variation of a given input parameter.
Different techniques are available in the literature (Ang
et al., 1975; CCPS, 2000; Helton, 1993; Piccolo, 1998;
Saltelli et al., 1997) depending on the analysed system,
and, for the present case, a discrete method has been
adopted. In particular, “average” values have been identified for all the parameters, and the calculations have
been performed by assigning these average values to all
the parameters except for the one under investigation. By
varying the value of this latter within the proper
variability range, the dependence of the impact areas on
that parameter can be quantified. This procedure is repeated for all the investigated parameters and the results
compared.
Despite the usefulness of this procedure (also known
as parametric analysis), very few applications to the accidental release of toxic chemicals in the atmosphere are
available in the literature (CCPS, 2000; Murphy et al.,
1998), and even in these cases, without a consistent and
systematic approach.
The variability ranges for the selected input parameters have been defined after a statistical analysis of historical records (ISTAT, 1994). Some values have been
selected within these ranges and, in particular, one of
them has been assumed as “average” value for each parameter, when the influence of the others was investigated.

.
.

.

four atmospheric stability classes, two for daytime (A
and D) and two for night-time (D and F) conditions;
three wind velocities (in the overall range 0.5–7 m/s),
set consistently with the values which are typical for
each adopted stability class, and thus different from
class to class;
four ambient temperatures (in the range –10 to 408C)
selected in different ranges depending on the period of
the day, as obtained from the historical records of the
meteorological stations network (ISTAT, 1994).

All the remaining parameters (humidity, etc.) have
been set at constant values representative of average
situations.
The terrain in the surroundings of the location of the
release is usually characterised by the so-called “roughness”,
which should be equal to 1/10 the maximum dimension of
the obstacles (trees, buildings, process equipment, etc.)
encountered by the clouds during dispersion. In the present
simulations it was assumed that the release occurred in a
medium-size process plant, so the typical value usually
suggested for these areas of 0.3 m was adopted.
In Table 1, the values assigned to the input parameters, under the various release configurations, are
reported.
All the calculations were repeated for two toxic substances, i.e. hydrogen chloride and trimethylamine, and
the impact areas were calculated with reference to two toxicity levels, the ERPG2 and IDLH (Table 2). These values
are readily available in the literature and are commonly
used in risk analysis studies.

2
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Table 1. Summary of the values assigned to the input parameters for the calculations under the various release conditions
Period

Stability class

Wind speed (m/s)

Temperature (8C)

Hole size (mm)

Solar radiation (W/m2)

A
D
D
F

0.5; 1.5; 2.5
5; 6; 7
3; 5; 7
0.5; 1.5; 2.5

25; 10; 25; 40

10; 30; 50

700
300
0
0

Day
Night

210; 0; 10; 20

trends most commonly reported in the literature, since it is
known that a higher wind speed promotes a faster dilution
of the vapour cloud, and, consequently, smaller impact distances. This behaviour was found to be most pronounced
under high stability conditions (F Pasquill stability class)
and, above all, in the correspondence of the increase of v
from 0.5 to 1.5 m/s.
As far as the influence of the ambient temperature is
taken into account (Fig. 2), an increase of the impact distances is observed over the whole range of variability for
Tamb. As already mentioned in Section 3, for this substance,
Tamb has a negligible influence on the dispersion of the
vapour cloud, whereas it affects the release rate via the equilibrium vapour pressure (ps(T)) established inside the
storage vessel. So, in this case, the only action of Tamb is
that of determining the flow rate and, as a consequence,
the total amount of material released to the atmosphere.
Finally, with the exception of class F, in all other cases a
linear trend of D and W as a function of Tamb, is found.
The results obtained for D and W as a function of the
hole diameter d, are represented in Figure 3, the influence of
this parameter is straightforward since it directly affects the
flow rate released from the tank and increasing values of the
impact distances are calculated.
When the behaviour of the different stability classes is
taken into consideration, it can be seen that, in daytime conditions, class D is characterised by larger downwind impact

Table 2. Toxicity levels for the substances adopted
Substance
Hydrogen chloride
Trimethylamine

ERPG 2 (ppm)

IDLH (ppm)

20
100

50
200

Hydrogen chloride has a normal boiling temperature
of –858C, and therefore at ambient temperature its vapour
pressure is much higher than 1 atm. Assuming an equilibrium condition in the tank, this pressure will be also the
storage pressure. Differently, in the case of trimethylamine
(Tb ¼ 38C), the equilibrium condition will be adopted
only when Tamb  Tb, while for Tamb , Tb (such as
during some night-time situations), when a vacuum would
be present inside the tank, a padding pressure of 1.05 bar
is assumed. This will allow the release to occur in any
condition.
Based on the above assumptions, it follows that,
among others, a first influence of the ambient temperature
on the impact areas will be linked to the different flow
rates produced by the tank pressure at the different storage
(i.e. ambient) temperatures.
RESULTS
Dispersion modelling was performed by using the code
Trace 9, by SAFER Systems LLC (2003), and no attempt
has been made in the present work to check the reliability
of the calculation code, which will therefore be considered
as “correct”.

A
D (night)
A
D (night)

D (m)

HYDROGEN CHLORIDE
Due to the low boiling temperature of HCl, after release, the
substance will completely and quickly evaporate (flash),
forming a vapour cloud which will disperse under the
effect of the wind.
In Figure 1, the maximum downwind and crosswind
distances corresponding to the IDLH concentration are
reported, as a function of wind speed. The results for all
the stability classes are represented, and similar trends are
obtained for ERPG2.
The maximum impact distances (both downwind an
crosswind) always decrease at increasing v, denoting that
a higher wind speed positively affects the dispersion of the
chemical. This result was expected and agrees with the

D (day)
F
D (day)
F

W (m)

12000

7000

10000

6000
5000

8000

4000
6000
3000
4000

2000

2000

1000

0

0
0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

v (m/s)

Figure 1. Hydrogen chloride: maximum downwind (D; filled
symbols) and crosswind (W; empty symbols) distances
corresponding to IDLH, as a function of wind speed
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A
D (night)
A
D (night)

D (m)

D (day)
F
D (day)
F

Tamb . Tb, the initial enthalpy contents of the release rate
is not large enough to cause a complete evaporation of the
fluid. Consequently, only a fraction of the release will
instantaneously evaporate (flash), and a second fraction
will stay suspended in the vapour cloud as entrained small
liquid droplets (aerosol). The remaining liquid will drop
on the ground forming a liquid pool. Furthermore, in the
case of Tamb , Tb, only a liquid pool will be formed and
no vapour cloud.
The evaporation from the pool depends on a number
of environmental factors, such as the ambient temperature,
the heat conductivity and the temperature of the ground
(in the present simulations this latter has been assumed
equal to Tamb), the wind speed, and so on, so that the influence of these parameters must also be taken into consideration when studying the dispersion dynamics of the cloud.
The trends of the downwind and crosswind impact
distances as a function of the input parameters investigated,
are reported in Figures 4– 6. It can be noticed that this substance shows remarkable differences with respect to the
results obtained for HCl.
First of all, as far as the dependence on the wind speed
is taken into consideration, in the case of class F, a continuous increase of the downwind impact distance is observed,
over the whole range of variability of v. This unexpected
result is connected with the presence of the liquid pool. In
fact, based on the physical properties of this substance, at
the low average temperature corresponding at night-time
conditions, only around 4% of the total released flow rate
will generate the dispersing vapour cloud (even taking
into account the aerosol fraction), against around 39% for
daytime conditions. As a consequence, the dynamics of
the cloud formation is markedly influenced by the pool
evaporation, which strongly depends on the wind speed,
being enhanced by higher values of v. A similar behaviour
was partly found even for the unstable class A, where a
slight increase of the downwind distance is calculated
when the wind speed rises from 0.5 to 1.5 m/s. In the case
of the other stability classes, the weather conditions are
unstable enough (even for class D) so that this effect
becomes not visible any longer, and the diluting action of
the wind prevails.
From Figure 4, it can also be observed that the very
stable class F is still characterised by the largest absolute
distances; however, for this substance, the worst condition
is represented by the combination high stability-high wind
speed (consistently with the proper values for this class of
atmospheric stability), rather than high stability-low wind
speed.
The dependence of the impact distances on the
ambient temperature, is represented in Figure 5, where
some other differences, with respect to the case of HCl,
can be seen. In fact, while for the latter substance rather
linear increasing trends of the distance with Tamb were calculated, for all the stability classes, in the case of trimethylamine, a more remarkable increase of D and W is observed,
above all for Tamb.0 8C, i.e. beyond a temperature close
to the boiling one. However, reminding that below Tb a

W (m)

9000

1400

8000

1200

7000

1000

6000
5000

800

4000

600

3000

400

2000
200

1000
0
−10

0
0

10

20
T (°C)

30

40

50

Figure 2. Hydrogen chloride: maximum downwind (D; filled
symbols) and crosswind (W; empty symbols) distances
corresponding to IDLH, as a function of ambient temperature

distances than class A, in accordance with the higher atmospheric stability of class D (neutral), leading to a slower
mixing of the vapour cloud with fresh air, but smaller crosswind distances.
Similar considerations also applies to night-time conditions, where class F is characterised by larger impact distances than class D. Moreover, due to the high atmospheric
stability (very stable) and to the low wind speed, class F also
represents the “worst weather condition” among those
investigated in the present study, with the largest downwind
and crosswind impact distances.

TRIMETHYLAMINE
Differently from the previous case, the normal boiling temperature of trimethylamine (þ38C), is such that, for
A
D (night)
A
D (night)

D (m)

D (day)
F
D (day)
F

W (m)

10000

3500
3000

8000
2500
6000

2000
1500

4000

1000
2000
500
0

0
0

10

20

30

40

50

d (mm)

Figure 3. Hydrogen chloride: maximum downwind (D; filled
symbols) and crosswind (W; empty symbols) distances
corresponding to IDLH, as a function of hole diameter
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A
D (night)
A
D (night)

D (m)

D (day)
F
D (day)
F

W (m)
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1000
200
800
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0

0
0.0
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2.0

3.0

4.0

5.0
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7.0

8.0
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Figure 4. Trimethylamine: maximum downwind (D; filled symbols) and crosswind (W; empty symbols) distances corresponding to
IDLH, as a function of wind speed

constant padding pressure is assumed, independent of Tamb,
it is clear that the stronger increase observed at higher temperatures is due to the superimposed effect of the tank
pressure.
A further interesting difference in the behaviours of
the two substances can be noticed by comparing Figures 3
and 6, related to the dependence on the release hole size.
For hydrogen chloride, almost identical distances are calculated for the neutral atmospheric condition (class D) during
daytime and night-time, while for trimethylamine, much
larger distances are calculated for class D-day than for
D-night. The average wind speeds for these two stability
classes are 6 and 5 m/s, respectively. Since the wind velocity has a diluting effect on the cloud dispersion, as can
be seen also from Figure 5, where at the same temperature
larger distances are associated to class D-night, this result
A
D (night)
A
D (night)

D (m)

D (day)
F
D (day)
F

implies that the influence of T is much larger than that of
v. After all, we have already seen that, with trimethylamine,
T has a much more complex action than with HCl, affecting
not only the release rate, but also the flash fraction (which
was always 100% for HCl), and the evaporation rate from
the pool.

CONCLUSIONS
The results presented in the paper show that no generally
applicable rule can be given for the influence of the basic
input parameters on the maximum impact areas covered
by a toxic cloud dispersing in the atmosphere. In fact,
their effects markedly depend on the physical properties of
the substance, and, in particular, it seems that the normal
boiling temperature can represent a fundamental parameter
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1500

A
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A
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F
D (day)
F
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0
−10
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0
0
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0
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Figure 5. Trimethylamine: maximum downwind (D; filled
symbols) and crosswind (W; empty symbols) distances
corresponding to IDLH, as a function of ambient temperature

Figure 6. Trimethylamine: maximum downwind (D; filled
symbols) and crosswind (W; empty symbols) distances
corresponding to IDLH, as a function of hole diameter
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in the characterisation of the behaviour of a given chemical
with respect to the cloud formation and dispersion.
For low boiling chemicals, giving rise to all-vapour
releases, the wind speed has a remarkable diluting action
on the cloud, but for high boiling chemicals, characterised
by large amounts of liquid remaining in the pool on the
ground, the influence of the wind velocity is less important
and, under particular ambient conditions, it can give rise to
increased distances.
Higher values of the ambient temperature will always
provide larger impact distances, however, in the case of high
boiling liquids, its influence is more pronounced with
respect to the wind speed, due to the multiple action
exerted by this parameter on the generation of the vapour
cloud.
Even if further studies on the subject, both in terms of
the adopted substances and of release scenarios, are needed
to get at a more general comprehension of the dependence of
the impact areas on the input parameters, nonetheless, when
selecting a limited number of accident scenarios to be used
in a risk analysis, some preliminary indications can be
drawn from the results here reported. In particular it has
been shown that even the so-called “worst case” scenario
is not univocally identified, but it depends on the physical
properties of the chemical under study.

atmosphere: prediction, prevention and protection of the
human health”, with the financial support of the Italian
Ministry of Health and of ISPESL.
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SELECTION OF HAZARDOUS EQUIPMENT FOR THE LAND USE PLANNING AROUND
SEVESO SITES IN WALLOON REGION (BELGIUM)
Christian Delvosalle1, Fessel Benjelloun2, Sylvain Brohez1, Nathaël Cornil1, Cécile Fiévez1, Laurent Servranckx1 and
Fabian Tambour1
1
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The selection of relevant hazardous equipment is a critical step in any risk analysis. If too many
pieces of equipment are selected, the analysis will be unnecessarily time-consuming. On the contrary, if too few pieces of equipment are selected, the risk could be underestimated. However, this
step is often neglected, and there are rather few methods available.
This paper describes the specific method proposed to select equipment in the hybrid method used
in the Walloon Region (Belgium) for land use planning around Seveso sites [1]. This method is
based on the “VADE MECUM” leaflet published by the Walloon Region [2].
According to this method, a piece of equipment containing hazardous substance is selected as a
relevant hazardous piece of equipment if the mass of hazardous substance in this equipment is equal
or higher to a given threshold. This threshold depends on the hazardous properties and on the physical state of the substance. For liquid substances, it is also corrected according to the tendency to
vaporization at the process temperature. Finally, the threshold mass is lowered if there is a potential
domino effect (location near another hazardous equipment).
This method is applied on an existing plant, and compared with two other selection methods:
– The domino approach [3];
– The Purple Book method [4], used in The Nederlands as a preliminary step to the QRA studies.
Results are will then be gathered in a table and discussed.

KEYWORDS: land use planning, hazardous equipment, selection method, seveso directive

If several pieces of equipment are permanently connected, the total mass involved must be considered, except
if there is no possibility of siphoning off the whole set of
equipment in case of a leak on one piece of equipment.
Items of equipment (like pipes) for which capacity is
smaller than the mass threshold but which could release a
mass (flow) higher or equal to the threshold in ten minutes
are also selected as hazardous equipment.
The complementary rules described hereafter must be
followed to calculate the mass threshold for the selection of
hazardous equipment.

INTRODUCTION
The selection of relevant hazardous equipment is a critical
step in any risk analysis. If too many equipment are selected,
the analysis will be unnecessarily time-consuming. On the
contrary, if too few equipment are selected, the risk could
be under-estimated.
This paper describes the specific method proposed to
select equipment in the hybrid method used in the Walloon
Region (Belgium) for land use planning around Seveso sites
(Delvosalle et al, 2006). This method is based on the
“VADE MECUM” leaflet published by the Walloon Region
(Ministère de la Région Wallonne, 2005).

ADJUST THE MASS REFERENCE OF LIQUID
ACCORDING TO THE POSSIBILITY
OF VAPORISATION
For liquids, the threshold mass Ma given in table 1 must be
divided by a S coefficient. A new mass Mb is then found
according to equation (1):

METHOD FOR THE SELECTION OF EQUIPMENT
DEFINE A THRESHOLD MASS MA (KG)
ACCORDING TO THE PROPERTIES
OF THE SUBSTANCE
A piece of equipment containing hazardous substances will
be selected as a relevant hazardous one if the mass of hazardous substance in this piece of equipment is higher or equal
to a mass threshold. The threshold depends on the hazardous
properties of the substance (table 1), its physical state and
eventually its location with respect to another hazardous
equipment (domino effect).

Mb ¼

Ma
S

(1)

A piece of equipment will be selected if the mass
contained M is higher than the threshold mass Mb.

1
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Table 1. Threshold masses Ma for the targeted risk phrases
Risk phrases
Properties of the substance
1
2
3
4
5
6
7
8
9
10
11
12

SEVESO

Very toxic for human being
Toxic for human being
Irritating or harmful for human being
Oxidizing
Explosive
Very explosive
Flammable
Highly flammable
Extremely flammable
Very toxic for the environment
Toxic for the environment
Other dangers

R26-R27-R28
R23-R24-R25
—
R7-R8-R9
R2
R3
R10
R17
R12
R50
R51-R53
R14-R15

S must be included in the interval 0.1 - 10 as noted on
equation (2):

If S , 0:1 then

S ¼ 0:1

If S . 10

S ¼ 10

then

(3)

According to the hazardous property of the material,
S1 value is restricted as shown in table 2.
Table 2. Range for S1 coefficient according to the hazardous
property of the material
Properties of the substance

S1 limits

1 Very toxic for human being
2 Toxic for human being
3 Irritating or harmful for human being
4 Oxidizing
5 Explosive
6 Very explosive
7 Flammable
8 Highly flammable
9 Extremely flammable
10 Very toxic for the environment
11 Toxic for the environment
12 Other dangers

1  S1  10
1  S1  10
1  S1  10
S1 ¼ 1
S1 ¼ 1
S1 ¼ 1
0:1  S1  10
0:1  S1  10
0:1  S1  10
1  S1  10
1  S1  10
S1 ¼ 1

Solid

Liquid

Gas

R39
R40-R41-R45 R46-R47-R49
R20-R21-R22 R36-R37
—
R5-R6
—
—
R11-R15-R30
—
—
R51-R54-R55 R56-R57-R58
R29

1.000
10.000
100.000
10.000
500
500
—
10.000
—
100.000
100.000
10.000

100
1.000
10.000
10.000
500
500
10.000
10.000
10.000
10.000
10.000
10.000

10
100
1.000
10.000
—
—
—
—
1.000
1.000
1.000
—

Remarks
. For substance states other than liquid, the S coefficient is
equal to 1 and Mb ¼ Ma.
. In case of mixtures, the boiling temperature to be considered is the temperature at which boiling starts.
. In case of an unstable substance likely to dissociate
before reaching boiling temperature, dissociation temperature must be considered instead of boiling temperature.
. In the case of a substance likely to polymerise without
dissociation before reaching boiling temperature, the
S1 coefficient is equal to 1.
. The adjustment of Ma is not applied for categories 4, 5, 6
and 12 (in table 1).
. If hazardous substances are present in a same piece of
equipment, it must be considered that each substance
can fill the whole capacity.
. In case of a warehouse (products stored in numerous
containers of low capacity), the mass to be considered
is the total capacity of the warehouse.

(2)

S1 coefficient takes into account the difference
between the operating temperature Tp (8C) and the boiling
temperature at atmospheric pressure Teb (8C) according to
equation (3):
S1 ¼ 10 ðTp Teb Þ=100

Non-SEVESO

S2 coefficient is only applied to process with a service
Teb
. In
temperature lower than 0 8C, according to: S2 ¼ (50)
other cases (positive service temperature), S2 ¼ 0.
Temperatures are expressed in Celsius degrees.

S is the sum of the coefficient S1 and the coefficient
S2.

0:1  S  10

Reference mass Ma (kg)

ADJUST THE THRESHOLD MASS IN CASE OF
DOMINO EFFECT HAZARD
At this stage of the selection process, for each piece of
equipment not selected previously (M , Mb), the following
reasoning is applied:
Pieces of equipment containing explosive or flammable
substances must also be selected as hazardous equipment:
.

2

if it is located at less than 50 m from a piece of equipment selected as hazardous following rules explained
in paragraphs 2.1 and 2.2;
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. AND if it contains a mass of hazardous substance higher
than a reference mass Mc calculated according to
equation (4):
Mc ¼ S3  Mb

.

And, if the equipment is not yet selected, and only for
equipment containing a substance likely to cause a domino
effect:

(4)

.

with


.
.
.
.

0:1  S3  1
S3 ¼ ð0:02  DÞ3

D is the distance (expressed in m) between the two
equipment.

(5)

If S3 , 0:1 then S3 ¼ 0:1
If S3 . 10 then S3 ¼ 1

COMMENTS
The method for the selection of equipment must not be
applied blindly. If a piece of equipment can be hazardous
by the presence of an hazardous substance and by the operating conditions inside the piece of equipment, it can be
selected as a relevant hazardous piece of equipment.
Moreover, some piece of equipment near the plant
boundaries could be selected due to their effects on close
targets. It is also possible to select other equipment according to the experience of industrialists about the possibility of
accidents on the equipment.

Remark
. The calculation of the new threshold Mc (threshold
related to the possibility to generate domino effect) is
only made for equipment containing a substance likely
to cause a domino effect (“explosive” or “flammable”
risk phrase as R2, R5, R10, R12, etc). This rule is not
valid for equipment containing toxic substances and is
thus not applied.

TABLE FOR THE APPLICATION OF THE METHOD
A table should be built with the following columns in order
to compile the data needed to apply the methodology:
.
.
.
.
.
.
.
.
.
.
.

CONCLUSION
The selection of relevant hazardous equipment is a critical
step in any risk analysis. The Walloon Region provides a
method based on threshold masses which takes into
account the hazardous properties and the physical state of
the substance. For liquid substances, it is corrected according to the tendency to vaporize at the process temperature.
Finally, the threshold mass is lowered if there is a potential
domino effect (location near another hazardous piece of
equipment).

Reference number of the piece of equipment;
Name of the piece of equipment;
Type of piece of equipment;
Substance handled;
Physical state of the substance;
Boiling temperature (in 8C);
Operating temperature (in 8C);
Risk phrases;
Hazardous classification;
Volume (in m3);
Mass contained in the piece of equipment (in kg) or for
flow through a piece of equipment (as pipes), the
released mass in 10 minutes.
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For the calculation required by the method, columns
should be added as follow:
.
.
.
.
.

Name of the nearest selected piece of equipment
(selected due to M . Mb);
Distance from the nearest selected piece of equipment;
S3 coefficient;
Mass Mc (in kg);
Selection of the piece of equipment (Yes/No) based on
the comparison of M and Mc (selection if M . Mc).

The result of this table is the selection of relevant
hazardous equipment.

S3 must be included in the interval 0.1–1:
0:1  S3  1

Selection of the equipment (Yes/No) based on the
comparison of M and Mb (selection if M . Mb).

Threshold mass (Ma in kg);
S1 coefficient;
S2 coefficient;
S coefficient;
Mass Mb (in kg);
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THE SOLVENT EFFECTS ON GRIGNARD REACTION
Mieko Kumasaki, Takaaki Mizutani, and Yasuhiro Fujimoto
National Institute of Occupational Safety and Health, 1-4-6, Umezono, Kiyose, Tokyo, 204-0024, Japan;
e-mail: kumasaki@s.jniosh.go.jp
This research focuses on the effects of water in a solvent on a synthetic process of a Grignard
reagent which is common in organic synthesis and triggered an accident in Japan. For the measurement, a hermetically sealed apparatus was prepared to fit a small-scaled reaction calorimeter. The
experimental results revealed that the induction period appeared as the water content in the solvent
increased. The function of water was considered an inhibitor of the activation of the metal surface.

KEYWORDS: Grignard reaction, induction period, reaction calorimeter, water content

be monitored in a small-scale for safety concerns and
carried out in a reactor enable to introduce gaseous alkyl
halide. Furthermore, the reaction is required to provide agitation during reaction monitoring. In order to meet the
requirement, an apparatus was specially prepared to fit
into a small-scaled reaction calorimeter with built-in magnetic stirrer, SuperCRC. The apparatus was made from
glass and designed to avoid leaking of the gas into the
open atmosphere and intrusion of air.

INTRODUCTION
A chemical process is designed in order to ensure a safe
operation. A set of materials and the process conditions
are tailored to safely run the process as well as fit the
quality demand. Operators carefully control a reaction by
checking a temperature monitor to prevent a runaway reaction. Nevertheless, operators are sometimes misled by the
induction period. In an accident that occurred in Japan,
2005, the induction period was one of the key causes.
On 12 May, 2005, the process of generating a
Grignard reagent for a polymer synthesis caused a
runaway reaction followed by an explosion. Fortunately,
there were no fatalities; however, three workers had burns
from the reaction solution.
The Grignard reagent is a common chemical in organic
synthesis and generally formed with magnesium and an alkyl
halide in ether. In the reaction process, magnesium and the
initiating reagent were mixed in ether followed by the
addition of a gaseous alkyl halide while monitoring the
heating and temperature. The temperature and reaction rate
did not increase as expected although the reaction has been
conducted more than 100 times. They added additional
gaseous alkyl halide in order to increase reaction rate. After
the addition, the reaction mixture exhibited a sudden temperature rise and exploded. The time period which kept the
reaction rate low is considered the induction period.
The “Induction period” is the initial time during which
the chemical reaction does not appear to occur. After this
period, the chemical reaction accelerates. During the induction period, a monitor shows no or only a slight signal of a
reaction. Without awareness of an induction period, an operator might add excess materials to a rector aimed at starting
the reaction. The addition results in a surge in the reaction
rate after a short period, and a runaway reaction then
occurs. Since the induction period can lead operators to misjudging the situation, the knowledge of induction period
should be essential in process safety.
This report focuses on the effects of the solvent
on the induction period for the synthesis of Grignard
reagent, especially the water content. In the experiments,
Tetrahydrofuran (THF) prepared with and without further
purification was used as the solvent. The reaction need to

EXPERIMENTS
SAMPLES
THF was purchased from Kanto Chemical Co., Inc. For
investigation of the solvent effects, THF was purified by
refluxing with sodium metal in order to remove the usual
impurities such as water, THF peroxides, and stabilizers.
Prior to collection of the pure fraction, benzophenone was
added to the refluxing mixture since benzophenone forms
a blue coloured complex and can serve as an effective indicator to check the removal of the water and peroxides. THF
including water was prepared to give about 0.5wt.% and
1.0wt.% of THF by adding to water.
A CH3Br cylinder was obtained from Sanko
Chemical Industry Co.,Ltd. Magnesium (turnings, 99.9%)
was obtained from Acros Organics.

APPARATUS SETTING AND THE SYNTHETIC
PROCEDURE FOR GRIGNARD REAGENT
The Grignard reagent was prepared in a hermetically-sealed
reactor which was metal contamination proof. The reactor
was designed for a small-scale reaction calorimeter, i.e.,
the SuperCRC. SuperCRC is a reaction calorimeter, and
its features were described in a previous report (Kumasaki,
Fujimoto, & Ando, 2003). The calorimeter heat sink contains two wells for the sample and reference cells. The
reference cell was not used in this study. The calorimetric
behavior was followed through the Peltier devices built in
the heat sink. All experiments used about 50 mg of magnesium turnings and 4 ml of THF. The reaction temperature
was fixed at 158C.
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Figure 1. The apparatus and pipe arrangement for the experiments

The apparatus and pipe arrangement are described
in Figure 1. Prior to the calorimetric data collection, the
magnesium was weighed and placed in a reactor with a magnetic stirring bar. The apparatus was evacuated by a vacuum
pump and filled with nitrogen. After pouring the THF, a
freeze-degassing was added using liquid nitrogen. In the
procedure, special attention was required since air sometimes leaked. The procedure was, however, essential to
keep the reactor under reduced pressure and introduce
gaseous alkyl halide smoothly. Highly pure THF was carefully transferred to avoid air intrusion.
The CH3Br vapour was introduced from a reservoir
after the baseline of SuperCRC was allowed to stabilize.
Gaseous CH3Br had been previously transferred from the
cylinder to the reservoir.

supposed to decompose exothermically in the range from
70 –808C (Robertson, 1948). The measurements were
carried out at the heating rate of 10K/min. The instrument
was a DSC2920 from TA instruments. The Solvent THF,
as sample, was heated in sealed cells made from stainless
steel.
RESULTS
Figures 2–7 show the heat release behaviour upon the
CH3Br to the reactor. Figure 2 shows the result with a
solvent taken from a newly used THF including stabilizer.
Although the THF is commercially available in an ordinary
bin, the average of water content was 82.4 ppm which was
quite low level against expectations. Figure 3 is a result of
freshly purified THF whose water content was 302.7 ppm
on average. Solvents with low water content allowed an
exothermic reaction to start immediately after the CH3Br
introduction. No difference was observed between the purified THF and the THF including stabilizer. Therefore, the
stabilizer in THF does not have any influence during the
initial stage. Neither of solvents showed the induction
period.
The induction period appeared as the water content
increased. Figures 4–7 show the heat flow curves of the
reaction in THF with added water. At about a 0.5wt.%
water content, an inflection point was found. After the
inflection point, the heat flow curve surged and reached
the maximum heat rate. This suggests a slight sign of an
induction period. THF with about 1wt.% water exhibited
two exothermic peaks (Figures 6 and 7). Magnesium did
not seem to react until the reaction reached the latter
exothermic process.

WATER CONTENT
The Water content was measured using an AQUACOUNTER equipped with an AQ-2001 and AQV-2001 (Hiranuma
Sangyo, Co., Ltd.). Both of them measure water content by
way of the Karl Fischer titration method and the measurement ranges are from10ug to 99 mg of H2O. The former is
coulometric and the detection range is 5 ppm to 10%. The
latter is volumetric and the detection range is from
100 ppm to 100%. In the measurements, the two automatic
water analyzers were switched depending on the expected
water content of the THF.
SEALED CELL – DIFFERENTIAL SCANNING
CALORIMETRY (SC-DSC)
The thermal analysis with SC-DSC was utilized to check the
existence of tetrahydrofuran peroxides. The peroxides is
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Figure 2. Heat flow as a function of time for the reaction in
THF with stabilizer. The water content was 82.4 ppm

Figure 4. Heat flow as a function of time for the reaction in
THF with stabilizer. The water content was 0.4124wt.%

SC-DSC measurement revealed that the change in
heat release behaviour was only due to the change in
water content. SC-DSC measurement did not suggest any
signal indicating peroxides present in all the solvents used
in this study.
The Grignard reagent is recognized as a useful species
to generate a carbon-carbon bond. The Griganard reagent is
synthesized by the following reaction:
RX þ Mg ! RMgX

R is an alkyl group, and X is a halogen atom. In general, the
alkyl halide is added to THF containing magnesium. The
mixture turns into a suspension. The generated Grignard
reagent is utilized in the following synthesis without isolation. In the Grignard reagent, the alkyl group is negatively
charged due to the low electronegativity of the magnesium.
Thus, the Grignard reagent is easily deactivated by water
accompanied with a heat release.

