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Preface 
 
This report is the third in the series of reports covering various aspects of the quality of 
process risk assessment studies.  It covers the various types of consequence calculations 
which are required in risk assessments. The studies underlying this include literature reviews 
of available experimental data, studies made using computer fluid dynamics, and some 
experimental work made to supplement that available. The results should be interpreted in the 
light of the other reports in this series. 
 
J.R.Taylor 
Alleroed, 2006 
 

Preface to third issue 
 
When the first issue of this report was issued, it was intended just to examine the weaknesses 
in the range of consequence models available for QRA, and to identify ways in which these 
weaknesses could be overcome. A number of lacunae in the range of models and weaknesses 
in the accuracy were identified. One of the goals which were set was to achieve “factor of 
two” accuracy, at least, in consequence calculations. 
 
As the work progressed, it became obvious that the models available in the scientific 
literature, and the scientific basis for the models, were a good deal better than the models 
actually being used in everyday industrial risk analysis. Some of the weaknesses in the 
models actually used could in some cases invalidate their use in QRA, at least when QRA is 
used as a basis for serious engineering design. This project then developed into a more 
extensive  study of the practical use of models, and now constitutes a form of validation for a 
reasonable range of tools for QRA, as well as the underlying models. 
 
This volume of the QRAQ series must still be regarded as a work in progress. There is still 
considerable progress in modelling, and the tools in use especially for off shore QRA are 
improving. Further work will be carried out, subject to the constraints of time effort 
 
J.R.Taylor 
Abu Dhabi, 2008 
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1. Consequence Calculation Methods 
Consequence evaluation constitutes one half of the risk calculation. The models used will 
impact directly on overall assessment risk. 
 
In this volume the choice of models, available at the time of writing is discuss, and the 
models selected for the QRAQ study defined. No attempt is made here to describe the theory 
in detail, or to give full sets of equations. For this the reader is referred to ref. 1 and 2. 
 

1.1 Background 

Consequence assessment models have developed continuously since the 1960´s but it was 
first, in the late 1970´s and the early 1980´s with the Rijnmond study (ref. 1) that an 
integrated set of calculations for chemical plant risk assessment was published. 
 
The publication of the “Yellow Book” in ref.4 and the Green Book in ref.5 provided a 
framework intended for fulfilment of the Seveso I directive in Holland. These documents 
have been updated, and provide the primary references for consequence calculation 
methodology. They have a fairly complete coverage, but see the chapter later on lacunae in 
existing consequence calculation sets (Ch 14). 
 
Another set of consequence calculations was provided in the World Bank Guidelines (ref.2) 
which were based on the first version of the Yellow Book. The guidelines were simpler, 
however, and were supported by the WHAZAN program, so that practical implementation 
was possible. The WHAZAN program also provided calculations for heavy gas dispersion 
(not covered in the first edition of the Yellow Book), allowing fairly complete sets of 
consequence analyses to be made. 
 
Note that through the 1980´s many specialised models and programs were developed, by 
many groups, with facilities for calculating particular scenarios. For brevity, these will not be 
covered here, but some of them are described in ref. 7 
 
During the late 1980´s and 1990´s, extensive experimentation was carried out, particularly on 
gas dispersion, and on explosion. This led to extensive updating of models, and improvement 
in consequence assessment guidelines. 
 
The ALOHA program was developed in USA, with first publication in 1989. This provides 
an extensive set of models. It is primarily intended for emergency planning. This presents 
some problems for its use in risk assessment, because the models tend to be deliberately over 
conservative. Nevertheless, it is considered here, since it is quite often used by impecunious 
risk analysts as a low cost alternative to commercial program sets. ALOHA contains some 
models with a very respectable pedigree, so that it should not be regarded as a low quality 
product. It does present some problems though for use in QRA, because of its focus on 
emergency planning. In particular, it does not provide for the range of risk reduction measures 
which are desirable in modern risk assessment. 
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The methods for gas dispersion calculation have culminated in development of a number of 
models, of which SLAB, HEGADAS, and its offspring DEGADIS, and the dNV Technica 
UML model have been the primary ones applied in QRA work. The models in these were 
validated by comparisons with of full scale release experiments. 
 
During the 1980´s and 1990´s too, much experimentation was carried out on gas explosions, 
leading first to the multi energy model, developed by TNO, and then to improvements on this 
by the Shell Thornton Laboratory (Shell Global Solutions), and by W. F. Baker. The GAME 
rules for application of the multi energy method also take the modelling of explosions a good 
deal further. 
 
The experiments underlying the developments described above have led to new guidelines in 
particular to new editions of the Yellow and Green Books, and to the CCPS guideline. 
 
There are many separate models, not part of integrated methodologies or QRA model sets, 
which have been developed in order to provide calculations for specific problems. Some of 
these will be described later in this volume, where they are appropriate. 
 
During the 1990´s and up to the present, the UK Health and Safety Executive has 
commissioned a long series of studies, examining specific aspects of consequence 
calculation. Many of these are reviews of the state of the art, but equally many are 
developments intended to solve problems which have hindered accurate consequence 
predictions. 
 
A final guideline which is relevant here is provided in the SFPE Fire Engineering Handbook. 
Section 4 of this is dedicated to fire consequence calculations. It appeared first in 1990, and 
has been updated twice, with significant advances in each edition. It can be said to represent 
the state of the art in consequence calculations involving building fires. 
 
A set of models was developed for US Risk management program, with extensive guidelines. 
These are intended for calculation of individual selected scenarios (“worst case” and 
“alternative case”) and as such are not well suited to full chemical plant QRA. The guidelines 
focus heavily on short cuts in calculation and pre tabulated results. They have therefore not 
been considered here as a guideline for QRA. Nevertheless, they represent an important input 
to the consequence calculation methodology, and have been used in this study to provide 
cross checks of results. 
 
In the QRAQ study, we have investigated of a range of models, which can be roughly 
grouped as: 

- Those based on the original Yellow Book and on the World Bank Guideline 

- Those based on the Yellow Book (1997) and Green Books represent a baseline of 
modelling in this report. 

- Upgraded models, drawing heavily on the work of UK HSE and WS Atkins, 
Puttock, and SFPE, Hanna, Havens and Spicer, and CCPS. 

?
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Much more advanced modelling is possible using computational fluid dynamics programs 
(CFD). These, at their best, give very detailed, highly visual, and intuitive results. For QRA 
applications it is not possible to use ab initio modelling, both because of the time which 
would be taken for the micro scale models required for this, and because of the state of 
knowledge about phenomena such as combustion. Semi empirical models are therefore used 
to close the models at fine levels of detail, and experimental confirmation is required in order 
to “tune” the models appropriately. As aresult, CFD models are no more accurate than the 
experiments used in their tuning, and generally no more accurate in simple cases than analytic 
models generally used in QRA. CFD modelling is however much more flexible than available 
analystic models, allowing much more complicated cases, such as those of of gas jets with 
multiple impingements on obstacles.   
 
The amount of effort and computer time required for use of CFD modelling is at present 
large, so that they are not considered here as a potential part of QRA practice. They are an 
important tool in design and safety engineering, and have great promise as a method for 
developing and verifying simpler analytic models. We have used such calculations, for 
example to investigate heavy gas flows on slopes, past barriers, and in the lee of buildings 
and sand dunes. Some of the models used in the QRAQ project were developed in this way. 
 
In order to evaluate these models in a risk assessment context, a program, QRA Pro was 
developed, which, by design, separates the individual sub models for release, evaporation, 
dispersion, fire and explosion etc. The models can nevertheless be operated in an integrated 
and automated fashion, so that a complete risk assessment can be made for a process plant 
with a minimum of effort. Separation of the individual sub models allows the effect of model 
choice to be investigated, independently of the main dispersion model and allows validation 
in detail. 
 

1.2 Integral Models 

Many of the models available at present for consequence calculations are “integral models”. 
Such models provide modelling for combinations of physical phenomena, for example for jet 
dispersion and heavy gas plume dispersion. Such modelling can be convenient, since it allows 
many complex problems to be solved with a minimum of input data. It also provides an 
advantage that the transition between models can be made smoothly. However, for practical 
risk assessment at a professional level, such models present many weaknesses. Firstly, it is 
difficult to calculate special cases, such as releases showing dynamic behaviour e.g. release of 
propane from a pipeline. Secondly, it is difficult to validate and evaluate such programs, since 
many intermediate variables which can be measured are hidden within the model. While a 
dispersion part of an integral model may be very accurate, for example, the release part may 
be very poor. This kind of weakness, where one level of error in one direction is compensated 
by an error in the other direction has been found in most integral models. Thirdly, it is very 
difficult to calculate the effect of mitigation measures with integral models, since none of 
those available (e.g. SLAB, DEGADIS, HGSYSTEM, and UDM) provide mechanisms for 
this. This makes risk reduction engineering and the evaluation of ALARP criteria very 
difficult. 
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To overcome these problems, a few of the integral models have been “disintegrated” in the 
studies supporting this report, i.e. the underlying models for the separate physical phenomena 
have been implemented separately. This allows investigations to be made on the models 
themselves. However, out of fairness to the authors of these integrated systems, the 
comparisons have also been made on the integrated versions as well.  
 
Note that many integrated models have parameters which are adjusted to fit experimental 
data. Since the calculations are integrated, it is hard to tell what these fitting parameters are 
doing. They may be compensating for inaccuracies in any of the underlying models, or for 
phenomena which are not modelled at all. This is typically the case for problems of rain out 
of liquefied gas from a jet, for example. The studies of the disintegrated versions of the 
models are interesting from this point of view, since they show that much better agreements 
with experiment can be achieved for the separated models than for the integrated versions. 
 

1.3 Method of evaluation 

The intention is to determine the suitability of models for risk assessment. For this purpose, a 
simple comparison of models is insufficient. The comparison should determine the 
consistency of the models, the accuracy, and the effect of the model choice on overall risk. In 
order to assess these the following approaches have been used: 
 
1. Comparison of consequence results between different programs 
2. Critical review of the underlying theory, the scope and applicability of the methods 
3. Comparison with experimental results, where these are available 
4. Comparison with accident data 
5. Evaluation of the effect of model choice on overall risk analysis results. 
 
In order to be able to make the final evaluation, complete QRA’s were carried out for a 
refinery, for an LPG storage, for a fertiliser plant, for a fine chemicals plant and for a 
chemical warehouse. 
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2. Release of Liquids and Gases 

2.1 Release of liquids 

Release of liquids from holes in vessels and from pipes is well studied and documented as a 
part of standard engineering for hydraulic design. For simple holes in vessels the Bernoulli 
equation provides an accurate calculation. For releases from pipes, variations on the 
Colebrook-White method are generally used. Most risk analysis packages provide these 
methods as standard.  
 
There are some variations however which are generally not included in risk analysis, and 
which can lead to inaccurate results if ignored: 
 

1. In many cases the programs do no provide for holes in pipes. In many cases programs 
deal only with pipe rupture. When a hole is small, and the pressure drop in the pipe is 
also small, this does not matter because the pipe can be regarded as a vessel. For long 
pipelines, high flow rates, the proper calculation can be important. 

2. Risk analysis packages generally do not take account of continued pumping after a 
release has started, many do not even provide for pumping, but instead assume a 
constant upstream pressure. 

3. For pipelines, most risk analysis packages do not take account of the pipeline crossing 
terrain. In practice most professionals would use a pipeline design program for such 
cases, since this can be very important for results, but a large fraction of the QRA’s 
made today do not take such effects into account. 

4. Virtually all programs assume that holes are round. In practice, splits, cracks and fish 
mouth openings are more common than round holes. This can be taken into account 
by using different discharge coefficients, but since there is very little statistical data 
available on the form of holes, there is little incentive to make more precise 
consequence calculations.  

 
Simplifications made in the calculation can lead to up to a factor of 10 difference in release 
rates, in typical cases a factor of 2 inaccuracy is common as shown in table 1, for a 4 inch 
pipe with acetone, the example being taken from a QRA for a solvents distribution terminal. 
 

Liquid release model Flow rate kg/s 

Bernoulli model for hole 41.9 

Short pipe model 53.2 

Long pipe (30 m) 36.4 

Fish mouth rupture on pipe 34.3 

Fixed pumping rate 17.3 

Table 2.1 Liquid flow rate model comparisons for a 4 inch pipe transferring acetone 
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In practical risk analysis there is often the need to derive release rates based on fixed pumping 
rates (The release rate will be a direct equivalence to the pumping rate if the pipe is ruptured, 
but not if there is only a hole), for fixed flow velocities, and for reverse flows. None of the 
commercial consequence calculation packages supports this, but hand or spread sheet 
calculations can be made fairly readily. 
 
Table 1 shows the importance of proper selection of the release scenario. If there is only one 
model in a consequence calculation package, such as the tank and pipe model, or if the pipe 
model does not take variation in terrain into account, then the consequence calculations may 
be inaccurate by a large factor, in the cases chosen by up to a factor of 3. 
 
The location and hole sizing for risk assessments is important. In order to investigate this, a 
typical example of a process feed pipe, running from a storage tank, was used. The case is for 
an acetone feed, with a 50 m. 2 inch pipe. The cases were calculated using QRA Pro, with a 
high quality Colebrook White solution method which takes into account changes in the 
discharge coefficient depending on hole location and size. Comparison with actual flows in a 
process plant which equivalenced rupture with free fall flow into a reactor (a case for which 
data were available), showed an uncertainty of about 40% initially, and an uncertainty of 
about 3% when the value of pipe roughness was chosen to give a best fit. This indicates well 
the importance of obtaining practical experience in setting up the parameters for a 
consequence calculation. 
 
The first case considered for investigating hole location is for pipe rupture (figure 2.1). 
Changing the location of the rupture from the beginning to the end of the pipe changes the 
release flow rate by about a factor of 3, yielding an error of up to 300%, and more typically 
150 to 200% in the consequence calculation if just a single hole location is chosen. In volume 
5 of this series, the impact of this on risk assessments is reviewed. 
 

�������������	�
�����������
���������������	��

�

�

�

�

�

�

�

�

	




��

� �� �� �� �� �� ��

���
��	��
�����
�����

�
��

�
��

�
�
�
�
�

 
Figure 2.1 The impact of location of rupture assumed for a release (2 inch pipe, 4 m head) 
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Figure 2.2 show a similar variation in release flow rate for a hole in the pipe rather than a 
rupture. Again the uncertainty produced by choice of hole location resulted in about a 300% 
variation in release flow rate. 
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Figure 2.2 Impact of assumed location of rupture on release rate (2 inch pipe, 4 m head, 50 m. 
pipe) 
 
Very few full scale QRA calculations take flow resistance factors such as valves, pipe bends 
etc. into account, despite the fact that these are almost always present. A comparison 
calculation was made for the pipe rupture case, with the rupture at 10 m. with and without the 
pipe bends, using Hooper’s 2K method for assessing pipe fitting head loss. Two bends and 
two ball valves were assumed for this case. The two flow rates were 5.8 kg/s without fittings 
and 3.94 kg/s with fittings, giving a difference of 47%. 
 