(1)

RMgX þ H2O ! RH þ Mg(OH)X

Figure 3. Heat flow as a function of time for the reaction in
THF without stabilizer. The water content was 302.7 ppm

(2)

Figure 5. Heat flow as a function of time for the reaction in
THF without stabilizer. The water content was 0.6016wt.%
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This study indicated that water in the solvent suppressed the heat release during the initial stage although
water generally leads to decomposition of the Grignard
reagent and generates heat.

The Grignard reagent generation process should be
developed as follows: 1. dissolution of alkyl halide into
solvent, 2. removal of oxide film on magnesium surface,
3. reaction of alkyl halide with magnesium on its surface.
As for step1, the calorimetric measurement revealed the dissolution was exothermic (Figure 8). This measurement was
carried out in the way similar to the synthesis of the
Grignard reagent. Under a decreased pressure, CH3Br was
introduced into the THF without magnesium in a reactor.
The step 2 to expose a fresh magnesium surface can be
identified by the use of iodine. Iodine removes the oxide
film on the magnesium surface and turns into iodine ion if
it exists in a reactor. The removal is accompanied with the
change in colour of iodine; the purple iodine radical turns
into the colourless iodine ion. In other words, an iodine
radical attacks on the oxide film. Step 3 is a well-known
exothermic reaction. As mentioned above, the existence of
water and the excess amount of alkyl halide can deactivate
the Grignard reagent.
How does water serve as an inhibitor of the reaction?
As for step 1, water does not seem to prevent CH3Br from
dissolution into the THF. The heat release behaviour exhibited in figure 6 and 7 have a similarity to one in Figure 8
indicating the dissolution of the CH3Br. Water can serve
as an inhibitor of the expected reaction in step 3. The reaction caused by water, however, is also exothermic and does
not exhibit an induction period.
Among the three steps, the most plausible function is
to prevent the smooth removal of the oxide. The process
easily develops by the existence of radicals. The radical generated by CH3Br can be quenched or retarded by water
which can result in the generation of an induction period.
The question has still remained how the generation of the
Grignard reagent starts even in the presence of water;

Figure 7. Heat flow as a function of time for the reaction in
THF without stabilizer. The water content was 1.2661wt.%

Figure 8. Heat flow as a function of time for the dissolution
process of CH3Br into THF without stabilizer

Figure 6. Heat flow as a function of time for the reaction in
THF with stabilizer. The water content was 1.1426wt.%

In this experiment, the excess amount of CH3Br
might cause the Wurtz-Fittig reaction as a side reaction to
generate a hydrocarbon. A high temperature enhances the
side reaction.
RMgX þ RX ! R-R þ MgX2

(3)
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the speed of the removal might exceed the inhibition of the
water, or the temperature rise might allow the water
to vaporize. In either case, the latter peak in Figures 6 and
7 represents that the induction period terminated and the
generation of the Grignard reagent started. Figures 2–5
show the cases that the generation of the Grignard reagent
occurred following to the dissolution of the CH3Br
without interruption.

proceed. In the case of a high water content, the exothermic
dissolution of CH3Br and generation of the Grignard reagent
are separate processes. That caused an induction period. The
water is considered as an inhibitor to avoid exposure of the
active magnesium surface.
In order to control reactions concealing an induction
period, awareness is the first step. Therefore, screening
measures for such reactions need to be carefully devised.

CONCLUSION
A Chemical process should be designed as a safe process
taking into consideration related past incidents, properties
of materials, and the character of the reaction. They fix
the recipe, the procedure, and during the operation,
monitor the temperature and other parameter not to exceed
the set criteria in order to maintain a stable operation.
Some of the reactions, however, sometimes accelerate
beyond control without awareness of an induction period.
This research focused on the Grignard reagent synthesis using THF, CH3Br, and manganese. The effect of
water in solvent was investigated. The heat flow behaviour
of the reaction varied depending on the water content.
THF with little water allowed the reaction to smoothly

ACKNOWLEDGEMENT
The authors are grateful to Mr. Keita Nagasawa at the
Yokohama National University for the helpful information
about THF peroxide.

REFERENCE
Kumasaki, M., Fujimoto, Y., Ando, T., 2003, Calorimetric
behaviours of hydroxylamine and its salts caused by
Fe(III), Journal of Loss Prevention in the Process Industries,16,507– 512
Robertson, A., 1948, Tetrahydrofuran Hydroperoxide,
NATURE, 162,153

5

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153

SAFETY ASPECTS OF A CYANAMIDE REACTION: INHERENT SAFE DESIGN THROUGH
KINETIC MODELLING AND ADIABATIC TESTING
Wim Dermaut, Christine Fannes and Johan Van Thienen
Janssen Pharmaceutica NV, Turnhoutseweg 30, 2340 Beerse, Belgium; e-mail: wdermaut@janbe.jnj.com
The synthesis of an active pharmaceutical ingredient (API) involves the use of the highly unstable
compound cyanamide. At temperatures above ambient, cyanamide starts to decompose slowly, so
that proper safety testing is needed to facilitate safe use in chemical production. To determine the
decomposition behaviour of cyanamide, we used the non-parametric kinetic modelling approach as
provided in the Advanced Kinetics and Technology Solutions (AKTS) software package. The
model was constructed on the basis of five different DSC runs, each with a different heating
rate, and its validity was checked through a comparison of the predicted adiabatic runaway
profile with the results of actual adiabatic experiments in the Phi-Tec calorimeter. The simulations
and the experiments showed that the consequences of a runaway reaction could be very serious.
Since very high concentrations of the starting materials were used in the original recipe for this
reaction, the severity of a possible runaway reaction could be decreased considerably through diluting the system with extra solvent (in this case water). Thanks to the high heat capacity of water, a
relatively small decrease in concentration had a very significant influence on the maximum heat rate
of the runaway reaction, resulting in an inherently safe and yet economically viable process. The
detailed kinetic model enabled us to evaluate the impact of different thermal conditions on the
decomposition behaviour of the reaction mixture.

AKTS MODELLING SOFTWARE
For the kinetic modelling we used the Advanced Kinetics
and Technology Solutions (AKTS) software2. The current
kinetic procedure applied in the AKTS Thermokinetics
Software is based on the use of the Arrhenius equation
in the so-called differential isoconversional method of
Friedman, which can be used to elaborate DSC signals3.
This numerical technique (after baseline optimisation)
makes possible an advanced and precise description of the
decomposition reactions of most chemicals. The Friedman
method is based on the Arrhenius equation:

INTRODUCTION
In the synthesis of an intermediate for an API, a 50% w/w
solution of cyanamide in water is mixed with the starting
product, an aniline, and brought to 608C. At that point,
hydrogen chloride is dosed into the reaction mixture, resulting in the desired coupling reaction. The reaction scheme is
given in Figure 1. This reaction proceeds relatively rapidly,
with a high yield of high-purity product. The cyanamide
used is a very unstable compound however, which starts
to decompose slowly at temperatures above ambient. Due
to the high exothermicity of the synthetic reaction, dosing
of the hydrogen chloride on a production scale needs to be
done slowly, resulting in relatively long reaction times, typically more than 4 hours. In this time frame, cyanamide
decomposes at a considerable rate, and hence there is a competition between the desired reaction and the decomposition
reaction. Since the decomposition of cyanamide is very
exothermic as well (the typical enthalpy of decomposition
of the 50% solution in water is about 1600 J/g in DSC),
this poses a serious safety problem. In the hazard analysis,
the most credible runaway scenario was deemed to arise
from a cooling failure just before the reaction starts, when
the temperature of the reaction mixture is 608C and no
hydrogen chloride has been added yet. In this scenario, the
cyanamide would start to decompose, at first slowly, but
then faster as the decomposition proceeded adiabatically.
The key concern in this scenario is the heat generation at
the reflux temperature. If this heat generation is too high,
flooding of the vapour lines and subsequent ejection of
the reaction mass could occur1. Therefore we needed to
characterize the decomposition reaction of this process in
great detail.



da
E
¼ Aexp 
f (a)dt
RT(t)
dt
in which f(a) is the model function, A the pre-exponential
factor, E the activation energy, T the temperature and t the
time. Friedman’s idea was to apply the logarithm of the conversion rate da/dt as a function of the reciprocal of the
temperature at any conversion a:


da
E(a)
¼ A(a)exp 
f (a)
RT(t)
dt
 
da
E(a)
þ ln (f (a))
ln
¼ ln (A(a)) 
RT(t)
dt
As f(a) and A(a) are constant at any fixed a, the logarithm of the conversion rate da/dt over 1/T gives a straight line
with the slope m ¼ 2 E/R (this implies that the activation
energy is not constant but a function of the conversion).
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(the aniline, a solid) was put into the crucible and its
weight was recorded. From this weight, the exact amount
of required cyanamide 50% solution in water was calculated. This amount was then added to the crucible with a
microlitre pipette. For the diluted process, the cyanamide
solution was first diluted with extra water, and a similar procedure was then followed. DSC runs with scanning rates of
8, 4, 2, 1 and 0.58C/min were recorded and the resulting
data were used as input for the AKTS Thermokinetics
software. The sample mass was in the range of 10 to 20 mg.

NH

HCl
Water
R

NH2
R

Figure 1. Coupling reaction of the aniline compound with
cyanamide in water

By extension, we can also state


da
E(a)
¼ A0 (a)exp 
dt
RT(t)
dt

ADIABATIC TESTING
The original (i.e. concentrated) process was tested in the
Phi-tec adiabatic calorimeter. In this experiment, exothermicity was observed from 738C. A final temperature of 1658C
was reached after 160 minutes (see Figure 4). Note that this
experiment was conducted in a glass test cell with a phifactor of 1.26. What is most important about this run
however, is the maximum self-heat rate (SHR), which was
found to be 3.58C/min. Since the influence of the phifactor on the maximum SHR5 is dramatic, it can be expected
that in a real runaway scenario on a plant scale (i.e. at
phi ¼ 1), a rate of at least 108C/min would be observed.
Under operating conditions, the SHR at the reflux temperature is important: if it is sufficiently low at this temperature,
the boiling of the reaction mixture will temper the reaction,
the temperature can no longer rise, and the boiling point can
be considered as an efficient safety barrier. If, however, the
SHR at the reflux temperature is high, flooding of the vapour
lines can occur, with subsequent ejection of (part of) the
reaction mass from the reactor. In this particular experiment,
the SHR at the boiling point (1008C) is 18C/min, and it is
hard to predict what this value would be at phi ¼ 1. This
process is also extremely concentrated (only 25% w/w of
the reaction mass is solvent), so that the evaporative loss
of a limited amount of solvent would be expected to substantially affect both the reaction kinetics and the boiling
temperature. This in turn could greatly increase the observed
SHR at the reflux temperature and hence the risk of flooding.
We therefore considered this process as not intrinsically
safe and consequently not acceptable for introduction into
production.
Given the preceding, an approach was needed to
change the process in such a manner that it would become
intrinsically safe, without interference with the high yield
and quality of the product obtained. This requirement was
satisfied through diluting the process with extra solvent, in
this case water. The process conditions were not changed,
but the amount of solvent was increased from 25 to 53%
w/w of the starting volume. The effect of this dilution is
twofold: on the one hand, the extra amount of solvent acts
as an extra heat sink for the heat generated (thereby decreasing the adiabatic temperature rise), and on the other hand,
the dilution results in a lower overall concentration of the
reagents, resulting in slower reaction kinetics (hence
decreasing the reaction rate). These reaction conditions
were tested in the Phi-tec as well, and the expected decrease

in which A0 (a) ¼ A(a)f (a)
In this model, a set of different DSC curves is used,
each with a different heating rate as input. Since peaks in
DSC curves shift towards higher temperatures when
higher heating rates are used, this set of data contains the
information needed regarding different conversions at
different temperatures. And this information enables us to
determine the conversion dependence of the activation
energy and the pre-exponential factor, and hence to construct the appropriate non-parametric kinetic model. With
this model we can then predict the thermal behaviour of
the system under different conditions (isothermal, linear
heating, temperature profiles, adiabatic, etc.).
This equation can also be used to describe the thermal
behaviour of a larger amount of substance since the kinetics
are the same for 10 milligrams of substance as for 1 ton. The
only requirement for this undertaking is an accurate description of the thermal properties (conductivity, heat transfer
properties, etc.) of the system. Once these parameters are
known, relatively accurate predictions can be made with
regard to the conversion of the product in different
thermal conditions4.

EXPERIMENTAL APPROACH
The synthesis reaction was tested in two different conditions: concentrated and diluted. At room temperature,
the reaction mixture is highly heterogeneous. At temperatures around 608C, the mixture becomes homogeneous.
The specific heat of the mixtures was retrieved from a
Mettler RC1 experiment (Quickcal procedure) and was
found to be 2.7 J/gK (at 658C) for the concentrated
process and 3.4 J/gK (at 608C) for the diluted process.
All adiabatic experiments were performed in an HEL
Phi-Tec calorimeter. Glass cans with magnetic stirring were
used. Typically these cans have a phi-factor of approximately 1.25 for aqueous solutions. A heat-wait-search
approach was followed, with a starting point of 608C and
subsequent heat steps of 5 or 108C.
All DSC runs were performed on a Mettler 822e DSC,
and gold-plated 20 mL high-pressure crucibles were used.
Since the reaction mixture is strongly heterogeneous, the
products were brought together in the crucibles and not
mixed beforehand. To achieve this, the starting product
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Figure 2. DSC runs of the process at different heating rates. These curves were generated from the diluted process condition.
The appearance of the runs from the concentrated process condition is very similar

in severity of the runaway reaction was confirmed experimentally. For these new process conditions, the exotherm
started at 868C, the total adiabatic temperature rise was
lowered from 1438C to 608C (calculation corrected for
phi ¼ 1), and the maximum SHR (experimental at
phi ¼ 1.25) from 3.58C/min to 0.458C/min.
It should be noted that in all Phi-tec experiments, the
run was aborted at about 1708C, so that only the first part
of the decomposition reaction was considered, as will be
discussed below.

process) that another exotherm followed directly after the
first one. Other tests (with pressure measurement) showed
that the first part of the decomposition reaction is not
accompanied by any gas generation, but that the second
one is. The experiment was therefore aborted after the
first part of the reaction so that the second decomposition
reaction would not be triggered, which could rupture the
test cell.
In the AKTS software, it is recommended that the
baseline construction be performed in such a way that the
standard deviation of the integrated reaction enthalpies of
the different DSC runs is less than 10%. For the concentrated process, no major problems were encountered with
the construction of the baseline. For the diluted process
however, a clear baseline shift in the DSC signal was
observed at around 808C. This shift might have been due
to the dissolution of the starting material in the reaction
mixture or to some other change in physical properties,
and should therefore not be taken into account for the determination of the reaction enthalpy. Hence the tangent used
for the baseline construction at the beginning of the reaction

AKTS: CONSTRUCTION OF MODEL
The two process conditions (concentrated and diluted) were
studied by means of AKTS modelling on the basis of DSC
runs with different heating rates. The samples were prepared
as described in the ‘Experimental approach’, above. As can
be seen in Figure 2, the decomposition reaction comprises
two distinct reaction steps. In the adiabatic tests in the
Phi-tec, the decomposition reaction studied was limited to
the first step. It was observed (especially in the concentrated

Figure 3. AKTS model of the concentrated process (left) and the diluted process (right). The solid markers represent the experimental
(DSC) points and the line represents the curve generated by the model
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Figure 4. Comparison of the experimental adiabatic runs (thick curves) with the AKTS simulations (thin curves), including the AKTS
confidence interval. Concentrated process in the left-hand graph, diluted process in the right-hand graph

was the one constructed right after this baseline shift. This
approach resulted in a small confidence interval for the reaction enthalpy (422 + 3.5 J/g) and a good fit with the experimental Phi-tec data, confirming the validity of the kinetic
model. Figure 3 shows the fit of the experimental DSC
data with the model for both processes.

SIMULATION OF RUNAWAY BEHAVIOUR
AT PHI 5 1, AND RECOMMENDATIONS
In practice, it is very difficult to perform accurate adiabatic
measurements at a phi-factor close to unity. However, the
AKTS model enables us to perform simulations of virtually
any adiabatic runaway scenario imaginable, at any phifactor. Since the process is run at 608C, the following scenario was thought to represent a worst-case situation: the
reaction mixture is heated to 608C, an overshoot of 158C
occurs, after which there is a loss of cooling power. This
would result in an adiabatic runaway from 758C. This scenario was simulated at phi ¼ 1, and the results are given in
Figure 5.
Already at first glance, it is obvious that the severity
of a possible runaway scenario is far worse for the concentrated process than for the diluted process. First of all, the
maximum SHR of the first part of the decomposition reaction is several orders of magnitude higher in the concentrated process (478C/min versus 0.38C/min for the diluted
process). Second, in the concentrated process, the first and
the second part of the decomposition are hardly distinguishable from one another. This results in a higher maximum
SHR, but the pressure profile is influenced as well. The
first part of the decomposition is not accompanied by any
pressure build-up (apart from the increase in vapour
pressure with increasing temperature), whereas the second
part of the decomposition is accompanied by substantial
gas generation and hence pressure build-up. It would
therefore be unacceptable from a safety perspective to run
any risk of triggering the second part of the decomposition

COMPARISON OF THE DATA GENERATED
BY THE KINETIC MODEL WITH THE
EXPERIMENTAL PHI-TEC DATA
Once the kinetic model is constructed, predictions can be
made about the thermal behaviour of the system in different
thermal conditions. One of the possible thermal scenarios is
fully adiabatic behaviour. Model predictions were therefore
calculated for the two processes under the conditions used in
the Phi-tec (same starting temperature and same phi-factor).
For the model prediction, an upper and lower confidence
interval was calculated as well. The results are shown in
Figure 4. From the two graphs, it can be concluded that
the model predicts the experimental curves very well. Part
of the difference between the experimental curves and the
predicted ones may arise from the difficulty of accurately
determining the phi-factor of the glass test cells used, or
from the fact that the heat capacity and the phi-factor are
kept constant throughout the temperature range in the
AKTS model (whereas in reality they are a function of the
temperature). The differences are small however, which
makes it likely that the other AKTS predictions are reliable
as well.
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Figure 5. AKTS simulations of runaway profiles for the concentrated and the diluted process (starting temperature 758C, phi ¼ 1).
Temperature profiles in the left-hand graph, heat-rate curves in the right-hand graph. (NB: the scale in the latter is logarithmic)
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reaction. In the diluted process, the two steps of the
decomposition are sufficiently separated that the risk of
triggering the second part of the decomposition is virtually
non-existent.
Another reason for which the diluted reaction is preferable to the concentrated one is related to the SHR at the
reflux temperature. As already mentioned, the reflux
barrier of the reaction mixture can be used safely to
prevent the temperature from rising any further during a
runaway reaction, providing that the heat generation at the
boiling point is sufficiently low. The heat rates at the
boiling point (1008C) predicted by the AKTS model
are relatively low in both scenarios: 0.38C/min for the
diluted process and 18C/min for the concentrated process,
which corresponds to 14 and 57 W/kg. Normally, the
reflux barrier would be sufficient in both cases and the
process could be deemed safe enough for introduction into
the production plant. There are some concerns, however,
regarding the heat profile of the concentrated process.
First, very little solvent is used, and the possibility of part
of the solvent being lost when the boiling point is reached
cannot be ruled out. A small loss of solvent could result in
both a significant increase in the boiling point and an
increase in concentration, which would lead to a substantially higher heat rate at the actual boiling point. It can be
seen from the heat rate curves that the sensitivity of the
heat rate to the reaction temperature at around 1008C is
much higher for the concentrated than for the diluted
process. A small increase in the boiling temperature would
therefore have a considerable effect on the heat generation
in the concentrated process. All these factors are of no

concern for the diluted process, since in that case the
overall maximum heat rate is only 0.38C/min, which
would pose no problem whatsoever at the boiling point.
All factors considered, we conclude that the diluted process
is preferable for production since it would result in intrinsically safe reaction conditions, whereas the concentrated
process does not.

CONCLUSIONS
A synthetic reaction in which cyanamide in water was used
was kinetically modelled with the aid of AKTS software.
The results of adiabatic Phi-tec testing agreed well with
the model predictions. Simulations established that the concentrated process is not intrinsically safe. The process was
therefore redesigned on the basis of a diluted reaction, and
appropriate testing showed that this process is intrinsically
safe, so that it can be introduced into the chemical
production facility.
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‘LESSONS LEARNT – LACK OF PREVENTIVE MAINTENANCE AND INCORRECT
INSTALLATION CAN LEAD TO FAILURES AND SHUT DOWNS’
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Hazardous incidents and operational failures jeopardize health and safety of workers at work. They
influence the most sensitive nerve of a process controlled plant and create shut downs and end up in
cost. Preventive measures for plant maintenance are regular and frequent inspection and servicing.
Safety-relevant equipment and protective systems must be serviced by trained experts.
Most important for the risk assessment procedure are the many small defects when commissioning the processing units and the insufficient servicing of safety relevant equipment during processing. “Small defects – large effects” this principle must be considered at the stage of installing the
devices to exclude or minimize risks. Following this idea the international Loss Prevention Seminars of the chemical and petrochemical industry together with the Health and Safety Executives are
offering the “Lessons learnt” to show practical examples of possible and impossible failures. Not
everything can be foreseen by the manufacture and printed in the manual as a warning, although he
is obliged to highlight all possible failures and malfunction during operation.
The daily work is showing the many false uses during installation, process and maintenance. The
device may be inappropriate due to the false requisition of the operating conditions and it may be
installed in a physically wrong way against all minds. Further description of unsufficient servicing
in the end shall wake you up.
Wrong design: Although the manufacturer of the equipment or protective system must check all
relevant datas for the design of the device the operator – the employer – is responsible in the end
for the correct use of the device. He must control before installation and putting into use. All defects
at delivery may have an influence on the safe use of the device. Protective systems are marked with
regard to the intended use.
Wrong installation: Weight-loaded safety valves are to be installed that the weight is operating
vertically and not against the physics horizontally. The non trained staff sometimes is not in a position to evaluate the function of the device by itself without studying the manual, if written in the
appropriate language and readable by the staff. This in particular if the installation is executed
based on isometrics.
Transportation lockers must be removed before commissioning. They are protective devices for
the sensitive parts of the safety valves. To ignore this will create the hazard of implosion of a tank
because the vacuum braker is blocked in case of required inbreathing.
Insulation of valves must leave free space for breathing. Follow the recommendations of the
manufacturer and don’t block the relief-opening of the pressure and vacuum valve.
Wrong servicing: Maintenance, Inspection, Repair must guarantee the technical function of the
device to guarantee minimum life cycle cost of the installed devices and of the total plant.
Based on an example of the wrong repair of a fusible element the vision of an accident can be
realized.
Wrong maintenance: Proper maintenance requirement is part of the guarantee of the manufacturer. The frequency is determined by the process and its parameters and must be fixed by the
employer when experiencing the commissioning stage. Examples of delayed maintenance will
show the need for regular and accurately timed maintenance.
Corrective maintenance presumes qualified actions with original parts declared by the manufacturer. These are measures to reconstruct the original order or to keep the device in good repair.
Training and local servicing by the manufacturer assure competent advice and long life time.
The responsibility of the employer and plant operator incorporates that safety devices shall be
serviced and repaired by trained experts.

KEYWORDS: preventive maintenance, protective systems, ATEX, flame arrester, pressure/vacuum
relief valve
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INTRODUCTION
Hazardous incidents and operational failures jeopardize the
health and safety of workers at work. They affect the most
important parts of a process controlled plant, cause shut
downs and increase costs. Preventive measures for plant
maintenance are regular and frequent inspection and servicing. Safety relevant equipment and protective systems
must be serviced by trained experts.
Experiences from actual installations can highlight
the pitfalls and potential dangers.
The accident at the fuel storage depot at Buncefield in
the UK in 2005 was a major incident and clearly illustrated
the dangers to both plant operators and the public at facilities storing and processing flammable and explosive products. The magnitude of the explosion surprised experts in
the field and it was fortunate that there were no fatalities.
It took several days to bring the fire under control,
damage and disruption was widespread and the environment
was put at risk. The investigation is on going and although
the initial cause of the incident is now clear there remain
unanswered questions.
Less spectacular but most important for the risk
assessment procedure are the many small defects when commissioning the process units and the inadequate servicing of
safety relevant equipment during day to day operation of
plant. The principle of “Small defects – large effects”
must be considered during the installation of the devices
to exclude or minimize risks. Therefore this paper will
focus on the “Lessons learnt” and show practical examples
of failures. Not everything can be foreseen by the
manufacture and printed in the operating manual as a
warning, although the manufacturer is obliged to highlight
all possible failures and malfunctions that could occur
during operation.
Day to day experiences in the field highlights many
problems during the installation, process and maintenance
of safety critical devices. The device may be inappropriate
due to the inaccurate specification of the operating conditions at the enquiry stage or it may be installed in a
physically wrong way despite clear instructions from the
manufacturer. During ongoing operations unsatisfactory
servicing will eventually lead to failure.

Figure 1. Nameplate of the protective system with CE-mark,
ATEX-No. and product-classification

INCORRECT DESIGN
The specific operating and product data for an application
determines the correct design and selection of the safety
device. Although the manufacturer of the equipment or protective system must check all relevant data for the design of
the device, the operator is ultimately responsible for the
correct use of the device. He must check it before installation and putting it into use. Any defects at the time of
delivery can have an influence on the safe use of the device.
Under the ATEX Directives Protective Systems are
marked with regard to their intended use. However the
CE-mark is not a general release for operation: The manufacturer declares conformity with all relevant rules and
regulations with regard to the installation in gaseous atmospheres (G) or dust atmospheres (D); in accordance to 94/9/
EG ATEX-classified for mines (I) or all other industries (II);
in accordance to EN 14079 suitable for Explosion Group I,
IIA, IIB, IIC.
If the stored products or the processed vapours are of
the equivalent classification, the protective system can be
confirmed in the Explosion Protection Document as suitable
for the intended use following the requirements of ATEX
1999/92/EC.

Figure 2. (a) Wrongly installed weight loaded vacuum breaker (vacuum relief valve). (b) Cross section of a weight loaded vacuum
relief disc valve installed in the right position – fulfilling the rules of gravity is mandatory
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Figure 4. Implosion of the tank due to a blocked vacuum
breaker

If valves are insulated then it is important to leave free
space to the atmosphere to allow the breathing of the valve.
Hence the recommendations of the manufacturer must be
followed and blocking of the relief opening of the pressure
and vacuum valve must be avoided.
The warnings within the manufacturer’s manuals
must be considered. For instance no piping must be installed
above endurance burn proof vents or valves. This would trap
the heat from the endurance burning causing failure of the
device. Also it could prevent the weather hood from
opening in the intended way. The weather hood must open
completely to release the heat during the endurance
burning in the way that it was tested and approved for.

Figure 3. Transportation locker still not removed from the
installed valve

INCORRECT INSTALLATION
Weight-loaded safety valves have to be installed so that the
weight is operating vertically and not horizontally. Installation staff may not be in a position to evaluate the function of
the device by itself without studying the operating manual
which should be written in the appropriate language and
readable by the staff.
Safety valves should be installed by trained staff only.
This is particularly important if the installation is carried out
based on isometric diagrams. The correct installation is
sometimes difficult to judge and incorrect installations on
wrongly positioned nozzles are possible.
Transportation lockers must be removed before commissioning. These provide protection for the sensitive parts
of the safety valves such as the valve seat and valve disc,
both of which are lapped for the smooth and tight sealing
of the valve. However they are used only during transportation of the valve and failure to remove them can stop the
valve from operating as intended. The manufacturer
details within the installation manual what should be
removed to ensure safe use of the device and how to do
this. Flags and stickers on the valve indicate that an action
is required.
To ignore this will create the hazard of implosion of a
tank because the vacuum breaker is blocked in case of
required inbreathing. The warning flag is cut off carefully
and the sticker is removed without any action taken. The
transportation locker presses the valve pallet on the valve
seat, or in the case of pressure and vacuum valves both
valve pallets and the valve pallets are not able to lift. The
valve is blocked. During commissioning of the tank in
fig. 4 the damage was caused by an implosion due to the
blocked valve.

INCORRECT SERVICING
Maintenance, Inspection and Repair must preserve the technical function of the device to achieve the minimum life
cycle cost of the installed devices and of the total plant. Servicing as preventive maintenance is necessary to keep the
intended function or in case of malfunction restore it.

Figure 5. Insulated and “hidden” installed safety valve cannot
function properly
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Figure 8. Blocked flow channels of a detonation arrester by
product residues

its organizations as e.g. the Health and Safety Executive.
The requirements of the Safety Regulations worked out by
the HSE result in cost for the plant operator.
In servicing the guidelines of the manufactures are
sometimes neglected or not followed correctly because of
cost concerns or because of lack of technical knowledge
of the function of the components.
For example the incorrect repair of a fusible element
in an endurance burn proof flame arrester can lead to the
possibility of an accident. The fusible element is a safety relevant component of the endurance burning proof vent cap.
In the case of an endurance burn the fusible element melts
and both parts of the element separate. The hood hinges

Figure 6. Endurance burning proof vent cap with fusible
element

Targets of servicing:
Improvement of operational safety
Enhancement of the operational availability
Optimisation of the operational processes
Reduction of operational breakdowns
Planning of life cycle cost
Servicing is important as failure of technical systems
may cause loss of human life. The responsibility for the
control of servicing is regulated by the Government and

Figure 7. Spot welded element: Fusible elements must not be
“repaired” at all

Figure 9. Blocked flow channel of a pressure vacuum relief
valve with crystallized product
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due to a spring and the flame flares free off the flame
arrester. If the fusible element is spot-welded as shown in
this example, the hood cannot hinge and the risk of a flash
back into the tank is to be expected.

Inadequate maintenance can result in not intentional
and not scheduled shut down of the operating plant if
devices are blocked completely with sticky or crystallized
products due to the fact they were not maintained for
months or even years. It is not uncommon for the manufacturer to be called in for inspection when it is already
too late.
Examples of delayed maintenance will show the need
for regular and accurately timed maintenance.
Corrective maintenance requires qualified actions
with original parts supplied by the manufacturer. These
are measures to restore the device to its original condition
or to keep the device in good repair. Training and local
servicing by the manufacturer assures competent advice
and long life time based on the actual State of the Art
technology. However it is the responsibility of the
employer and plant operator to ensure that safety devices
are serviced and repaired by trained experts and original
spare parts are used. Only then the warranty of the manufacturer and the ATEX declaration of conformity
remain valid.

INCORRECT MAINTENANCE
Maintenance is necessary to prevent the device deteriorating
over time.
A proper maintenance requirement is part of the guarantee of the manufacturer. The frequency is determined by
the process and its parameters and must be fixed by the operator taking into account the nature of the process. Usually
regular maintenance is carried out by trained personnel. It
will extend the life cycle and minimize wear and tear of
the serviced equipment.
Maintenance comprises adjustment and cleaning as
well as replacement of spare and worn parts (flame arrester
element, gaskets etc.) if the expected life time is less than
the next maintenance interval. For specialised devices
such as liquid loaded valves and liquid seal detonation
arresters replenishment or replacement of commodities
like petrol, lubricants or water may be necessary.
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After the critical facts of the 11th of September 2001 and some more recent which occurred both in
some facilities and pipelines determined by terrorist attacks, industrial vision of safety for industrial
plants, and Risk Analysis has changed and has new duties to consider. Aspects and problems concerning security must be included in the overall safety analysis path, and evaluation of the threats
and new parameters as attractiveness, vulnerability and reachability of a target – assumed as centre
of danger: storages, process unit, transport and convey units – must be included in the definition of
the risk for the plant unit. For some plant, both for those of large multinational company, security is
now a key priority.
This paper proposes an approach for implementing a Safety and Security Management System
(SSMS) taking into account all the characteristics required for Safety Management Systems as indicated in the 82/501/CE Directive also known as Seveso III. A new overall parameter is introduced to
estimate the criticality of a target considering different parameters as its vulnerability, attractiveness,
reachability and worst-case scenario approach (intentional attacks are considered to produce catastrophic scenarios involving all the confined substance of a unit or storage). The procedure presents
an easy implementation by knowing the main results of risk analysis. It is also possible to give gross
evaluations even without knowing the results of risk analysis contained in the Safety Report, a
mandatory requirement for dangerous plants.
This short-cut evaluation provides useful information for ranking interventions and countermeasures, and to focus on security items within the plant. The SSMS is conceived with a PDCA approach
(including the ISO 14001:2004, ISO 16017 and OHSAS 18001:1999 schemes), it includes the organizational structure and all the process and resources for determining and implementing the major
accident prevention policy considering both the safety and the security issues. This paper is intended
to analyze and give methods to build a SSMS including methods for the identification and evaluation
of major hazards, to improve the operation control and the active monitoring of the attractive targets.
A test case will be presented and an application of the method will show the importance of the results
achieved and the real possibilities of application and integration with SMS of Seveso plants.

KEYWORDS: safety, security, management, intentional attach, threat

introduced to estimate the criticality of a target considering
different parameters as its vulnerability, attractiveness,
reachability and worst-case scenario approach (intentional
attacks are considered to produce catastrophic scenarios
involving all the confined substance of a unit or storage).
The procedure presents an easy implementation by
knowing the main results of risk analysis. It is also possible
to give gross evaluations even without knowing the results
of risk analysis contained in the Safety Report, a mandatory
requirement for dangerous plants.
This short-cut evaluation provides useful information
for ranking interventions and countermeasures, and to focus
on security items within the plant. The SSMS is conceived
with a PDCA approach (including the ISO 14001:2004,
ISO 16017 and OHSAS 18001:1999 schemes), it includes
the organizational structure and all the process and resources
for determining and implementing the major accident prevention policy considering both the safety and the security
issues. This paper is intended to analyze and give methods

INTRODUCTION
After the critical facts of the 11th of September 2001 and
some more recent which occurred both in some facilities
and pipelines determined by terrorist attacks, industrial
vision of safety for industrial plants, and Risk Analysis
has changed and has new duties to consider. Aspects and
problems concerning security must be included in the
overall safety analysis path, and evaluation of the threats
and new parameters as attractiveness, vulnerability and
reachability of a target – assumed as centre of danger:
storages, process unit, transport and convey units – must
be included in the definition of the risk for the plant unit.
For some plant, both for those of large multinational
company, security is now a key priority.
This paper proposes an approach for implementing a
Safety and Security Management System (SSMS) taking
into account all the characteristics required for Safety Management Systems as indicated in the 82/501/CE Directive
also known as Seveso III. A new overall parameter is
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to build a SSMS including methods for the identification and
evaluation of major hazards, to improve the operation
control and the active monitoring of the attractive targets.
A test case will be presented and an application of the
method will show the importance of the results achieved
and the real possibilities of application and integration
with SMS of Seveso plants.
WHAT IS AN ACCIDENT NOW?
Seveso II (and then Severso III) Directive gives a concise
definition based on precise quantitative criteria (Annex
VI) which relate to: quantity of dangerous substance potentially discharged; injury to persons; scale and duration of
evacuation and interruption of service; damage to property;
damage to terrestrial, freshwater, and marine habitats and to
groundwater; cross border damage.
The main characteristics of an accident which should
be considered both in Risk assessment and Planning:
.
.
.
.
.

Degree
Degree
Degree
Degree
[. . .]

Figure 1. Safety and Security similarity and differences

of expectedness;
of avoidability;
of intention;
of warning;

System, as required by Seveso regulation, and with EN
ISO 16017 and OHSAS 18001.
The first step consists in defining the main processes
and area of integration. In Figure 3 it is showed how
Safety e Security could be integrated starting from a
common Policy and an a common Risk assessment.
Figure 4 shows the Deming’s PDCA implementation and
philosophy into the organisation of a SSMS. The main processes and the necessary actions are summarised below:
Organisation and personnel

Before 11th September 2001 Major hazard plant risk
assessment neglected deliberate, intentional, malicious
actions even if the US Department of Justice in 2000 affirmed:
“Terrorists or other criminals are likely to view the potential of
a chemical release from an industrial facility as a relatively
attractive means of achieving [their] goals. . .breaching a containment vessel of an industrial facility with an explosive or
otherwise causing a chemical release may appear relatively
simple to such a terrorist. Therefore, someone seeking to
cause the damage associated with weapons of mass destruction
may instead seek to cause a chemical release from an industrial
facility”. Accidents subsequent of terrorist attacks have all
those characteristics at the highest level.

.

.

.

Definition of the roles and responsibilities of personnel
involved in the SSMS management at all levels in the
organisation. Security tasks should be evaluated by top
management at the end of risk analysis.
Identification of training needs of such personnel and the
provision of the training so identified. The involvement
of employees and, where appropriate, sub-contractors.
The SSMS should reflect the top-down commitment and
the safety and security culture of the operator’s

SECURITY RISK DEFINITION
Security Risk is defined as the evaluation of the likelihood
that a defined threat will exploit a specific vulnerability of
a particular attractive target or combination of targets to
cause a given set of consequences. Safety and Security similarities and differences are summarised in Figure 1. It is
important to remark the differences between accidental
and intentional (see Figure 2). Prior to 11th September
there was a little consideration of “intentional” release.
Exceptions were Nuclear plants. Now deliberate release
risk should be managed as “traditional” risks. Traditional
risk countermeasures (physical security features and cyber
security measures) must integrate with safety strategies to
result in a single process risk management.
ELEMENTS FOR A SAFETY AND SECURITY
MANAGEMENT SYSTEM
In this paragraph we will briefly show how is possible to
integrate Security items both in Safety Management

Figure 2. Accidental vs intentional
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Operational control
.

Figure 3. Conceptual organisation of the SSMS

organisation, translated into the necessary resources and
direct responsibilities of personnel involved in the management of major hazards at all levels in the organisation. The operator should identify the skills and
abilities needed by such personnel, and ensure their provision.

The operator should prepare and keep up to date and
readily available the information on process hazards
and design and operational limits and controls coming
from the S&S hazard identification and risk evaluation
procedures. Based on these, documented procedures
should be prepared and implemented to ensure safe
design and operation of plant, processes, equipment
and storage facilities.
In particular, these procedures should cover:maintenance of the security at all the layers, threats analysis,
commissioning, start-up and normal periodic shutdown,
all phases of normal operations, including test, maintenance and inspection, detection of and response to departures from normal operating conditions, temporary or
special operations, operation under maintenance conditions, emergency operations, decommissioning.
Management of change

.
.

Identification and evaluation of major hazard
. The operator should develop and implement procedures
to systematically identify and evaluate S&S hazards
arising from activities, from the substances and materials
handled or produced in them, and from adversaries. The
procedures used for the identification and evaluation of
hazards should be formal, systematic, and critical (see
Figure 5). There should also be systematic procedures
for the definition of measures both for the prevention of
incidents and for the mitigation of their consequences.

Changes should not affect SSMS;
The operator should adopt and implement management
procedures for planning and controlling all changes in
people, plant, processes and process variables, materials,
equipment, procedures, software, design or external circumstances which are capable of affecting the control of
major accident hazards. This approach should cover permanent, temporary and urgent operational changes.
Planning for emergencies

.

An adequate emergency plan should be developed,
adopted, implemented, reviewed, tested, and where
necessary revised and updated. The operator should
implement procedures which will define the skills and
abilities required, including where appropriate a team

Figure 4. PDCA organisation of a SSMS

3

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153

Figure 5. SSMS Risk Assessment

approach in order to find the necessary combination of
theoretical and practical knowledge.
. The operator should develop and maintain procedures to
identify, by systematic analysis starting from the S&S
hazard identification process, foreseeable emergencies
arising from or in connection with its activities, and to
record and keep up to date the results of this analysis.
Plans to respond to such potential emergencies should
be prepared, and arrangements for testing and review
on a regular basis should be included within the Safety
Management System. The procedures should also
cover the necessary arrangements for communication
of the plans to all those likely to be affected by an
emergency.

.

should be used to decide what improvements should
be made to the elements of the SSMS and their
implementation.
Senior management should, at appropriate intervals,
review the operator’s overall safety and security policy
and strategy for the control of major-accident hazards,
and all aspects of the SSMS to ensure its consistency
with these. This review should also address the allocation of resources for SSMS implementation, and
should consider changes in the organisation as well as
those in technology, standards, and legislation.

OVERALL SECURITY INDEX
A simple method for a speed evaluation of security vulnerabilities, and indeed for the prioritisation of improving
changes, has been developed. The steps are the following:
for each equipment or storage unit where are processed or
stored dangerous materials some indexes should be calculated using the 3–7 tables. For the selection of the plant
unit and installation, it could be useful to refer to DowMond method [1]. The first index for the determination of
the overall security index is, using table 3, is the severity
of the attack. Tables 4, 5, 6 allow to determine intensification of the severity of the attack factor, difficulty of the

Monitoring the performances
. The operator should maintain procedures to ensure that
safety and security performance can be monitored and
compared with the S&S objectives.
. Active monitoring should include security surveillance,
inspections of safety critical plant, equipment and instrumentation as well as assessment of compliance with
training, instructions and safe working practices.
. Reactive monitoring requires an effective system for
reporting incidents and accidents and an investigation
system which identifies not only the immediate causes
but also any underlying failures which led to the
event. It should pay particular attention to cases of
failure of protective measures.

Table 1. Safety and security requirements
Security

Safety

Audit and review
Vulnerability and threat
assessment
Security risk assessment
Security requirements
Penetration of the layer tests

. The operator should carry out periodic audits of its
SSMS as a normal part of its business activities. An
audit should determine whether the overall performance
of the SSMS conforms to requirements, both external
and those of the operator. The results of these audits

4

Operational safety assessment
Safety risk assessment
Safety requirements
Requirement-based tests
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Table 2. Accidental vs intentional
Intentional release depends
by
Likelihood of successful
attack;
Severity of the consequences
Likelihood depends by:

Table 3. Attack severity factor

Il rischio di rilascio
accidentale è funzione di:
Likelihood of the accidental
attack
Severity of the consequences
The likelihood of an event
with can initiate dangerous
events’ chain

Factor

Toxic release scenario
(persons involved in the
scenario)

Fire or explosion
scenario (persons
involved in the
scenario)

0– 10
10 – 50
50– 100
100– 1000
1000– 10000
10000– 100000
.100000

0 – 10
10– 20
20– 50
50 – 100
100– 1000
1000– 10000
.10000

1
2
3
4
5
6
7

Attractiveness of the targets;
Degree of threats;
Vulnerabilities.

Table 4. Intensification of the severity of the attack factor
Intensification of
the severity of the
attack factor
0.5
0.75
1.0
1.25

Toxic release concentration at
500 m (ppm)

Radiant flux at 200
m (kW/m2)

Shock wave at
200 m (bar)

TWA
ERPG-2
IDLH
LC50

3
5
7
12.5

0.01
0.03
0.1
0.3

Table 5. Difficulty of the attack factor
DA
Factor
1

2

3

4

Factors related to the success of the attack
The scenario could be caused by a successful attack, which would require a well-planned and coordinated series of
events involving several individuals with special knowledge/training and breaching several independent security
levels of protection.
The scenario could be caused by a successful attack, which could be accomplished by a small group of individuals
with equipment or materials available to organized terrorist organizations (or an insider with special knowledge of
the facility), and does require access to restricted access areas.
The scenario could be caused by a successful attack, which could be accomplished by a small group of individuals
with equipment or materials available to organized terrorist organizations, but does not require access to restricted
access areas.
The scenario could be caused by a successful attack accomplished by a single individual with readily available
equipment or materials.

attack factor and the attractiveness factor. Overall Security
Index could be determined with equation 1. To determine
easily which unit should be analysed you can take all the
unit with an overall index with compensation (as defined
in Italian DPCM 31.3.1989, a slight modification of DowMond method) G’ .390 o T’ . 11 or expert judgement following an audit. G’ and T’ are respectively the general risk
index and toxic index after compensation.
OSI ¼ SA  FIA þ DA þ AT

New overall indexes are given by (2) and (3):

G0 ¼ G0  far
T 0 ¼ T 0  far

(2)
(3)

Far is a prioritisation of the intervention factor
defined in table 7.

(1)
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Table 6. Attractiveness factor
AT
Factor
1
2
3
4

Descrizione e fattori che influenzano l’appetibilità del target per un avversario
A successful attack is unlikely to cause disruption to local economy or local infrastructure. Therefore, an attack is
unlikely to gain significant media attention.
A successful attack could cause local evacuations, disruption to local economy, or disruption of local
infrastructure. Would receive primarily local media attention.
A successful attack could impact regional economy, disruption of regional infrastructure, or cause extensive
property damage. Would likely receive some national media attention.
Facility located adjacent to a major recognizable landmark. A successful attack could impact national economy,
could disrupt a major supply of a critical material, or disrupt national infrastructure. Attack certain to receive
substantial national media attention.

Table 7. Prioritisation of the intervention
Increase factor for the general risk
index far
Range
,3
3 , OSI , 6
6 , OSI , 9
9 , OSI , 12
12 , OSI , 15
.15

Prioritisation of the intervention level

Relative to G’

Relative to T’

No intervention needed
Slight necessity of the intervention
The intervention is necessary
The intervention is necessary and will be probably expensive
The intervention is critical, resources should
be allocated soon to improve security level
Very critic intervention

1
1.1
1.2
1.7
3.5

1
1.1

10.5

1.25

1.4

countermeasures to reduce consequences and probability
of successful intentional attacks.

CONCLUSION
This analysis has shown that Safety and Security are
easily integrable within an extension of up to now
active procedure and methods of process industry. There
is a strong need of SSMS culture based on the concept
of layers of protection. It is possible to perform a complete analysis of the security vulnerability and the
speed method proposed could be useful to determine a
list of priorities of intervention. A further development
should be focused on the individuation of efficient

REFERENCES
1. American Institute of Chemical Engineers (1981) Dow’s
Fire & Explosion Index: Hazard Classification Guide (5th
edition) LC 80-29237
2. Whiteley, J.R.R. and Mannan M.S., Initial perspectives on process threat management, J.Haz. Mat., vol. 115, 163–167, 2004

6

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153

IGNITION SENSIBILITY OF NYLON FIBRES
L. Marmo, D. Cavallero and V. Suppo
Politecnico di Torino, Dept. Scienza dei Materiali e Ingegneria Chimica, C.so Duca degli Abruzzi 24, 10129 Torino Italy;
e-mail: luca.marmo@polito.it
Dust explosibility is up to now a well known problem in the industrial safety field. On the contrary,
much less is known about the explosibility of clouds of fibrous materials dispersed in air. Nevertheless, some related accidents are reported in the scientific and technical literature. Some sort
of nylon fibres, called flock, is used in the textile industry to produce a special kind of fabric.
The production process involves the dispersion in air of the fibres studied in this work. Several
experimental tests were run on flock samples having various length and diameter, in order to
study the ignition energy, the possibility of auto ignition of deposited layers and the explosion
severity indices (maximum explosion pressure, pmax and dust explosion constant Kst).
The ignition energy measurements were made using a modified Hartmann apparatus, the possibility of auto ignition was studied by means of a hot plate and the explosion severity indices were
measured using a 20 L spherical vessel equipped with chemical igniters. In some case a statistical
criterion was also developed to analyse the significance of the results obtained.
With all the lessons learnt directly from experimentation it is indeed possible to find out
indications about the reduction of the explosion risk for industrial processes involving natural
and synthetic fibres.

KEYWORDS: Dust, explosion, fibres, MIE, explosion probability, polyamides

standards approved in Germany. Nevertheless the recent accidents (Marmo, 2004; Witt, 1997/98) proofed that a sufficient
level of safety in these plants is still far from being reached.
The aim of this study was twofold. The first goal was
to enforce the knowledge on flock clouds ignition by electrostatic sparks, exploring the effect of turbulence, concentration and test method on the probability of ignition of
the cloud. The second goal was to better understand the
explosion characteristics of nylon fibres through the
measurement of the severity indexes of the material.

INTRODUCTION
Dust explosion is a well known risk that arises almost in
each field of the process industry. A wide panorama of
the phenomenon was given by many authors in the recent
past (Eckhoff, 2003). Recently some accidents showed
that also fibres can cause explosions in a manner very
similar to dust (Marmo, 2004; Witt, 1997/98). Nevertheless fibres explosions are not studied in deep as dust
explosions are. More in general, the need of quantitative
data describing the behaviour of fibres dispersion is still
actual, since this field is poorly explored to date.
Minimum ignition energy (MIE) of nylon fibres (in such
a form to be addressed as flock) dispersion as an
example, is almost still unknown, despite two very
similar accidents occurred in the last years (Marmo,
2004; Witt, 1997/98). In the recent literature (Von
Pidoll, 2002) explored the MIE of flock of various nature
according to the IEC draft standard 1241-2-3 trigger
method A4. In that case the MIE was found to lie in the
range 90 4 2000 mJ using a capacitive discharge. Data
of MIE with respect to the fibre diameter multiplied by
its length are provided in the paper, on the contrary the
Author does not provide indications on the effect of the
delay time and of the fibre nominal concentration.
Fibres are widely found in the textile industry, where
both natural (wool, cotton) and synthetic materials are processed. Fibres are present mainly as by-product undergoing
collection, but in the flock industry (Marmo, 2004) the dispersion of the fibres inside an electrostatic field is provoked
as a process need. As a consequence of many accidents that
occurred in flock manufacturing plants in the late ‘900,
some research projects lead to the definition of a series of

SAMPLES
The materials used in the experimentation performed in this
work are generally adopted in textile factories specialized in
the production of flocked yarn, and consist of fine wires of
Polyamides, such as nylon 6 6, which can found as raw or
differently processed.
The geometric characteristics of the samples used in
the various tests are summarized in Table 1. All samples
were provided by a manufacturer located in Northern Italy.
Some of the samples are raw fibres (such as W0, W1 and
W2 of Table 1) are made of pure nylon fibres of a bright
colour. The other samples were treated by the manufacturer.
These treatments consisted in tincture and activation so that
the fibres could be oriented by means of electrostatic fields;
this property is required for process needs.
The flock diameter is comprised between 10 and
43.6 mm, while their length lies between 0.6 and 1.95 mm.
Some of the samples were observed in terms of
Minimum Ignition Energy by means of a Modified Hartmann Apparatus produced in the past years by the research
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Table 1. Summary of the samples’ geometric characteristics
and of the experimentation performed
Diameter

Length

Sample dTex1 mm mm mm Characteristics
W0
W1
W2
M1
B1
B2
G1
N1
S1
S2
S3
S4
S5
G2

0,9
1,9
3,3
0,9
1,9
3,3
6,7
17
0,9
1,9
1,9
3,3
6,7
0,7

10,0
14,6
19,2
10,0
14,6
19,2
27,4
43,6
10,0
14,6
14,6
19,2
27,4
7,5

0,60
0,65
1,00
0,60
0,65
1,00
1,50
1,80
0,65
0,4
1,00
0,65
0,65
0,65

600 Not
650
activated
1000
600
650
1000
1500
1800
650
400 Activated
1000
650
650
650

Tested in

Modified
Hartmann
Apparatus

Figure 1. Command box and connections of the modified
Hartmann apparatus

20 L Sphere;
Hot plate

1
dTex is a unit of measure for the linear mass density of fibers, is
defined as the mass in grams per 10,000 meters.

The air flows through the nozzle, whose shape creates
a downward flow that impacts the bottom of the test
chamber, which acts as a distributor. As a consequence, a
transient dust cloud is suddenly created into the test
chamber. The ignition is provided by a spark occurring
between two tungsten electrodes located at 1/3 of the
vessel height. The gap between the electrodes is set to
6 mm. A fully capacitive device was conceived so to
control the energy delivered and the delay time between
the resuspension and the ignition generate the spark. This
is obtained since the same device also controls the elecrovalve used to deliver the air to the distributor.
The delay time can be varied between 30 and 180 ms,
through 30 ms steps.
The spark energy is modified by acting on the number
of capacitors charged to generate the spark. The discharge
circuit is made of eight capacitors having different capacitance, therefore a consequence 256 energy level are theoretically available. The discharge circuit is fed at 300 V, but
through a transformer a 10 kV quick release is produced
and sent to the electrodes for the discharge. Such system
is called “trigger by transformer, two electrodes system”,
according to norm (Cesana, 2001).
At its top the Hartmann tube is provided with a free
opening in order to vent the explosion, thereby obtaining a
low value of overpressure inside the tube. The device used
to close the apparatus consists in a paper filter, simply
used in order to provide a limit to the volume taken by the
dispersed mixture before the explosion.
Generally, the commercial procedures of measuring
the MIE require series of tests changing the dust amount
and the electric ark energy to observe and verify the ignition.
With this apparatus, in order to set the ark energy a
series of different capacitors is charged to a fixed tension,
allowing the spark energy to. The value of the nominal
spark energy is calculated with the usual formulation

group, while others were analyzed on a hot plate and in a 20
L sphere, in order to evaluate the sensitivity to autoignition
and the explosion behaviour ( pmax and KSt parameters).
EXPERIMENTAL APPARATUSES
The possibility of performing reliable and representative
experimental measures is a key point to obtain an estimate
of the risk of explosion; in fact, as it will be said in the
next paragraph, mixtures air-solid are heterogeneous
systems, whose behaviour is influenced by many factors.
Among them both the environmental conditions and other
variables (dimensions, kind of treatments and process
underwent by the fibres) showed a marked influence of the
ignition easiness. Therefore the operative procedures
required a surplus of accuracy and of condition set.
The standard apparatuses and the procedures adopted
are described as follows.
MODIFIED HARTMANN APPARATUS AND MIE
The apparatus is represented in Figure 1. The test chamber
structure was realized according to (Cesana, 2001). It consists of a vertical glass tube of 1.2 L volume provided of a
mushroom-shaped air nozzle at the bottom. The dust
sample is distributed at the bottom of the test chamber to
form a layer that surrounds the nozzle. A given amount of
compressed air held in a 50 ml vessel is suddenly delivered
to the distributor as an electrovalve, commanded to open
and to allow the pressurized air to move from the reservoir
to the vessel through a 908 wide radius bend, is opened. A
special reducer allows the bend to be fixed to a nozzle,
which is run by the air from downside.
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E ¼ 0,5 C.U2 and ranges between 4.5 and 4150 mJ. The
actual value of the spark energy was carefully measured in
terms of potential difference U when the apparatus was calibrated. The spark energy is only one of the parameters that
can be controlled; in fact it is also possible to vary:

nozzle via a duct and a valve. The reservoir is then pressurized at 20 barg, then at the opening of the valve, the pressurized dust-air mixtures is blown into the sphere through the
so called rebound nozzle. After a given delay time set at
60 ms, ignition is provided by triggering the chemical igniters. Experimental runs are to be repeated at different dust
nominal concentration.

. the discharge pressure of the reservoir, usually set at 7
barg;
. the amount of sample to be put in the tray of the apparatus, which, when dispersed, corresponds to a concentration of dust or fibres expressed in g/m3;
. the delay time between the dispersion of the sample and
the electric ark, which is a way of creating different fluid
dynamics inside the test volume prior to the ignition.

EXPERIMENTAL RESULTS
IGNITION ENERGY
The Minimum Ignition Energy (MIE) represents the
minimum amount of electric energy discharged by a capacitive circuit, which is able to trigger a flame which
propagates clearly inside a mixture of dust and air, under
specific test conditions.
Several MIE measurements were performed at different nominal concentrations (500, 750, 1000 and in some
cases 1250 g/m3) at 180 ms delay time. Solely for one
sample (B1) the delay time was also reduced to 60 and
120 ms. Such a rather long delay (180 ms) was adopted
because it was observed that longer delay times, representing
a lower level of turbulence, allowed a higher frequency of
ignition. Each test was run with a 7 barg discharge pressure.
Particularly good care was adopted in the preparation
of the samples for the tests; in fact it was suddenly clear that
both the moisture content of the sample and of the air can
affect in a considerable way, thereby making inconstant
results; it was therefore decided to adopt a drying time of
at least 8 hours at 105 8C, quite longer than what standards
require.
Usually, in the standard procedures (Cesana, 2001),
the MIE is operatively defined as lying between the following values:

HOT PLATE
The so called Hot Plate apparatus is made of a heated horizontal surface, which consists of a circular metal plate of at
200 mm in diameter and 25 mm in thickness. The plate can
be heated electrically and its temperature is measured for
control purposes by means of a thermocouple located on
the plate surface, near its centre, so to provide good
thermal contact with the plate.
Another thermocouple is mounted in a similar manner
opposed to the control one, and is connected to an acquisition
system to record the temperature of the surface during a test.
Depending on the requirements of the different tests
of the present work, one or two more thermocouples
(0,2 mm diameter) were sunk into the dust layer.
A sample holder made of a metal ring is to be placed
in the centre of the metal plate. Various holders of different
heights (5, 20, 80 mm) were prepared. The first two holders
could host one thermocouple, each one at half of its height,
while The 80 mm high ring had the possibility of inserting
two thermocouples at different heights (7,5 e 40 mm).
The test result is made on the basis of the temperatures recorded and on the observed behaviour of the
heated layer.

E2: the lowest energy value at which ignition occurred at
least once in ten successive tests
E1: the highest energy value at which in at least ten successive tests no ignition was observed
The results of the MIEs of the samples are summarized in
Table 2, as values comprised between the respective E1
and E2. Some fibres such as W0, W1, W2, G1, N1 and S5

20 L SPHERICAL VESSEL
The 20 L sphere used in the work is a commercial apparatus
by Kuhner. It is made according to the ASTM E1226-94
standard, hence it can be used for the measure of many parameters such as the lower explosion limit (LEL), the lower
oxygen concentration (LOC), and the explosion indices KSt
and pmax. The apparatus is made of a closed spherical vessel,
where a dust cloud is created blowing air and the dust
sample through a rebound nozzle. Two chemical igniters
located roughly at the centre of the sphere provide the
ignition of the cloud. For the needs of this work, the
energy delivered by the igniter was 10 kJ. The sphere is provided of two pressure transducers to acquire the pressure
inside the test chambers at a 2500 Hz rate.
The vessel is also provided of a water jacket for the
temperature control.
A 0.4 bar(a) vacuum is made in the sphere prior to the
test. The sample is placed into a resevoir connected to a

Table 2. Overview of the MIE measurements, with also the
concentration at which it occurred

3

Sample ref.

E1

M1

200

B1
B2
S1
S2
S3
S4

390
3675
115
360
1170
2000

, MIE ,
,
,
,
,
,
,

MIE
MIE
MIE
MIE
MIE
MIE

,
,
,
,
,
,

E2

Conc. [g/m3]

250

both 750
and 1000
750
1000
1000
750
750
both 750
and 1000

415
3790
145
395
1300
2250
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done and recorded. The flock fibres exhibited a strong capability to adhere to the tube inner walls and to the electrodes,
once dispersed the first time. As a consequence, the second
and third dispersions generally involved a far lower amount
of material than the first one.; in other words, the ignition
conditions after a first dispersion showed a worse repeatability. For this reason the results were recorded separately.
Inside each part of Table 3 regarding first, second, or
third dispersion of the same material, three columns are
present: the number of explosion obtained (“explosions”),
the total number of tests at the same conditions (“trials”)
and the obtained explosion probability (“prob.”). Table 3’s
very last columns shows also the weighted average of the
three explosion probabilities.