The roughness height for pipes enters into calculations for resistance in all pipe flow 
calculations. The effect of this on release rates was investigated by comparing the flows from 
smooth stainless piping and from rusted carbon steel piping, under similar conditions with a 
hole at 20 m., with a resulting difference of 40% in flow rate. 
 
The flow rate from a hole in a pipe depends on the form of the orifice. Holes in real accidents 
vary from more or less circular punctures arising from pits, to elongated cracks, “fish mouth” 
shaped holes arising from overpressuring or wall thinning, to square punctures arising from 
damage from excavators and bulldozers. Dodge et al measured discharge coefficients (Dodge, 
F., Rowels, E., and White, R., “Release rate of hazardous chemicals from damaged cargo 
vessels,” Proc. 1980 National Conference on Control of Hazardous Materials Spills, 1980.) 
for a range of circular and square holes with sharp, smooth and jagged edged, finding values 
from 0.58 to 0.83. This gives a variation of  up to 36% above the value of 0.61 usually used 
in risk assessments. Outward bending edges or petalling on holes in particular give larger 
flows. The present author measured discharge coefficients from a number of “real life” holes 
collected from various incidents in refineries and chemical plants, finding a wider range of 
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variation. Note that some holes can have areas larger than the pipe diameter, but still have 
discharge coefficients less than 1.0. 
 
The effect of this on risk is shown in figure 2.3 for the flash fire and pool fire risk arising 
from a puncture hole in a pipe carrying acetone. The scenario involves a 50 m. pipe, 
frequency of failure of pipe failure of 10*10-6 per m year. Pressure assumed  corresponds to 
an 8 m. head at the pipe entrance for 90% of the time, and of 2 bar from a pump for 10% of 
the time i.e. realistic plant conditions. A standard wind rose, a pool depth of 10 mm, and the 
standard QRA Pro consequence models (see appendix) were used. Distances to the 10-6 and 
10-4 risk contours for different approaches to the release rate calculation are given in table 2.1 
 
The calculations were carried out in a similar way for a number of other scenarios. The 
recommendation for liquid release calculations arising from these calculations are: 
 

1. It is reasonable to carry out calculations for pipes up to 100 m. in length using just 
four cases, one involving nozzle breakage with its own frequency, one at a short 
distance (e.g. 1 m) from the start of the pipe, one at the middle, and one near the end. 
The error in the risk distances involved in choosing these cases is less than 5%. Using 
just a single case, close to the upstream source will overestimate risk by about a factor 
of 2, and just calculating with a single case, assuming a hole at the end of the pipe, 
will underestimate risk also by about a factor of 2. The error is less when the pipe is 
transferring liquid between two high pressure vessels. 

2. The discharge coefficient for holes should be chosen so that it corresponds to the 
accident scenario, with different values for pressure splitting, cracking, third party 
interference, or corrosion holing. 

3. For long pipes and pipelines, the pressure profile in the line needs to be taken into 
account. Changes in over 400% in pressure along a pipeline are common in pipeline 
pumping practice, and variations of up to a factor of 50 are known. A factor of 4 
variation in pressure gives a factor of 2 variation in flow, i.e. up to 100% error, if the 
pressure range is not tracked. 

4. An attempt should be made to determine the actual pipe roughness for existing pipes, 
since the variation accounts for an uncertainty of up to 40% 

 
 
Conclusions from the comparisons are: 
 
There is a need for at least four different kinds of liquid release models, for hole in vessels 
and pipes, for short pipes and for cross country pipelines and for pumped or regulated flow. 
Errors in flow rate and velocity of up to 50% or more can arise from using the wrong model.
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Table 2.1 Comparison of different liquid flow calculations for a 2 inch pipe.      NA = Calculation not available 
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2.2 Gas release 

Release of gas through a hole in a vessel is readily calculated using the Saint Venant Wantzel 
equation for adiabatic flow(ref. 375). All consequence calculation packages use this model, 
and all give the same value for mass flow rate, to within the accuracy of input data and 
substance data.  Ramskill’s formulation (ref. 376) gives a more convenient calculation, with 
parameters for which data can be obtained relatively easily. 
 
There is some uncertainty about the velocity of release in published models – some give 
strange results. A definitive paper calculating the initial velocity outside the jet was recently 
published by Havens and Spicer (ref 130). The fundamental concept is that all of the pressure 
exerted on the gas from the reservoir will be transferred as momentum to the gas. This will 
give supersonic velocity to the gas if the reservoir pressure is greater than the critical 
pressure, even for the case of a simple hole. Note that some textbooks write that for a 
supersonic velocity to be achieved the hole must take the form of a converging diverging 
nozzle. This is misleading, because expansion and acceleration of the gas continues outside 
the hole, as can be readily seen by observing jets of steam or compressed air. The velocity, or 
rather the momentum, of the gas is important because this determines the degree of mixing in 
the jet prior to the effect of atmospheric turbulence. This mixing can reduce concentrations 
typically by a factor of 10 to 100 in practical releases, and is therefore very important in 
determining toxic and flammable plume lengths. 
 
Table 2.3 shows the results from a number of comparative calculations using different 
consequence calculation packages. As can be seen, the mass flow rates are all equal to within 
the accuracy of the input data, provided that all use the same discharge coefficient, but the 
exit velocities vary quite widely. In chapter 3 the effect of this on plume lengths is 
investigated. 
 
Test case Yellow Book QRA Pro Cirrus PHAST Effects Notes 
2.6.2.1 
Hydrogen flow 
through a hole 
in a vessel 
wall, flow rate 
kg/s 

15.06 
4.63@30 s 

15.1 
(19.5  with Cd 
0.8) 
21.0 with Cd 
=0.86 

17.1 21.7 
21.0 with 
Cd =0.86 

15.1 1. 

Velocity       

Table 2.3 Comparison of flow rates of gas through a simple round hole. 
 
One major variation between models is the value of discharge coefficient used. Some, 
including the Dutch Yellow Book (ref. 4), use a value of 0.62, which is appropriate for liquid 
releases through a sharp edged hole. For gases, a value of 0.72 is more appropriate.  
Jobson(ref. 12), and then Bragg (ref. 13)  showed that compressibility of gas alters the 
discharge coefficient, with variations of  a factor of up to 1.6 for large pressure ratios such as 
are met, for example in many natural gas systems. 
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In actual practice, releases are more likely to occur through holes in pipes than holes in 
vessels. The flow of gas through pipes is therefore an important part of consequence 
calculation. For long pipes, dynamic models which describe the initial high rate of flow, 
falling to equilibrium, are important. The time to approach equilibrium is a few times the 
time for a pressure wave travelling at the speed of sound in pressurised gas to reach the end of 
the pipe. This may be a few seconds to a few minutes, depending on the length of the pipe, 
but in this time a large jet of gas may form, and may stretch far enough to reach an ignition 
source. For toxic gas releases, steady state programs are usually sufficient. 
 
The Yellow Book gives one model involving an iterative procedure for pipeline gas flow. 
This involves guessing the pressure at the outlet hole, calculating the flow, then calculating 
the pressure drop in the pipe, and iterating until the pressure drop balances the pressure at the 
pipe exit. This is presumably accurate for the case in which the pipe is choked at the exit (this 
will almost always be the case in practice if the diameter of the hole is less than the diameter 
of the pipe). It is not likely to be accurate in the case of a full bore rupture, where the 
transition from subsonic to supersonic flow may occur inside the pipe. The CCPS 
consequence calculation guideline quotes (and implements) a model for adiabatic flow of gas 
in a pipeline due to Crowl and Louvar (based on the publications of Levenspiel).This model 
deals explicitly with the location of the transition to supersonic flow. Table 2.4 shows the 
comparison between the models. 
 
For dynamics of gas flow from pipes closed at the end, the Yellow book recommends an 
empirical model due to Wilson. It is only valid until the pressure wave reaches the source of 
the gas flow, but this means that it covers the most critical period of a release. QRA Pro also 
makes use of a finite volume program for blowdown of gas pipelines and gas wells.  
 
In some calculations it is the initial release which is critical, for example because this 
determines the maximum length of the gas jet, and this in turn determines the probability of 
ignition. More often it is the steady state flow which determines hazard zones, as for example 
for prolonged toxic gas releases or a prolonged jet fire. Transient models are needed for the 
cases where pipes are initially closed, or for scenarios where ESD valves close at an early 
stage 
 
Recommendations from the comparisons of the gas release cases are: 
  

1. It is reasonable to carry out calculations for pipes up to 100 m. in length using just 
four cases, one involving nozzle breakage with its own frequency of breakage for the 
nozzle, one at a short distance (e.g. 1 m) from the start of the pipe, one at the middle, 
and one near the end.  

2. The discharge coefficient for holes should be chosen to be suitable for gas releases. 
3. For long pipes and pipelines, the pressure profile in the line needs to be taken into 

account. 
4. An attempt should be made to determine the actual pipe roughness for existing pipes. 
5. Initial condition calculations or dynamic calculations should be carried out where jet 

lengths determine ignition probabilities 
6. Dynamic calculations should be carried out for cases where the maximum amount of 

gas in the jet or plume is critical for flash fire or explosion calculations. 
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7. Modern theory of jet velocity at the exit from the hole should be used. 
 

2.3 Dynamic calculations 

When a large hole or rupture arises in a pipe or vessel, the rate of release of gas is initially 
very high, with models as described in the previous section. The release itself, however, 
depressurises the vessel quickly. The rate of release from the vessel falls quickly to become 
equal to the rate of inflow. If the inflow is shut off by means of an emergency shutdown 
valve, the flow begins to fall once more, falling eventually to zero. 
 
The effect of this is to produce gradually falling plume lengths. The effect on risk to persons 
will be, that those near the release will continue to be exposed to gas, unless they evacuate. 
Those further away will initially be exposed, but will later only experience very low 
concentrations of gas, as the plume becomes shorter. Probit equations, or toxic dose models, 
are needed in order to be able to reflect the effects of this properly in a risk analysis. This is 
described in more detail in section 4.4 and 4.5 of Volume 5 in this series. The conclusion is 
that dynamic calculations are necessary in order to be able to determine the effects of jet fires 
on equipment, and of toxic releases on persons, especially for situations where there is a 
limited inventory, or where flow is shut off by means of ESD valves etc., so that pressure 
falls by a significant fraction in minutes to a few tens of minutes. 
 

2.4 Two phase flow 

Release of liquefied gases is one of the most important calculations in consequence analysis. 
The reason for this is that large mass flows of toxic or flammable gas can be released very 
rapidly from storage of liquefied gases, and that such releases do not disperse so quickly as 
gas releases. 
 
The model of reference for two phase release of liquefied gases is one of the versions of 
homogeneous equilibrium model, which, in their modern form, date back to Fauske (1962). 
These assume that the liquid flashes to two phases in a ruptured pipe. A recent version of the 
homogeneous is that of Kukkonnen (ref. 28), which is the basis for the model included in the 
Yellow Book. For risk analysis purposes, the pure HEM method is difficult to use, because 
the calculations are very sensitive to substance property values, and good tabulations of 
properties are available for only a few substances.  
 
Several simple models were developed by Leung (OMEGA method, ref, 26) and by Fauske 
and Epstein (ERM method, ref. 23). These are all analytic models, with some degree of 
experimental confirmation. All use a degree of simplification. The Fauske models are used in 
most commercial risk analysis packages. During the late 1980’s it was realised that earlier 
assumptions about flashing were wrong. The experiments of Fletcher (ref 22) on release of 
freons, in particular, showed that liquefied gases take tens of milliseconds to form bubbles in 
the flow. The gas evaporates into the bubbles, and may blow the jet of liquid into droplets. 
This is important because it means that releases from short lengths of pipe, with the break up 
to 1 to 2 m. from the liquefied gas vessel, will have a release which is mostly liquid, and that 
a release from a hole in a vessel or pipe containing liquefied gas will be virtually all liquid 
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until the escape from the hole. The mass flow from such releases is much larger than would 
be the case if the release were in equilibrium. Also the velocity is lower, so that dispersion in 
the ensuing momentum jet is not so large. 
 
Later work by Fauske and Epstein (ref. 24) takes account of the work of Fletcher. QRA Pro 
also make use of Fletcher’s work directly, in an empirical model which matches to that of 
Fauske once the liquefied gas has reached equilibrium. The models are compared in figure 
2.4. The models show some strange behaviour at about 0.1 m, but the effect for risk analysis 
is not large (about 2%). 
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Figure 2.5 Comparison of Fauske Epstein and Fauske Fletcher models for short pipe releases. 
Note that the orifice release model (liquid phase) for this case gives 2.39 kg/s. 
 
The Yellow book recommends a homogeneous equivalent flow (HEM) model due to 
Kukkonnen, which is a solution to the equations of conservation of mass, momentum and 
energy, assuming homogeneous equilibrium flow within a pipe. This model does not take into 
account non equilibrium behaviour in the first metre or so of pipe, and is not suitable for 
short pipe releases. The propylene release rate for a 1 cm diameter pipe, 2 m long, for which 
the Kukkonen model should be relevant, is 0.439 kg/s, i.e. about half that of the release rates 
derived by the methods based on Fauske or Leungs models, with suitable non equilibrium 
modification for releases at less than 1 m. 
 
The OMEGA model provides a simple correlation which approximates the HEM model, and 
does not require iterative solutions. It also avoids the need for extensive tabulations of 
substance properties. In addition, it has been extended to take into account the possibility of 
initial non saturated conditions (i.e. gas or vapour in the initial two phase flow) and for height 
differences. This makes the model useful for estimation of some two phase flows from gas 
wells for example). 
 
The velocity for release is equally important for two phase as for gas releases. Table 2.5 
shows the values of velocity given by the models, for a 1 cm propylene pipe 2 m. in length 
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Model Velocity 
Fauske Epstein 110 
Fletcher Fauske 106 
Kukkonen 126 

 
Table 2.5 Release velocities for two phase releases  

(propylene from a 1 cm diameter, 2 m pipe) 
 
The velocities here do not appear to vary very much (despite a factor 2 variation in mass flow 
rate), so there appears to be little difficulty with this parameter. 
 