Explosion probability

100%
80%
60%
40%
S3
S2

20%

M1
0%
0

1000
2000
3000
Ignition energy [mJ]

4000

Figure 2. Graph of the explosion probability versus the
ignition energy applied to samples S2, S3, M1

OBSERVATIONS ON THERMAL SELF IGNITION
AND SMOULDERING COMBUSTION
In order to characterize the samples also with regards to
autoignition, some tests of smouldering combustion and of
Minimum Ignition Temperature (MIT) were performed
with layers of different heights.
During the campaign not only the MIT value was
searched but it was also observed the material behaviour
in heated layers.
In this case the test apparatus adopted is the one
described in par. 3.2; the temperatures inside the layer and
in the plate were continually monitored. During the tests
dust layers having different heights were put inside the
sample holders, allowing to reproduce representative conditions of dust deposits. The layer thickness was set to 5,
20 and 80 mm.
In no case among the ones summarized in Table 4 a
real smouldering combustion started, but only melting of
the material, with the production of pyrolysis gas (dangerous because still flammable). In fact nylon 6 6’s melting
point lies between 250–270 8C, even if the softening of
the material already occurs at lower temperatures.
For this reason, the dust layer’s thickness decreased.
At the end of the test with 20 mm layers the thickness of
the melted layer was below 10 mm.
In the case of the 80 mm layer, a less pronounced
height reduction was registered, along with a poor heat
transfer through the upper layers of the sample. This fact

showed minimum ignition energies higher than the range
reachable by the spark of the apparatus, also because of
noticeable difficulties for their dispersion, as it will be discussed in the conclusions.
Another aspect studied in the context of this work is
the ignition probability, i.e. the percentage of recorded
explosions on the number of trials at the same conditions
(ignition energy, concentration, delay time). In order to
evaluate it, it was necessary to establish a third energy
level, called E3, which represents the highest energy value
at which the explosion occurs at every run, for five times,
during the first dispersion of a new sample.
Then, in order to obtain a more accurately described
transition from E2 to E3, three equidistant intermediate
levels EA, EB e EC were calculated inside this gap, and
more tests were run for all these levels. The results for
samples S2, S3, M1 are shown in Figure 2.
Table 3 shows an example of the output of the experimentation for one sample, S3, at the concentration, which
gave the minimum E1 and E2, among three levels at which
it was tested. The data are divided into three parts, according
to how many times the same sample was dispersed.
Because usual MIE procedures allow to use the same
sample up to three times if no ignition is registered, this was

Table 3. Numerical results of explosion probability for the sample S3, as a function of the ignition energy
1st dispersion

2nd dispersion

3rd dispersion

Fibre
conc.[g/m3]

S3
750

explosions

trials

prob.

explosions

trials

prob.

explosions

trials

prob.

E1
E2
EA
EB
EC
E3

1170
1300
1790
2290
2775
3265

0
2
2
2
4
5

4
10
10
10
10
5

0%
20%
20%
20%
40%
100%

0
1
3
3
3

4
8
8
8
6

0%
13%
38%
38%
50%

0
1
1
2
1

4
7
5
5
3

0%
14%
20%
40%
33%

4

Average
prob.
0%
16%
26%
30%
42%
100%
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Table 4. Summing up of the observations on the layers of
flock G2
Layer
height
[mm]

Temperatures
[8C]

5

250

20

220, 250,
275, 300

80

275

Table 5. Results of flock measures
Maximum pressure
Maximum rate of pressure rise
Dust explosion constant
Dust explosion class

Observations
Fast fusion of the whole layer
Measurement impossible:
stopped
The material melts, sometimes
allowing the formation of
bubbles of gas. The melting
process, faster at higher
temperatures is accompanied
by the formation of pyrolysis
gas. No temperature rise in the
layer can be considered as
localized autoignition
Gas bubbles don’t allow the heat
transfer to the higher levels of
the layer, as confirmed by the
temperature measurements

pmax
(dp/dt)max
KSt

5,6 bar
124 bar/s
33 m bar/s
St 1

the explosion corresponds to a concentration of about
750 g/m3, the same value at which the MIE of the other
samples was found.
The obtained values of (dp/dt)max, pmax, KSt are
shown in Table 5; the studied fibres revealed to belong to
the relatively low dust explosion class St1.

CONCLUSION
The explosion characteristics of the studied nylon fibres
(flock) were found to be very similar to those of an explosible organic dust. The measurements of the severity indices
classified the samples into the St 1 class. The maximum
values of the pressure and of the rate of pressure rise were
found at a concentration of 750 g/m3.
The Minimum Ignition Energy was as low as 145 mJ
and an influence of the fibre dimension was observed. At the
moment, both the length and the diameter of the fibres seem
to influence the MIE, according to (Von Pidoll, 2002). The
MIE values were found at nominal concentrations (calculated for the 1.2 L Modified Hartmann Apparatus) ranging
from 750 and 1000 g/m3; this shows a good agreement
with the results of the experimentation with the 20 L vessel.
But for a sample (G2), all the measurements where
made only at 180 ms delay time; the tests on sample G2
showed that the MIE increased at a lower delay time. The
statistic analysis of the results showed that consecutive dispersion of the same sample after a failed ignition, led to a
low reproducibility of the ignition phenomenon. This
seems to depend on the electrostatic adhesion of part of
the samples to the inner surfaces after a first dispersion.

is also due to the formation of gas bubbles (poor heat
conductor) enclosed into melted and pyrolized nylon
membranes.
MEASUREMENTS OF THE EXPLOSION SEVERITY
INDICES
Some tests were also performed in the 20 L sphere, with the
aim of finding the explosion severity indices (pmax e KSt)
and to trace the trend of pressure and of the rate of pressure
rise dp/dt as a function of the fibres’ concentration, as it can
be noticed in Figure 4.
Sample G2 was decided to be used in these measurements, because it is the one with the smallest dimensions,
therefore, most probably the most dangerous one. From
the graph it can be observed that the maximum severity of

140

p [bar]

dp/dt
[bar/s]

6

dp/dt
p

120
100

5
4

80
3
60
2
40
1

20

conc [g/m3]

0
0

500

1000

0

1500

Figure 4. Trends of pressure and rate of pressure rise versus
concentration for the sample G2

Figure 3. Combustion test of nylon at 2708C (layer 80 mm)
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The ignition probability showed a strong dependence
on the spark energy between E1, MIE and E3. The difference
between MIE and E3 increases as both the diameter and the
length of the fibre increases.
The smouldering combustion and autoignition tests
revealed that until 2708C no autoignition phenomenon
occurs to layers of up to 80 mm. on the contrary melting
and thermal decomposition give a significant production
of combustible gases.
The dependence of the MIE respect to the fibre diameter and length needs deeper investigation, the experimentation will be further extended to a wider set of samples.
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WHAT IS A WORST CASE SCENARIO FOR A POTENTIAL ACCIDENT
AND HOW CAN IT BE USED?
Jan Fidler and Ronald Wennersten
Department of Industrial Ecology, Royal Institute of Technology (KTH), Teknikringen 34, 114 28, Stockholm, Sweden;
Tel. þ46 790 84 20, Fax: þ46 8 790 50 34, e-mail: fidler@kth.se, rw@kth.se
Several concepts have been used to describe potential serous accidents in industrial activities.
Examples of these concepts are worst case scenarios, likelier-but-less-catastrophic scenarios,
most credible scenarios etc.
A worst case scenario is a sequence of events/actions/accidents for a certain place (site) and time
which causes the worst magnitude of an accident. Often these kind of accidents are regarded as
having very low probability so as a basis for planning likelier-but-less-catastrophic scenarios are
used. Clear definitions as well as guidelines for developing these scenarios are lacking. The problem
is of course to find the quantitative border between “worst” and “likelier-but-less-catastrophic”. If
we should use worst case all the way out through an event tree, the calculated probabilities will be
difficult to grasp especially when communicating the result to different stakeholders in the society.
From research in risk communication, we know that people often are more afraid of risks with low
probabilities but large consequences than more credible scenarios.
It is usually not clear who is the final user of the information received from accident scenario analysis.
Is it an authority with responsibility for supervision, a municipality where the site is located, or 3rd
parties affected by the increased risk? All these shareholders need different kind of information both
in content and depth. That is something, what people, performing accident scenario analysis, should
keep in their minds.
This paper will discuss several aspects and problems related to accident scenarios. Several different
approaches to the definition of worst-case scenario exist in the scientific world. The first part of the
paper is a systematization of the definitions.
We will also try to make an analysis of so called Seveso Reports taken from three Swedish companies. They are all written in different ways, which makes them more useful for our final aim. In the very
end we will make an attempt to write a list of recommendations for accident scenario analysis which
could be used in participatory processes where many stakeholders are involved.
Finally a serious question to discuss is what the worst-case scenario approach is most useful for. Is it
just a static evaluation in the report or really valuable results (information) that can be applied somehow
in the decision-making process?

KEYWORDS: accident scenario, worst case scenario, risk assessment, risk management, risk communication, decision making processes, safety reports

Risk and safety are important topics in many decision
making processes in our society. For example industrial
installations that handle substances harmful to humans and
environment had to produce safety reports and present
them for evaluation to state agencies and the public. The
meaning of risk presentation done in safety reports is to
reveal risks using reliable methods and to gather information
for rational decision making including physical planning
and risk management.
There is an idea that by doing risk assessment and
producing safety reports it is possible to manage risks in a
better way. Another belief is that the risk estimation is a
reliable risk method because mathematical statistics are
used. However, there are several difficulties connected to
current use of these methods. One of the difficulties is uncertainties in the probabilities estimation calculated in quantitative risk assessment methods. Other difficulties include

unclear guidelines for the worst possible event and consequences of an accident.
We do claim that the “worst case” approach should not
involve any notion of probability. It should be based on the
accumulation of worst case assumptions and yields; in
theory, the maximum loss level. The chosen worst case and
following worst loss should sufficiently support any democratic decision making process, for example spatial planning.
Another important demand on risk assessment and
management today is that its results should be communicated to different stakeholders. The communication aspect
is stressed because of recognized importance of public
participation during decision making processes. The high
level of acceptance mitigates future conflicts. The experience tells us that the overuse of quantitative risk assessment
methods leads to communication difficulties rather than to
communication clearness; the probability concept is difficult
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to understand and accept. Therefore an important demand
on the outcomes from a risk assessment should be its
capacity to provide functional knowledge understandable
to all involved parties.
Several concepts have been introduced to describe a
potential serous accident development during industrial
activities. Examples of these concepts are the worst case
scenarios, likelier-but-less catastrophic scenarios, most
credible scenarios, major accident scenario, etc. The worst
case scenario should be a sequence of events/actions/accidents for a certain industrial site and time that causes the
worst magnitude of an accident and consequences. These
kind of accidents are often regarded as having very
low probability so a basis for planning likelier-but-less
catastrophic scenarios are used. Clear definitions as well
as guidelines for developing these scenarios are missing.
The problem is to find a border between “worst” and
“likelier-but-less” catastrophic. If we would use the worst
case all the way through an event tree, the calculated probabilities would be difficult to grasp – especially when communicating results to different stakeholders. An observed
conclusion from conflict resolution concerning industrial
sites is that involved stakeholders who have no benefit of
potential risks emphasize safety issues and are afraid of
risks with low probabilities but large consequences. They
are not interested in probabilities or more credible scenarios.
Another question is who is a user of information gathered from safety reports. Is it an authority with a responsibility for supervision, a municipality where the site is located,
or third parties affected by new hazards? All these stakeholders need different kind of information both in content
and depth. This is something what people performing accident scenario analysis should keep in their minds. Additional
question is for what purposes risk estimations are produced for emergency planning, decision making, or safety?
The intention of this manuscript is to discuss aspects
and problems related to the topic of accident scenarios.
There are different approaches towards description of accident scenarios used today. The first part of the paper is a systematization of the definitions. We also analyse the so called
Seveso reports taken from three Swedish companies. These
reports are written in different ways, showing that unclear
guidelines lead to problematical use of quantitative risk
assessment methods. There is a discussion at the end concerning the usefulness of the worst case scenario approach.
Is it just a static evaluation in the report or really valuable
information that can be applied somehow in the decisionmaking process? Finally, there is a list of recommendations
for accident scenario analysis which could be used in participatory processes where many stakeholders are involved.

potential accidents that should be examined – a major accident, the worst case, a major accident scenario, or the worst
case scenario.
It might be required for the safety reports to produce
an analysis of an accident which has the “biggest” conceivable impact – the worst case (e.g. if all contain of a vessel
blows up). The requirements can also be formulated in a
way which leaves this question open. In this case the analyses are often done for more “realistic” accidents – the
more probable ones with a slightly lower consequence
than the worst case.

THE EU
In the EU the Seveso II Directive sets requirements on
industrial operators to produce a safety report to demonstrate that they have taken all necessary measures to
prevent accidents and to limit their consequences for
humans and the environment. The safety report shall
include a “major accident scenario”. The directive just
states that a major accident shall mean an occurrence of a
“major” event without defining what it is. The directive
also leaves it up to each member state to choose if these
major accident scenarios should be described quantitatively
by their possibilities or qualitatively by the conditions
under which they occur (Annex II of the Seveso II Directive).
This flexibility exists due to variation between national
approaches (Council Directive – questions and Answers).
A central part of the directive is the requirement to
information public about major industrial hazards and
appropriate safety measures in the event of an accident. It
is based on recognition that industrial workers and the
general public need to know about hazards that threaten
them and about safety procedures. This is in fact the first
time that the principle of “need to know” has been enshrined
in European Community legislation (Mitchell 1996, part 4).
As mention above in the EU requirements vary
between member states. In the United Kingdom the
Seveso directive is implemented through the Control of
Major Accident Hazards (COMAH) Regulations. Under
these regulations there is a requirement for the safety
reports for major process and storage sites to include an
analysis of major accidents. Guidance from the HSE on preparing safety reports – The Safety Report Assessment
Manual (SRAM) describes what means major accident.
Risk assessments carried out by operators should be
proportionate to the risk of the establishment. This proportionality is interpreted by the HSE as a function of the
scale of the operations, the dangerous substances handled
by the site and the nature of the surrounding area (including
the population density). Guidance documents for risk
assessment have been issued by the HSE and EA. These
publications are not very detailed and do not specify
whether a quantitative of quantitative approach has to be followed or how scenarios have to be selected and modelled.
In Belgium the federal and regional authorities have
jointly published an extensive guideline about content and
structure of a federal safety report. This guideline suggests

ANALYSING DEMANDS ON ACCIDENTS
DESCRIPTION
The description or/and counting requirements for possible
accidents are a part of safety reports required by state authorities. These requirements vary between countries and can
be more or less precise. There is also a variation in terms of
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that the qualitative approach is the best way to implement
the risk assessment. This model combines a detailed root
cause analysis with consequence analyses. Additional guidance on risk assessment is given by the federal authority.
The contents of these notes are not compulsory in nature.
In Netherlands the Hazards of Major Accidents
Decree 1999 (HMAR) and amending various other
decrees enact the Seveso II directive on the control of
major accident hazards involving dangerous substances.
The HMAR defines a major accident in the exactly same
way as it is in the Seveso II directive. The risk assessment
shall between others include an estimate of the probability
of occurrence of the developments referred to major accidents, and an estimate of the effects of such developments
outside the establishment.

majeurs (CRAIM) develop a management guide for major
industrial accidents intended for municipalities and industry. In the guide there is a clear definition of a worst case
realise scenario as “the emission of the greatest quantity
of a hazardous substance, held in the largest container,
whose impact distance is the greatest. Whether the hazardous materials consist of toxic or flammable substances,
conditions are preestablished to help understand the worstcase scenarios. These standard conditions concern the
meteorological conditions, the duration of the loss of containment, the quantities of the product to consider, the physical conditions of the accident site, etc”.

THE SEVESO SAFETY REPORTS IN SWEDEN
Swedish law states that there is the possibility of both qualitative and quantitative analysis. Below are the analyses of
three Seveso safety reports made by Swedish companies.
The idea here is to study similarities and differences in the
way companies understand their obligations concerning
depth and width of Seveso safety reports and whether the
worst case scenario approach is used. It is also of an interest
to compare reports from the same or similar fields. First
safety report is done by an energy company and two
others are made done by petroleum companies.

THE U.S.
In the U.S. it is the Risk Management Program (RMP)
issued by Environmental Protection Agency (EPA) which
provides these regulations. The U.S. RMP requires to interpret a major accident and a major accident scenario as an
accident/scenario which have a highest consequence, even
if the probability for it is very low.
The EPA has issued detailed information in the Risk
Management Program Guidance for Offsite Consequence
Analysis. The offsite consequence analysis consists of two
elements: a worst-case release scenario and alternative
release scenarios. The worst-case scenario is defined by
the EPA as the release of the largest quantity of a regulated
substance from a single vessel or process line failure that
results in the greatest distance to an endpoint. When describing the worst case release scenario, an owner or operator
must assume the worst possible conditions with respect to
wind speed and atmospheric stability, ambient temperature,
height of release, and temperature of the released substance.
Alternative release scenarios should be also examined.
These scenarios are more likely to occur than the worst
case scenario and they should be based on accident history
or operator’s risk analysis. The EPA developed guidance
for industry specific risk management programs for some
industries.
Both worst-case and alternative release scenarios may
take passive mitigation systems into consideration. Passive
mitigation systems are equipment, devices or technologies
that work without human, mechanical or other energy
input to capture or control released substances. Dikes, building enclosures, and containment walls are examples of
passive mitigation systems. Active mitigation systems
such as fire sprinkler systems, water curtains, valves, scrubbers, and flares use human, mechanical or energy input.
Only alternative release scenarios may take active mitigation systems into consideration.

PROPOSED LNG ESTABLISHMENT
IN LOUDDEN, STOCKHOLM
In this case the Seveso safety report is done for a planed
LNG establishment. The area of the establishment is
divided into sections. The sections are chosen in order to
use the template for count leakage probabilities. A section
can include such activities as unloading from a boat,
storage container and pumps, truck vessels, etc.
Three types of leakage are defined; small, medium,
big/burst. For each defined leakage (small, medium, big/
burst) there are frequencies assigned for an event; no
ignition, immediately ignition and delayed ignition. The
consequences of these events are assessed with the use a
computer program. The leakage in a section is an internal
danger. There are also external dangers such as oil fire, collision with pipe, and an accident during boat unloading.
For each section probabilities and consequences of
LNG leakages are produced with the help of data obtained
from a template (probabilities) and software (consequences). Consequences are assessed independently of
probabilities. In the end a risk matrix with five frequency
ranks (1–5) and six consequence ranks is produced in
order to asses the risk level.
From the probability analyses it emerges that there are
two events which can give a rise for a critical consequence –
ignition in cofferdam after leakage and a large jet fire. A
serious consequence is associated with a medium or large
pool fire, jet fire, and flash burn in number of sections
together with some external events.
Thus a fire in the cofferdam after a leakage and a large
jet fire are the worst case events and medium or large

CANADA
Canada’s authorities: Council for Reducing Major Industrial
Accidents/Conseil pour la réduction des accidents industriels
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pool fire, jet fire and flash burn are the worst case consequences. According to the analyses, this gives altogether
37 different worst case scenarios. When transferred into a
risk matrix, these 37 worst case scenarios are classified as
significantly risky. None of them, however, are classified
as unacceptable risky.
The conclusion drawn in these safety analyses states
that the unwanted events that can be expected in planed
LNG establishment with a “large certainty won’t influence
the establishment’s surroundings and in that meaning the
establishment is a safety one”.
The active and passive barriers are implicitly included
in the analyses because they are taken into a consideration
when describing consequences with the help of computer
software. For example, the closing time of valves in a
section which limits the amount of LNG coming out after
leakage (e.g. broken pipe) is included when computing
consequences.

in connection with pipe leakage during loading or unloading
and overfilling during unloading are considered being
serious events with low probability. In the Statoil’s safety
report there are tree scenarios identified as having highest
risk potential; loss of petrol during loading a petrol truck,
leakage in pipe system and overfilling of a tank. In the
report the overfilling is chosen as a “worst case scenario”
compare to Preem’s report which doesn’t state a worst
case scenario.

DISCUSSION AND CONCLUSION
In the beginning of this part we would like to stress out the
progress report from Buncefiled Storage Depot Investigation. This report verifies that the “realistic” worst case
scenario was used in the risk assessment but the event
which later caused the incident was dismissed as having a
very low probability.
The disaster in Buncefield was caused due to an alarm
system failure during filling of a tank. Several levels of
control did not show that the tank was full and petrol was
leaking over the roof of a tank. After being mixed with air
a dense flammable cloud was formed and exploded. This
operation is widely counted as one of the weakest parts in
the chain; this is also stated in two Seveso reports from oil
companies mentioned above.
The Buncefiled disaster put into the question the
meaning of risk assessment as it is done nowadays. For
example the emergency planning and spatial planning are
now discussed frequently in connection to similar establishments. Likelihood for an accident as the one in Buncefiled is
very low according to quantitative risk assessment but the
fact is that it has happened with devastating effects on surrounding area.
The importance of worst case scenario approach is
also stressed in OECD Guiding Principles for Chemical
Accident Prevention, Preparedness and Response. This
document recommends for emergency planning to identify
possible impacts on the assumption of the worst case and
the most probable accident scenarios.
One of the mistakes done during risk assessments
is that the possible accidents are approached using statistical methods, i.e. being perceived as stochastic. We
argue that the possible accidents shouldn’t be assessed
using statistical methods. The worst case approach as it
is used in the U.S. gives a better starting point for emergency planning, spatial planning, and for mitigating possible effects – for example using effective passive
barriers. The worst case approach is also easier to communicate and mediate to stakeholders due to its transparency – it is more useful in democratic decision making
processes.
The conclusion which can be drawn from examination of the three safety reports mentioned above is that
they are not in compliance with the purpose for which
they are produced. Especially LNG safety report led to
even bigger suspiciousness between stakeholders. Safety is
not an invert risk. The aim of risk/safety assessment

TWO OIL TERMINALS IN STOCKHOLM’S AREA
In this case two Seveso safety reports for two oil terminals
(Preem and Statoil) in Stockholm are examined. The
safety reports are produced using the same templates to estimate probabilities and consequences. These templates are
based on experience data from Swedish Petrol Institute
(SPI) and Swedish Oil Ports’ Forum to estimate.
In the templates there are different working moments;
boat unloading, storage, oil pumping, etc. Each working
moment in its order is divided into different events. For
each event there “basic” probabilities assigned. When analysing a specific establishment, these basic probabilities
are adjusted to a particular situation by evaluating different
factors. The factors can be procedures, instructions, equipment, working environment, etc. Possible passive and
active barriers are assessed here as well. The result of the
risk analyses are probabilities for events in working
moments. An event with negative consequences can lead
to oil discharge. Discharges are divided into four different
classes according to amount of discharge oil.
Under consequence analyses several scenarios are
chosen based on probabilities. According to SPI recommendation scenario’s effects, both in case of ignition or not, can
be described or counted with a help of a computer program.
In case of description consequences are judge with a help of
diagrams for spill dimension, heat radiation etc. The template also recommends to identify if any residential areas,
source of water supply etc. in the vicinity of the studded
establishment. In the end a risk matrix is produce to describe
and help judge the risk level.
As mention above both Seveso safety reports for these
oil terminals are using the same templates. Even if the templates are same there are differences in how they are applied.
In the case of Preem Oil Terminal consequences are
described. In the case of Statoil consequences are counted
with software. In the Preem’s safety report there are
events overfilling during unloading estimated as having
high probability but less serious consequence. Events fire
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should be to find cause effect chains which could lead to an
accident and to improve mitigation methods for potential
accidents, i.e. using effective passive barriers.
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RECOMMENDED PRINCIPLES FOR
POSSIBLE ACCIDENTS DESCRIPTION
AND MANAGEMENT
In the end we present a list of recommendations for accident
scenario analysis which could be used in participatory
processes involving different stakeholders.
1. Develop a transparent and realistic emergency plan
which is transparent and easy to communicate. The
capacity to handle a potential accident is of a highest
importance. Do not hide possible uncertainties.
2. Chose the worst case scenario with the worst thinkable
consequences as an accident scenario, not the one with
lesser consequences just because circumstances and/or
calculations show that the worst one seems to be not
realistic enough.
3. Do not underestimate the information gained from the
worst case scenarios. When deciding upon different
accident scenarios, do not underestimate the worst
one. If you do neglect the potential worst case as unrealistic due to low probabilities, other stakeholders can
focus on consequences.
4. Keep in mind that a quantitative risk assessment is not a
certain method and that the potential worst accident is
not a stochastic variable. This means that the worst accident will happen, we only do not know when.
5. Do not underestimate a human factor or an act of terror.
6. Put more time to lessen eventual consequences and emergency planning by improving preventative measures than
counting possibilities.
7. If stakeholders bring up questions about possible consequences and emergency planning, give them a credit
for it and let them be involved in planning and
communication.
8. Safety is not an invert risk. The aim of risk management
is to understand possible circumstances which could
lead to the worst possible accident in analysed site
and to prevent them. Be aware of complexity. The
better you understand the circumstances leading to a
possible accident, the better risk management will be.
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HAZOP’S ROLE IN THE APPLICATION OF SAFETY STANDARDS
George Baradits
TÜV FSE, SIL4S Kft, Hungary, H 8200, Baláca u 54; www.sil4s.hu, e-mail:bgs@sil4s.hu
In this presentation we would like to discuss how the HAZOP is working within the frame of IEC
61508 and IEC 61511 Safety standards.
HAZOP itself a methodology – detailed in CEI IEC 61822 standards – to find the hazard of technology in the Process Industry and evaluate the risk involving the hazard.
HAZOP a multidiscipline team works looking for the cause of risk, the consequences and
safeguards (prevention and mitigation).
All the Process Technology has hazards and risky and the cited safety standard analyze the techniques and measures how to reduce the frequency of unwanted events (prevention of the risks or
decreasing to an tolerable frequency level) and how to reduce the consequence of hazards.
In the application of the safety standards one of the most important lifecycle is the Hazard and
Risk analysis done by HAZOP.
The question is the role of HAZOP in the safety life cycle.
It is clear from the standard that in the case of new plant without HAZOP study no possible to
built a plant with SIS Independent Protection Layer correct way. But what is the procedure in an
existing plant or revamp project.
In our presentation we will analyze, based on the standards what process should be follow to
reach the target functional safety in our plant.
Our background for this presentation is our work in the Oil and Refinery and Power Station
Industry preparing more than 20 HAZOPs, SIF assessment, Safety Requirement specifications
and allocation including the validation of the systems.
We will analyze the typical revamp projects step by step following the methodology of Safety
standards and analyzing the interpretation of the safety life cycle involving in the revamp project.
We will discuss when and why is to be Management of Change (MOC) applied and giving
information about our experience and practice.
We also will discuss the Hazard and Risk analysis, Safety Requirement Specifications,
Allocation of Safety functions safety life cycle phase.
In the project we prepare a special calibration of risk frequency and consequence using Risk
Matrix methodology and used LOPA for S1L value selection. This “mix” risk evaluation model
had good result and makes our project successful.
We also add an extra to our project called by us “pre-validation”. We have learned from our
experience that in the SIL evaluation phase it is very useful preparing a pre-validation against
that is not in the standards.
Result of our HAZOP and SIL project was lot of practical experience what I would like to share
with you in my presentation.

KEYWORDS: IEC 61508 and IEC 61511, hazard and risk analysis, HAZOP, SIL, allocation, safety
requirement documentation, management of change, SIS

A case study will be given to present the details of this methodology and discuss its applicability. The presented project
started in 2005 and will end last quarter of 2008. Our task
was to supervise shut down systems in all the 102 of
MOL Rt (the biggest petrochemical company in Hungary
(see www.mol.hu for more details). Our work is based on
the IEC 61508 and IEC 61511 and includes:

INTRODUCTION
This paper discusses how HAZOP is working within the
frame of IEC 61508 and IEC 61511 Safety standards. In
the application of the safety standards one of the most
important point is the HAZOP based Hazard and Risk analysis. This paper focuses on the role of HAZOP. A procedure
based on the Process Safety Standards will be introduced to
evaluate the safety systems of existing plants.

–
–
–
–
–

ABOUT THE PROJECT
In this paper a new methodology will be presented to evaluate the safety systems of existing plants (see Figure 1).

1

HAZOP study
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PROCESS
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SF1&SIL

SFN&SIL
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HAZOP

SIF&SIL

SIS SRS

SIF
MOL
Matrix

Pre

MOL
ALARP

Figure 1. Work flow diagram of the project

MANAGEMENT OF CHANGE (MOC)
All company must have Application Guide for Management
of Change. MOL also has such a guide, and according to this
we have followed this guideline (see Figure 2), since the
following two important reasons.
The first reason was that new/amended legislation
comes in force in Hungary and Slovakia joining the
European Community in mid of 2004.
The second reason was the modification of MOL’s
Safety Policy.
The flowchart of the project is depicted on Figure 1.
As can be seen on Figure 2, MoC is based on the
IEC 61508 standard. It is clear that because of new legislation and new safety policy of MOL according the
process Safety Standard and MOL’s Application Guide
for MoC we have to go back the first safety life cycle:
Hazard and Risk analysis. That is why our first step in
the project was preparing the HAZOP study of the existing plants. Some of the plants were more than twenty
years old but less than five of them were not older than
5 years.