In view of the wide variation in flow rates between models, experimental confirmation is 
desirable. Fauske quotes some experiments in order to choose some of the model constants. 
For the present study, the release rates were compared with experimental results given by 
Nyren and Winter (ref. 30), and by van den Akker et al.  (ref. 31) The results are shown in 
figure 2.6 
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Figure 2.6, comparison of all models for a 2 inch pipe release, varying lengths. All models 
use Fletcher and Johnson’s empirical model for pipes under 200 mm in length. 

 
A simple dynamic model for a failure of a pipe closed at the upper end, has been provided by 
Tam (ref. 29) based on experiments with a 100 m. pipe. This is at present the best validated 
model. Webber, Fanneløp and Witlox developed an extended model which has many points 
in common with the OMEGA model, but extended to cover the dynamic case. Dynamic 
calculation for long pipelines is even more critical for the two phase release case than it is for 
gas releases, since the mass in the pipe itself is generally higher, and the most hazardous 
conditions tend to last longer after an ESD valve closure. Cowley and Tam’s data for release 
is available, and has been used to validate the Webber, Fanneløp and Witlox model. Figure 
2.7 shows a comparison between the empirical model of Tam, the model of Weber et al., and 
of the extended version of Tam’s Model included in QRA Pro.  
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Recommendations resulting from the comparisons are:  
 

1. The most robust and accurate model for continuing flows was found to be the 
OMEGA model of Leung 

2. All models need to take account of non equilibrium conditions for holes at less than 1 
m. from a storage vessel. 

3. Dynamic modelling should be used except for the cases where pipes are short and 
ESD valves are not closed. 

4. The extension of Tam’s model used in QRA Pro to longer pipelines seems justified by 
comparison with other observations, 

5. The Webber et al. model, Tams model and the extended version of Tam’s model all 
seem to give results which accord with the limited experimental data available. 

6. Modelling of realistic pipelines which cross varied terrain, and cases in which the 
liquefied gas is closer to its boiling point (such as butane or hydrogen fluoride piping) 
will often require the use of specialised models 

 

2.5 Experimental validation for two phase releases 

A number of sources are available giving data for two phase release: 
 

Fletcher, B., "Flashing Flow Through Orifices and Pipes," Paper presented AIChE 
17th Loss Prevention Symposium, Denver, CO, August 28- 31, 1983. 
 
Uchida, H., and Nariai, H., "Discharge of Saturated Water Through Pipes and 
Orifices," Proc. Third Intl. Heat Transfer Conf., Chicago, IL, Vol. 6, 1966. 
 
Flinta, J., Hernborg, G., and Akesson, H., "Results from the Blowdown Test for the 
Exercise, European Two-Phase Flow Group Meeting,"Denmark, June 1971. 
 
Sozzi, G. L., and Sutherland, W. A., "Critical Flow of Saturated and Subcooled Water 
at High Pressure," ASME Symposium on Non- Equilibrium Two-Phase Flow, Winter 
Annual Mtg., Houston, TX, November-December 1975. 
 
Van Den Akker, H.E.A., Snoey, H., and Spoelstra, H, Discharges of Liquefied Gas 
Through Apertures and Pipes, 4t Int Symp. Loss Prevention and Safety Promotion in 
the Process Industries, Harrogate, 1983 
 
Nyren, N. and Winter, S., Two phase discharge of Liquefied Gas through Pipes, Field 
Experiments and Theoretical Model. 4t Int Symp. Loss Prevention and Safety 
Promotion in the Process Industries, Harrogate, 1983 

 
Fletcher’s experiments were performed with freons, and are seminal for the analysis of 
releases from short pipes, under 300 mm. Van Den Akker et al.’s experiments were 
performed with superheated water (with pipe length up to 1460 mm) and with Freon 12, (with 
pipe lengths up to 150 mm.). Thrust, and therefore momentum, was also measured, giving a 
good check on exit velocity. He found for orifices: 
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 Momentum change = Mass flow * exit velocity = 2 * Cd * (P0 – Pa) 
 
with accuracy to within about 8%, with Cd = 0.605 to 0.633. 
 
Nyren and Winter’s results are for 2.5 and 4 m. pipes, and are especially useful because of 
completeness of experiment and because the results are tabulated. The comparison with the 
experimenters own version of the HEM model showed reasonably good consistency, and the 
Leung Omega model gave very good consistency. Other comparisons are given in Table 2.5 
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Table 25 Comparison of two phase flow models with experiment, for ammonia. 
 
Conclusions: 

The Nyren and Winter HEM model is preferred to other models, but requires accurate 
substance data. 
The Leung Omega model provides a reasonably accurate (+6%) and robust method. 
Other methods give errors up to a factor 2 

 

2.6 Choice of hole sizes and locations 

The choice of hole sizes and locations will obviously affect risk analysis results. Standard risk 
assessment methodologies choose a few hole sizes such as small, medium and large, and 
typically just one location along a pipe, usually one close to the vessel. Such choices will 
obviously lead to variations in consequence calculation results. This issue is dealt with as one 
topic in volume 5 of this report series. 
 

2.7 Effect of model choice on risk 

The overall effect of the different release models was investigated for the case of an ammonia 
vessel, and an acrylonitrile tank. The failure rates for piping were chosen as in table 2.6. An 
ignition probability of 0.1 was assumed for the propane. Consequences were assessed based 
on LC50 values for chlorine and on 17 kW/m2 for flash fires from the propane releases. Two 
inch piping was assumed. The holes in the piping were assumed to be at 10 m. Details of the 
cases are given in the QRAQ reference case set (ref. 7) 
 
Uniform momentum jet and models based on the Hedagas theory were used for the ammonia 
and propane release dispersion calculations, and simple LC50 values were used to determine 
toxic fatality potential. For propane, a value of 0.1 was used for ignition probability 
 

@�� � 3��� $"������

��������

��" ����

4�����������

��" ����

2�������

���+��3���

����A�� $������&� ����� �� ��
�

����A�� 9������&� ���� �� ����

����A�� �%����&� �� �� ����

Table 2.7 Frequencies for pipe releases 
 

2.5

Diam.
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No safety measures are assumed. The wind rose used is “typical”, with three wind speeds, 2, 
4 and 7 m/s wind speeds, and S, N, and U stabilities. 
 
As can be seen, the models give very similar results overall, so that any of the models could 
be chosen, without too much inaccuracy, for the examples chosen with the holes at 10 m. For 
shorter pipes, models which take account of Fletcher’s observations should be used. Use of 
the Kukkonen model, which does not take the delay in bubble formation in a release into 
account, gives nearly a factor 2 underestimate of hazards distances. 
 
 

 
Figure 2.2 Isorisk curve for releases of ammonia, Fauske Fletcher model (CCPS guideline) 

 

 
Figure 2.3 Isorisk curve for releases of ammonia, Kukonnen model (Yellow Book Guideline) 
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3. Rain out 

3.1 Rain out from free jets 

Most two phase releases will produce droplets and aerosol mixed with gas. Droplets may then 
fall from the jet of gas, reducing the rate of mass flow of substance in any subsequent 
dispersion. On the other hand, if the droplets are fine enough, they will remain in the jet and 
plume of gas, increasing its density, and reducing any tendency to disperse.  
 
Releases of liquefied gases such as chlorine, ammonia and propane generally occur at such a 
high overpressure (8 to 10 bara) that the velocities are very high, and the rain out for a free jet 
is very low. Even in these cases though, if the jet of gas impinges on a wall or on other 
equipment, droplets will leave the jet, reducing the mass flow rate, generally to evaporate 
later, so that the rate of release is reduced, but the period of release is extended. For higher 
boiling liquids, such as butane, and for heated liquids, rainout is likely to be greater, and for 
jets such as gasoline or crude oil, rain out is very significant. The tendency to form fine 
aerosols depends on the degree of superheat and the pressure of the release. 
 
The theory of rainout has been investigated by many groups. An extensive review of this 
work is given in the book by Johnson and Woodward from 1999 (ref. 34), along with an 
extensive set of experimental results. They considered several models, and arrived at a best 
model after fitting a number of different models to their data. Their model provides equations 
for droplet formation by capillary stretching, by frictional shattering, and by flash shattering 
of streams and droplets, and chooses the calculation which gives the lowest droplet size. A 
log normal distribution is then assigned to the droplet sizes. A critical droplet size is 
calculated which is the size which will just fall from a horizontal jet. The rainout fraction is 
then the fraction of the mass which lies in the droplets above this critical size. 
 
In spite of the extent and depth of the work by Johnson and Woodward, the results did not 
provide a definitive answer to the choice of model. The experimental instrumentation 
focussed on rain out fraction, and did not measure droplet size distributions directly. The 
measurement of rain out fraction introduced uncertainties because of evaporation of droplets 
after leaving the jet, and in some cases from the collecting pans. As shown in the review by 
Ramsdale and Tickle (ref. 39), the simple correlation model of deVaull and King, which 
correlates rainout directly with overpressure, provided a better correlation with experiment 
than the advanced theory. Nevertheless, Johnson and Woodward’s model represents a high 
point in the development, because it can be extended to other cases, such as vertical jets and 
impinging jets.  
 
There is currently extensive experimental work being undertaken to resolve rainout modelling 
issues, with improved instrumentation such as laser Doppler anemometers. As a result, it is 
now possible to validate Johnson and Woodward’s work in greater depth. A paper by Witlox, 
Harper, Bowen and Cleary provides a review of work to 2005, and gives a new Joint Industry 
Project model for droplet size. 
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Calculation comparisons from Johnson and Woodward’s model, the Joint Industry Project 
model, and a model by Appleton and Wheatley recommended in the Yellow Book, were 
carried out using QRA Pro. Comparisons for the chlorine case from Johnson and Wheatley’s 
book, and from the INERIS Butane experiments (ref. 42) and results given by  Witlox, 
Harper, Bowen and Cleary (ref. 56), as reproduced by QRA Pro, are shown in table 3.1. 

Experiment STEP VKI Cardiff 1 Cardiff 2 INERIS WA-OR1 

WA-

OR1 

Substance Propane R134-A water water butane water water 

storage pressure (bar) 10.75 8.25 11 11.5 3 9.2 11.4 

storage temperature (C) 29.8 23 155 155 23.85 164 167 

Orifice diameter (mm)  5 1 1 0.75 5 2 2 

L/do  0?  0? 3.4 4.5 3 0 0 

ambient pressure (atm) 0.91 1 1 1 1 1 1 

ambient temperature (C) 30  20?  20?  20?  23.85?  10 9 

Measurements 

flow-rate (kg/s) 0.2 

 

unknown  unknown  unknown 

 

unknown 0.08 0.09 

downstream location (mm) 95 187 250 250 200 200 200 

post-expansion SMD (microm) 32.4  80-100 63 60 80 79 61 

67/350 76/228 

Calculation, model 

Orifice velocity (m/s)  20.9 26 32.75 35.96 19.72 28.13 31.75 

Yellow Book SMD (micro m) 531 286 680 564 487 888 694 

Yellow.Book isentr. SMD(micro m)  4.6 15.1 21.2 21 36 15.2 13.8 

CCPS flashing SMD (micro m) 97.2 197 119 119 264 97.9 90.6 

CCPS mech. SMD (micro m) 3.8 12.6 17.6 17.5 30 12.7 11.5 

JIP proposed SMD (micro m) 26.3 28.7 30 29.9 522 28.8 28.2 

Table 3.1 Droplet size results from experiments and from modelling for two phase fluid 
releases 

 
Figure 3.1 Predictions of droplet sizes with different models 
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Perhaps surprisingly from these results, the Yellow book model appears to be simply wrong, 
and the JIP model, while generally quite accurate, is not robust. With variation over nearly 
two orders of magnitude between models, it appears that further work is desirable. 
 
The log normal distribution for droplet size is confirmed by a number of models, see for 
example the work of Bigot and Bonnet (ref. 46). 
 
The model for droplet trajectory has only been investigated to a limited extent, and largely 
only for horizontal jets. The work from INERIS provides good data on the distribution of 
rainout as a function of distance, but just for horizontal jets. In order to overcome this, 
experiments were carried out using non flashing water droplets in an air jet, which gives well 
defined droplet sizes. Individual droplets could be collected on absorbent paper. The 
experiments largely confirm the dynamic model of droplet movement based on friction, as in 
Johnson and Woodward’s model, but the simplified concept of droplets falling from the 
centre line of the jet proved to give significant error. Droplets begin falling from the edge of 
the jet, and continue to fall from the complete cross section. This means that the distribution 
of droplets across the jet is important. Also, for vertical and near vertical jets, the “bend over” 
of the jet plume becomes important, because in the nearly vertical part of the jet there is little 
rain out.  
 
When droplets fall from the jet, there may be significant evaporation. This effect is 
mentioned in Johnson and Woodward’s book, but is evaluated only as a disturbing influence 
on the rain out measurements. The evaporation can be very significant for liquids close to 
their boiling point and will be dominant for liquids above the boiling point at release. The 
phenomenon does not seem to have been included into risk assessment guidelines. A model 
for this based on standard theory of heat and mass transport across the droplet boundary was 
implemented in QRA Pro. The result are shown in table 3.2 as the increased mass flow (i.e. 
initial mass flow minus rain out) from the release for ammonia, butane, hexane at 50 degrees, 
and ethanol at 50 and 70 degrees. 
 
Case Johnson and 

Woodward 
Appleton 
and 
Wheatley 
(Yellow 
Book) 

Joint Industry 
Project 

Observation 

Ammonia 2” 20˚C 0.818 0.409 - 0 

isoButane 2” 20˚C 0.983 0.492 - 0.55 

Hexane 2” 80˚C 1 1 - 0.91 

Ethanol 2” 100˚C 1 1 - 0.85 

 
Table 3.2 Differences in rainout calculation from different models, 2 inch hole in vessel, 
horizontal jet at 2 m. height 
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3.2 Impinging two phase jets 

When a two phase jet impinges on a wall, or on other process equipment, a relatively large 
fraction of the liquid droplets hit the surface and are removed from the jet. A much larger 
fraction of the liquid phase therefore rains out, than is the case for a free jet. The rainout 
fraction has been investigated by a joint team from INERIS, VKI and Gexcon (ref. 44, 45 and 
46, 49 50). The INERIS experiments indicate much increased rainout fractions for impinging 
jets.  The validation of models is described further in Ch 6 of this report 
 

3.3 Splashing flows and sprays 

Spray releases of liquids are not normally included in risk analysis guidelines (e.g. ref 1 and 
2), but are nevertheless important in determining risk, especially for products pipelines, for 
indoor releases such as in pharmaceutical plants, and for refineries and petrochemical plants. 
Standard models from process engineering can be used, however. The model in QRA Pro is 
based on the model given in the Yellow book for liquid spray release, a model of the Taylor 
for droplet size, the model of Frohn and Roth for droplet movement and for evaporation (ref. 
7).  
 