HAZARD AND RISK ANALYSIS: HAZOP (IEC 61511
SAFETY LIFE CYCLE, PHASE 1)
HAZOP is a methodology (covering by IEC 61823 standard) of risk evaluation discovering
–
–
–
–

the deviation from the design intent (hazardous events)
Causes
Effects (consequences)
Prevention and mitigation possibilities (safe guards)

The HAZOP team at the HAZOP meeting evaluate
Risk’s
–
–
–
–

Frequency
Consequence
Severity
Possibility of prevention

Preparing the HAZOP study of the plants based on
HAZOP standard and according IEC 61508/61511 the following task was performed:

Modification request initiators

Operation/production request

Safety performance below target
Systematic faults
Incident/accident experience

Modification
log

Update

Update

Modification
request

New/amended legislation
Modification to EUC
Modification to the safety requirements

Impact analysis study

HAZARD and Risk
analysis

Impact analysis report

Back to appropriate
Overall safety lifecycle

Modification design
authorization

Figure 2. Management of change
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– to determine the hazards and hazardous events of EUC
and the EUC control system (BPCS) (in all modes of
operation) for all reasonable foreseeable circumstances,
including fault conditions and misuse
– to determine the event sequence leading to the hazardous events determined above
– to determine the BPCS risks associated with hazardous
events determined above
– to determine the safety requirements for SIS on a systematic risk-based approach. EUC and BPCS are considered

while the outputs were:
–
–
–
–
–
–
–
–

When we finalized the HAZOP study we had all the
basic information needed for the following phase of the
work. One can see above that the HAZOP study real play
a key role in our work giving us a communicative possibility
to gather the information and experience we need.
Our final conclusion was that without HAZOP we
would be unable to make this work.

Based on the HAZOP standard we have developed a
SIL4S HAZOP SW and prepared the studies with this
SW. The main features of this SW are:
– Web base
– Report formats: Word, Excel, PHA Pro
– Involving freely scaleable risk matrix and decision of
HAZOP team about frequency and severity of the Risk
regarding people, environment and business
– Involving decision about the Independent Protection
Layers (SF: Safety Functions)

ALLOCATION OF THE SAFETY FUNCTIONS (IEC
61511 SAFETY LIFE CYCLE, PHASE 2, FIGURE 3)
In the IEC 61508-1 the Safety Life Cycle model Phase 4 use
only three independent layers:

These features made the HAZOP study into key position giving the possibility for the HAZOP team to decide all
the parameters needed for the works of next phases.
The inputs of the HAZOP were the following:
–
–
–
–
–
–
–
–

Causes of the Hazards
Consequences of Hazards
Safe guards (preventions and mitigations)
Type of the safe guards like existing or suggested
Frequency of the unwanted event
Severity of the consequences separately for human,
environment and business
Independent Protection Layers (Safety Functions)
Safety Instrumented Functions

–
–
–

External risk reduction facility
Other Technological Safety Function and
Safety Instrumented Function

Our opinion and experience was that these three
layers will not give a fine tuning to fit the starting frequency
to ALARP frequency.
Based on the output of the HAZOP’s outputs we allocated the safety functions (safeguards) to different independent protection layers using a more detailed layering like:

P&ID drawings
PFD drawings
Instruction manual of the process
IO list of the shut down system
Instrument list of the shut down system
Narratives and logic
MOL Safety Matrix and conversion table to SIL
MOL’s ALARM value for human, environment and
business based on the MOL Safety Policy,

–
–
–

Local alarms for start up and shut down
Critical alarms (fully independent)
BPCS alarm (partial independent)

Figure 3. Allocation of the safety functions
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–
–
–
–

Engineering
Mechanical protection (rupture disk, relief valve etc. . .)
Physical protection
Human intervention

the vessel) and reduce the staring frequency with this
value the result will be the SIL value of the given SIF.
Of course that is the basic idea but in the practice we
were taking into consideration different causes leading to
the same consequences etc. (that is pure mathematics).

The input of the allocation activity was the safety
functions which were output of the HAZOP study, while
the outputs were the Safety Functions for the different
kind of Independent Protection Layers (IPL). All the non
SIS IPL was important for us as this was the input for the
LOPA (Layer of Protection Analysis see Figure 4) analysis.
Also the second outputs of the allocation were the SIFs.
Why is necessary the LOPA analysis? If we wanted to
calculate the SIL value for the SIFs we have to take into consideration the credits for the non SIS IPL. The output of the
LOPA analysis was the SIL value of the SIFs.
How this procedure works? After finding the SIFs we
have to calculate the SIL value for all safety instrumented
function. Figure 3 shows the procedure how builds up the
Safety Instrumented System with given SIL value.
We had to decide about the calculation methods for
the SIFs. The starting frequency of the Hazard events was
defined in the HAZOP study. The target frequency was
found in the MOL Safety Quality Assurance Manual. Our
choice was using LOPA to calculate the PFD (Probability
Failure on Demand) values of the Independent Protection
Layers. An example of LOPA is on the Figure 4. One can
see four IPL which able to protect the vessel to be exploded,
or release to environment.

SAFETY REQUIREMENT SPECIFICATION (SRS)
(IEC 61511 SAFETY LIFE CYCLE, PHASE 3)
Now we know all the Safety Instrumented Function with its
SIL value and have to make a requirement specification for
the realization phase. In this specification we have to take
account the following (without completeness):
–
–
–
–

–
–
–
–

–
–
–
–

Alarm system
Relief valve
Flare
SIS

–
–

If we calculate the PFD value of the first three IPL
(giving credit to them to operate on demand and protect

a description of all the safety instrumented functions
necessary to achieve the required functional safety
requirements to identify and take account of common
cause failures
a definition of the safe state of the process for each identified safety instrumented function
a definition of any individually safe process states
which, when occurring concurrently, create a separate
hazard (for example, overload of emergency storage,
multiple relief to flare system)
the assumed sources of demand and demand rate on the
safety instrumented function
requirement for proof-test intervals
response time requirements for the SIS to bring the
process to a safe state
the safety integrity level and mode of operation
(demand/continuous) for each safety instrumented
function
a description of SIS process measurements and their trip
points
a description of SIS process output actions and the criteria for successful operation, for example, requirements
for tight shut-off valves

Figure 4. LOPA philosophy
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– the functional relationship between process inputs and
outputs, including logic, mathematical functions and
any required permissive
– requirements for manual shutdown
– requirements relating to energize or de-energize to trip
– requirements for resetting the SIS after a shutdown
– maximum allowable spurious trip rate
– failure modes and desired response of the SIS (for
example alarms, automatic shutdown)
– any specific requirements related to the procedures for
starting up and restarting the SIS
– all interfaces between the SIS and any other system
(including the BPCS and operators)
– a description of the modes of operation of the plant and
identification of the safety instrumented functions
required to operate within each mode
– requirements for overrides/inhibits/bypasses including
how they will be cleared and documented
– the mean time to repair which is feasible for the SIS

close to 100 furnace HAZOP study. In very beginning we
prepare Furnace HAZOP templates involving:
–
–
–
–
–
–

Technology part
Burner Management part for gas
Burner Management part for oil
Convection zone of the Furnace
Radiation zone of the furnace
Steam drum in the furnace.

This template were tuned (amended) in our working
phase but was extremely useful. The same procedure was
followed for the package HAZOPs (pumps, compressors,
turbines etc.).
We also prepared lot of statistic about the distribution
of the different kind of IPLs but this rather scientific result
then practical.
In the HAZOP meeting work we discovered some
missed protection layer which shocked our partners and
needed immediate actions from their side.
Our biggest profit from this job were our database
about Refinery Industry and our high sophisticated
HAZOP SW.

Based on this requirement specification the realization may
start.
PRE VALIDATION
If one looking for the definition of the pre validation in the
IEC 61508/61511 standards the result is zero. Of course the
validation itself is a phase of the Safety Life Cycle but
according us it is a bit too late. Our industrial experience
dictates that after the SRS is ready we started modeling
the different SIF whether will fit the target SIL or not. If
the result of our modeling was false we in iterative way
went back to the SRS and modified it. The pre validation
gives the possibility avoiding any discrepancy in the phase
of Validation. Any discrepancy in the validation phase
makes everybody nervous and to avoid this and saving a
lot of time and money we introduced the pre validation.

ABBREVIATIONS/ACRONYMS
HAZOP :
Hazard and Operability
LOPA
:
Layer of Protection Analysis
IPL
:
Independent protection Layer
SF
:
Safety Function
SIF
:
Safety Instrumented Function
EUC
:
Equipment Under Control
BPCS
:
Basic Process Control System
SIS
:
Safety Instrumented System
SIL
:
Safety Integrity Level
SRS
:
Safety Requirement Specification
PFD
:
Probability Failure on Demand
ALARP :
As Low As Reasonable Possible

CONCLUSIONS: EXPERIENCE OF
THE PROJECTS
Our first problem was the pure documentation and was not
too easy to overcome it.
But all the experience from these projects was extremely useful and promising for us. For example we prepare

REFERENCES
IEC 61508
IEC 61511
IEC 61823
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THERMAL STABILITY OF ORGANIC PEROXIDE WITH METALS
Takashi Uchida1, Masahide Wakakura1, Atsumi Miyake2 and Terushige Ogawa2
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In this study, we evaluated reactivity of organic peroxides with metals. The effect of useful metals
for decomposition of organic peroxides was measured by Differential Scanning Calorimeter (DSC).
Results of DSC measurement with several kinds of sample cells showed that some of organic peroxides have high reactivity with gold plated cell. Hydroperoxides were decomposed lower temperature by using gold plated cell than other cells. Only hydroperoxides showed such the effect of
gold. For example, the onset temperature of t-Butyl hydroperoxide (TBHP) got from measurement
using gold plated cell was about 50 K lower than stainless steel cell. In order to the effect of gold for
hydroperoxides, the decomposition characteristics of Cumenhydroperoxide (CHP) with metal
powder were studied by C80 calorimeter and the decomposed compounds were analyzed using
GC and GC/MS. The result of thermal decomposition of CHP with gold powder shows that
gold is catalysis of radical reaction.

KEYWORDS: organic peroxide, thermal stability, DSC, metals, catalytic reaction

chemical structure. It is classified into seven kinds of
organic peroxides as follows: Hydroperoxides, Dialkylperoxides, Peroxyesters, Diacylperoxides, Peroxydicarbonates,
Peroxy ketals, and Ketone peroxides. These structures show
in Table 1. In this study, the organic peroxides of each structure were used. Table 2 lists the materials.

INTRODUCTION
Organic peroxides are commonly used as initiators,
hardeners and cross-linking agents. However, they are
known as reactive chemicals that are decomposed by
thermal absorption, mechanical shock and impurities. In
addition, the heat and gas generation caused by decomposition of organic peroxides induced many industrial accidents
(Wakakura, Iizuka, 1999; Haba, 2002). In a chemical
process, organic peroxides contact with some equipments
made by metals, such as reactors or pipes etc. Therefore, it
is important to evaluate reactivity of the organic peroxides
on the plant materials as well as rust. In thermal analysis,
the various materials are used for a sample vessel. The
influence of materials may give the different results on the
thermal hazard evaluation (Miyake, Sumino, Oka, Ogawa,
Iizuka, 2000).
In this study, the thermal behavior of organic peroxide with metals was examined by some calorimeters.
The influence of sample vessel materials for decomposition
of the organic peroxides was measured by Differential Scanning Calorimeter (DSC). Some organic peroxides were
measured in three types of sample cells, stainless steel,
gold plated and glass capillary cell. In order to investigate
the influence of materials for thermal analysis, we studied
the thermal behavior of cumenehydroperoxide (CHP) with
metal powder using C80 calorimeter. In addition, the
decomposed products of CHP were analyzed by gas chromatograph because the catalytic effect for organic peroxide
was discussed.

Metals
In order to examine the reactivity of organic peroxide and
metal, it measured by adding Gold (Au), and Gold oxide
(Au2O3).
EXPERIMENTAL APPARATUS
DSC
This study was the thermal behavior of organic peroxides
using a DSC (Mettler toledo DSC27HP). To evaluate the
effect of materials of sample cell, three types of the high
pressure sample cell were used. These made of stainless
steel (SUS303), gold plated stainless steel and glass capillary. In the experiment, nitrogen was purged in the DSC
vessel. The sample mass was approximately 2 mg. The
samples were heated from 303K to 573K at the rate of
10Kmin21 and measured the onset temperature TDSCK
and the heat of reaction QDSCJg21.
C80
The thermal behavior of organic peroxide with metals was
carried out using a calvet calorimeter (Setaram C80). In
order to measure the effect of the metal, samples was
placed in a pressure vessel made of stainless steel
(SUS304) with a inner glass vessel. The sample mass was
approximately one milliliter of CHP and 0.1 g of metal
powder. The samples were heated from 303K to 573K at
the rate of 2Kmin21. The C80 was measured the onset temperature TC80K and the heat of reaction QC80 Jg21.

EXPERIMENT
MATERIALS
Organic peroxides
The materials used in this study were several kinds of
organic peroxides. Organic peroxides may be classified by
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Table 1. Classification of the organic peroxide by structure
Structure

Hydroperoxides
Dialkylperoxides
Peroxyesters
Diacylperoxides
Peroxydicarbonates
Peroxy ketals
Ketone peroxides

Heat flow rate / Wg-1

Type

20

R-O-O-H
R-O-O-R0
R-(C-O)-O-O-R0
R-(C-O)-O-O-(C-O)-R
R-O(C-O)-O-O-(C-O)O-R
R0 -C(-O-O-R)2-R00
HO-[-O-(CRR0 )-O-]n-OH

Glass capillary
SUS cell
Gold plated cell

15
10
5
0
-5
0

GAS CHROMATOGRAPH
After C80 experiment, the samples of liquid product were
analyzed by gas chromatograph/mass spectrometry
(Shimadzu GCMS-5000). Main products detected GC/MS
were quantified by gas chromatograph (GC) with a flame
ionization detector (Shimadzu GC-14A).

100
200
Temperature / oC

300

Figure 1. Heat flow of TBHP by DSC with three types of cells

cells. Dialkylperoxide group like DTBP and other structures
were no difference of the cells. The gold plated cell has a
large influence on hydroperoxides.
The effect of gold for few chemical substances was
reported. Hydrazine hydrate shows catalytic reaction by
gold. Thermal decomposition of hydrazine hydrate with
metals was measured by ARC and DSC (Davis, Wedlich,
Martin, 1991; Kowhakul, Kumasaki, Arai, Tamura, 2006).
The gold was known good stability for chemicals, but
some chemical substance shows the high reactivity. It
takes notice to hazard evaluation on calorimeters.

RESULTS AND DISCUSSION
DSC MEASUREMENT
Figures 1 and 2 show the DSC curves of the exothermic
peak for organic peroxide in the glass capillary cell,
SUS cell and gold plated cell. At thermal decomposition
of t-Butyl hydroperoxide (TBHP), the DSC profiles were
different between gold plated cell and others. TDSC of the
gold pleted cell was 358K and glass capillary cell was
426K, SUS cell was 415K. TDSC of the gold pleted
cell was 50K lower than other one. On the other hand, Dit-butyl peroxide (DTBP) of the DSC profiles was no
difference using these cells. TDSC were from 434K to 439K.
In the DSC measurement of organic peroxide, several
organic peroxides showed the effect of sample cell. Table 3
shows the TDSC of organic peroxides. This reactivity was
classified according to the structures. Hydroperoxide
group like TBHB showed the large effect of the sample

C80 EXPERIMENT
In order to discuss the catalytic effect of gold, the thermal
behavior of organic peroxide was carried out using C80
with the inner glass vessel. Sample was selected CHP
which is one of hydroperoxides. Sample was placed the
inner glass vessel, and added gold or gold oxide powder.
Figure 3 shows the measurement result of the thermal
decomposition of CHP. The TC80 adding gold was lower
than the no additive one. The QC80 was no difference

Table 2. Organic peroxides used in this study

Dialkylperoxides

Peroxyesters
Diacylperoxides
Peroxy ketals

Ketone peroxides

Purity

t-Butyl hydroperoxide (TBHP)
Cumen hydroperoxide (CHP)
t-Hexyl hydroperoxide (THHP)
Di-t-butyl peroxide (DTBP)
2,5-Dimetyl-2,5-bis
(t-butylperoxy)
hexyne-3 (DMTB)
t-Butyl peroxy laurate (TBPL)
Lauroyl peroxide (LPO)
1,1-Bis(t-butylperoxy)
3,3,5-trimethyl
cyclohexane (TBPC)
Methyl ethyl ketone peroxide

69
80
80
98
90

-1

Hydroperoxides

20

Material

Heat flow rate / Wg

Classification
of structure

98
98
95

Glass capillary
SUS cell
Gold plated cell

15
10
5
0
-5
0

100

200

300

Temperature / oC

55

Figure 2. Heat flow of DTBP by DSC with three types of cells
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Heat flow rate / Wg

-1

2500

Table 3. TDSC of organic peroxides by DSC measurements
using three types of cells

no additive
Adding Gold
Adding Gold oxide

2000

Classification
of structure

1500

Glass
SUS
Gold plated
capillary
cell
cell
Material TDSC (K) TDSC (K) TDSC (K)

1000

Hydroperoxides

TBHP
CHP
THHP
Dialkylperoxides DTBP
DMTB
Peroxyesters
TBPL
Diacylperoxides LPO
Peroxy ketals
TBPC
Ketone peroxides MEKPO

500
0
-500
0

100
200
Temperature / oC

300

Figure 3. Influence of additives on the heat flow profiles of
CHP by C80

426
446
442
434
426
407
363
395
393

415
448
428
437
425
408
368
399
394

Table 4. Composition of liquid products of CHP by C80
measurement

between with gold and without gold. The exothermic
peak of the sample with gold oxide was smaller than other
one because the reaction was observed from room
temperature.
The effect of gold was investigated by GC measurement. The reaction mechanism of organic peroxides is
complex. The radical reaction was induced many products.
The reaction of CHP has several pathways (Antonovsky,
D’yeneesov, Solntzeva, 1967). There are radical reaction
and acidolysis reaction. Typical reaction scheme shows
Figure 4. These products of radical reaction are 2-Phenyl2-propanol, Acetophenone and alfa-methylstyrene.
Acetone and Phenol were the products of acidolysis
(Levin, Gonzales, Zimmerman,Yang, 2006).

Composition of
C80 measurement (%)

Products

No
additive

with
Gold

with Gold
oxide

20
1
3
4
38
11

6
1
0
5
28
46

16
3
5
7
33
0

Cumene
Acetone
Phenol
alfa-Methylstyrene
Acetophenone
2-Phenyl-2-propanol

Cumenehydroperoxide (CHP)

Radical reaction

CH3

CH3

CH3

C O O H

C O

C

Thermal

CH3

CH3

O

Acetophenone
Acid

Acidolysis reaction

CH3
C OH
CH3

H3C

2-Phenyl-2-propanol

C O

id

H3C

Ac

Acetone
CH3
C

OH

CH2

Phenol

358
441
373
439
428
409
367
399
383

α -Methylstyrene

Figure 4. Typical reaction scheme of cumenehydroperoxide
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Table 4 shows composition of liquid products of CHP
by C80 measurement. There is difference between with and
without gold for concentration of 2-Phenyl-2-propanol
and Phenol. CHP with gold was converted to 2-Phenyl-2propanol and Acetophenone. It can be shown that radical
reaction was induced. The different result was showed
with gold oxide. Concentration of Phenol and alfa-methylstyren are higher than others. It was shown that acidolysis
reaction was generated by gold oxide.
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CONCLUSIONS
In order to evaluate the decomposition of organic peroxides
by the metals, the catalytic reaction of decomposition of
hydroperoxides were determined using DSC and C80.
These results of the investigation are as follows
1. In DSC measurements using a gold plated cell, the
thermal decomposition of hydroperoxids differed from
other type of cells. The TDSC in the gold plated cell
was lower than in a glass capillary cell and a stainless
steel cell whereas there were no differences with other
structures of organic peroxides.
2. In C80 measurement, the reaction of CHP showed the
catalytic reaction by gold and gold oxide.
3. In GC analysis, the decomposition reactants of CHP
were different from the metals. In this study, gold was
considered to catalyze the radical reaction for CHP,
gold oxide was catalyzed the acidolysis reaction.
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THERMAL HAZARDS EVALUATION OF SODIUM DITHIONITE
BY MICRO-CALORIMETER
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Sodium dithionite has caused a lot of fire accidents in China, which was taken more consideration at
present. In order to evaluate its thermal hazards, the heat releases of decomposition or reaction of
pure sodium dithionite and its mixtures with different mass of water were analyzed by a heat flux
calorimeter C80. The chemical reaction kinetic parameters such as activation energy and pre-frequency factor were calculated with the C80 experimental results for different samples. Based on
these parameters and the thermal runaway models, the self-accelerating decomposition temperatures (SADTs) of sodium dithionite and its mixtures with different mass of water were calculated
and compared. The results show that the mixtures of sodium dithionite with water are more
unsteady than pure sodium dithionite, and the calculated SADTs of sodium dithionite mixtures
with water are much lower than that of pure sodium dithionite. The results indicate that the
wetted sodium dithionite starts self heating reaction at lower temperature than that of pure
sodium dithionite, which accelerate the process of self-heating fire.

KEYWORDS: sodium dithionite, thermal stability, SADT, C80 micro calorimeter

EXPERIMENT APPARATUS
In this study, all the tests were finished by using a CALVET
heat flux calorimeter C80 manufactured by SETARAM
Scientific & Industrial Equipment Company in France,
which has the merits of high sensitivity with several mW
at least, many functions and a quite wide testing temperature
range from room temperature to 3008C that make possible a
very large amount of application in various fields[9,10]. The
samples were sealed in an 8.5 ml high pressure vessel with
air condition, and then raised from ambient temperature to
2008C at a 0.058C min21 heating rate.

INTRODUCTION
Sodium dithionite is widely used not only as a reducing
agent in applications such as bleaching of paper pulp,
dyeing of textiles and biochemical processes, but also as
antiseptic material in fields such as food industry and medicine[1 – 7]. Its structural formula is Na2S2O4. Pure sodium
dithionite is considered relatively safe because of its high
stability in the lower temperature range. However, during
its manufacture, storage, transportation and practice use,
the wetted sodium dithionite takes place Auto-ignition and
explosion usually. Its mixtures with water have caused a
lot of fire accidents in China, which had produced tremendous disaster. Along with the accidents, efforts have been
devoted to study the thermal stabilization of pure sodium
dithionite and its mixtures with water.
In order to evaluate the effect of the water on the
decomposition of sodium dithionite, the thermal kinetic
and reaction dynamic parameters of sodium dithionite and
its mixtures with different mass of water were calculated
based on heat flow data. Furthermore, according to
the Semenov thermal explosion models, the selfaccelerating decomposition temperature SADT was used
for assessing the thermal stabilization of sodium
dithionite in manufacture, storage, transportation and
practice use[8].

EXPERIMENT RESULTS AND DISCUSSIONS
In this study, Constant temperature rising-rate experiments
were executed to research the heat behavior of some reactions.
According to the data, the activation energy and pre-exponential factor of these reactions were calculated, respectively.

PURE SODIUM DITHIONITE THERMAL BEHAVIOR
Fig. 1 shows the heat flow curve of pure sodium dithionite at
0.058C /min heating rate in air atmosphere. Fig.1 demonstrate that there is almost no heat released until the temperature reaches to 46.58C . The pure sodium dithionite has an
endothermic process that starts near 43.58C, and peaks at
45.58C with the heat of 16.8 Jg21, and then the reaction
goes to exothermic. This sharp endothermic peak appears
to be the melting of Na2S2O4 as its melting point is 528C
(changed slightly by different methods). Below the temperature at 488C (the highest temperature in summer, in China),
the heat of reaction is 2.94 Jg21. There are two exothermic

SAMPLE PREPARATION AND EXPERIMENTAL
SAMPLE PREPARATION
In this study, pure sodium dithionite and water were supplied to prepare the samples. Table 1 exhibits the weights
of each element in the samples.
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Table 1. Experimental samples
Samples no.

Sodium dithionite(wt.)

1
2
3
4
5
6

1g
1g
1g
1g
1g
1g

Table 2. Thermodynamic parameters of the heat flow curves
Water(wt.)

Samples no.

0g
0.02 g
0.04 g
0.06 g
0.08 g
0.10 g

1
2
3
4
5
6

peaks at 109.58C and 1248C in the high temperature range
above 808C on the curve, respectively. In the two exothermic peaks, the heat flow increases slowly and gradually
with the temperature increasing in the range of 82 –1008C,
and increases sharply above 1008C .

Tonset(8C )

Tm(8C )

4 H1(J/g)

4 H2(J/g)

46.51
32.58
31.73
30.06
—(,30)
—(,30)

123.73
117.09
112.26
109.47
106.89
105.27

16.842
19.333
27.973
4.611
0
—

2.936
6.105
5.154
23.716
217.531
221.266

According to the results, it can be seen that below the
temperature at 488C, when sodium dithionite has no water or
lower mass of water, it makes hard to increase the temperature that the melting energy counteract the heat released by
the reaction. Reversely, the melting energy of sodium
dithionite with higher mass of water disappears, and all
the heat released was used to enhance the temperature of
the reaction. Otherwise, the increasing of water in the
mixture makes much influence on the reaction that the
onset temperature decreases from 408C to the temperature
below ambient gradually, and the maximum exothermic
peak moves towards lower temperature direction. It means
that the mixtures of sodium dithionite with water decompose
more easily. Therefore, the wetted sodium dithionite
mixture is much more unsafely than pure sodium dithionite
in manufacture, storage, transportation and practice use.
The thermodynamic parameters of pure sodium
dithionite and its mixtures with different mass of water are
shown in Table 2.

SODIUM DITHIONITE MIXTURES WITH WATER
THERMAL BEHAVIOR
Fig. 2 shows the heat flow curves of the mixtures of
sodium dithionite with different mass of water. For the
heat flow curve of sample2, the onset temperature of
reaction is 32.588C. The heat of endothermic process
at 45.58C is 19.3 Jg21. It has an obvious exothermic
process observed with 28.2 Jg21 before endothermic
process. Below the temperature at 488C, the heat of
reaction is 6.11 Jg21. There are two exothermic peaks at
106.58C and 1178C in the high temperature range above
808C on the curve, respectively. In the two exothermic
peaks, the heat flow increases slowly and gradually with
the temperature increasing in the range of 82–968C, and
increases sharply above 968C . For the heat flow curve
of sample3, the onset temperature of reaction is
31.738C. The heat of endothermic process at 45.58C is
28 Jg21and the heat of the obvious exothermic process
is 222.4 Jg21, respectively. Below the temperature at
488C, the heat of reaction is 5.15 Jg21. Similarly, There
are two exothermic peaks at 1038C and 112.58C in the
high temperature above 808C on the curve. In the two
exothermic peaks, the heat flow increases slowly and
gradually with the temperature increasing in the range of
83.5 –948C, and increases sharply above 948C . It is
obvious that, with the increasing of mass of water, the
onset temperature of reaction decreases, and the heat of
observed exothermic process enhances gradually. It may
be due to a reaction between sodium dithionite and
water that generates Na2S2O3, NaHSO3, SO2, H2S and
so on. For the sample 4, 5 and 6, their onset temperature
of reaction continue to decrease. Below the temperature at
488C, the heat of reaction is 2 3.72 Jg21, 2 17.53 Jg21
and 221.27 Jg21, respectively. However, with the increasing of mass of water, the heat of observed exothermic
process and endothermic process reduced gradually. The
cause of this phenomenon and the definite reaction mechanism should be explained by using more methods and
further experiments.

DECOMPOSITION KINETIC PARAMETERS
OF SODIUM DITHIONITE AND ITS MIXTURE
WITH WATER
In order to calculate the chemical kinetic parameters of reaction materials by using C80 data, a reaction mechanism is
assumed to be dependent on the Arrhenius law, so the rate
expression for the consumption of reaction can be defined
as Eq.(1)
dx
¼ A exp (  Ea =RT)(1  x)n
dt

(1)

0 M
where x ¼ MM
is conversion rate, substituting x into
0
Eq.(1), Eq(2) can be easily obtained.




 n
dM
Ea
M
¼ A exp 
M0 dt
RT M0

(2)

At the initial stage, the consumption of the reactant
can be negligible. Therefore, M is approximately equal to
M0. Multiplying Eq.(2) with the heat of reaction 4 H, the
heat of the reaction is obtained as:


dH=dt
Ea
¼ A exp 
(3)
DHM0
RT
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SADTs of pure sodium dithionite and its mixtures with
different mass of water were calculated using 25 kg standard
package, the wetted area S ¼ 4812.4 cm2, and an overall
heat transfer coefficient U ¼ 2.8386  1024 Jcm22K21s21
in Table 2[11].
According to above calculation results, the SADTs
calculated of sodium dithionite mixtures with water under
the same packaging conditions are much lower than that
of pure sodium dithionite. The results show that their
SADTs are very low, especially for sample 5 and 6, at
only 30.5 and 30.238C respectively. Auto-ignition and
explosion may take place at ambient temperature in
summer for such materials. During manufacture, storage,
transportation and practice use, much care should be taken.

Table 3. Kinetic parameters and SADT for sodium dithionite
and its mixtures
Samples no. 4 H(J/g) Ea(kJ/mol)

A(s21)

SADT(8C )

2658.85
2598.83
2504.49
2537.23
2562.17
2577.76

3.20  10138
7.69  1062
5.14  1055
7.84  1039
6.13  1026
5.92  1020

71.7
55.28
48.73
33.44
30.5
30.23

1
2
3
4
5
6

875.18
410.26
360.79
271.46
194.91
160.19

Taking natural logarithm of Eq.(3),


dH=dt
Ea 1
ln
¼   þ ln A
DHM0
R T

(4)
CONCLUSION
The decomposition reaction characteristics and the heat generation of pure sodium dithionite and its mixtures with water
were researched using a CALVET heat flux calorimeter
C80. The following results were obtained.
Water has significant influence on the activation
energy of the sodium dithionite decomposition. It decreases
the activation energy from 875.18kJ/mol to 160.19 kJ/mol
and the onset temperature from 408C to the temperature
below ambient, and induces sodium dithionite to decomposes more easily. Sodium dithionite mixtures with water
are much more unsafely than pure sodium dithionite in manufacture, storage, transportation and practice use. But the
definite reaction mechanism should be studied further by
more methods and experiments.
Based on the Semenov model and the decomposition
kinetic parameters of sodium dithionite and its mixture with
different mass of water, the SADTs of the samples for 25 kg
standard package were calculated and compared. The
SADTs of sodium dithionite mixtures with water were
much lower than that of the pure sodium dithionite,
especially for sample5 and sample6, at only 30.58C and
30.238C respectively. Auto-ignition and explosion may
take place at ambient temperature in summer for such
materials. The results indicate that the wetted sodium dithionite starts self heating reaction at lower temperature than
that of pure sodium dithionite, which accelerate the
process of self-heating fire.

dH=dt
By plotting the curve of ln ( DHM
) versus inverse
0
21
temperature (T ), the activation energy (Ea) and pre-exponential factor (A) could be easily acquired[11,12]. The calculated kinetic parameters of pure sodium dithionite and its
mixtures with different mass of water are listed in Table 3.
According to above experimental results, the analysis
of the decomposition kinetic parameters of sodium dithionite and its mixtures with different mass of water, it was
found that water can decrease the activation energy of the
sodium dithionite decomposition, which facilitates the
decomposition of sodium dithionite mixtures with water.
The results indicate that the mixtures of sodium dithionite
with water are more unsteady than pure sodium dithionite.

SELF-ACCELERATING DECOMPOSITION
TEMPERATURE SADT OF SODIUM DITHIONITE
AND ITS MIXTURE
According to the Semenov model[13,14], the rate of the
uniform temperature rise in a system is established by the
difference between the rate of heat generation from the
system and the rate of heat transfer to the environment as
the following equation:
Cp M0

dT
¼ DHM0n A exp (  Ea =RT)  US(T  T0 )
dt

(5)

Further, at the temperature of no return(TNR), both
dT/dt ¼ 0 and d(dT/dt)dT ¼ 0 must be held. Thus Eq.(5)
is obtained as:
2
Ea
TNR
¼
R
TNR  T0
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(6)

NOMENCLATURE
Ea
¼ kinetic activation energy (kJ mol21)
A
¼ kinetic pre-exponential factor (s21)
4H
¼ Heat of reaction (Jg21)
¼ Heat of endothermic process (J g21)
4H1
¼ Heat of reaction below 488C (J g21)
4H2
¼ onset temperature of reaction (8C)
Tonset
¼ temperature at maximum heat flow (8C)
Tm

where T0 is the surrounding temperature which is equal to
the SADT, so
 2 
RTNR
(7)
SADT ¼ T0 ¼ TNR 
Ea
Using this equation and the thermal-kinetic
parameters estimated from the C80 experiment results, the

3
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M
M0
n
R
S
t
T
TNR
T0
U
Cp
dH/dt

¼ Mass of reactant (g)
¼ Initial mass of reactant (g)
¼ Reaction order
¼ Universal gas constant (J K21 mol21)
¼ Contact area between package surface
and ambient (m2)
¼ Time (s)
¼ Temperature of system (K)
¼ No return temperature (K)
¼ Ambient temperature (K)
¼ Overall heat transfer coefficient
(J m22 K21 s21)
¼ Specific heat (J g21 K21)
¼ Overall heat flow (W)

6.

7.

8.

9.

10.
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IMPLEMENTATION OF THE ATEX DIRECTIVE 99/92/EC IN NEW-BUILD PROJECTS
AND ON EXISTING PETROCHEMICAL FACILITIES
Lyn Fernie1 and Jo Fearnley2
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European Directive 99/92/EC (ATEX 137) deals with fires, explosions and similar energy releasing
events (e.g. exothermic chemical reactions) arising from dangerous substances. It requires an assessment of risk and provision of measures to eliminate or reduce risks associated with work activities
associated with such dangerous substances.
Topics to be discussed during the paper include:
. The workflow required during an ATEX 137 compliance assessment
. The implementation of ATEX 137 on a major new-build design project
. The implementation of ATEX 137 on an existing petrochemical facility
. The overlap with other European Standards and Directives
. The balance between protection provided by hardware and that by the operating and maintenance personnel.
The paper will utilise a number of case studies to review the experience of this best practice
document.

KEYWORDS: ATEX 137, explosive atmosphere, hazardous area classification, HAC, risk assessment

used at conditions which take them into their flammable
regions, i.e. above their autoignition or flash points need
to be included. Flammable materials handled below their
flash point, but at high pressures such that they could be
released as a mist from a leak are also considered under
ATEX. Oxidizing materials are also worth considering,
although this is not strictly within the ATEX 137 Directive.
Substitution by non-flammable/non-combustible
materials should be considered for all facilities.
This substance listing is also valid for use in:

INTRODUCTION
European Directive 99/92/EC (ATEX 137) requires a
chemical plant operator to consider explosion risks associated with the facility, and address those risks through elimination, prevention or protection.
For many operators the consideration of explosion
risks focuses on the electrical and, as a result of the
ATEX Directives, the mechanical equipment on the facility.
However there are many other aspects to explosion risks
which also need to be addressed in order to comply with
the full scope of the ATEX 137 Directive. This paper
looks at the full range of considerations when completing
an explosion risk assessment for either a new facility or
on an existing petrochemical plant.
To address the requirements of the ATEX 137 Directive without creating excessive work for those involved
needs inputs and outputs to be identified and planned.
Many of the inputs and outputs can be used directly to
support other health, safety and environmental requirements, so good planning will ensure that these are done in
a way which optimises workload. Examples of commonality
are given throughout the paper.
An understanding of hazardous area classification and
zones 0/20, 1/21 and 2/22 is assumed.

.

.

.

health assessments, such as control of substances hazardous to health (COSHH) regulations, biological agent or
chemical agent directives compliance;
safety assessments, such as Seveso Directive safety
assessments, or control of major accident hazards
(COMAH) regulations; and
environmental assessments, such as best available technology (BAT) assessments, or compliance with the
registration, evaluation and authorisation of chemicals
(REACH) regulations.

HAZARDOUS AREA CLASSIFICATION
From the knowledge of the plant, equipment, layout and
chemicals in use, a hazardous area classification (HAC)
needs to be completed. The HAC identifies the potential
source, frequency and duration of flammable/combustible
releases, which defines the hazardous area zoning of the
facility. For an existing facility this may already exist, but
a review is worthwhile to check that the HAC meets
current standards. In this case any changes should be identified, such as classification internal to vessels. Identification

HAZARDOUS SUBSTANCE IDENTIFICATION
The first step is to identify all the substances which are on
the site under review, including laboratory, maintenance
and cleaning materials. From this list those which fall
under the ATEX Directive can then be determined, i.e. flammable, highly flammable and extremely flammable liquids
and combustible dusts. In addition materials which are

1
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of equipment (electrical, instrument and mechanical) falling
into each zone will then be possible, and the worst case flammable/combustible material which could be potentially
released in each zone. For a new-build facility it may be
worthwhile reviewing the layout of the plant/equipment
such that a minimal amount of equipment is located
in zoned areas, particularly zone 0/20 and zone 1/21, in
particular considering the removal of equipment handling
a non-hazardous (for ATEX) material from zoned areas.
There may be a cost benefit from a layout change if
it means that non-ATEX certified equipment can be
purchased, or equipment with a less onerous category rating.
Different hazardous area zones need to be visibly
identified on the facility, which is a key requirement of
the ATEX 137 Directive.

For a new-build plant this can be addressed using
layout/design considerations, such as segregation and/or
fencing, with potentially remote operation, control and/or
monitoring. However, when considering the use of segregation to protect workers from explosive atmospheres, the
potential effect distances of the fires and explosions needs
to be identified to ensure that full protection is actually provided. This will typically require fire and blast effect modelling, including the potential for vapour cloud explosion.
This level of detail is also required for occupied building
studies and Seveso Directive/COMAH Regulations compliance, so again the outputs need only be produced once for all
the different end uses of the information.

IGNITION SOURCES
The next step in the workflow for ATEX compliance is to
identify all the potential ignition sources within the facility.
Dependent on the size of the facility this may be one assessment, or a series of area assessments. Some operators
have only focused on the ignition hazards caused by noncompliant instrument, electrical or mechanical equipment
within zoned areas, but this is actually only an element of
the potential sources of ignition. To comply with the
ATEX 137 Directive a full survey of potential ignition
sources is needed.
Examples of ignition sources include:

HAZARDOUS SCENARIO IDENTIFICATION
For all facilities the hazardous scenarios relating to explosive atmospheres, i.e. fires and explosions, need to be identified. For an existing facility this may already exist in a
usable format, dependent on the age of the facility and
whether a hazard identification exercise has been carried
out for other purposes, such as required under the Seveso
Directive/COMAH regulations, or from a hazard and operability study (HAZOP), process hazard assessment (PHA),
or to facilitate safety integrity level (SIL) assessments.
For new-build facilities hazard identification is typically part of the design process, enabling subsequent
safety and environmental studies. Obviously, wherever
possible, the design should incorporate inherent safety,
and this includes any features which prevent flammable/
combustible scenarios occurring. Where prevention is not
possible then the ATEX 137 Directive requires that avoidance of ignition of explosive atmospheres is the next principle, followed by mitigation of the effects of the explosion.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

LAYOUT/EXPLOSION EFFECTS
Further to the hazardous scenario identification it will be
possible to identify what operations are carried out in each
plant area. This is important, but often overlooked, as the
ATEX 137 Directive considers ‘the health and safety protection of workers’, and if people can be excluded from an area,
or access controlled and minimised, then the risk is
obviously reduced. This is especially applicable if the
explosion risk only occurs in certain circumstances, which
can be easily detected and managed, such that access can
be excluded at these times. In this case explosion protection
will almost certainly still need to be included for equipment
and economic protection, but not specifically for the health
and safety of workers. If exclusion or restricted access is to
be used as a means of protection then this needs to be incorporated into the safety management system for the facility,
and clearly documented as a safety control measure, which
cannot be subsequently changed without reconsidering the
explosion risk assessment.

hot equipment/piping surfaces
heating elements & boilers
lightning
adiabatic compression & shock waves
self-ignition of dusts
pyrophoric combustion
electromagnetic waves, ultrasonics
stray electric currents, cathodic protection
smoking
static generation (internal/external to equipment)
vehicle engines & exhausts
flames, hot gases, hot particulates
radio frequency ignition
exothermic reactions, polymerisation
auto-ignition of flammable materials
mechanically/friction generated sparks
lasers, X-rays, ionising radiation
electrical short circuits, overloads & faults
hot work, including welding, grinding
impact sparks, including thermite reaction

This list is not exhaustive, and consideration is also
needed of whether any ignition sources could be generated
by the event which leads to the release of the flammable
material and so provide a coincident ignition source.
Article 2 of ATEX 137 defines ‘explosive atmosphere’ as ‘a mixture with air, under atmospheric conditions,
of flammable substances in the form of gases, vapours, mists
or dusts in which, after ignition has occurred, combustion
spreads to the entire unburned mixture’. Therefore, dependent on the potential quantity of flammable material

2

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153

released, the credible location of potential ignition sources
will vary. For example, for a small release it may be valid
to only consider local sources, e.g. within the HAC zoned
area, as beyond this the material will be diffused sufficiently
to be below the lower flammable limit in air. However
where there is a potential for a large release then the ignition
source may be outside the zoned area, with flashback giving
a subsequent explosion.
The second principle of the ATEX 137 directive, after
preventing the formation of explosive atmospheres, is to
avoid their ignition. Therefore the next stage in the workflow for ATEX compliance is to address the potential
ignition sources. This may range from ensuring hot surfaces
are lagged, through to control of hot work to ensure it is
stopped should an explosive atmosphere develop. All
control measures need to be built into the safety management system for the facility. Some such controls are
fairly easy to manage, however others have proved problematic, such as how to ensure that lagging on hot surfaces
is identified as ATEX related and maintained in good
condition at all times.

remembered that HAC zoning only covers normal operation and not all potential hazardous scenarios, and to
comply with the full extent of the ATEX 137 Directive
both should be considered. The potential hazardous scenarios may be partially addressed by the used of ATEX
compliant equipment, but also by using other forms of protection, such as design features, safety devices, control
mechanisms, detectors and safety instrumented systems.
Therefore this aspect is part of addressing the hazardous
risks of the facility, which is typically done using
HAZOP studies and the SIL assessment methodology.
The output from the HAZOP study and SIL assessment
is a therefore an input to the explosion risk assessment
for ATEX 137 compliance.
MECHANICAL EQUIPMENT RISK ASSESSMENTS
The source of ignition most commonly associated with the
ATEX 137 Directive is that from mechanical equipment.
The definition of mechanical equipment is quite wide, and
it is not always obvious which types of mechanical equipment need an explosion risk assessment. For a new build
plant the easy way to comply with the directive is to buy
ATEX compliant equipment of the right category for the
HAC zone and temperature classification, as is standard
for electrical/instrument equipment.

LIKELIHOOD OF EXPLOSION
The likelihood of an explosion is a function of the probability that a release will occur, the duration for which it
will occur, and if it will find a source of ignition. The probability that a release will occur is reflected in the HAC
zoning:

Zone 0/20: Category 1 equipment
Zone 1/21: Category 1 or 2 equipment
Zone 2/22: Category 1, 2 or 3 equipment

. zone 0/20 – explosive atmosphere is present continuously or for long periods or frequently
. zone 1/21 – explosive atmosphere is likely to occur in
normal operation occasionally
. zone 2/22 – explosive atmosphere is not likely to occur
in normal operation but, if it does occur it will persist for
a short period only.

However, even with new equipment there may
occasionally be an item of equipment which cannot be purchased to meet the required category, especially if the enduse requires a modification from the standard supplier specification. In this case, and for an existing facility, a mechanical
equipment risk assessment needs to be completed. It is fairly
universally accepted that rotating equipment needs to be
assessed, such as pumps, fans, agitators and compressors,
but the scope of such an assessment is still varying widely.
There are operators who have only carried out risk
assessments for rotating equipment in zone 0 and zone 1
HAC areas, but are using a generic assessment for everything in zone 2, whilst others have only done generic assessments regardless of the zone of operation. Some operators
have done specific assessments for all rotating equipment
in all zoned areas. This variability is occurring across
Europe, with no specific feedback yet from the authorities
on the acceptability of the assessments, although it is
likely that over time the expectation will evolve to be the
best practice operator as the standard, i.e. those who
assess everything.
A survey of different types of non-rotating but
moving mechanical equipment on an existing petrochemical
facility identified a significant number of types, and a vast
number of individual items. The range included:

Whether a release will find a source of ignition is
often considered in orders of magnitude. A large release
will almost always find a source of ignition eventually,
and a smaller release will find one if it is close to a permanent ignition source, such as a fired boiler or hot furnace, so
these have an ignition probability of 1. An order of magnitude less likely (0.1) that an ignition source will be found is
typical if the ignition source is not always present, or if it is
not always strong enough, or if the release size is such that it
may spread to where there is uncertified equipment. Less
likely again (0.01) is the probability of ignition where the
release size is relatively small, so is not expected to be
above the LFL by the time it reaches the ignition source,
or if the ignition source is rarely present or rarely strong
enough. More specific ignition probabilities for liquid or
gaseous releases of various amounts of flammable material
from differing types of events (leaks, pipe fractures or
vessel ruptures) are available in the literature, considering
immediate or delayed ignition.
A non-zoned area will not typically see a release of
flammable/combustible material. However it should be

.
.
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relief devices (e.g. pressure relief, vacuum relief,
breather valves, blow-off lids, bursting disks)
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. loading arms (tank and drum filling)
. rotameters, weather vanes, wind socks, floating roof
mechanism

TRAINING
There is a specific requirement in the ATEX 137 Directive
to ensure that people working on a facility handling flammable or combustible materials are appropriately trained
in explosion protection. This applies to all aspects of operation and maintenance of the facility, and all personnel
involved therein. It is fundamental that those workers
whose health and safety could be put at risk by the explosive
atmospheres understand all the potential contributing
factors, as it is these people who will be most able to identify
a fault developing before it has the potential to cause an
explosive atmosphere. For new-build or existing facilities
the training requirements are equivalent, with specific
ATEX training required and regular refresher training.
Incident investigation often shows that it is lack of clear
understanding of hazards which contributes to people not complying with rules and operating policy, because they did not
understand the implications of their actions. Examples which
could obviously contribute to an explosive risk include:

Dependent on the HAC zone in which these items
operate they may, or may not be considered as a potential
source of ignition. Many move so slowly, or with such a
low power source that they could not realistically be expected
to generate a spark or hot surface in normal operation.
However, if they are in zone 0/20 or 1/21 it may be feasible
to identify a (rare) malfunction which could give ignition.
For those operators who are even considering nonrotating equipment, the extent of the work to try and carry
out a risk assessment for all types of mechanical equipment
has proved to be unrealistic, so they are using a generic
assessment approach, doing a single risk assessment for an
equipment type (e.g. a ball valve) and using that for all
similar equipment on the facility.
In addition there is a wide range of heat generating
devices (e.g. exchangers, boilers, furnaces, flares, incinerators, thermal oxidisers) which need to be considered as a
potential source of ignition from a hot surface, flame or
hot gas/particulates as appropriate. Unless these have
been identified through the ignition source assessment
many of these have not yet been formally risk assessed by
many operators.
The detail of the mechanical equipment risk assessments is also widely variable, although all should consider
the same basic requirement:

.

.

.

. Zone 2/22: potential causes of ignition during normal
operation
. Zone 1/21: potential causes of ignition during normal
operation and expected malfunctions
. Zone 0/20: potential causes of ignition during normal
operation, expected malfunctions, and a rare malfunction/two coincident malfunctions.

.

.
MITIGATION
Another consideration of the ATEX 137 Directive is the
means of mitigating an explosion once it has occurred. If
the mitigation can afford health and safety protection of
the workers then this is a valid means of dealing with
explosions (if they cannot be prevented, or ignition
sources avoided). Mitigation may be through the use of
explosion panels venting to a safe location, suppression
systems to minimise propagation, or blast walls to limit
the extent of the consequences. As discussed under layout,
to use mitigation as a protection the safety management
systems need to ensure that protection is not infringed,
e.g. by allowing access to where the explosion panels
vent, by having the suppression systems out of commission
or by having personnel within the blast walls.
This covers the hardware aspects of the risk assessment
considerations for ATEX compliance but there is also a significant amount of other aspects to the workflow for compliance, which typically relate to how the organisation and the
people who work on the facility influence the risks.

Moving an item of temporary, non-certified equipment
to a more convenient location because it was not understood what the different HAC zones indicated.
Switching off a flammable gas detector because it keep
beeping intermittently because it was not understood
that it could be intermittent e.g. due to varying wind
direction.
Not dealing with a noisy pump, since there was no spare
available, and production rates were critical, because it
was not understood that the friction causing the noise
could also be causing heat generation which could
ignite the leak caused by the resultant vibration.
Not clearing up the dust layer caused by a spillage,
which the previous shift had left, because it was not
understood that a relatively small dust layer, when disturbed, can be sufficient to cause a significant secondary
dust cloud explosion.
Not carrying out a routine trip test procedure, yet
marking it as done, because it was not understood that
the trip function was fundamental protection against an
explosion risk.

OPERATIONAL CONTROLS
Underlying ATEX compliance is how the organisation is set
up to control and manage the not only the implementation of
the ATEX requirements but also the ongoing compliance.
This is comparable to how the organisation controls and
manages all other health, safety and environmental standard,
regulatory and compliance areas. One example is the use of
detailed operating instructions and comprehensive permitsto-work, which are fundamental to achieving a safe working
environment. There are many aspects of ATEX compliance
which can be supported by the use of detailed operating
instructions. Examples are:
.
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Start-up and shutdown signed checklists for mechanical
equipment to ensure it is not running dry or deadheaded, which could lead to generating heat.
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. Shiftly, daily/weekly/monthly signed checklists for
maintenance staff to check key aspects of mechanical
equipment operation, such as oil, levels, noise, seal operation, bearings, temperature and vibration.

SAFETY MANAGEMENT SYSTEMS
Underlying all the requirements for ATEX compliance is the
safety management system (SMS), including records management. For a new-build plant it is vital that this is well
established long before operation commences such that suitable training and involvement in the systems underpins the
knowledge of all facility workers. For an existing facility a
good starting point is a gap analysis of the SMS compared to
the ATEX 137 Directive requirements so that any
deficiencies can be rectified. It is usually found that the
majority of an existing SMS just needs a small change or
addition rather than a complete rewrite to make it suitable
for supporting ATEX compliance.
Completing a once-off explosion risk assessment and
then filing it for posterity will not give compliance to the
ATEX 137 Directive. The explosion risk assessment is a
living document, alongside other compliance documents
such as Seveso/COMAH safety assessments, SIL assessments and PHA, which need to be reviewed at regular intervals and also as a result of any proposed change. The
inclusion of such reviews in the facility SMS is fundamental
to achieving compliance. For most of these safety related
assessments the ongoing review and updates are all interlinked, as all the reviews need to identify and address
changes, in equipment, operation or organisation which
can have an effect of the assessments. A key aspect of the
SMS is the management of change procedure which underpins the validity of all risk assessments.

Any non-standard or temporary activity needs to consider explosion risks in order to comply with ATEX 137.
This may be achieved through a temporary operating
instruction, or job method, and/or the use of the permitto-work system. An operating company’s permit-to-work
system is a core means of complying with the ATEX 137
Directive, and an explosion risk assessment should be a
key aspect of the permit risk assessment, not only for hot
work, but for anything which may change an existing protection, equipment or activity.
INSTALLATION AND MAINTENANCE
ATEX compliance requires that the whole lifecycle is considered for equipment installed in a HAC zoned area of a
facility. It is not sufficient to simply specify and purchase
a compliance piece of equipment, or carry out a risk assessment on existing equipment. Compliance requires that the
equipment is installed correctly, operated within its design
envelope, inspected and maintained to the standards identified at the frequency required, repaired using the correct
spares and tested routinely. The achievement of this satisfies
not only ATEX, but also good operating practice for Seveso /
COMAH compliance, and indirectly supports a wide range
of other health and safety regulations and directives, by
maintaining the facility in good working order.
It is not only items of equipment which may need to
be installed and maintained correctly. For example, if
there are hot surfaces which have explosion risk implications insulation may be identified as the protection. To
achieve this various aspects need to be considered, e.g. the
correct specification and installation of the insulation; the
management of the removal/reinstatement for maintenance
in order to not compromise the protection; and prompt replacement of damaged or contaminated insulation.
It is not enough to rely on planned routine inspections
of a facility to identify faults; it should be a proactive part of
the daily operations to identify and address potential risks
form ongoing damage or aging, and to do this all personnel
need to have a thorough understanding of the explosion risks
through good training.

RISK REDUCTION MEASURES
The outcome of the explosion risk assessments may be that
the risks are acceptable, or that ‘all measures necessary’
have not yet been addressed, and further risk reduction
measures are required. If the latter is the case then as a
minimum industry good practice needs to be achieved
and potentially additional measures if the explosion
risk is sufficiently great. For a new-build plant it is therefore important that the explosion risk assessments are
completed early enough in the project lifecycle for
additional risk reduction measures to be built into
the design. For an existing facility the identified improvements will form part of the ongoing improvement plan
for the plant, to be managed alongside those identified
for other reasons.
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EXPERIMENTAL INVESTIGATION OF A CATASTROPHIC TANK FAILURE WITH A HIGH
SPEED VIDEO RECORDER. IMAGE PROCESSING AND HYDRODYNAMIC
CHARACTERIZATION OF THE LIQUID JET
N. Lecysyn1, F. Heymes1, A. Dandrieux1, P. Slangen1, G. Dusserre1, L. Munier2, E. Lapebie2 and C. Le Gallic2
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Liquid jets are an important concern in risk assessment. Full scale tests were performed at the CEG
(Centre d’études de Gramat, DGA), in order to study liquid vessel destruction after high velocity
projectile impact. An important rupture of the vessel resulted on both faces and liquid jets were
created on each side of the vessel. The phenomenon was recorded with high speed cameras at a
sampling rate of 6000 Hz during one second. This paper deals with the image processing methodology employed to study some features of the jet. This methodology leads to compute binary
images composed of extracted edges of the hydrodynamic phenomenon. Liquid expansion and
break-up data are presented.

KEYWORDS: liquid jet, hydrodynamics, tank failure, video, image processing

of projectile kinetic energy, and vessel’s fracture dynamic.
Those experimental values are of a great interest, in order
to understand the vessel’s envelope break-up and the subsequent liquid dispersion in the environment.

INTRODUCTION
In this paper an image processing comparative methodology,
leading to jet break-up characterization is proposed.
Studying the consequences of a liquid-filled vessel
destruction after projectile impact is an important concern
in risk assessment. Previous authors worked on this domain,
either to study the consequences on the tank (fracture,
shock wave propagation, and kinetic energy decay)
[STEPKA, 1965], [TOWNSEND, 2003], [BORG, 2001(a)]
or on the consequent liquid instability [BORG, 2000, 2001(b)].
Full scale tests were recently carried out at the CEG
(Centre d’études de Gramat), in order to assess the consequences a high velocity impact (up to 1000 m.s21) on a
tank filled with ammonium hydroxide solutions. The
impact of the bullet creates a strong and brutal pressure
increase in the liquid (up to 250 bars). A strong rupture of
the vessel resulted on both faces and liquid jets were
created on each side of the vessel. The two jets were
found not to be symmetric.
The study of these very high speed phenomena
requires specific equipment as high speed video acquisition
which is particularly appropriate to this study. The
phenomenon was therefore recorded with a sampling rate
of 6000 Hz during one second. Three video cameras were
used simultaneously to get a 3D record of the liquid jet.
A focus is made on three trials filmed by three cameras
on three different points of view ((O, x, y), (O, x, z), (O,
y, z)).
A comparative image processing methodology was
applied to video sequences, in order to improve the visual
appearance of images to human viewer, and to prepare
images for measurement of the objects present in the image
[RUSS, 1999]. Fundamental processes are detailed, like
threshold, spatial filtering and morphology [National Instruments, 2004], [SOILLE, 1998]. It is shown that the most
efficient step is background subtraction. Experimental results
are presented, such jet break-up length and expansion, decay

EXPERIMENTAL DEVICE
OBJECTIVES
The vessel destruction phenomenon is expected to produce
an expanding liquid jet. Characterizing fluid movement is
the aim of this experimental set up. Optical technique was
chosen in order to use an non-intrusive instrumentation.
Three fast cameras enable the visualization and the recording sequences with a frame rate of 6000 Hz in full resolution
(1024  1024 pixesl). Cameras were placed at different positions in order to achieve a 3D visualization of the main part
of the jet.

EXPERIMENTAL SET UP
The experimental set up is presented in Figure 1 and
Figure 2. A cylindrical steel vessel (diameter ¼ 360 mm,
height ¼ 622 mm, volume ¼ 60 L, thickness ¼ 0,6 mm)
was slightly attached on two poles, spaced as contact
points between the vessel and two pseudo neighbouring
vessels. In order to be representative of industrial storages
the liquid vessel was not completely filled (height of gas
phase ¼ 40 mm) with different kinds of solutions constituted of water, ammonium hydroxide, polyethylene glycol
(PEG 400) and rhodamine (dye) in various proportions.
Ammonium hydroxide allowed studying the evaporation
kinetics and rhodamine was added to give a red colour
to the initial colourless solutions. All solutions were prepared at a 0% or 10% mass fraction composition of hydroxide ammonium. Vapour pressure of ammonia in the
water solution is equal to 10 400 Pa (T ¼ 294 K,
[NH4OH] ¼ 10%).
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Figure 1.

A bullet was shot on the vessel from a distance equal
to 15 meters. Experimental device of gunshot allowed
speed projectiles in the range 850–1250 meters per
second when impinging on the vessel. Projectile was shot
in the centre of the vessel. Three fast cameras as shown
in Figure 1 and Figure 2 enabled the visualization and
the recording sequences with a frame rate of 6000 Hz.
The use of CCD (Charge Coupled Device) was chosen
with respect to its ability to catch fast events [SCHMITT,
2004]. Cameras were placed at different positions, regarding the objectives of the experiment (visualization of the
entire jet in one direction, visualization of a part of the
jet in the other direction).

OPTICAL CONDITIONS
High speed framing technique applied to hydrodynamics
has been already used to study diesel jet break-up [YON,
2003], where the scene was shined by a background
light, scattered by the jet. In this experiment, because of
specific conditions due to shot gun, it was chosen to
shine the scene directly, with three powerful spotlights of
3500 W (Figure 1). However, natural sunshine was the
major source of light, that is why, from one test to
another, optical conditions were not the same. Therefore,
resulting video sequences quality is not homogeneous.
The field of view of each camera was within 1,5 meters
(cameras #2 and #3) to 2,5 meters (camera #1), the focal

Figure 2.
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Table 1.
Shots
#1

#2

#3

Cameras
#1
#2
#3
#1
#2
#3
#1
#2
#3

6000
6000
6000
6000
6000
6000
6000
6000
6000

fps
fps
fps
fps
fps
fps
fps
fps
fps

Fast
Fast
Fast
Fast
Fast
Fast
Fast
Fast
Fast

Cam
Cam
Cam
Cam
Cam
Cam
Cam
Cam
Cam

MAX 3K
APX 120 K
APX 120 K Color
MAX 3K
APX 120 K
APX 120 K Color
MAX 3K
APX 120 K
APX 120 K Color

distance was chosen with respect to entire coverage of
experimental field.

Movie duration

(O,x,z)
(O,x,y)
(O,y,z)
(O,x,z)
(O,x,y)
(O,y,z)
(O,x,z)
(O,x,y)
(O,y,z)

0,68487sec
0,68487sec
0,68570sec
2,04458sec
1,36372sec
1,36372sec
2,03883sec
1,36433sec
1,31024sec

Table 2.
Shots

SHOTS TEST SERIES
Four different shots are described in Table 2. Thousands of
images are recorded, containing a lot of information. It is
then necessary to process video sequences, in order to sort
and extract sorting and extracting essential data.

#1
#2
#3
#4

IMAGE SEGMENTATION METHODOLOGY
Different steps are described in this part. The aims of these
steps are to analyze and treat each image in order to prepare
it for experimental measurement.