 
Figure 3.2 Spray release of gasoline from a pipeline (Petr Mothejl, Jakub Kantr, 2004) 

 
Table 3.3 shows the difference in risk assessments for an ethanol solvent distillation unit, 
with and without taking spray releases into account. For both calculations, vapour release, 
pool evaporation and resulting flash fire, and pool fire are taken into account. 
 

ch.

.

.
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Case Free stream, no 

spray 

Vapour release 
fraction 

Spraying jet 

Vapour release 
fraction 

Ethanol release from 2 inch hole, 100˚C 0.478 0.629 

Ethanol release from 2 inch hole, 30˚C 0.0 0.030 

Ethanol release from 2 inch hole, 45˚C 0.0 0.072 

Ethanol release from 2 inch hole, 55˚C 0.0 0.127 

Table 3.3 Comparison of vapour release with and without spraying 
 
 
Splashing flows occur in process units when releases occur at height, for example from 
distillation units or air coolers, or from tank overflows. An example of the latter was the 
incident at Buncefield, England in February 2006. No obvious model could be found in the 
literature for splashing flow evaporation, so a number of experiments were carried out, in 
plant using releases of water to determine flow patterns, and experimentally using dilute 
aqueous ammonia and acetone to determine evaporation. The results are reported in ref. 7. 
 

3.4 Impact of rain out, sprays and splashing on risk 

The impact of liquid rainout from a two phase jet of highly superheated gas such as propane, 
chlorine or ammonia stored at ambient temperatures is very small or non existent. If there is 
any rain out at all, it is only a small fraction of the total, and will generally only serve to 
prolong the period during which a plume exists. Rain out is much more important for semi 
refrigerated liquids such as cooled propane or butane, or mixtures of liquids and gas, such as 
the case of unstabilised crude oil. Currently available models in commercial QRA programs 
cover the cases of semi refrigerated gases, as described in previous sections, but do not cover 
the case of liquid/gas mixtures at the time of writing. Since crude oil with associated gas in 
particular is a very important case, it is desirable that the models be extended and validated. 
 
Splashing releases represent an enormous lacuna in the current risk calculation practice. The 
importance of this type of release was shown by the Buncefield accident, but nearly all liquid 
releases from broken or liquid piping result in splashing or sprays. QRA Pro was extended to 
include such calculations, using models based on standard engineering calculations for 
evaporators, scrubbers etc., but the results have so far only been validated at the laboratory 
bench scale. 
 
Nevertheless, figures 3.3 to 3.5  shows the extent of the increased risk zone when using a 
splashing model, as compared with the zone for a simple liquid release from a pipe, and the 
ensuing evaporation from the pool. The case assumed is for rupture of a hot gasoline line at 5 



 

 

���������
����������	����
��
�
�������������

������������������ � � � � � � � � � 24�

m. height. The consequence assumed is flash fire. For the case of explosion which could arise 
with vapour in a congested area, the difference in hazard zone size is about a 50% increase.  
As the example shows, the spray release is significant, but not dominant for this case. 
However for liquids a good way below their boiling point (and therefore with low vapour 
pressure) the spray can dominate, because small droplets, which may be only a fraction of the 
release, are carried away, and eventually evaporate. High pressure releases through small 
cracks are especially a source of significant spray releases. Other calculations, with releases 
of gasoline at temperatures of 40 to 60˚C show increases in flash fire sizes and explosion 
pressures of factors up to 5. 
 
 
 
 

 
Figure 3.3 Gasoline pool at 400 seconds from 4 inch pipe rupture (ground 2% slope, 
concrete) 

 
Figure 3.4 Evaporation over time from the pool 
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Figure 3.5 Spray release from the pipe, for discharges at 45˚ and 0˚ to the horizontal 

 
Case Release from pool 

evaporation kg/s 
Release from spray  

kg/s 

4 inch pipe rupture at 5 m. 
height, 40˚C 

3.31 1.2 

Table 3.4 Comparison of spray and pool evaporation 
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4. Liquid Spread  

4.1 Liquid spread on land 

Liquid spread is important for determining the extent of pools, and the resultant evaporation 
of vapour. There is very little experimental data and even less systematically collected 
accident data for pool spread phenomena on soil and paved surfaces within the risk analysis 
community. In some cases this does not matter, as for example when pool sizes are 
determined by basin or curb dimensions. There are many cases, however, where liquids may 
be discharged onto roadways or fields. High quality modelling and experimental work has 
been carried out within the field of environmental protection (refs 82 to 84). The equations 
for calculation of flow of pools are well known, being the Saint Venant equations for shallow 
layer flow, and the Green Ampt equations for absorption of liquid into the soil. These 
equations are fairly heavy to solve, however, and it is usual to use simplified versions in risk 
analysis applications. Also, characterisation of surfaces, slopes, and absorption is necessary, 
but there is little actual data available for the situations which are typical of process plant.  
 
Given the effort that has been put into developing models for vapour dispersion, it may seem 
strange that almost no effort has been put into gathering data for determining the size of 
sources for that data. The reason for this may be that it is very difficult to characterise the 
range of surfaces onto which spills may take place, and also, that most liquid spills have a 
limited hazard zone, so that only persons inside plants are likely to be at risk in large plants. 
The use of risk analysis for assessment of pharmaceutical plants will almost certainly lead to 
greater relevance for liquid spill modelling, since many such plants are smaller, and are often 
located in light industrial or even residential areas.  
 
Many guidelines for risk assessment recommend using a constant value for pool depth, e.g. 1 
cm. This is the case for the ALOHA and for the World Bank guidelines. The area of the pool 
can then be calculated easily, from the released volume and from the depth. This simple 
approach is obviously approximate, at best. Observations of real spills in industrial facilities 
show that the 1 cm. depth assumption is reasonable for gravel covered areas, and inaccurate 
by a factor typically 5 to 10 for sloped paved areas. An assumption of 1 mm would be more 
accurate. 
 
The most widely recommended models for pool spread calculation are those of Opschoor 
(The original Yellow Book pool mode, ref.4 ) which is a solution of the Saint Venant 
equations for a flat surface, the model of Shaw and Briscoe(ref. 79), which equate potential 
energy of the liquid to kinetic energy, ignoring friction, and by Wu and Schroy (217). The Wu 
and Schroy model is widely used.  
 
The second edition of the Yellow Book recommends models by Webber (ref. 85) for spread 
of liquids on the ground. This model solves the momentum equation with a self similar pool 
surface profile. 
 
Virtually all of the published models assume level ground for releases except those of 
Simmons et al. Many cases arise in practice where plants have sloping roadways or pipelines 
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on hillsides. In these cases, pool sizes are likely to be much larger than for those on flat 
ground. Within plants too, process equipment is almost always installed in areas which are 
deliberately sloped towards drains. For these reasons, models which take account of slopes 
and running releases are desirable.  
 
All models suffer from uncertainties in the type of ground surface. For this reason, a range of 
experiments was carried out for releases (of water) on different surfaces (see table 4.1 below). 
 
In view of the uncertainties in models, experiments were carried out for spread of water on 
grassy soil and on pavement. The model of Webber agreed much more closely with 
experiment than the CCPS models. 
 

 

 
Figure 4.1 Pool growth for a 1 litre per minute release of water, Wu and Schroy as described 

in CCPS, and Webber 
 
Experimental data have also been collected in the Fire Protection Handbook of NFPA.  
 
The models usually used in risk assessment for pool spread on land are relatively primitive. 
Much deeper models, suitable for sloping ground, with absorption of liquid, have been 
developed for soil pollution assessments (ref. 82 to 84). Typical models use the Green Apt 
theory for liquid absorption into the soil, and use the shallow layer simplification of the 
Navier Stokes equations for the hydrodynamics. This gives much more precise calculations of 
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pool spread. Fig 4.2 shows a test case, given in ref.83, along with calculation results made for 
this project, with calculation results for the different models. Note that the Wu and Schroy 
model implementation used, which gives exceptional results, is that provided with the CCPS 
guideline on quantitative risk assessment.  

 
Model results 
 
Observed diameter, 18m. 
  
St Venant/Green Amp model, 18m.  
 
Wu and Schroy,  
500+ m. 
  
Webber, 63m.  
 
Webber 1 cm min depth, 34.7 m. 
 
1 cm depth, 33.9 m. 
 
PHAST 24.9m. 
 
“Shallow layer dynamic model” 
19.7 m. 
 
 
 

Figure 4.2, Calculations for a release of kerosene , release rate 59 kg/s, total inventory 7,300 
kg 
 
Conclusions: 

− The models typically used for pool spread in risk assessments are generally very 
inaccurate, overestimating pool size by a large factor. 

− The St Venant/Green Amp model of Keller et al. (ref. 82 to 84) is the most accurate of 
those tested 

− The model used in QRA Pro agrees with observation to within 10%, which is less 
than the experimental uncertainty 

− The model used in PHAST is quite accurate, with an overprediction of just 25% 
 

4.2 Small splashes 

For small spills, such as might arise from a small container of bromine or methyl iodide used 
in pharmaceutical manufacture, the above models do not apply, because the spreading is 
driven by the momentum of the falling liquid. These cases can be important because spills of 
highly toxic materials can result in significant risk, especially in laboratory and 
pharmaceutical plant applications. Consider for example the problem of spills of cytotoxic 
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materials, or of methyl iodide in a laboratory. The size of the pool from such a spill depends 
on the height from which the liquid falls. 
 
 The author developed a simple empirical model using the straightforward technique of 
actually spilling containers of non toxic materials, up to 150 l., onto a range of surfaces.  
The experiments involved spills of water, water with soap solution added to reduce surface 
tension, and water with cellulose added to increase viscosity. Containers of liquids were 
spilled from a fixed height by rapid inversion of the container. The general appearance of the 
resulting “pools” was: 

 
An area of fully wetted asphalt, roughly oval in shape 
Narrow “splash rays” radiating from the centre of the impact 
“Rills” of water which drained from the splash point over a period of about 3 minutes. 

 

There could not be said to have been a real pool formed, rather that the asphalt was wetted. 
The depth of the resulting “pool” was much less than the standard assumption of 1 cm. The 
splash rays were in some cases about 1 mm in height originally, held in shape by surface 
tension, but flattened as they spread sideways by capillary attraction, over a period of about 2 
minutes. 

The drainage rills were about 2 to 2.5 cm wide, and typically about 2 mm deep at the leading 
edge as they flowed. The “filled” part of a rill was only about 2 m. the rill draining quickly 
behind its leading edge. 

Volume 
spilled l. 

Width of 
pool cm. 

Length of 
pool cm 

Splash 
ray 
length 
cm 

Rills Rill 
length m 

Time for 
rill 
spread, 
min. 

1 85 100 180 1 11 m 6 

4 170 210  3 
combining 
to 2 

  

10 200 290  5 15 m 2 

Table 4.1 splashing spills from small releases 

4.3 Conclusions 

There is a need for much more realistic assessment of pool spreading in QRA studies. 
 



 

 

���������
����������	����
��
�
�������������

������������������ � � � � � � � � � 31�

5. Volatile Liquid Evaporation 

5.1 Outdoor pool evaporation 

Toxic liquids, especially those such as methyl isocyanate with a high vapour pressure, will 
form a pool on release, and then evaporate from the pool. The rate of evaporation is important 
in determining the size of the resulting vapour plumes. 
 
The evaporation rate is dependent on the vapour pressure, and on the air currents above the 
pool. The vapour pressure is dependent on the liquid surface temperature, and therefore on 
the release temperature, the ground temperature, the heat radiation from the sun, and the 
cooling due to evaporation. 
 
Several physical models are available to determine the rate of evaporation. The models most 
often used in risk assessment are those of Fleischer, (ref. 121), of McKay and Matsugu 
(ref.47), which is based on earlier work of Sutton, and Kawamura and McKay (ref. 48). These 
last two models are aimed at different applications; the first with low evaporation rates, so 
that self cooling is not significant, the second is based on evaporation of highly volatile 
liquids, and hence is dependent on solar heating. 
 
Lebuser and Schecker showed that these models can underestimate evaporation rates by up to 
a factor 2 in some cases (ref.49). The problem is confirmed on the basis of results of 
experiments carried out as part of the present project, and by the work of Brighton (ref. 146). 
The Brighton models are similar in form to those of McKay et al, but are based on a much 
more recent understanding of the turbulent diffusion above the pool. 
  
The models were implemented in QRA Pro for this project. The Brighton model turned out to 
give results close to those of McKay et al. Table 5.1 shows the results for a range of 10 m. 
diameter pools. 
 
Case (10 m. dia. pool) Fleischer 

Kg/s 
Matsugu and 

McKay, 
Kawamura 

Kg/s 

Brighton 
Kg/s 

Max / Min 

Acetone 20˚C 0.715 0.280 0.303 2.6 

Acetone 20˚C bright sun 0.715 0.423 0.401 1.7 

Acetone 40˚C bright sun 1.1 0.442 0.455 2.5 

Decane 20˚C 0.517 0.314 0.42 1.6 

Decane 20˚C, bright sun 0.517 0.418 0.557 1.2 

Decane 40˚C 0.724 0.400 0.659 1.8 

Table 5.1, Evaporation rate models 
 
As can be seen, choice of model can affect the overall distances by up to 150%, giving a 
corresponding increase in hazard distances. The best validated of the models is that of 
Brighton. 
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Evaporation models are often needed for mixtures of fluid, for example for gasoline or crude 
oil. Experiments carried out for this project indicate that Raoult’s law for partial vapour 
pressure can be used with Brighton’s model, provided that the mass balance of the fluid is 
taken into account as the light fraction content of the liquid depletes. See the QRA Pro 
manual for details. 
 

5.2 Aqueous solution evaporation 

The theory of pool evaporation used in the models of the previous section does not take into 
account the reduced vapour pressure of hydrophilic substances in water. Such models are 
needed in QRA for releases of strong acids and aqueous ammonia especially, and for solvents 
such as methanol, ethanol and acetone in water (concentrated solutions may have vapour 
pressure above the LEL. For further information see the QRA Pro user manual, ref.7. The 
models are generally based on the vapour pressure tables given in Perry and Green (ref. 190) 
 
A new model for aqueous ammonia is given by Ragunathan, ref. 92. 
 