Projectile velocity
(m/s) before impact

Liquid
Water
Water
Water þ 10% ammonium
hydroxide
Water þ 10%
ammonium hydroxide

1125
1193
1148
1167

The linear histogram provides a general description of
the appearance of an image and helps identifying various components such as the background, objects, and noise.
The cumulative histogram is the function HCumul (k)
defined on the gray-scale range [0, . . . , k, . . . , 255] such
that the number of pixels that are less than or equal to k:

GREY LEVEL PICTURE
After video recording, the three movies described quantitatively in Table 1 were analyzed through image histograms.
The most straightforward strategy for image analysis uses
the brightness of regions [RUSS, 1999] in the image as a
mean of identification: it is assumed that the same type of
feature will have the same brightness wherever it appears
in the field of view. The histogram of an image indicates
the quantitative distribution of pixels per grey-level value.
Two types of histograms can be calculated: the linear
and cumulative histograms. The linear histogram is the function H defined on the gray-scale range [0, . . . , k, . . . , 255]
such that the number of pixels equal to the gray-level value
k is
H(k) ¼ Nk

Plan

Hcumul (k) ¼

k
X

Nk

(2)

0

This latter will be useful to determine a threshold
value, used afterwards, in order to simplify the 256 grey
levels image into a two levels binary image.
The gray-level intervals with a concentrated set of
pixels reveal the presence of significant components in the
image and their respective intensity ranges. In Figure 3,
the linear histogram reveals that the image is composed of
three major elements. The cumulative histogram of the
same image in Figure 4 shows that the two leftmost peaks

(1)

Figure 3.

3

# 2007 IChemE

IChemE SYMPOSIUM SERIES NO. 153

experimental set up. For instance, the concrete wall in the
background could have been painted in black. It will be
shown in the next part, that image processing is necessary
to isolate jet liquid jet from the background.
OBJECTIVES
Segmentation is one of the critical steps of image analysis,
which influences measurement quality done further. It
allows isolating objects on which a focus has to be made;
and to separate regions of interest from the background.
Among some existing techniques; the simplest is gray levels
thresholding. As seen before, the gray levels distribution of
images in this study, shown in Figure 5, does not allow to distinguish main elements of movies. Therefore methodologies
have been developed to segment images sequences of the
sequences listed in Table 1. A comparative analysis between
three methodologies is proposed in the next paragraphs,
each of them can be differenced by their first step:

Figure 4.

compose approximately 80% of the image, while the
remaining 20% corresponds to the third peak.
As shown in Figure 5, the gray levels distribution
(mean value distribution done on the images sequence) is
not always composed of few distinguishable peaks. It
means main elements of images like background, vessel
and liquid jet do not have different luminosity levels,
because the optical condition were not optimized during

a classical linear gradient is applied to images, in order to
highlight elements;
a high contrast value is given to images, in order to separate
dark background from others elements;
a first sequence image subtraction is done, in order to eliminate background.

Figure 5.
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Figure 6.

Then, a classical treatment process [SOILLE, 1998] is
applied in order to extract only liquid jet edges, as described
in next paragraphs.

which each pixel derives from the values of pixels with
the same coordinates in other images. In this experiment,
the image acquisition device (Photron Fast Cam MAX
3K) with a gamma of 1.0 that is why subtraction of
the first sequence image (background) is acceptable
[RUSS, 1999]. Results on the image sequences taken
during the three different gun shots are shown in
Figure 6d.

SEGMENTATION METHODOLOGIES
Linear gradient
The transformed image looks like the source image with
highlighted edges. That is why this type of kernel is used
for grain extraction and perception of texture [national
Instruments, 2004].
The gradient filter chosen (Figure 6a) is a convolution
based on this Image Gradient kernel, the larger the kernel,
the thicker the edges:
0
1
1
1
0

1
2
2
2
1

0
0
1
0
0

1
2
2
2
1

IMAGE THRESHOLDING
Thresholding consists in segmenting an image into two
regions: a particle region and a background region. This
process works by setting to 1 all pixels that belong to a
gray-level interval, called the threshold interval, and
setting all other pixels in the image to 0. The aim of this
operation (Figure 8) is to extract areas that correspond to
significant structures in an image and to focus the analysis
on these areas. A critical and frequent problem in segmenting an image into a particle and a background region occurs
when the boundaries are not sharply demarcated. In such a
case, the choice of a correct threshold becomes subjective.
Therefore, it is highly recommended that images be
enhanced before thresholding to outline where the correct
borders lie [National Instruments, 2004]. Observing the
intensity profile of a line crossing a boundary area also
can be helpful in selecting a correct threshold value. In
this study, manual thresholding is done with different
range values. Then, morphological transformations are
done on images in order to reshape the binary particles
and therefore correct unsatisfactory selections that occurred
during the thresholding.

0
1
1
1
0

Image contrast enhancement
This transformation (Figure 6b) can highlight details in
areas containing significant information, at the expense of
other areas. It converts input gray-level values (those from
the source image) into other gray-level values (in the transformed image). The function associates an equal amount of
pixels per constant gray-level interval and takes full advantage of the available shades of gray.
Image subtraction
A subtraction between images (as shown in Figure 7) is a
pixel-by-pixel transformation. It produces an image in
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Figure 7.

Figure 8.
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Figure 9.

IMAGE MORPHOLOGY
Morphological transformations extract and alter the structure of particles in an image. These transformations aim
at preparing particles for quantitative analysis, observing
the geometry of regions, and extracting the simplest
forms for modeling and identification purposes, and so
forth. In this study, the morphologies applied to images
consist in:

easily accessible. Therefore, it is possible to make some
measurements in order to characterize the jet.

filling holes (Figure 9);
removing small particles (Figure 9);
extracting edges (Figure 10).

phase 0: impact and penetration of projectile into vessel
(less than 0,5 milliseconds).
phase 1: small droplets with a high velocity. This mass
transfer case corresponds to high mass transfer kinetics,
high specific surface area but low ammonia quantity to
vaporize (less than 30 milliseconds).
phase 2: liquid break-up, ligaments formation and
drops coalescence with low velocity (about 250 milliseconds).
phase 3: gravitory flow of the liquid through the failure hole.
This mass transfer case corresponds to low mass transfer

RESULTS AND DISCUSSION
VIDEO SEQUENCES ANALYSIS
The different phases of the catastrophic tank failure can be
described as (Figure 11):

RESULTS
The best results are obtained applying method #3
(Figure 10f). All objects composing background have been
eliminated. The snake tongue boundaries of the jet are
clearly marked. Applied to each source image, this process
produces a new video sequence on which jet geometry is

7
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Figure 10.

kinetics but important ammonia quantity. The specific area
depends on the geometry of the area around the vessel
(liquid completely spread on the ground or contained by a
preventive device).

adimensionnal vessel’s fracture (Figure 15), which growth
reaches rapidly a constant value of 30%;
projectile velocity.
JET BREAK-UP LENGTH, WIDTH
AND EXPANSION
Those three characteristics are of a great interest, in order to
understand the liquid dispersion, consequence of a catastrophic failure.
Thanks to image processing methodology, described
upward, it has been possible to process jet break-up length
(Figure 12), which trends to grow linearly.
Liquid recuperative containers can be seen on camera
#2 sight, which induce a noisy image background. Video
analysis has been made without image processing in this
case. Phenomenon observation on camera #2 sight allows
saying that jet width is constant (Figure 13).
Jet expansion (Figure 14) trends to increase more in
the (O, x, z) plan than in (O, x, y).

MEASUREMENTS
As it is explained in paragraph 2.3, video sequences quality
is not homogenous, even after processing, video sequences
from shots #1 and #4 are too much noisy to be exploited.
Another tests series will be run soon, optimizing optical
conditions. Following experimental results are drawn
from shots #2 and #3 described in Tables 1 and 2.
During the first milliseconds of the phenomenon, it
has been possible to get some experimental values like:
jet break-up length (Figure 12), which trends to growth
linearly;
jet width (Figure 13) which is constant;
jet expansion (Figure 14);

8
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Figure 13.

Those experimental values will be compared to
expanding liquid system models.
VESSEL FRACTURE
Characterizing dynamic fracture of the vessel allows understanding the material response to the projectile impact.
From the camera #3 sight, it has been possible to
observe and measure vessel’s fracture caused by projectile
impact (Figure 15). The phenomenon grows quickly
(within 25 milliseconds) to a limit value. A fraction of projectile energy leads to the tearing of the front side of the

Figure 11.

Figure 12.
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Figure 14.

Figure 15.

Figure 16.
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Figure 17.

vessel. The vertical length of tearing always follows the
generator passing by the centre of the opening and covers
the near total height of the vessel (62 cm). The average velocity of material fracturing is about 25 m/s. These results
will be used to evaluate the mass flow rate at the breach,
as source term for liquid dispersion, and will be compared
to hydraulic models.

The ratio of kinetic energy loss in the vessel by the
projectile is about 30%. This dissipated energy due to
impact and projectile penetration is the source term of
liquid jet emission. Those experimental data will be compared to a drag model applied to kinetic energy decay into
the vessel, as source term of the strong and brutal pressure
increase in the liquid.
Once source term (mass flow rate, pressure increase,
jet expansion and break-up length) characterized, it will
be possible to predict the final break-up of droplets, and to
compare it with granulometry values, which will be
measured thanks to a specific video analysis process (drop
computer recognition).

PROJECTILE VELOCITY MEASUREMENT
ANDASSESSMENT OF KINETIC ENERGY
LOSS DURING THE IMPACT
Experimental set up has been adapted during three new
shots in order to see (thanks to the camera #1) what is happening behind the vessel (Figure 15). Acquisition frequency
has been decreased to 4000 Hz, to improve exposure.
Images sequence has been processed to enhance an
interesting phenomenon.
Optical blur of projectile can be seen on images
sequences (Figure 16). The exposure time (1/6000
second) of the camera was long enough (compared to particle velocity .1000 m.s21) to record an “optical smear”.
Then, “optical smear” length is divided by time
step between two frames (4000 frames per second)
(Figure 17), in order to get projectile velocities. Measurement accuracy depends on optical aberrations which are
in the order of 5%.
It has been thus possible to get projectile velocities
before and after impact, in order to plot velocity decay in
the vessel (Table 3).

CONCLUSIONS
It is shown that very high speed camera is suitable for data
acquisition of very short duration phenomena. However, this
non intrusive technique has some inconvenient. Lots of
useless objects are recorded like background. That is why
it is necessary to process images in order to isolate interesting elements. A comparative analysis has been done on
background elimination and fluid edge extraction. Best
results are obtained by image subtraction.
This image processing methodology applied to fluid
filled storage impact will allow accessing to hydrodynamics
measurements.
Experimental results show that small projectile
impact at high velocity on a liquid filled vessel have important consequences on the environment of the storage, and
particularly just after vessel destruction, which occurs
within ten milliseconds.
The interest of this project is the integrated approach
from projectile impact to consequences in terms of container
failure, catastrophic liquid discharge, and final break-up
leading to evaporation and atmospheric dispersion (cloud
concentrations).
Video diagnostic of toxic liquid discharge might
help to identify safety distances in case of such accidents
(in particular domino effects).

Table 3.
Shots
Test serie
#3
#1
#2
#3

Projectile velocity
(m/s) before impact

Projectile velocity
(m/s) after impact

1192
1536
1003

730
881
668
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SIMULATION, DESIGN AND SCALE-UP STRATEGY OF SPRAY CURTAINS
MITIGATING TOXIC GASEOUS RELEASES
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As fluid barrier scaling is a difficult task still not deeply investigated in the scientific literature, the
focus of this study is to translate knowledge from research on this topic into practice for industrial
application. This paper deals with the main results obtained from a simulation study in wind
tunnel of spray curtain suitable to face an accidental release of toxic gas. Furthermore, a mathematical model is developed and its practical applications to the design of an effective safety
device is presented. As well known, the simulation of a process by means of physical models
at a reduced scale is an essential tool in many application, allowing to perform a huge number
of experimental runs, so as to obtain a quantitative representation of the involved phenomena,
at relatively low cost. On the other hand, some difficulties can arise when the mathematical
model derived from the simulation is applied to a real scale problem, in that the scaling of
some empirical coefficients with the system size is not obvious at all. Following an extensive
and accurate experimental work in wind tunnel, the main parameters determining the effectiveness of containment, absorption and dilution of releases of gaseous toxic releases were determined. In order to frame proper scale-up strategies for practical applications, the most
important result of this study rests on the explicit formulae giving, as a function of the aforesaid
parameters, the single pass efficiency, XC, the global absorption efficiency, h and the toxic gas
concentration downwind the barrier, vd0. In fact, the protective action of a curtain can be essentially related to the so called “dilution factor”, DF, i.e. the ratio between the chlorine concentration
without the curtain and that resulting from the sprays activation. At a certain distance from the
barrier, the gas concentration is practically determined only by the rate of atmospheric dispersion
of the mass flow-rate of gas escaping the abatement. Then, according to the model, DF directly
depends on Xc, or else on h. The absorption efficiencies, on the other hand, are related to the
drop size and to the mass transfer coefficients in the gas and liquid phases. According to the literature, the mean drop diameter can be scaled with the square root of the system size. This parameter plays an essential role in the absorption efficiency, since it simultaneously acts on air
entrainment, interfacial surface and mass transfer coefficient in the gas phase. Immediately downwind the barrier, the gas concentration, and then DF, also depends on the dilution due to mixing of
the partially decontaminated air leaving the curtain with the air entrained externally to it. The
evaluation of DF for an industrial installation then requires also the scaling of the entrainment
coefficient experimentally determined for the physical model studied in wind tunnel. All the
scaling criteria needed for adapting the proposed model to the design of a spray curtain suitable
for the protection from releases of gaseous chlorine or ammonia, are amply discussed, also with
the aid of some numerical, carefully designed simulations. Owing to its rather general structure,
the model can be also applied to different gaseous releases and/or absorbing solutions, provided
that proper values of the parameters related with the chemical and physical absorption of the
involved substances be known, or be experimentally determined in advance.

KEYWORDS: modelling, scale-up, spray curtain, toxic release

The effectiveness of a liquid barrier suitable to face
with toxic gaseous releases can be evaluated on the basis
of several items, related to its ability in reducing the
amount of the dangerous substances dispersed into the
environment, in enhancing its dilution and in slowing
down the rate of the aforesaid dispersion, so to allow the
adoption of proper additional protective measures. The
first effect, related to the physical and chemical absorption
of toxic/flammable vapours by the liquid solution, also contributes to reduce its downwind concentration, whatever the

INTRODUCTION
Accidental releases of flammable or toxic gases still
represent a serious concern in the process and petrochemical
industries. Spray curtains are considered among the most
common devices suitable to mitigate the risk connected to
these accidental events. As fluid barrier scaling is a difficult
task still not deeply investigated in the scientific literature,
the focus of this study is to translate knowledge from
research on this topic, obtained from a simulation study in
wind tunnel, into practice for industrial application.
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also depends on the dilution due to mixing of the partially
decontaminated air leaving the curtain with the air entrained
externally to it. The evaluation of DF for an industrial installation then requires also the scaling of the entrainment coefficient experimentally determined for the physical model
studied in wind tunnel. All the scaling criteria needed for
adapting the proposed model to the design of a spray
curtain suitable for the protection from releases of gaseous
chlorine, are amply discussed, also with the aid of some
numerical, carefully designed simulations. The major contribution of this work is a unified description of the curtain
behaviour both under still and windy conditions, and the
derivation of constraints for optimal scale-up. Dealing
with the wind action, when the wind speed is rather high,
spray curtains are not be used, while at wind speed relatively
low (,2 m/s) the effects on curtain tilt and air flows are
limited, as discussed in (Palazzi et al., 2007). In this
paper, we consider only the wind effects on transport and
diluting action of the hazardous release.

release duration may be. With respect to the simple atmospheric dispersion, the additional dilution of the released gas
due to the air entrained by the liquid sprays can be very
effective, above all in case of stable atmospheric conditions
and low ventilation. The third effect, particularly important
in case of emissions of gases heavier than air, depends on the
curtain capacity of partially contain the release, so as to
avoid a rapid contact with sensible targets. It must be
remarked that liquid barrier design is a complex problem
to be solved, in that it requires to consider:
. the expected release/jet properties (flow rate, momentum, time length, chemical and physical characteristics);
. the meteorological, climatic and geo-morphological
characteristics of the site;
. the fluid-dynamics effects and the effectiveness of
chemical/physical absorption, as a function of liquid
flow rate, droplet size and kind of absorbing solution;
. the optimal reagent concentration in the liquid, suitable
to obtain a given removal efficiency, without causing
additional problems in environment and/or in the
working of the safety device, due to viscosity of solution, pipe corrosion and fouling, and so on.

EXPERIMENTAL
Method: series of replicated measures of the chlorine concentration in two sampling points inside a laboratory wind
tunnel (0.9  0.9  5 m) by sampling in connection with
following conditions:

As well known, the simulation of a process by means
of physical models at a reduced scale is an essential tool in
many application, allowing to perform a huge number of
experimental runs, so as to obtain a quantitative representation of the involved phenomena, at relatively low cost.
On the other hand, some difficulties can arise when the
mathematical model derived from the simulation is
applied to a real scale problem, in that the scaling of some
empirical coefficients with the system size is not obvious
at all. Following an extensive and accurate experimental
work in wind tunnel, the main parameters determining the
effectiveness of containment, absorption and dilution of
gaseous toxic releases were determined. In order to frame
proper scale-up strategies for practical applications, the
most important result of this study rests on the explicit
formulae giving, as a function of the aforesaid parameters,
the single pass efficiency, Xg, the global absorption efficiency, habs and the toxic gas concentration downwind the
barrier, wd. In fact, the protective action of a curtain can
be essentially related to the here defined “mitigation
factor”, DF, i.e. the ratio between the chlorine concentration
without the curtain and that resulting from the sprays activation. At a certain distance from the barrier, the gas concentration is practically determined only by the rate of
atmospheric dispersion of the mass flow-rate of gas escaping
the abatement. Then, according to the model, DF directly
depends on Xg, or else on habs. The absorption efficiencies,
on the other hand, are related to the drop size and to the mass
transfer coefficients in the gas and liquid phases. According
to the literature, the mean drop diameter can be scaled with
the square root of the system size. This parameter plays an
essential role in the absorption efficiency, since it simultaneously acts on air entrainment, interfacial surface and
mass transfer coefficient in the gas phase. Immediately
downwind the barrier, the gas concentration, and then DF,

.
.
.
.
.

release rates of pure chlorine, mr ¼ 6; 9; 12 and 15 l h21;
sprays flow rate, s ¼ 7, 10, 13 m s21;
concentration of the sprayed NaOH solutions: 0.0625 M,
0.125 M and 0.25 M;
curtain height, h ¼ 0.55; 0.67 m;
mean wind velocity above the barrier, w ¼ 0 2 2 m s21.
Results:

.
.
.

evaluation of the single pass efficiency, Xg;
evaluation of physical and chemical absorption efficiency habsof the curtain;
evaluation of the mitigation factor DF.

As an example, Figure 1 depicts a selection of experimental DF under different operative conditions.

THEORETICAL
A typical requirement is to determine the effectiveness of a
given spray curtain, on the basis of the mitigation factor.
Generally speaking, the concentration of the release is
C ¼ C(x,y,z,t); the most interesting application deals with
steady-state condition and maximum concentration, occurring downwind, along the cloud centerline, so that
C ¼ C(x). In particular, reference will be made to the
release concentration immediately downwind the curtain
(wd) and the concentration wt, at a distance from the
release source xt, for a general population target, both calculated as ppm (w/w). A second typical problem here discussed is the design of a curtain suitable to ensure
established safety criteria.
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CURTAIN EFFECTIVENESS
Dilution factor is due to the following mechanisms:

Table 1. wd and wt expressions in presence/absence of the
curtain and dilution factors DF

– mass reduction of the toxic/flammable released substance, by means of physical and/or chemical absorption:
md ¼ mr  mabs ¼ mr  (1  habs )

wd

where habs is the absorption efficiency, defined as
follows:

habs ¼ 1  (md =mr )

1

ð1habs Þð1hdil Þ

ass

ð1habs Þ

dil

DESIGN PROBLEM
The calculation sequence can be summarized as reported in
the following.
Curtain dimensioning requirement are:

(4)

The concentration of the released substance, resulting
from these two mechanisms may be expressed as
wd ¼ md =adil ¼ (1  habs )  (1  hdil )

1h0

1 2 hdisp
(1 2 habs).(1 2 hdisp)

For these situations, only following condition applies:
1
DF , (1h )(1
h ).

(3)

– concentration reduction of the toxic/flammable release
in downwind immediacy, by means of mixing with air
entrained by the sprays. The dilution efficiency may be
defined as:

hdil ¼ 1  (mr =adil )

1 2 h0
(1 2 habs).(1 2 hdil)

No curtain
Curtain
DF

(2)

wt

wt  wlim0 t ) (1  hass )(1  hdil )  wlim0 t
(being wlim0 t ¼ 106  105 )
wd  wlim0 d ) (1  hass )(1  hdil )  wlim0 d :

(5)

Table 1 summarizes wd and wt expressions with and
without the curtain and the subsequent expressions for the
dilution factor DF, being h0 the efficiency during initial
dilution of the release and hdisp the efficiency due to atmospheric dispersion.
Theoretical evaluation of DF far off the release is relatively easy, being it dependent only on mitigation efficiency
of the curtain (habs). In fact, dealing with the concentration
of the released substance at a distance from the source, the
effects of initial curtain dilution are negligible with
respect to the action of atmospheric dispersion.
On the other hand, theoretical evaluation of DF closeness to the source of the release is more complex, as it
involves the evaluation of h0 that depends on source characteristics, meteorological conditions, wind, presence of
obstacles etc.
In fact, even under the most simple conditions (the
release disperses over flat terrain without obstructions):

(in some cases it is required the respect of only one
condition)
The design problem requires the selection of the parameters determining habs and hdil.
Dealing with chemico-physical absorption of chlorine
into NaOH solution (Palazzi et al., 2007), it results:

habs ¼

2Xg
1 þ Xg

(6)

where Xg is the intrinsic single-pass absorption efficiency of
chlorine:


h Ma kg p
Xg ¼ 1  exp 6
(7)
d r s v0
and the dilution efficiency is

hdil ¼ 1  (mr =adil )

(8)

where:

. the parameters of atmospheric dispersion at “low distance” are not clearly defined, as the values are characterized by a high level of uncertainty;
. the characteristics of the release source may be rather
different, e.g. dealing with high pressure or liquefied
gas releases, the primary dilution mechanism is due to
entrainment of air by shear, as the release jets into the
surrounding air. So, the self dilution of the jet essentially
related to the momentum of the released fluid, is adequate to avoid unwanted events, so that a curtain is not
employed (e.g. considering an hydrocarbon jet diluted
down to LFL: 1-h0 , 1022);
. considering prolonged releases of refrigerated gases,
with resulting “dense cloud”, h0 depends essentially
on environmental parameters (atmospheric stability,
wind velocity field, ground temperature etc.) and can
result remarkably low (h0 ,, 1).

adil ¼

ac þ ae
2

ac ¼ a0c L ¼ s

(9)
v0
L
vj

ae ¼ a0e L ¼ 0:5Ara vj hL

(10)
(11)

Being:

ac ¼ air flow rate induced by the curtain;
ae ¼ air flow rate entrained by the curtain;
v0 ¼ liquid velocity at nozzle exit;
vj ¼ liquid velocity at the end of the jet phase;
s ¼ liquid flow rate.
Superscript (‘) is referred to parameter per unit curtain
length.
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SPRAY CURTAIN SCALING
The project of a real-scale curtain involves the evaluation
of scale effects on the parameters determining the overall
mitigation effectiveness. In particular, the most significant
parameters are connected to following fluid-dynamic
phenomena: drops splitting and dispersion of the absorbing
solution; drops interference and coalescence and air entrainment into the curtain, as summed up in the following
scheme:
9
equivalent spray diameter (d) )
>
>
>
=
liquid flow rate
(s)
) v0
>
pressure
(Dp)
>
>
;
spray nozzle type
9
drop mean diameter (d) >
>
>
spray angle w (A ¼ tgw) =
) ac
)
>
>
>
;
nozzle pitch (ln )

Table 2. Tunnel scale and real scale parameters values
Parameter
d
ln
d
v0
Dp
s
ac
s’
a’c
L
h
ae
a’e

ln,f
¼l
ln,t
sf
¼ l2:5
st
Dpf
¼l
Dpt

df
¼ l0:5
dt

(12)
(13)
(14)

s0f
s0t

¼ l1:5

a0c,f
a0c,t

1:5

¼l

0.046
0.40
6.3 . 1024
32
107
54
145
6.7
18
8.0
6.1
149
19

(21)

The adimensional parameter A ¼ tg w (linked to the
spray angle w in the jet region) remains nearly constant
also when varying the scale of the apparatus.
Given the empirical nature of some parameters, it
would be advisable to check the validity of eq. (11) by
full-scale measurements. In any case, the main constraint
for the selection of h is represented by the effectiveness of
the curtain to be designed (according to eq. 7), rather than
by the dilution of the remaining toxic gas. In this respect,
adopting the scaling criterion of Table 2 and considering
the adimensional parameter in eq. (7):

(16)

(17)

According to the present study, being s / d2 v0, it
follows:
v0,f
¼ l0:5
v0,t

0.0046
0.040
2 . 1024
10
106
0.17
0.46
0.21
0.63
0.80
0.61
0.47
0.63

v j,f
¼ l0:5
v j,t

(15)

In this way, it was experimentally verified that the
entrained air flow rates are nearly proportional to the
liquid flow rates, so that:
ac,f
ﬃ l2:5
ac,t

Real scale (f)
(l ¼ 10)

condition l ¼ 10. Table 2 shows as well the scaled values
of L, h, ae and a’e . Some remarks on these parameters are
reported in the following.
Fluid-dynamic effects induced by the curtain are not
very sensitive to the value of L (provided that the length
is not too limited), so that the curtain length can be increased
by far, with respect to the value predicted in Table 2.
The value of h can be increased as well, so to enhance
the dilution effect on the released gas, due to the increase of
the air entrainment flow (ae). This flow depends as well on
the empirical parameters vj and A. The former can be evaluated, starting from eqs. (10) and (17), as:

Schatz (1992) carried out several experimental runs at
real scale (f) and in a wind tunnel (t) realized according to
the scaling relations developed by Heskestad et al. (1983),
as a function of the length scale factor l:
df
¼l
dt

[m]
[m]
[m]
[m s21]
[Pa]
[kg s21]
[kg s21]
[kg m21 s21]
[kg m21 s21]
[m]
[m]
[kg s21]
[kg m21 s21]

Tunnel (t)

(18)

c¼6
(19)

h Ma kg p
, it follows:
d rs v0

cf kGp, f
¼
ct
kGp,t

(20)

(22)

To the purpose of a correct curtain design, particularly in order to attain a given absorption effectiveness
hass (and therefore Xg), it is necessary to foresee the
scaling effect on kgp .

As an example, starting from the results obtained in a
significative experimental run of this work, Table 2 shows
the corresponding values obtained at the real scale, for the
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DISCUSSION AND CONCLUSIONS
As previously explained, we can conclude that in all
situations of practical interest kGp decreases from nearly
1.49 . 1022 to 8.8 . 1023 kmol m22 s21, as the process
scale increases. As shown in Table 3, even if this range is
relatively narrow, the exponential effect on the global effectiveness can be remarkable.
Higher values of the absorption effectiveness can
obviously be attained by increasing the height h beyond
the theoretical scaled value l ht. We must observe that
experimental data obtained in wind tunnel are connected
to high turbulence condition, with the major part of the
sprays in the “starting jet region” (Palazzi et al., 2007). As
the drop “free fall region” increases, kGp decreases, owing
to reduced turbulence, so that, when the height is raised
the absorption process increases to values lower than those
predicted by eq. 22.
The curtain length is typically connected to the plant
layout and to the equipment that would lead to a loss of containment; if the value so designed is not adequate to ensure
the theoretical mitigation and dilution a second curtain can
be added.
As an application, in the following we consider as
input data the minimum curtain length L to protect the
equipment, the chlorine release rate mr, the IDLH chlorine
concentration (NIOSH) immediately downwind the curtain
w,lim,d and the STEL chlorine concentration. Results are
obtained at different scale ratiosl. The logic diagram is as
follows:

Table 3. Scale effect on drop diameter, single pass efficiency
and global absorption efficiency

l

df [mm]

kGp [kmol m22 s21]

c

Xg

habs

1
10
20
45

200
632
894
1340

1.5 1022
9.8 1023
9.2 1023
8.8 1023

0.80
0.52
0.49
0.47

0.55
0.41
0.39
0.37

0.71
0.58
0.56
0.54

Starting from Foust et al. (1980), a theoretical estimate of kgp can be calculated as follows
"
 1=3 
 #
Da ra
ya
v1  d 1=2
kg p ¼
2 þ 0:6
(23)
ya
Ma d
Da
According to the present study, following relationships were obtained and validated:
8
1 1 rs  ra
>
>
dn g
>
> 18 a
ra
>
>
>


<
r  ra 0:71
v1 ¼ 0:15d1:14 n0:43
g s
a
>
r
>
>

 a
>
>
r

r
>
s
a
0:5
>
: 1:7d
g
ra

v1 d
2
na

(24)

2 , Re , 500

(25)

500  Re  2  105

(26)

Re ¼

Thus, for Re ¼ 2, it results d ﬃ 1024 m and for
Re ¼ 500 we can calculate d ﬃ 1.34 1023 . These results
can be easily connected to a maximum scale coefficient
l ﬃ 45 . Bearing in mind these findings, all the situations
of practical interest should be included in the range
2 , Re , 500, so that, from eq. 25, it follows:
 
0:71
rs
g

1
(27)
v1 ¼ 0:15d1:14 n0:43
a
ra

i.
ii.

iii.

and therefore, by substitution into eq. (23):

Estimation of the concentration immediately downwind the curtain as f(Xg, mr, a dil) , w,lim,d
Estimation of the distance xt corresponding to
chlorine STEL concentration (ppm w/w), assuming
conservatively a point source model, applied immediately downwind the curtain.
Evaluation of the dilution efficiency hdil and of the
absorption efficiency habs.

kG p(d ¼ 104 m) ﬃ 1:49102 kmol m2 s1
Results are summarized in Table 4, making reference
to a chlorine release scenario.

kG p(d ¼ 1:34103 m) ﬃ 0:88102 kmol m2 s1

Table 4. Results obtained at different scale ratios l

l

mr / L
[kg.m21.s21]

Xt [m]

hdil

habs

s [kg s21]

h [m]

ln [m]

1
2
3
4
5
6
7
8
9
10

0.0002
0.0004
0.0007
0.0010
0.0013
0.0017
0.0022
0.0026
0.0031
0.0036

205.304
425.089
650.692
880.159
112.542
1347.28
1583.98
1822.40
2062.30
2303.55

0.99968
0.99972
0.99973
0.99974
0.99974
0.99975
0.99975
0.99975
0.99976
0.99976

0.70723
0.65699
0.63198
0.61630
0.60531
0.59707
0.59062
0.58540
0.58107
0.57741

0.17
0.96
2.65
5.44
9.50
14.99
22.04
30.77
41.31
53.76

0.6
1.2
1.8
2.4
3.0
3.6
4.2
4.8
5.4
6.0

0.04
0.08
0.12
0.16
0.20
0.24
0.28
0.32
0.36
0.40
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HAZARD ANALYSIS – FILTRATE STORAGE TANK
Joseph Weber1 and Benjamin Sagiv2
1
Safety Consultant, Weber Safety Engineering Ltd., Raoul Wallenberg 10, Haifa 34990 Israel; e-mail: weberyos@netvison.net.il
2
Safety Manager, Rotem Amfert Negev Ltd. – ICL Group, Mishor Rotem Plants, M.P. Arava 80500 Israel;
e-mail: benny_s@rotem-group.com
Plant design and changing in existing plants are relying on engineering approach focussing on the
technical design and production effectiveness. Process Safety issues have to be taken into account
in the various design stages. Process hazard analysis methods are use to determine possible
causes of an events or incidents issues in order to prevent hazardous states that might lead to
future incidents.
Changes and redesign in an exist plan, installing a new Filtrate Storage Tank, lead to perform a
detailed Process Hazard Analysis, as part of the Management of Change procedures. For the new
Filtrate Storage Tank design a Hazard and Operability (HAZOP) analysis was performed. Based on
the operation and safety expertise of the HAZOP team, it came out with a comprehensive list for
possible hazardous situation, which might lead.