5.3 Indoor pool evaporation 

Evaporation indoors is important for chemical warehouses and for fine chemicals production. 
It can also be important for pump houses. Several models were found in the literature, but the 
only one relevant for QRA with validation was that due to P. H. Reinke and L. M. Brosseau 
ref 91. The paper gives verification with experiments using isopropyl alcohol and n-butyl 
alcohol, giving a result agreeing with experiment to within a factor of 1.5 to 2 over 100 
minutes, and an agreement of the average over 100 minutes of to within about 20%. 
 

5.4 Cryogenic evaporation 

Evaporation models are needed for releases of cryogenic ammonia, propane, butane, LPG, 
and LNG. A model by Opschoor is given in the Yellow book. Validation experiments are 
described separately. 
 
 

5.5 Conclusion 

Volatile liquid pool evaporation is one of the neglected areas in QRA methodology. Most use 
McKay and Matsugu, which are inappropriate for the more volatile liquids. Methods for 
mixtures, aqueous solutions and indoor releases are largely omitted. 
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6. Jet dispersion 

6.1 Free jets 

A jet is formed when gas is released from a hole under pressure. Following Bernoulli's law, 
the pressure in the jet is lower than the ambient pressure, once the initial expansion has 
completed due to the velocity of the gas. The lower pressure in the jet draws air into the jet. 
This increases the mass flow in the jet. Since the momentum of the flow in the jet is constant 
with distance from the hole, this means that the velocity falls. It also means that the 
concentration of gas in the jet is reduced. It can be seen from a very large number of 
observations that the gas jet is initially conical, with a jet angle close to 17˚ (see an example, 
of a cold ethylene jet, in figure 6.1 below). This fact is important because it can he used to 
derive a model for the average flow velocity and average concentration along the jet. 
 
It can also be seen from a large number of observations that the jet does not remain perfectly 
conical, At some stage in the jet flow, the velocity drops to the extent that a more complex 
interaction occurs between the jet and the surrounding atmosphere. Large scale turbulent 
eddies begin to dominate the flow, and the jet becomes wider. This feature of the flow can le 
seen quite clearly in the photographs of medium pressure steam jets in figures 6.1 and 6.2.  
 
Jet dispersion is very important for determining the sizes of plumes because the jet provides a 
very rapid reduction in gas concentration. If, for example, a jet has an initial velocity of 212 
m/s (release of chlorine gas in equilibrium with liquid chlorine at 7 bar), and the jet is defined 
to extend until the flow velocity is roughly equal to at wind velocity of 4 m/s, the fall in 
velocity is by a factor of 83. In order to maintain momentum balance in the jet the total mass 
flow must have increased by a similar factor, and concentration must have fallen by the same 
factor. Typical concentration reduction factors for free momentum jets between release point 
and the point of reaching ambient wind velocity, are between a factor 10 and 200. 
  
One of the first models for momentum jet dispersion was that of Ricou and Spalding. Their 
basic model assumes uniform concentration across the jet. The model is necessarily accurate 
for the conical form of the jet as far as average velocity and concentration are concerned, 
because the model provides a correct momentum balance and jet shape. It can be observed 
however (see for example photograph on the front cover) that the concentration of gas is not 
constant across the jet, once air has begun to mix into the jet (at the outset, the concentration 
is necessarily constant across the jet, with a gas concentration of 100%). 
 
Ricou and Spalding model can be modified, for example by assuming a Gaussian 
concentration profile across the jet. The jet length to a given concentration then becomes 
greater, and the jet width to a given concentration becomes smaller. There is however no 
special reason why a Gaussian distribution should be chosen, and it is clear that such a 
distribution cannot be correct at the start of the jet.  
 
Chen and Rodi (ref 94) developed an empirical model for vertical jet dispersion including 
convective forces. It is this model which is recommended in the Dutch Yellow Book. 
However, this model was developed for releases from low pressure reservoirs such as 
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chimney vents. The model was found not to satisfy momentum/buoyancy conservation for 
higher pressure releases in calculations made for this study. 
  
Brighton made a review of simple jet dispersion models, showing that several models are 
consistent with the available experimental data. The main reasons for this seem to be the 
complex form of the jet at the lower speeds, and the changing form of the concentration 
distribution, allowing flexibility in tuning the models to experimental results.  
  
The Gaussian distribution was used by Hoot, Meroney and Peturka (ref. 95) who developed a 
model for a heavy gas elevated jet. This model takes auto account convective (gravitational) 
forces. The model was developed on the basis of wind tunnel experiments, i.e. it is an 
empirical model. Ooms (ref 97) developed a similar model, but provides for three 
entrainment effects, for a turbulent free jet, for additional turbulence entrainment when the jet 
velocity approaches the wind velocity, and a third component for entrainment due to 
atmospheric turbulence. The Ooms model thus provides for the observed widening of the 
plume when the jet velocity falls. The dependency of this increased entrainment does not 
seem completely correct from observations of real jets, since the location of widening of the 
plume does not appear in practice to change with wind speed. Nevertheless, the inclusion of 
enhanced entrainment at the end of the jet is an improvement over turbulent free conical jet 
models. Cleaver and Edwards (ref 103, 104) gave improved models covering cross flow and 
confined jets, implemented in the JINX program (Cooper, ref 105), and implemented by us in 
a model similar to that of Ooms, as part of work on impinging and semi confined jets 
described below. 
 
 The SLAB and DEGADIS integrated gas dispersion calculation programs both contain 
analytic models of jet dispersion. DEGADlS uses the Ooms model, which also assumes a 
Gaussian profile for the dispersion, SLAB uses the Hoot, Meroney and Peturka model.  
Havens and Spicer provide a comparison between the Hoot, Meroney and Peturka wind 
tunnel data and the Ooms model, and found good agreement between the models. The 
comparison was extended to include a sensitivity evaluation of the entrainment coefficients 
used.  
 
Because of the uncertainty about the criteria for the onset of enhanced entrainment, the author 
and his colleague J.C. Bennetsen carried out a series of experiments and computer fluid 
dynamic studies, which resulted in jet model similar to that of Ooms but with transition to 
enhanced entrainment mode based on Reynolds number rather than on jet speed relative the 
wind speed.  
 
The Ricou and Spalding, Hoot, Meroney and Peturka, Ooms, and RAMJET models were 
implemented within the QRA Pro collection, and the results compared with the experimental 
data.  
 
In all, there does not seem to be any great difficulty with available gas jet models for the case 
of free dispersion. 
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Figure 6.1 Ethylene jet release 
 

 
Figure 6.2 Natural gas jet releases 

 

6.2 Impinging jets 

Impinging jets are not generally considered in onshore plant risk analyses, and none of the 
standard risk assessment packages at present include facilities for this (PHAST 6.7 allows for 
jets impinging on the ground) . However a very large fraction of releases of gas in a real 
industrial environment will in fact hit either the ground, building walls, other piping or 
vessels. For offshore plant, modelling of impingement is critical, since virtually no releases 
will be completely free.   
 
The Jinx program implements an impinging jet model, using wind tunnel and full scale 
experimental data as a basis for modelling widening of jet flows on impingement. The initial 
set of obstacles were characterised as cylinders of varying sizes, either larger than the 
impinging jet, occluded by the jet across the cylinder radius, or with the entire cylinder 
occluded by the jet. The calculations give reductions in jet concentration of factors from 2 to 
4 and corresponding increases in jet diameter, with the effect depending on obstacle diameter. 
The report provides experimental data which can be used to validate model results. 
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In actual, situations such as offshore modules or partially enclosed are as in plants, such as 
compressor buildings, there will he an enclosure around the release. A model for 
impingement of a jet directly onto a flat wall was developed by the present author during the 
1980 s. This uses energy and momentum principles to predict the extent of a jet and the 
location. The model was validated in small scale experiments.  
 
If the gas jet is obstructed on most sides by a wall or roof and by equipment, it is likely that 
the momentum in the jet will be completely destroyed (i.e. converted to turbulent 
momentum). In this case the concentration of gas in the enclosure will tend to build up. The 
average concentration in the enclosure can be calculated by taking into account the gross 
ventilation into the enclosure, and the total discharge from the enclosure, that is the sum of 
the advection and the gas release. In the Cooper report, the enclosure jet release model was 
corrected to take into account entrainment of mixed air and gas into the jet. The model was 
validated data from a full scale experiments on a simulated gas processing module. 
  
For the present study, the Cleaver and Edwards models were implemented in the QRA Pro 
package as the Jet3D model, and validated against the same data as published in their report, 
and also against data published as part of the FLIE project by INERIS, VKI and Gexcon. The 
model is also compared with a series of calculations using computational fluid dynamics. 
Results form Jet3D are shown in figures 7.7 to 7.10 below.   
 
 

6.3 Two phase jets 

QRA Pro contains a model two-phase jet release developed by the author. It is based on the 
uniform turbulent jet model of Ricou and spading, but taking two phase flashing of liquid, 
evaporation due to entrained air, and droplet movement into account. The model assumes 
uniform concentration across the plume, which is quite reasonable at the beginning but is 
known to be wrong towards the end of the jet. However, the Gaussian distribution used in 
other models is also known to be inaccurate for two phase flows. 
  
In the plume, the flowing gas is slowed by the in mixing of air. The droplets will only be 
slowed by friction with the surrounding (slower) gas. Droplets in the outer shell of the jet will 
contact a higher fraction of air, will have a greater heat input and tendency to evaporate more 
liquid. The temperature in the jet will more or less constant, until all the droplets are 
evaporated. 
 
Webber and Wheatley developed a model explicitly for two phase jet release, as described in 
the Dutch Yellow Book (ref. 4). The model was reimplemented in the QRA Pro code. The 
RELEASE model was developed by Johnson and Woodward, and is published in the CCPS 
book " RELEASE – A model with data to predict aerosol rainout in accidental releases” 
(ref.34). The RELEASE model has been criticised by the authors themselves and by Witlox et 
al. (ref 56) and is probably most valuable for its provision of extensive experimental data. 
  
The degree of rain out from a two phase jet has been the subject of much discussion, and 
extensive experimentation. From observation, liquefied gases with large overpressures, such 
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as propane, chlorine, and ammonia at ambient temperatures give very little rain out, in the 
case of a free jet. For these gases the question of rainout is therefore of secondary importance. 
Rain out is very significant if the jet impinges on a wall, vessel etc. In this case, up to 50% of 
the unflashed liquid can rain out, even for liquefied gases. Rain out is also significant for 
gases with a lower storage pressure, such as butane, bromine and hydrogen fluoride, because 
the release velocity (in the case of normal storage pressures) is low, and the resulting shear 
between the gas jet and droplets is also correspondingly low. Droplets are therefor lager than 
for higher pressure releases. Rain out is also very significant for cases of jet releases of mixed 
gas and oil, such as can arise in an oil well below out. The extent of rain out depends on the 
storage pressure and the liquid/gas ratio. Models for rain out vary. The theory of droplet 
formation and the calculation of the ballistic trajectories of the droplets are well known, and 
widely used for the design of knock out drums. However the theory covers many physical 
phenomena, so that the models are quite complex. Extensive experimentation has been 
carried out notably by INERIS, VKI and by Gexcon (ref. 45) in the FLIE project. 
 
The  results of the FLIE work are published in detail, including experimental results, CFD 
modelling by Holdø and Calay, detailed turbulence and droplet analysis by Yldia et al. and an 
analytic model by Ichard, Hansen and Melheim. For the present study, the analytic model was 
implemented a computer program, and compared with the experimental data, and with the 
original QRA Pro models, using the Fauske/Fletcher and the Leung omega models for release 
and  the Tujet model for the free and impinging jets. CFD modelling was also carried out by 
J-C Bennetsen (figure 6.2) and all results compared. 
 

 
6.2 Ammonia  impinging jet release calculation using CFD methods 

 
The results were found by Ichard et al. to agree with experiment to within 30% provided 
that atmospheric pressure is regarded as the orifice pressure. Deviations in rainout 
predictions from experiment are about 25% for high levels of subcooling. For low levels 
of subcooling, deviations of up to 75% were recorded. 
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The calculated results for QRA Pro were closer to the observed mass release rate,  
presumably due to the use of the Omega method with less sensitivity to substance 
property data (see Ch 3). The rainout predictions using the original QRA Pro models 
howed higher deviation from experiment than the Ichard et al. model, with deviations up 
to 50%. A future possibility is therefore to combine the best aspects of the models. 
Current investigations though involve investigating the effect of impingement on piping 
and smaller vessels, before finalising models.  
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7. Heavy gas plume dispersion 

7.1 Available models for use in risk analysis 

Heavy gas dispersion is important for flammable liquefied gases such as propane, for heavy 
flammable vapour such as hexane, for toxics vapour such as acrylonitrile, and for heavy toxic 
gases such as chlorine. Heavy gas dispersion calculations can also be important for light gases 
such as ammonia and for methane, if the gas is very cold and mixed with air. In these cases 
the nature of the dispersion is that of cold air in ambient air. Modelling of heavy gas 
dispersion presents many problems because there are so many factors which influence the rate 
of dispersion: 

• The initial concentration, density, temperature, release type (jet, pool, liquid jet), 
spray), release velocity and quantity of aerosol. 

• The wind speed, wind speed profile, and the related atmospheric 
• The roughness of the ground. 
• Heat transfer from the ground and from the atmosphere 
• The period of the release. 

 
Virtually all models used in risk analysis are so called "box models" All these models are 
semi empirical, with parameters used to fit results to experiment. There are typically three or 
four parameters which are empirically determined. Typical parameters are top and side 
entrainment, a parameter for transition from heavy gas to neutral dispersion and roughness 
parameter which describes the turbulence generation features of the area. For some models 
there are one or two parameters to characterise heat transfer from the ground. There are very 
many heavy gas dispersion models which have been developed over the past so years. Of 
these, the ones most widely used in risk analysis are the public domain models DEGADIS 
(ref. 118), HG SYSTEM (ref.109) and SLAB (ref.112), and proprietary models, the UDM 
model in PHAST and SAFETI. CANARY (QUEST) and Cirrus (BP). Shell packages such as 
FRED uses models based on the HG SYSTEM development. The TNO effects package uses 
SLAB. ALOHA, which is a US Department of Energy emergency management model set, but 
widely used for risk analysis, uses DEGADIS for heavy gas dispersion calculations. The 
OCA generic model by USEPA, used to support its Risk Management Programme is based 
on the SLAB model, with results tabulated for different standard releases to allow easy 
estimation of plume sizes. 
 

7.2 Model evaluation 

Evaluating practical implementations of models is very frustrating, because most of the 
models used in risk assessment are "integrated models" which include jet dispersion, pool 
evaporation, heavy gas plume dispersion, and neutral dispersion, in one model. To investigate 
the effect of input parameter choice on the overall risk result it is desirable to be able to 
isolate different sub-models. Integrated models make this difficult because individual 
parameters are to a large extent internalised, and unavailable to the user. Also, it is known 
that some programs hare good overall performance because overestimates in one sub model 
are compensated by underestimates in other sub models. For this reason the underlying 

have
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dispersion models in a range of public domain models were re-implemented, as separate jet 
and pool vapour release, and heavy gas and neutral dispersion models. Features of the models 
are given in table 3.1. The models chosen for comparison were: 
  

• The Cox Carpenter model, which was used in the WHAZAN package which 
supported the world Bank Risk Assessment Guideline 

• The TA plume model, which is able to deal with both single and two phase releases. 
The top entrainment model is based on that from HGSYSTEM, the side entrainment 
model is based on that from Van Ulden (ref. 114), (via the Cox carpenter model, ref. 
115 and 116) 

• An implementation of the SLAB heavy plume dispersion model as described in the 
Dutch Yellow Book. 

• An implementation of the HGSYSTEM plume dispersion model (note that this is not 
a true box model. The concentration profile used at the outset of a plume is assumed 
to be uniform at the start, but has a gradual transfer to a Gaussian concentration 
profile. The model also allows for time varying releases, with" slabs" of gas followed 
through the plume trajectory) 

 
The SLAB model is initially a box model, but after the hose calculation is made, an error 
function profile is applied for concentration 
. 
The effects of plume meandering were applied to all models via an averaging time correction. 
This has little effect for short averaging times, but reduces peak concentration and broadens 
the plumes for long averaging times (see below for a discussion of the choice of averaging 
time)  
In addition to the "disintegrated" models, a number of models were investigated in their 
original form. These include 
  

• DEGADIS, as implemented in ALOHA/CAMEO 
• The SLAB model in a commercial form, as part of the TNO Effects package 

(commercial program) 
• UDM as part of PHAST and SAFETI (commercial program) 
• The model in Shell FRED, HGSYSTEM. (commercial program, public domain 

model) 
 

The modelling results were compared between the different models, and against experimental 
data The Rediphem (ref 123) data base includes results from 12 experimental series. Also, the 
Kit Fox experiment results were used as a reference. One of the problems with experimental 
data though, is that import ant parameters, such as initial jet velocity, jet dilution, actual top 
and side entrainment, are not measured directly, but are inferred. As a result, "tuning" of 
models to fit specific experimental results is often made. One can distinguish two classes of 
model; those for which tuning of empirical constants is made for individual physical 
phenomena, on the basis of phenomenon specific experiments; and those for which overall 
tuning is applied, No fully “a priori" models, based on fundamental laws of physics alone, 
could be found, although there are CFD programs which do this, at great expense. 
 

.
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A model which is "fully tuned" is the model of Britter and McQuaid (ref. 106), which uses a 
dimensional analysis to derive key non dimensional parameters, and uses a fit to the Thorney 
Island data to derive a fully empirical model. 
 
One series of experiments which is considered important in the present context is that of 
INERIS/École des Mines. The series included experiments with a wide range of source term 
types, including impinging jets. The series was also unusually well instrumented. 
The Kit Fox experiments, using carbon dioxide as a released gas, are also important, because 
they investigated the effect of industrial scale surface roughness on dispersion.  
 
Many evaluations of heavy gas dispersion have been made, especially over the last 20 years. 
These by Hanna and his colleagues are important because of the extent of the evaluation 
documentation and because of the continuity over a series of model improvements through 
the years. Hanna's parameters for evaluation of geometric mean bias and geometric variance 
have been used here to evaluate various models. 
 
Figure 7.1 to shows overall comparisons for a member of methods against several 
experimental release measurements, for a selection of the INERIS/École des Mines 
experiments (ref. 100). Although the results look very good, it should he remembered that 
logarithmic scales are very kind to the modeller. 
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Figure 7.1 Comparison of some gas dispersion models with experiment (ref. Bouet 49, 100) 

 
Hanna and his colleagues have evaluated overall performance of dispersion models through 
many years (ref.124-131). The evaluations here use the same measures of performance, and 
for the some of the same cases, but evaluate at different distances, corresponding to different 
physical phenomena. Results in figure 7.2 ff. are comparisons made for a number of models 
with 15 of the FLADIS, ammonia release experiments using the approach of Hanna.  In the 
comparisons, UDM is the proprietary model included in the DNV commercial package 
PHAST, HGSYSTEM is the public domain package published��in�the Breeze commercial 
implementation, HST is the "disintegrated" implementation of the HGSYSTEM model and 
SLABT is the disintegrated version of the SLAB model. SLABT and Cox Carpenter models 
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use a two phase version of the Ricou and Spalding turbulent free jet model to describe the 
first part of the release. 
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Figure 7.2 Comparison of four calculations with experiment, neutral conditions 
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Figure 7.3 Comparison of four calculations with experiment, unstable conditions 
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Figure 7.4 Comparison of four calculations with experiment, near stable conditions 
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Figure 7.5, Evaluation of model performance at various distances 
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Figure 7.6, Summary of performance of four models for FLADIS experiments 

 
In the variance and bias plots, a geometric mean bias between 0.5 and 2 indicates a result 
(centre line concentration at a given distance) which is within a factor of 2 of the 
experimental results. 
  
One of the observations from these comparisons is that very simple models such as that of 
Britter and McQuaid fit the experimental data quite well. This may be disappointing to model 
authors who have devoted many years to model development, but it is important to remember 
that the move advanced models attempt to recreate the underlying physics of dispersion. This 
means that the models should be more accurate in extreme situations. This is especially 
important for the cases of low wind speeds. The overall comparison of the programs in figure 
7.5 shows poor performance for the SLAB model at short distances (20 m.) and for the UDM 
model (PHAST version 6.4) at longer distances. (Note that these results are specific for the 
cases considered, other experiments give may give different data fit performance). 
 
Some of the difficulties of validating models is shown by some of the models. The UDM 
model, in recent implementations, allows for calculation of plumes from dynamically 
changing release rates. The method used is to divide the release curve into segments, and to 
plot the release for each segment. This feature would be very useful in emergency planning, 
giving rescuers a much clearer idea of possible exposure. However the UDM model, in 
versions up to 6.58, does not include downwind gravity slumping dispersion. This can, in 
some practical cases, give extremely wide plumes, the most extreme practical case 
investigated being a plume 11 km. wide and 450 m. long, i.e. an error of about a factor 20 in 
length to width ratio. It is possible to work around such problems if they are recognised, but if 
they are not, the question of validation is moot. It is more proper to regard such results as 
simply wrong due to an inappropriate application of an otherwise well validated model. 
 
Validation of gas dispersion is therefore needed for a very wide range of wind conditions and 
release forms. Unfortunately, experimental data sets available are limited in this respect. 
Plumes arising from large pools, and low wind speed cases, are particularly poorly covered. 
For this reason it is preferred to supplement the validation against experiment with validation 
against actual accidents, as has been done in volume 12 of this series. 
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Under some wind conditions, plumes can wander from side to side, following the wind. This 
means that persons at a fixed location will experience varying concentrations, and for some 
periods may even be unexposed. Most gas dispersion models include a sampling time 
correction to account for this. This can introduce considerable inaccuracies, because 
meandering is not always a feature of plumes. For example for some plumes at low wind 
speeds under stable conditions, there may be almost no change in plume direction over a long 
period. For this reason the risk analyst should always consider carefully the sampling time to 
be used in modelling. In this context, it is worth considering the actual exposure times of 
persons: 
 

• At short distances from the source in plants (say up to 200m) persons can self 
evacuate once an alarm is given, and can move 100 m. across wind in about 20 
seconds, if they can see a wind sock or equivalent (running). Following 
recommendations of walking briskly, the exposure time would be 25 seconds. 

• At longer distances, up to for example 500 m. persons can be alarmed, and can shut 
doors and windows within minutes of the alarm. A plume will reach 500 m. in about 
1.5 minutes at a wind speed of 5 m/s 

• Many persons will not respond correctly or sufficiently quickly to an alarm especially 
if it occurs at night, so that gas is likely to enter a building., 

• A release time from an in plant pipe of 30 minutes in a critical zone is an indication of�
very poor emergency planning. 

• Small releases from vessels or long pipelines containing liquefied gas can continue for 
many hours or even days. 

• Releases from spills can continue for many days, though release rates should be low 
once emergency services have covered the spills with foam or with tarpaulins. 

 
These factors need to be taken into account when carrying out calculations. Proper accounting 
for exposure time using probit equations can typically make a difference of a factor of 2 to 3 
in calculation of plume lengths, when compared with lengths based on 30 minute LC50 
values. 
 
A number of factors affect the performance of any gas dispersion models, and apply equally 
to best models. One is the way in which the transition from jet to plume dispersion is 
handled. One of the criteria often used for transition from jet to plume dispersion is that the 
jet speed equals the wind speed. If this criterion is used however, calculated plumes lengths 
can actually shorten for lower wind speeds, which is counter physical. This behaviour in 
shown by many of the models tested, and arises for the case of short plumes. The impact of 
this on risk is not large, but it is confusing, and leads to uncertainty about the validity of 
calculation. 
 
A better approach is to use a Richardson number as a criterion for transition, or to use an 
integrated model which combines jet and plume dispersion, such as UDM or SLAB. Note 
that there is at present no experimental data which can support validation of such a modelling 
detail, but the results agree reasonably with available full plume experimental data . 
 
All of the models studied use a friction velocity, or a turbulence velocity related to friction 
velocity, to calculate turbulent advection of air into a plume, particularly for top entrainment. 
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The friction velocity is very important because it enters into the entrainment equations with 
either a second or third power. Friction velocity is calculated in practice from the wind speed 
profile, taking into account roughness length. With a range of practical values for roughness 
length between 0.01 and 2 m. this can give large variations in calculated dispersion.  
 
The friction velocity is a measure of the shear force imposed on the ground by the wind (and 
vice versa). It strongly affects turbulent mixing at the atmospheric boundary layer. The Dutch 
Yellow Book gives a review of the current theory for the calculation of friction velocity from 
measurable parameters. The most advanced of the Yellow Book methods is useful in special 
cases but is too heavy for most risk analysis work, since it requires values of Monin Obhukov 
length to be input. Monin Obhukov length is a measure of the stability profile in the 
atmosphere and its measurement requires input from a number of anemometers arranged on a 
mast. The Yellow book also quotes a method calculate friction velocity which requires only 
roughness length and Pasquill stability category to be input. Stability class can be estimated 
simply by observing percentage cloud cover. Other methods have been given by G.I. Taylor, 
Blackadder, and by Sutton, all of which have been used in various gas dispersion programs. 
The TA Plume and TA SLAB models use a table of measured values given by Auld et al for 
different wind speeds and atmospheric stability conditions. Table 7.1 shows values for 
friction velocity calculated using various methods, and the overall effect of these on plume 
length. 
 
There has been considerable work in recent years in developing methods for estimating 
roughness length for industrial sites since tabulated estimates for such sites vary between 
about 0.3 and 2m (ref. 159). Figure 7.7 shows the results of a sensitivity study of various 
methods of determining roughness length. The comparison uses the ammonia storage site as a 
reference. As can he seen, the choice of method of determining roughness length is 
significant. 
 
The method for determining wind velocity profile is important in determining the velocity of 
entrained air, and therefore the velocity of the plume. Several models are available, many 
models use just the logarithmic law which applies to neutral atmospheres. The Yellow Book 
reviews methods, providing calculations based on Monin Obhukov length, but since the 
calculation of this parameter in typical risk analyses is based on the selection of atmospheric 
stability from a set of typically just three values, the accuracy can hardly be high. A better 
approach can be made if wind data records are available including measurements of Monin 
Obhukov length. 
 
The method of accounting for heating of cold plumes can be important for releases of 
liquefied gas. Most models take into account heating by entrained air and heating from the 
ground. Variations in heating model give moderate effects on plume length, generally not 
more than a few percent. 
  

7.3 Low wind speeds 

The models currently used for consequence calculations were developed for wind speeds 
above 2 m/s. There are virtually no experiments for conditions with very low wind speeds, 
below 0.5 m/s. Accidents have occurred under such conditions. At Karlshamn, Sweden in 19 
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a whole city had to stay indoors for three days due to a release of oleum into a relatively small 
pool. Similar adverse effects occurred for the gasoline release at Buncefield, 2005).  In 
Chongquing, fatalities occurred at 15 km.from a sour gas blowout site. The risks from such 
low wind speeds have been investigated by I. G. Lines, J. H. Daycock and D. M. Deaves for 
UK HSE (ref. 137). They write: 
  

“Although they are not often considered in risk assessments or safety cases, low wind 
speed conditions are likely to produce many of the worst case dispersion scenarios, 
especially for situations where dense vapour clouds would form close to the ground. 
The results of previous review and validation studies, undertaken by the authors for 
the UK Health and Safety Executive, have been drawn together in this paper to 
provide guidelines for the practical application of appropriate modelling of scenarios 
involving low wind speeds within quantified risk assessments. The production of 
these guidelines has been achieved by using example risk assessments covering the 
storage of chlorine, bromine, LPG and Liquid Oxygen, for each of which sensitivity 
studies were also undertaken. These demonstrated that the inclusion of low wind 
speeds has varying effects, depending on the material considered, which could be as 
much as 1–2 orders of magnitude. Most importantly, it also showed that, when low 
wind speeds are included, it is not only their dispersion effects but also their effects on 
source term and impact on the population, which need to be considered to ensure that 
the calculated risks are neither overly conservative nor optimistic.” 

 
Many of the programs used in QRA do allow dispersion calculations for very low wind 
speeds, but it needs to be remembered that experimental data for validating such calculations 
is lacking. Volume 12 in this series provides some validation of low wind speed dispersion 
against accident reports, notably that from Buncefield, and that from Chongquing. 
 

7.4 Cross wind dispersion and impingement 

Virtually all current models for gas dispersion assume a jet release in the same direction as 
the wind. This is usually a conservative assumption for the length of the plume to a defined 
concentration limit. This is certainly not conservative if the objective is to calculate the risk 
within a plant. If a jet is directed cross wind or upwind, the plume will be wider and shorter. 
This increases the risk at a short distance, and decreases the distance at which effects are 
critical. The net result is that risk is increased considerably close to the release point, and is 
reduced at a distance. The effect can be up to a factor of 5. 
 