KEYWORDS: hazard analysis, accident, root causes

INTRODUCTION
The process industry has to maintain and improve the
level of safety to its employees, the public and its stakeholders. Using Risk Assessment and Control methods for
hazard identification are a way to improve the safety of
new or revamp process plants. Hazard and Operability
Analysis studies are using the knowledge and experience
gained from successful approaches in other plants translating it into practice, by improving the design of new units.
Knowledge learned from accidents and near misses can be
translated into practice. Process Hazard Analysis studies
with a multi-discipline team can gain the knowledge
and implement it the new unit or plant design. A major
role in safety operation and maintenance in the process
industry is performing of management of change for
each major change in the system, by analyzing the potential hazards.

HAZARD ANALYSIS FOR POTENTIAL
ROOT CAUSES
Process Hazard analysis was performed for the unit, by
using the HAZOP method, in order to determine the root
causes and consequences for an event or incident.
Here are some root causes for incident of overpressure and explosion, which might cause an incident.

OVER PRESSURING BY AIR
Overpressure could be derived from the blower air used for
drying the filter cake. The air compressor delivers air at 4.5
bar (g). This is ample to cause damage.
The tank was designed with an overflow of the
tank, which was a fairly long 600 pipe, the tank
original vent nozzle is used for filtrate inflow.
The overflow pipe serves as a vent for the
airflow, although it is not designed as a vent.
There were low points in the pipe, so that
blockage with liquid or with slurry would not
only be possible, but might be inevitable at
some stage.

THE PROCESS INSTALLATION
The process system consists of a phosphoric acid raffinate
tank, which is fed from the solvent extraction (LiquidLiquid Contact) section, a sulphuric acid tank, a mixer
that blends phosphoric acid (H3PO4) and sulphuric acids
(H2SO4), and then fed to a reactor. The reactor is
feeding two filter presses, where calcium sulphate is filtered out. Having two filter presses, working on cycle.
The acid liquor filtrate from the filters is passed to the
filtrate storage tank. Overflow line from the reactor is
going into the filtrate storage tank. The sulphuric acid
raffinate may include solvent remains from the previous
section.
After filtering, air is blown through the filters, to dry
the filter cake. The air also passed to the storage tank, and
left it via 600 overflow line, being exhausted to atmosphere
in a pump sump alongside the thickener tank.

EXPLOSION OF HYDROGEN
Hydrogen can be present in acid tanks, because of the reaction of acid with steel. The reaction is
Fe þ H2 SO4 ) FeSO4 þ H2 "
As can be seen, about 1/2 kg of hydrogen is sufficient
to cause an explosion, which could project the tank to the
observed distance.
In order to confirm the possibility an inspection
should be done to determine whether significant loss of
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steel could be found, sufficient to generate the necessary
hydrogen.
The hydrogen could in principle come from another
source, but no obvious source was found, in the analysis.
Gradual accumulation of hydrogen in the tank is also
unlikely, because the air blowing of the filters provides good
ventilation.
(4)
SOLVENT VAPOR EXPLOSION
A possibility for explosion is the ignition of solvent vapor in
the tank.
Solvent is necessarily present in solution in the acid,
because of the use of the solvent in the raffinate source
process section. Free solvent may be transferred if disturbances arise in the source process, leading to low level in
the vessel there. Under normal acid temperatures, the
solvent vapor pressure is sufficiently high to bring the
vapor concentration above the upper explosion limit
(UEL). With storage of acid alone, the tank would be full
of vapor. Air would enter the tank only when the tank was
drawn down, (acid transferred out of the tank) and only if
the draw down were rapid.
With the use of filter cake drying with air, the amount
of air in the tank is increased significantly. With free flow, it
is likely that a large part of the solvent vapor would be ventilated out of the tank. There would be an interval both at the
start and end of the blowing, when the concentration was
between LEL and UEL.
As the overflow line also served as a vent, which
might be at least partially blocked, this may reduce the
degree of ventilation, and increased the explosion potential.

(5)

(6)

POSSIBLE SOURCES OF IGNITION
Some general potential sources of ignition were identified.
This potential ignition sources might lead to an ignition
and explosion. This may happen in various systems
involved with flammable liquids, such as solvents and alcohols. With these number of potential ignition sources,
ignition is likely to propagate and explosive conditions
are allowed to arise.

(7)

(1)

(8)

(2)

(3)

Blown droplets. Droplets blown by air during the filter
cake drying could be charged electrostatically, and
might ignite vapor on discharging.
Special design improvement should take electro static
discharge (ESD) into account.
Acid droplets in solvent. If a slug of solvent might be
transferred into the tank, via the overflow line, droplets
of acid in the solvent could have become charged.
This is a generally possible cause, this has to be
checked relatively to solvent conductivity and flow
velocity.
Leyden charging of the tank. The tank is structured like
a large Leyden jar (capacitor), with an outer conduction layer (the tank shell) a resistive inner layer (the
rubber) and an inner conductive layer (acid).

(9)

2

Without a method of shorting, the acid could acquire a
very large charge. The charge would be bled off by
conduction through any cracks in the rubber lining,
or slowly, through the rubber itself. The degree of
the problem depends on the rate of charging versus
the actual rate of conduction. This cannot be predicted,
and needs to be measured.
Electrical failure. Electrical, control and instrumentation accessories, with electrical power supplies, are
fitted on tanks. On most tank level indication and
switched are installed. Electrical failure on either of
theses accessories might produce overheating or electrical sparking.
The instruments should be designed and checked
periodically for use in flammable zone.
Chemical decomposition. Adding acid to with organic
residue may lead to organic material residuals that
might collect on some surfaces, or that charring of
organic material, presumably solvent or organic
impurities.
Mix of concentrated acid with solvent might form
ether by dehydrolisation. Higher degrees of charring
to a tar may also occur. If ether is formed then there
is also a possibility of forming unstable peroxides,
by oxidation with air.
Although it is unlikely that such a reaction would take
place with large yields, because of the rapid dilation of
the acid, sufficient material might be produced due to
the large scale of the operation, and the material
would tend to collect in the storage tank.
Electrical discharge from other equipment. Electrical
conduction from other equipment, such as the air compressor or pumps, is a possibility. Inductive current
from cables to piping could also, in principle lead to
a discharge. In the actual circumstances this seems
extremely unlikely, in view of the fact that most
piping are plastic, PE, PP or PVC.
Lightning. Induction from lightning could in principle
cause an explosion. In the actual case, the weather situation at the site has to be checked for possibility of
lightning. In a more general context, lightning could
cause ignition.
Electrical charging from the filter press. The filter cloth
of the filter press is a synthetic fiber, and could presumably cause charging of liquid droplets during filter cake
drying. This cause may be checked and measurement
should be taken.
Ignition from electrical equipment in the sump. The
discharge location of the tank overflow line should
be carefully examined. With discharge of an air/
solvent vapor mixture into the sump, there would be
a frequent or regular presence of explosive atmosphere
in the sump. Electrical equipments in the sump are not
designed as explosion safe, so ignition might been a
possibility. This potential for accidents has implications for any plant, where sumps exist which can
contain a flammable atmosphere.
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Figure 1. Plan of process system feeding filtrate storage tank

–

GENERAL LESSONS LEARNED
Yet again we learn that all plant changes require a Process
Hazard Analysis (such as HAZOP – Hazard and Operability
Analysis). On the basis of cost alone, savings on HAZOP are
a bad form of saving. Safety analysis may be regarded as
costly, but accidents cost hundreds of times more.
It should be considered whether an actual accident
could be prevented by a prior HAZOP study. A safety
design review process should be added to the HAZOP
studies. The actual procedure and knowledge base for
HAZOP studies is probably not good enough for prevention
of all accidents.
A HAZOP and a pre-startup safety review are
recommended step for Management of Change in the
plant. Prior to each new unit or equipment startup safety
consideration and studies has to take place. Process Safety
Management guidelines are including this methodology.
Plant management has to take care for implying good
company standards and procedures, in order to keep a
high safety level at each of the plant units.

There were many potential sources of ignition, which
might be removed or reduced before unit start-up.

Each of the possible causes of the incident may lead to
be depended on technical issues and human factor aspects.
(a)
(b)
(c)
(d)

Detail design.
Management of Change.
Process Hazard Analysis.
Operation procedures and Safety instructions.

The evidence of a potential accident in an acid storage
tank should lead for deep safety analysis of the system. A
full Process Hazard Analysis, as part of Management of
Change, should be done on each system, even if ignition
or explosion in an acid tank might be overseen.
The system was regarded as non flammable and is
located in the inorganic section of the plant.
The system was introduced as a full scale pilot, in
experimental mode, as for these a lot of changes were performed with no related safety overview.
For each design or mechanical changes in a plant
safety analysis should be performed.
Management of Change procedure should be
implemented for changes in an experimental plant as well
as in process plant. Even change of tank overflow line
location might cause a hazard.
There were many potential sources of ignition. A
safety analysis should be done, prior to plant operation, to
identify potential ignition sources. The analysis should
include survey of ignition source and potential causes for
explosion, especially when operating with flammable substance, even when dissoluble in inorganic material.
No explosions occur at the operation of the Filtrate
Storage Tank, either due to a special combination of ignition
circumstances, or to the time needed for overflow line blockage to accumulate.

CONCLUSION
The following are the main Hazard Analysis conclusion:
– Overpressuring might be caused by acid overflow into
the overflow pipe, or to collection of splashed droplets
at a low point in the overflow line.
– Vapour explosion might be caused by alcohol vapour,
mixed with air.
– The possibility of an explosion with hydrogen mixed
with air is less likely, but there is a possibility for hydrogen accumulation.
– Several design weaknesses were found, which need to be
eliminated and approved in the tank design, as well in
any future design.
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ANALYSIS OF RISKS TO THE AUSTRALIAN MARINE ENVIRONMENT FROM SPILLS
OF BULK NOXIOUS LIQUID SUBSTANCES
Philip Skinner and Robert Hutchison
Lloyd’s Register; e-mail: philip.skinner@lr.org, robert.hutchison@lr.org
The Protocol on Preparedness, Response and Co-operation to Pollution Incidents by Hazardous
and Noxious Substances (HNS Protocol) was ratified on 14 June 2006, and will come into force
on 14 June 2007. The pre-positioning of spill response equipment, which is commensurate with
the risk, is a requirement of this Protocol.
In 2006, Lloyd’s Register (LR):
. Obtained/collated information on the type and quantity of pollution category A, B and C
noxious liquid substances (A/B/C-NLSs) transported in bulk tankers within Australian
waters/ports; and
. Undertook an analysis of the risks to the marine environment due to spills/releases of bulk
A/B/C-NLSs in Australian waters / ports.
The information required for the risk analysis was not available from any single source. Therefore,
information on the type and quantity of A/B/C-NLSs imported / exported through Australian ports
was firstly obtained from the relevant port authorities. This information was then matched to data in
AMSA’s AUSREP system to build-up a map of the bulk tankers that carried A/B/C-NLSs within
Australian waters / ports during January 2004 to December 2005.
Sixty-five different A/B/C-NLSs were transported in bulk tankers within Australian waters /
ports during January 2004 to December 2005. Of these, 6 were pollution category A-NLSs, 27
were pollution category B-NLSs and 32 were pollution category C-NLSs.
A risk index (RI) based model was developed for the risk analysis. This required additional data
acquisition and analysis so as to determine the likelihood of bulk NLS spills (based on historical
data) and to map areas of varying environmental sensitivity.
Maps showing the cumulative risk index scores for spills/releases of A-NLSs, B-NLSs, C-NLSs
and A/B/C-NLSs to the marine environment were created using a geographic information system
(GIS). The specific A/B/C-NLSs that contribute to the risk index score within each grid square can
be determined from the GIS model.
The RI model is consistent with the data and will be used by the Australian Maritime Safety
Authority to pre-position spill response equipment in Australia, as required by the HNS Protocol.

KEYWORDS: risk analysis, noxious liquid substances, chemical tanker, GIS, marine environment,
marine pollution

Lloyd’s Register collected the required shipping
information and undertook an analysis of the risks to the
environment due to spills/releases of bulk chemicals in
Australian waters/ports. Packaged goods were excluded
from this initial work because the magnitude of the data collection and analysis task would have been much greater for
packaged goods compared to bulk materials. It is possible
that packaged goods and category D NLSs will be included
in a later study.
The geographical study area included all waters within
the Australian Exclusive Economic Zone (AEEZ) and
included the waters surrounding all islands within this zone.
The principal objective of the project was to determine the relative risks associated with spills/releases of
pollution category A, B and C bulk noxious liquid substances (A/B/C-NLSs) from ships in Australian waters
and ports.

INTRODUCTION
The latest version of the Australian National Marine
Chemical Spill Contingency Plan (Chemplan) was adopted
in 2001. Since then, it was identified that information on
the types, volumes and transport modes of materials (principally chemicals) transported by ship in Australian waters
and ports would be needed before an analysis of the risks
to the environment could be completed.
The risk analysis was undertaken by Lloyd’s Register and ultimately will assist with pre-positioning spill
response equipment and other resources in Australia,
which is a requirement of the Protocol on Preparedness,
Response and Co-operation to Pollution Incidents by
Hazardous and Noxious Substances (HNS Protocol,
2000). This protocol was ratified by Australia in March
2005 and will enter into force internationally in July
2007.
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information in a timely manner, as there was no clear
regulatory requirement, or a perceived incentive, to do
so. To manage this issue the port authorities were used
as the primary point of contact for import/export data
which was then cross-checked against information provided by AMSA (e.g. SHIPSYS database) and any
data that was available in the public domain.

APPROACH
The approach taken for the risk analysis involved two
major steps:
The most time consuming step involved acquiring and
analysing information on chemical tanker movements
through the AEEZ. This included determining the types
and quantities of bulk NLSs carried on these vessels.
Following collection of the data, a risk model was
developed to calculate and present the risk results using a
geographical information system (GIS). This required
additional data acquisition and analysis to determine the
likelihood of bulk NLS spills (based on historical data)
and to map areas of environmental sensitivity.

DATA ACQUISITION
A two-page data request letter was initially sent, via the
Australian Association of Ports and Marine Authorities
(AAPMA), to 12 port authorities. These 12 were selected
as they had the largest number of tanker visits for the
period July 2004 to June 2005. The letter was generally followed up by phone calls and/or emails and was progressively distributed to other port authorities. Eight port
authorities, which represented 17 individual ports, were
identified as only handling materials that are excluded
from the scope of the risk analysis (e.g. petroleum products,
vegetable oils, caustic soda, etc.) and these bodies were not
contacted.
Most data was available electronically. However,
some customised database searches needed to be developed.
It was also necessary to make repeated contact with some
port authorities, either to provide a reminder to provide
the data or to clarify some aspects of the data already provided. The Australian Association of Ports and Marine
Authorities also sent reminders to the port authorities and
was particularly helpful in facilitating this process. The
data required for the risk analysis was eventually provided
by 16 port authorities, representing a total of 27 individual
ports.

DETERMINATION OF CHEMICAL
TANKER MOVEMENTS
The Australian Ship Reporting (AUSREP) system is operated by AMSA through the Rescue Coordination Centre
(RCC) in Canberra. Although designed for identifying and
locating missing commercial vessels, it is also relevant to
the risk assessment since it provides an indication of the
locations of chemical tankers that may be carrying A/B/
C-NLSs.
FLEET CHARACTERISTICS – ALL CHEMICAL
TANKERS
An analysis of the chemical tanker fleet characteristics was
undertaken using the AUSREP (2004) data and the tankers
were categorised by size (DWT) into five categories: C1
,1500 tonnes; C2 – 1500–5000 tonnes; C3 – 5000–15000
tonnes; C4 – 15000–40000 tonnes; C5 .40000 tonnes.
The total number of tankers and tanker voyages for
each of the five chemical tanker (DWT) categories were
determined using the AUSREP (2004) data. Chemical
tankers in the C3 category (5 –15 kdwt) were by far the
most common, representing approximately 50% and 65%
of the tanker numbers and voyages, respectively.

DATA ANALYSIS AND VALIDATION
Most of the information received from the port authorities was straightforward to analyse and validate as it
covered only a relatively small number of NLSs and
tanker movements. However, some of the data required
a considerable time to review, particularly to identify
the A/B/C NLSs. For example, data for approximately
1,600 cargoes (including in-transit cargo) was provided
for the port of Melbourne and data on a similar
number of cargoes (including in-transit cargo) was provided for Port Botany.
It was necessary to cross-check the information on the
listed vessels (e.g. call sign, IMO number, DWT, etc.)
against available classification details (e.g. using LR’s
ClassDirect Live database). Many of the listed cargoes at
Melbourne and Port Botany included trade-named materials
that were not easily identified as A/B/C-NLSs. A Marine
Environment Protection Committee (MEPC) circular was
used to assist with identification of the category A/B/CNLSs, but not all of the trade-named substances are listed
in this circular and a few materials could still not be identified. In some cases, this was due to the use of non-specific
acronyms.

BULK CARGOES OF NOXIOUS
LIQUID SUBSTANCES
To undertake the risk analysis, it was essential to obtain
information on the type and quantity of each A/B/C-NLS
on each vessel. Initial consultation highlighted that were a
number of potential challenges to obtaining the required,
very specific, cargo information, including:
. Commercial sensitivities (i.e. concern that competitors
might benefit from being able to track individual chemical cargoes) - To manage this issue, specific chemical
data was only presented in the report if it was already
available in the public domain. If not available in the
public domain, the information provided by the port
authority was only presented when grouped by pollution
category.
. The relevant stakeholders may not provide the requested
chemical shipping data, or may not provide this
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data provided by the port authorities / corporations (or
equivalent). As the reporting interval for data in AUSREP
is typically 12 –24 hours (but can vary from minutes to
weeks), joining each of the reported vessel positions for
each voyage identification number produced a large
number of invalid tanker movements (i.e. tanker voyages
that appear to cross overland). In some cases, only a small
section of land is crossed (e.g. at the point of entry to a
port), but in others it is very significant, particularly along
the east coast of NSW and Victoria, the south coast of
Victoria, Tasmania and the south-west of WA. When a shipping route appeared to cross overland, the route was
adjusted using the GIS to conform to the coastline. Although
this would not map the exact route, it was a conservative
approach as it brought those ship routes closer to the sensitive environmental locations.

Once the A/B/C-NLSs had been identified, an initial
validation check was undertaken to ensure the data provided
by the port authorities/corporations (or equivalent) was
consistent with:
. AMSA’s SHIPSYS database (January to December
2004 and January to December 2005) – This database
includes a record of vessel inspections made by
AMSA’s inspectors at each port.
. Other data provided on the port authorities’/corporation’s web sites (including the AAPMA’s) and in
their annual reports.
DISTRIBUTION WITHIN THE AEEZ
To determine the distribution of A/B/C-NLS tanker movements through the AEEZ, it was necessary to consolidate the
data on chemical tanker movements with the bulk cargo
import/export/transit data. This was a difficult and time
consuming process and involved:

RISK ANALYSIS
A ‘Risk Index’ (RI) approach was used to analyse the potential risk to the marine environment from bulk spills or
releases of A/B/C-NLSs in the AEEZ. RI approaches are
ideally suited to the analysis of large amounts of data and
provide an appropriate and ‘fit-for-purpose’ methodology
for making risk-based decisions on the pre-positioning of
spill response equipment. A RI approach was used in 2000
to determine relative risk scores for pollution from oil
spills in Australian waters. The previous approach was
adapted to estimate a risk score for pollution from bulk
NLS spills/releases. The most significant difference was
that the RI was estimated for approximately 6,000 (30
minute  30 minute) individual grid squares, rather than
the 97 regions considered previously.
The RI, which was calculated for each pre-defined
30-minute (c. 50 km  50 km) grid square, is defined as
follows:

1. Consolidating the chemical tanker movement data from
AUSREP with the bulk cargo import/export/transit
data provided by the port authorities. A program was
written to consolidate the quarter of a million rows of
data. The program was used to delete irrelevant
records (i.e. where there was no match between the
two data sets) and to automatically calculate the intransit quantities for each tanker voyage from the
import/export data for each port.
2. Mapping each A/B/C-NLS tanker voyage (using a
GIS). This required an extensive review and amendment of the tanker voyage identification number from
the AUSREP data. In some cases, the same voyage
identification number was found to have been incorrectly entered into the AUSREP database despite the
vessel having arrived/departed multiple ports (and
having submitted multiple sail plans and final reports).

Risk Index ¼ Consequence Score  Likelihood
Score
Where:
Consequence Score ¼ A function of the effect
area (which is dependent on the toxicity/dispersion characteristics of the NLS and the
amount spilled/released), material factor (e.g.
persistence) and the environmental sensitivity
of the receptor/s (e.g. coral reef, mangroves,
etc.) within the effect area.
Likelihood Score ¼ The likelihood of a spill/
release of a NLS impacting upon a particular
receptor (e.g. environmentally sensitive area).

Figure 1 shows the results of the initial mapping of
the consolidated chemical tanker movement data from
AUSREP with the bulk cargo import/export/transit

CONSEQUENCE ANALYSIS
EFFECT DISTANCE
The effect distance (i.e. the distance at which at an observable adverse effect occurs to the biophysical environment) is
dependent on the amount of NLS spilled / released, its toxicity and/or its dispersion behaviour.

Figure 1. Initial map of A/B/C-NLS tanker voyages showing
“cross-country” routes
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Up to five effect distances were estimated for each A/
B/C-NLS on each vessel based on representative spill sizes
selected to comply with the categories defined for the likelihood analysis (see below). The toxicity was categorised
based on the NLS pollution category.
Dispersion behaviour is the most complex consideration in estimating the effect distance. Depending on its
properties (solubility, density and vapour pressure), a NLS
released into the marine environment may float on the
water surface, it may be diluted and dispersed throughout
the water column, it may evaporate (and disperse through
the air) and/or it may sink to the sea floor. Environmental
conditions (e.g. wind speed, water current speed, etc.) also
affect the extent of dispersion.
There is very little information (either experimental
or from previous accidents) available to validate the effect
distance estimates. For this risk analysis, the objective was
to estimate a reasonably conservative effect distance (km),
and for this to be within one order of magnitude of the distance at which at an observable adverse effect would occur
to the marine environment.

DISSOLVERS
Unlike the floaters, the effect distance for the A/B/C-NLS
dissolvers (miscible liquids) is a function of the pollution
category since an environmental impact will occur until
the spill is diluted to a sufficiently low concentration. In
this case, the median tolerance limit concentrations for
each pollution category were used as a representative end
point.

SINKERS
The effect distance for the A/B/C-NLS sinkers is the most
difficult to estimate since even more parameters that may
affect the dispersion (e.g. the density, surface tension and
solubility of the NLS; water currents at the surface and at
the bottom of the water column; water depth; sediment permeability). There are fewer A/B/CNLS sinkers than A/B/
C-NLS floaters or dissolvers. The effect distance for A/B/
C-NLS sinkers was assumed to be half the estimated
effect distance for a pollution category C NLS.

ENVIRONMENTAL SENSITIVITY ANALYSIS
The risk index model takes account of the environmental
sensitivity of the fauna and flora potentially affected by a
spill/release of A/B/C-NLSs by using a relative sensitivity rating, which ranges from 1 (lowest sensitivity for
cliffs and open water) to 25 (highest sensitivity for World
Heritage Areas). The location of these areas was determined
using AMSA’s Oil Spill Response Atlas (OSRA). Similar
rating schemes are used by the National Oceanic and
Atmospheric Administration (NOAA) in the US and have
been used in earlier risk analyses undertaken for AMSA.
The sensitivity ratings are shown in Figure 2.

FLOATERS
The model used to estimate the effect distance for all ‘floaters’ assumes the effect distance is dependent on the mass
released and a nominal maximum film thickness, rather
than on the pollution category of the NLS. However, for
an equal spill size (i.e. an equivalent effect distance), the
affect on the environment would be expected to be more
severe for a pollution category A NLS than a pollution category B or C NLS – This is addressed in the RI calculation
by the material factor.

Figure 2. Maximum sensitivity rating (colour coded by category) per 30-minute grid square
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Table 1. Likelihood of spill (per tanker.km) in open water

Likelihood of Spill (per tanker.km) by Tanker Size (DWT) Category (C1 –C5)

Spill Size (tonnes)
, ¼ 100
.100 and , ¼ 1,000
.1,000 and , ¼ 10,000
.10,000 and , ¼ 50,000
.50,000
Total

C1
0– 1,500

C2
1,500– 5,000

C3
5,000 – 15,000

C4
15,000 –40,000

C5
. 40,000

7.0  1028
7.6  1029
0
0
0
7.8  1028

3.6  1028
4.0  1029
5.2  10210
0
0
4.1  1028

3.0  1028
2.6  1029
3.2  1029
2.6  10211
0
3.6  1028

2.4  1028
3.6  1029
2.8  1029
1.8  10210
0
3.0  1028

7.8  1029
1.2  1029
8.6  10210
8.9  10210
2.7  10211
1.1  1028

FREQUENCY AND LIKELIHOOD ANALYSIS
Historical accident data was used to estimate, within an
order of magnitude, the relative likelihood of spills of
various sizes from tankers of various capacities (see
Table 1)

these NLSs appear to have deliberately travelled around
the southern extent of the Great Barrier Reef World Heritage
Area before heading north into Asia.
The highest cumulative risk index category for pollution category A-NLS spills / releases occurred in 8 grid
squares:

RISK RESULTS
The results of the analysis (See Figures 3 and 4) show that a
pollution category A-NLS spill/release could be expected to
occur in Australian waters/ports approximately once in 15
to 17 years. In a particular 30-minute grid, the maximum
likelihood for a spill of A-NLS material is 1.2  1023 p.a.
The majority of the potential spills/releases were determined to occur along the southern and eastern coast of
Australia from Port Pirie through to Gladstone. It is also
significant that A-NLSs were not transported along the
Queensland coast to the north of Gladstone (i.e. within the
Great Barrier Reef World Heritage area). Vessels carrying

.
.
.

Near Newcastle (2 grid squares), Sydney (1 grid square)
and Port Kembla (1 grid square) in NSW;
Near Portland (1 grid square) and Wilsons Promontory
(2 grid squares) in Victoria; and
Near Kangaroo Island (1 grid square) in South Australia.

The risk of category B-NLS and category C-NLS
spills have similar maximum risk values (6.9  1022) due
to the lower hazard being offset by the higher frequency
and quantities transported. However, the location of the
lower risks is in different locations for the category B and
C NLSs.

Figure 3. Cumulative risk index for pollution category a NLSs
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Figure 4. Cumulative risk index for all pollution catagories
6. AMSA, SHIPSYS (2004 and 2005).
7. Helsinki Commission, Baltic Marine Environment Protection Commission, 2002, HELCOM Manual on Cooperation in Response to Marine Pollution within the
framework of the Convention on the Protection of
the Marine Environment of the Baltic Sea Area, (Helsinki
Convention), Volume 2.
8. Environment Australia, 1998, Environmental Indicators
For National State of the Environment Reporting, Estuaries
and the Sea, State of the Environment Environmental Indicator Report.
9. IMO, International Code for the Construction and Equipment of Ships Carrying Dangerous Chemicals in Bulk
(IBC Code).
10. IMO, International Convention for the Prevention of Pollution from Ships 1973/78.
11. IMO, 17 December 2005, Provisional Categorisation of
Liquid Substances, MEPC.2/Circ.11.
12. Lloyd’s Register, ClassDirect Live (www.cdlive.lr.org/).
13. Marine and Coastguard Agency (MCA), May 2001,
Chemical Spill Risk Assessment Report, Research
Project 447, Doc. No. ST-8604-RA-1-Rev 01.
14. NOAA, NOAA Ocean Service, March 2002, Environmental Sensitivity Index Guidelines, NOAA Technical
Memorandum NOS OR&R 11, Version 3.0.

CONCLUSIONS
The data collected by the Australian port authorities can be
combined with AUSREP data and ship data to estimate the
location of ships carrying particular cargoes.
The risk of such chemical cargoes on sensitive marine
environments can be estimated using existing coastal and
marine resource sensitivity data.
The knowledge of the risk at various locations potentially will assist in contingency planning and enable more
appropriate locating of any emergency spill response
resources.
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