Cross wind and impinging dispersion can be calculated readily using CFD modelling. The 
Advantica Company (Cooper, 2001) developed the JINX program, in which cross wind 
dispersion and jet impingement are taken into account for near field gas dispersion using 
analytic models. The program takes account of the cross plume momentum as well as the 
momentum balance along the plume, and provides empirical models for the increases dilution 
as a plume passes by an obstruction.  
 
QRA Pro provides a similar model (Jet3D), which is used especially for gas detector 
coverage analysis, and for determining gas accumulation for process modules. Figure 7.7 
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shows a so called chrysanthemum diagram, used for gas detector coverage assessment, and 
figure 7.7 shows gas jet impingement plot. 
 

 
Figure 7.7 One of a set of chrysanthemum plots of cross wind gas jet and plume dispersion 

for gas detection and gas accumulation determination, calculated with QRA Pro Jet3Dmodel. 
 

 
Figure 7.8 Example of upwind directed gas jet 
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Figure 7.9 Example of impinging gas jet, floor and ceiling impingement 

in a process module in QRA Pro 3D. 
 
The models used have been validated using air jets marked with smoke, and also by 
comparison with CFD calculations. 
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Figure 7.10 Obstructed gas release experiments, INERIS, compared with calculations 

 
  

7.5 Wake models and impoundment 

Buildings and walls in a plant can divert gas flows, and can stop heavy gas flows.  Generally 
this leads to risk reduction. There are cases where gas can be channelled in deep valleys or 
culverts, such that dispersion is limited, allowing much longer plumes. An example is that of 
about 80 m3 of condensate, released to a “safe place”, which passed over 15 km. before 
igniting at a cantina, and causing 15 fatalities. Models are required for such cases, and for   
 
Simple rules have been given by Brighton for calculation of the dilution factors caused by 
buildings (ref. 192). 
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For this kind of problem, no standard analytic methods are available. Calculations were 
carried out using computational fluid dynamics models, with the CFX program as the 
calculation resource (J-C Bennetsen).  
 
Because the use of walls for gas retention is a relatively new concept (see ref. 13), models for 
this are still not widely available. In order to check that the concept will definitely reduce 
risk, a computational fluid dynamics calculation was made for gas dispersion across a wall. 
The examples shown are for a 4 inch pipe rupture, 50 m. upwind of the wall, with the gas jet 
directed towards the wall.  The cases are shown for 1 m/s and 2 m/ s wind speeds, which 
represent a worst case. 
 
As can be seen the gas concentration falls dramatically across the wall to below the 
flammability limit. As a result, at these low wind speeds, the risk from flash fires effectively 
stops at the wall or fence. The fence does not need to be particularly strong to stop the gas. 
The fence will not prevent propagation of explosion pressures, if an explosion should occur, 
since these pass easily over the wall. The risk inside the plant is slightly increased. 
 

 
Figure 7.11:  Gas concentrations upwind and downwind of a 2.5 m. high impoundment wall   

in 1 m/s wind 
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Figure 7.12:  Gas concentrations upwind and downwind of a 2.5 m. 

high impoundment wall in 2 m/s wind 
 
 
 

 
Figure 7.13:  Gas velocities along the axis of the plume, for nominal 1 m/s wind speed 
 
 
 
The complete set of experiments allows data fitting for the concentration reduction at such 
obstacles. 
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7.6 Overall impact of dispersion models on risk 
calculation 

Given the wide range of models, the difficulties of achieving an agreement with experiment 
to within a factor better than 2 and the many variations in release scenarios, there is inevitably 
a fairly wide range of uncertainties in plume length and plume width calculations. 
There are additionally some uncertainties which are not covered by the discussion above, 
which users of dispersion programs need to be aware of: 
 

• The direction of the release, whether vertical, up wind, down wind or cross wind. 
• Whether the release impinges on equipment. 
• The period of the release and exposure time. 

  
The question arises of how important all these factors really are in the context of wish 
assessment. To investigate this, risk analyses were carried out for ammonia and propane 
storage facilities. Both facilities consist of three bullet vessels and associated piping, and with 
ESD valves under gas detector activation as the sole safety measure. The calculations were 
made with a full range of hole sizes, wind speeds and stability conditions. The release 
frequency data was taken from the Relbase data base. Ignition probabilities were calculated 
using the JIP method. 
  
Results, in the form of distances to the 10-6 per year risk curve, are shown in table 7.2. Note 
that the distances are very sensitive to the form of the isorisk contours. A very flat risk profile 
will give a large sensitivity to small variations in probability; a steep profile will give large 
sensitivity to small variations in plume lengths. 
  
 

7.7 Conclusions 

  
It does not seem possible to improve the accuracy of calculation of heavy gas dispersion to 
much better than +/- 50%, with worse performance for low wind speeds. This leads to a 
smaller variation in risk than would be imagined. Many models which give shorter plumes 
also give wider plumes, so the effects can compensate each other except at the extremes of 
distance. 
 
Analysts and users of QRA need to be aware of the sensitivities of results to parameters. At 
locations close to the edge of the hazard area, in particular, calculated risk levels can become 
infinitely sensitive to the choice of model, and risk levels will be very sensitive wherever the 
risk profile is very steep. The extreme sensitivity can to some extent be reduced by 
calculating plume sizes for several different lethality probabilities, and also by calculating for 
a wider spectrum of hole sizes. 
 
Of all the models evaluated that of Britter and McQuaid, HG SYSTEM, and the TA/HG 
variant were those providing consistent performance, with uncertainties at the lower end of 
the evaluated range. 
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8. Light Gas Dispersion 
Traditional models for light gas dispersion are Gaussian plume models as developed by 
Pasquill, Turner, and Smith (ref. 178-183). Under certain conditions, the models represent 
exact solutions to the Navier Stokes equations. In practice, the models make use of 
empirically determined dispersion coefficients. Various sets of these are available, derived 
from different experimental bases, but the set developed by Pasquill, and refined by Turner, 
are the most widely used. Virtually all risk analysis tool sets use this model, are slight 
variants. By definition, there is not much difference between implementations of this model. 
 
In the 1990 s, a major effort was made by several groups to upgrade the theoretical basis for 
light and neutral gas dispersion modelling, motivated mostly by the desire for a more accurate 
basis for regulation of industrial pollution. The most important changes were the use of 
Monin Obhukov theory rather than stability categories to describe the effects of atmospheric 
stability, and the development of downwash models for dispersion behind buildings, canyon 
models for dispersion of traffic pollution, and models for air movement around hills and 
buildings. 
 
The most important models of this generation, in terms of extent of use are AERMOD (USA, 
and adopted in many other countries) (ref.177), ADMS (UK) (ref.175) and OML (Denmark, 
but in use in many countries) (ref. 176). Many European countries use their own national 
models for regulatory purposes, which use similar theoretical developments. Experimental 
evaluation of these models has shown that with care, predictions of pollutant concentration to 
within a factor of two. This degree of accuracy, however, requires an extensive network of 
wind speed and wind direction monitoring stations, and continuous calculation of the actual 
wind field. Accurate methods of interpolating the wind field between weather stations have 
been developed, which can provide results in (faster than) real time, 
 
In practice, for pollution assessment however, average values of the wind field over a period 
are needed. This means that a large number of wind field calculations must be made, and 
used to calculate pollution fields. These advanced atmospheric dispersion models are almost 
never used for risk analysis work. If the advanced theory is used at all, the input parameters, 
such as Monin Obhukov lengths, are generally calculated from the simple Pasquill 
atmospheric stability categories, and with a simple wind rose. In other words the improved 
accuracy of the advanced methods is unlikely to be fully realised. In particular, most risk 
analyses use just three or five atmospheric stability conditions, which means that the full 
range of actual atmospheric variation is only crudely approximated. 
 
To determine whether the more advanced approaches have any value, a risk analysis was 
carried out using traditional Gaussian plume dispersion, and the advanced model from 
AERMOD. As a light gas dispersion example, evaporation of cryogenic ammonia from a 
pool was used. A standard wind rose was used, translated to a probability distribution of five 
wind speeds, eight wind directions, and three stability conditions. The results are shown in 
figure 8.1. In all it seems that the improvements derived from more advanced models does 
not lead to significant differences for overall risk analysis results. On the other hand, there is 
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no particular reason not to use the more advanced models, since they are equally fast to use, 
and in risk analysis practice use the same input data as traditional models. 
  
A completely separate issue is that the more up to date models allow more precise treatment 
of roughness length and friction velocity. The improvements which can he made have been 
reviewed by Hanna and Britter (ref. 185). Methods have been developed which allow 
roughness lengths to be calculated for areas inside industrial plants, and that these 
calculations have been validated to some extent. This means in practice that reasonably well 
supported calculations can be made for dispersion inside plants. 
 

8.1 Conclusion 

The methods described by Hanna and Britter are currently the best available for QRA 
purposes for light gas releases in industrial environments. Computer fluids dynamics models 
have been developed which can achieve similar performance and which can deal with a much 
wider set of geometries, such as flow round buildings. These are not at present fast enough 
for large scale QRA purposes, but may become so as PC’s with an increasing number of 
processors become available. 
 

Siden du ikke skriver om det betyder luftfugtighed og -temp. nok ikke meget for gasspredning?
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9. Fire 
For risk analysis purposes, calculations of fire must cover a few aspects: 
 

• The size of the fire and the possibility of engulfment of people and equipment in the 
fire itself. 

• the heat transfer from the fire to equipment, and particularly, whether this could lead 
to damage to equipment and fire escalation 

• the heat radiation from the fire, and the degree of injury that this can cause 
  
Models for fire size in a free environment were developed during the 1970 and 1980 s. There 
has been little development in models used in risk analysis since. There has however been 
much development concerning heat transfer from fires to equipment, with the latest 
development being a Joint Industry Project for modelling heat up of process equipment. Ther 
have also been significant developments in pool fire modelling, with two layer models 
developed by UK HSE/Atkins, and more recently by NIST and by Fay. This work is almost 
completely missing from current risk analysis software, although it is beginning to he used in 
offshore risk analyses in a non integrated form. The only problem with this approach is that 
much manual copying is required in order to make integrated analyses. The two layer models 
for pool fire are included in QRA Pro and in the Shell program FRED. 
 
Indoor structural and furnishing fires here long been developed for analysis of domestic fires. 
Some limited research has been carried out to cover warehouse fires, with reasonably 
validated models available. Indoor pool and jet fires are very poorly studied, and reasonably 
accurate analysis at present requires the use of computer fluid dynamics. This is also true of 
calculations for semi confined fires such as these in offshore process modules.  
 
Concerning injury to persons, the UK Health and Safety Laboratory has recently completed a 
definitive review, with strong reference to earlier work by Rew (ref. 196). These reports 
endorse the use of standard models, but underline the need to adopt the "thermal dose" 
approach to calculation of injury, and the use of probit relations to calculate the probability of 
fatality on exposure to heat radiation. Some computer programs currently use this approach, 
notably PHAST. 
 

9.1 Flash fire 

When flammable gas is released under pressure, it mixes with air in a jet. Depending on the 
size and pressure of the release, the jet may transition into a plume. If the gas is then ignited, 
it burns rapidly, forming a flash fire. The burning is intense, and the heat radiation is 
significant, even though the flash fire persists for only a few seconds to a few tens of seconds. 
 
Flash fire modelling was reviewed by Rew, Deaves, Hockey, and Lines, and Rew, Deaves, 
and Maddison (ref. 225 and 226). They note the dependence of fire behaviour on: 

• Fuel type, more active substances burn faster, e.g. propane burns faster than methane. 
• Atmospheric conditions, wind speed can either suppress or enhance burning. 
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• Concentration effects, concentrations above the LEL burn with a diffusion flame 
• Obstructions lead to turbulence and faster burning 

To these features could be added: 
• Cloud or plume size and shape. Large clouds when burning can generate buoyancy 

which lifts the cloud off the ground to form a fire ball. 
 
Models for flash fire have been given by Raj and Emmons (ref. 228), Considine and Grint 
(ref. 227) based on earlier work by USCG, By Fay and Lewis (ref. 229), and by Roberts.  The 
model for the heat intensity and for the fire duration was published by Roberts in 1982 and is 
recommended in the UK HSL report. Note that no model is given for flash fire in the Dutch 
Yellow Book, and the CCPS risk analysis guideline has a rather dismissive half page 
qualitative description, but no model. 
 
When gas is released as liquefied gas, or when vapour evaporates from a pool, there is not so 
much initial mixing with air. The vapour plume section with concentration above the UEL 
may be much larger than the part of the plume between the UEL and LEL. When such a 
plume ignites, the flame gradually burns back through the plume. The flame speed is much 
less than that for a premixed gas air jet. The gas may separate from the ground as a fireball if 
the plume is large enough, but this is much less likely than for a premixed gas cloud or 
plume.  
 
The Roberts model definitely does not apply to these cases with unmixed burning gas. The 
UK Health and Safety Laboratory has recently completed modelling for a flash fire in plume 
(Butler and Royle, 2001, ref. 231) which is partly above the UEL, and carried out a series of 
experiments to validate the model. Since there are very few flash fire modelling reports 
available, the only real possibility of validation is by comparing calculations with the original 
experimental data.  This has been done in table 9.1. 

  
Figure 9.1 Plume calculation for one of the HSL propane releases 
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Model Experiment Mudan 

and Croce 
Thomas Cracknell 

and 
Carsley 

HSL/ 
Atkins 

QRA Pro 

Heat 
intensity at 
16 m from 
the cloud 
kW/m2 

26 (peak) 
12 (average 
over 20 sec) 

20 49 24 26 28 

Table 9.1 Different models of flash fire, compared with experiment. All models re 
implemented for this study 
 

The models generally used in QRA, and implemented in commercial risk assessment 
packages are point source models, giving “heat radiation intensity circles” as a result. The 
circles are generally centred on the release source, though in some cases this will obviously 
be very inaccurate for a plume of flammable gas, where the plume can travel long distances 
before ignition. (The author investigated one case where a plume travelled 4 km. down a 
narrow valley before reaching a cantina, igniting and causing 11 fatalities. This is an extreme 
case, but generally the principle applies that the flash fire can reach far from the release 
source).  The better commercial models operate with a “stand off” distance, placing a fire 
ball, for example, at half the plume length from the release point.  
 
The model of Considine and Grint is calculated in terms of flame height δ and maximum 
cloud width R, giving: 
 

Hf   = 5δ   Flame height 
Rf  = R    Flame width 
Wf  = Hf   Flame thickness 
Tf   = 10   s, flame duration 
 

This model can be used to provide a series of flame sheets, or point sources, as the flame 
burns back along the gas plume, so allowing the total thermal dose to be evaluated. 
 
The models of Cracknell and Carsley, and Rew et al., go a long way to correcting the 
problems of earlier models.  
 
The QRA Pro model reference in table 9.1 is a flamelet model, which uses the flame speeds 
determined by Butler and Royle, 2001 to give the burning rate and heat radiation fraction, and 
uses flame emissivity model like that of Mudan  and Croce to give the heat radiation intensity 
dependency on plume size. 
 
Deeper models suitable for CFD implementation, such as the classic Bray Moss Libby model 
and the coherent flame model have been described, and are used for research, including 
development of simpler models, but these are hardly used at all for risk assessment purposes. 
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9.2 Pool fire 

Pool fires were investigated in the 1960's and 1970's, notably by Thomas (ref. 243) for flame 
height, Heskestad (ref. 256) for burning rate and flame height, Atallah and Raj(ref. 257) , 
Wesson, Brown and Welker (ref. 242) for flame tilt, and that of Moorehouse (ref. 256) for 
flame drag. The models were later evaluated for LNG releases by Mizner and Eyre (ref. 230), 
and were found to agree well with experiment with deviations up to 12% in flame size. For 
indoor fires, the model of Heskestad is most widely used (ref SFPE, NIST). Pritchard and 
binding provided an improved model giving more accurate heights for sooty flames.  
  
A summary of the present status of the work on outdoor pool fires is given by Mudan and 
Croce in the Fire Safety Engineering Manual (the third edition from 2002 gives more 
extensive model descriptions than earlier editions). These models are given in the Dutch 
Yellow Book. There is not much difference between underlying models used in standard risk 
analysis packages but there are differences in the approach taken to the calculation itself. 
Some model use the view factor approach to calculation to calculate heat radiation, some use 
the flamelet calculation approach, which is move powerful, since it can take into account 
more complex flame shapes. 
 
The form of the flame used in risk analysis models is generally either conical or cylindrical. 
In truth, both these model types are fairly gross approximations since the actual form of large 
industrial fool fires is that of a conical flame, with fire balls forming and detaching from the 
tip of the flame. The head radiation from pool fires varies according to the formation of such 
fireballs, corresponding to the often much brighter flame in the fire ball than in the uniform 
cylindrical fire model. (fig 9.2) 
 

     

Flame tilt

Flame drag

Fire ball

separates

 
 
Figure 9.2 Typical tank top fire showing flame drag, tilted conical form, and fire ball  
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Almost all models currently in use in QRA use a tilted cylinder model for calculating heat 
radiation patterns. This is quite obviously incorrect, as can be seen by looking at almost any 
pool fire photograph. The fires are conical, with fire balls leaving the cone, i.e. something 
between a cylinder and a sphere. The error introduced by using a geometrically incorrect form 
does not cause so large an error at a distance as may be expected, because the heat radiation 
emissivity is adjusted so that the model fits experimental data. However, the tilted cone 
model can be dangerously inaccurate at short distances, by neglecting flame drag and 
downdraft on tank fires. These features are important especially for risks during evacuation of 
plant personnel, and for fire fighters. 
 
Flame sag for tank fires (the flame projecting below the tank rim) has been measured to be 
about one third of the flame drag. 
 

  
Figure 9.3 and 9.4, pictures showing conical form of a pool fire, and showing flame drag and 
down draft for a pool fire. 
  
One major uncertainty related to all models is that the soot content, which determines the 
transparency of the flame and hence the heat radiation, needs to be classified. In many models 
a fixed value for the radiated heat fraction is used, the flame is classified as either clear or 
sooty, with a very large difference in heat radiation. With such a crude classification, it is 
difficult to see how any real comparison with experiment can be meaningful. More careful 
modelling is reviewed by Mudan and Croce in the SFPE Fire Protection Engineering 
Handbook. They show emissivities varying with the extent of visible flame and the sooty 
area, and varying with pool diameter. The Shokri and Beyler model is a standard Heskestad 
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model for flame height, a vertical cylinder model for flame form, and flame emissive power 
given by: 
  

E = 58 (10-0.00823 D)  kW/m2 

 
where D is the pool diameter. The model is compared with many experimental results for 
flame surface heat flux, with the model being central to the experimental results, and most 
measured results being within a factor of 2 of the calculated.  
 
Mudan developed a model which reflects the different heat radiation patterns of the lower 
cone, the sooty part of the flame, and fire balls. The emissive power of the bright part of the 
flame is given as 140 kW/m2 and of the smoke as 20 kW/m2. Then the model given in the 
second edition of the SFPE Fire Protection Engineering Handbook gives 20% of the flame 
being soot, and 80% being bright. In the third edition, the model is as follows: 
 
 E = Emax e

-s D + Esmoke (1-e-sD) 
 
Where Emax is the equivalent black body emissive power, 140 kW/m2 
 Esmoke is the smoke emissive power, 20 kW/m2 
 S is the extinction coefficient, 0.12  per m. 
 D is the pool diameter 
 
The two emissivity models approach each other for pool diameters over 16 m. but differ by a 
factor of about 2. Mudan uses the Thomas model for flame height and a tilted cylinder model 
for flame geometry, using the AGA (Attalah and Raj) correlation for flame tilt. 
 
QRA Pro implements the Shokri and Beyler model and the Mudan model, for investigation 
purposes, but uses a  flamelet model, (100 flamelets) for the heat radiation calculation, uses 
the Thomas model for flame height, the AGA model for flame tilt, and the  Moorehouse 
model for flame drag. 
 
One thing is quite obvious from looking at any pool fire. The heat radiation intensity varies 
enormously from base of the flame (may be whitish yellow) to the top (yellow/black). Equally 
obviously, accuracy at short distances requires that this difference is taken into account. The 
Gas Research Institute, British Gas and AD Little carried out tests on LNG pools, finding a 
range of surface heat intensities fro 290 down to 100 kW/m2 in trench fire tests.  
 
Rew and Hulbert reviewed the models currently in use, and compared them with the UK HSE 
model POOLFIRE5, which uses three fire zones, and for POOLFIRE6 which uses a two zone 
model (clear flame and smoke obscured), and uses correlation by Pritchard and Binding for 
the clear flame length. The QRA Pro model used in the tests (VESTA 1) is virtually identical 
to POOLFIRE6, differing only in using a truncated cone plus fireball form for the flame, a 
flamelet approach for the calculation, and a smooth transition from bright to sooty flame. 
 
 Other results from large scale experiments are available in the results from large scale 
experiments by NIST (ref. 218), but these results are subsequent to most publication in the 
risk analysis field, and are hardly reflected in current risk analysis modelling.  
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A more advanced approach to fire modelling is possible using CFD techniques. The Fire 
Dynamics Simulator (FDS) program developed NIST provides a validated calculation 
approach which is robust, provided that the surrounding terrain, buildings and equipment can 
reasonably be represented by rectangular geometry. The author has investigated pool fires 
using this approach, and with colleagues, also using the CFX program. Results show a factor 
2 to 4 variation in flame surface heat intensity.  
 
A very thorough assessment of the available pool fire models was made by Rew and Hulbert 
for the UK HSE. They note that observations indicate that flames are ovoid in shape, but 
nevertheless use a cylindrical model. The burning rate model preferred by them is based on 
the work of Burgess and Hertzberg. Pool size is given by the pool boundary or the burning 
rate mass balance method, as is logical for all but the early stages of fire, when a running fire 
model would be more appropriate. Following the work of Cowley and Johnson, they use the 
Thomas model for the height of non sooty flames, and investigate the Pritchard and Binding 
model for a range of flames, preferring the Thomas model for general use. They develop a 
new model for flame tilt, a least squares fit to available data. The Moorehouse/Mudan and 
Croce model is used to calculate flame drag. They also provide a “flame sag” model for tank 
fires. The main difference between these models and those use in the original QRA Pro are 
largely the choice of flame shape. 
 
The most important new feature arising from the review by Rew and Hulbert is the 
introduction of two layers to the flame, a low bright flame (about 30% of flame height) and 
an upper sooty flame. The work of Pritchard and Binding is used for this. Emissive powers 
for the clear and smoky parts of the flame are tabulated for different fuel types. Validation 
data are given for all aspects of the model. 
 
This approach was found to give significantly increased distances to the radiation limit.   
 
In all, the Rew and Hulbert model draws on newer studies than earlier published methods 
such as the Yellow Book or the original QRA pro. This model was therefore implemented. A 
comparison of different models is given in figure    
 
Conclusion: The simple models such as point source or cylindrical flame given in references 
such as the CCPS guide or the Dutch Yellow Book are adequate for off site risk analyses, but 
are not accurate at distances less than one pool diameter. Analytic models are good enough 
for near field assessments provided that the full range of phenomena of flame tilt, flame drag, 
flame sag, varying heat radiation intensity, and the formation of fire balls is taken into 
account. Current commercial consequence assessment programs do this only to a limited 
extent. 
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Figure 9.5 Comparison of the model of Rew and Hulbert (left), with that of Shokri and Beyler 
(right), crude oil tank fire. 
 

   
Figure 9.6 The model of Rew and Hulbert but with conical flame (left) and without flame 
drag (right) 
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Figure 9.10 Downwind distances to radiation levels for different models.  
 
As can be seen the differences in models can cause differences of up to 32% in downwind 
hazard distances, with error largest for the models which do not take account of flame drag. 
In many QRA studies, an error of just 32% would be regarded as good performance, but in 
this case, tank spacing in tank farms, and the fire service response to fires, depends critically 
on these distances. A 32% error, particularly an underestimate, could make the difference 
between no and full tankk farm fire escalation, and could make the difference between a safe 
and a fatal fire fighting effort. 
 
Fossa and Tanda carried out similar comparative studies to the one above (ref. 265). Their 
comparisons were repeated here. The results are shown in figure 9.11.  
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Figure 9.11 Comparison studies of Fossa and Tanda for JP4 and LNG pool fires 
 
As can be seen from the comparison the Rew and Hulbert model tends to overestimate heat 
radiation intensity by about 25% at distances of one pool diameter, and to err by only a very 
small factor at larger distances. The overestimation may indeed be an artefact of the 
experimental process because many of the observations made on pool fire radiation are made 
using wide angle radiometers. 
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The model of Rew and Hulbert is considered the best validated against experiment. 
 
Some further comparison of models illustrates this. Fossa and Tanda (ref.1 ) made a 
systematic comparison between models and available published pool fire experiments, 
comparing them with a number of models: 

TNO Yellow book 
NRC 
SFPE (Mudan and Croce) 
UK HSE 

The first direct evaluation of the models compared heat radiation levels at five times the pool 
diameter. Results are given in figure 9.12 

 
Figure 9.12 Results of Fossa and Tanda 
 
As can be seen, the TNO Model only correlates with experiment to any good degree for heat 
radiation up to about 0.5 kW/m2, which will usually be far from the distance of interest 
(typically 1.5 to 37.5 kW/m2). Much worse is that the deviation is non conservative, which 
could result in dangerous decisions in safety engineering and emergency planning. The 

Delete!



 

 

���������
����������	����
��
�
�������������

������������������ � � � � � � � � � 66�

deviation at the important 3 kW distance is by a factor 3, and seems to be increasing with 
increasing radiation levels.  The NRC model seems conservative, but with a rather large 
deviation from experiment, of up to a factor 2, which would make its use difficult in many 
engineering applications.  The SFPE model performs well at radiation levels up to about 2 
kW, but the performance seems to fall away above this level. Four points indicate this trend. 
The UK HSE model seems to perform well over the full range of radiation levels. 
Fossa and Tanda calculated the average overestimation factor for models: 
 

 
This indicates an error of about 5% for the HSE and NRC models, but a relatively large 
uncertainty for the NRC model, indicating some factors of pool fires which are not well 
captured by the model. 
 
The same evaluation was made for the QRA Pro pool fire model. This is based on the UK 
HSE model, but used a flamelet implementation for calculation of heat radiation in which the 
flame is divided into 200 small flames. This allows for modelling of different forms of heat 
shielding and the use of water curtains, which are difficult to account for with analytic 
formulae for view factors. 
 
The  UK HSE report describes several alternative flame forms. The cylindrical model is 
shown in figure 2. This model seems to systematically overestimate heat radiation, with 
increasing deviation as the radiation level increases 
 
Figure 3 shows the results for a conical flame model. This also overestimates heat radiation 
by a factor which increases with increasing radiation level 
Figure 4 shows the results for a truncated cone model, which corresponds reasonably to the 
photographed shape of typical large fires. The results show a small and almost constant 
overestimate. 
 
The overestimation factor for the different models is shown in table 2. 
Model Cylindrical flame Conical flame Truncated cone flame 
Overestimation 
factor 

1.19 1.11 1.03 

Table 9.3 overestimation of heat radiation  
 
With only a 3% overestimate, it seems that the truncated cone model is much to be preferred. 
Note that this is an average overestimate over a range of experiments.  Caution: This level of 

overestimation is an average over all of the experiments studied. Following the law of 
large numbers, average error will be small provided that the number of tests is large 
and there is no bias. Any particular calculation may deviate from the average by a 
larger factor. However, inspection of figure 4 indicates that the maximum error is about 
50% and the variance less than 20% 

.
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A comparison of geometric mean bias and gometric variance are shown for two of the models 
in figure 9.13 
 

 
Figure 9.13 Gometric mean bias and Geometric variance for two pool fire models. 
 
Fossa and Tanda also made more limited studies of the radiation profile as a function of 
distance, using results of Hagglund and Persson, (ref 379)  and of Johnson. The results are 
shown in figures 5 and 6. Figure 7 shows the corresponding result for QRA Pro. As noted by 
Fossa and Tanda, The HSE model overestimates heat radiation at distances less than 1 pool 
diameter, by as much as 50%, but follows the experimental data quite closely at above one 
pool diameter. The results are very sensitive to the estimate of flame surface emissive power. 
Other models seem to be inaccurate by about 50% at distances above on pool diameter, 
overestimating heat radiation (with the exception of the TNO model, which underestimates 
by about a factor of 2). 
 
The discrepancy between the UK HSE model and the Hagglund and Person results at less 
than one pool diameter may be one of definition, since the radiometers were directed 
horizontally in the experiments, whereas the QRA Pro model assumes the worst case 
orientation of the “target”. If this correction is made the curves in figure 8 become very close 
over the range of the experimental results (actually too close, the closeness is probably 
accidental since the experimental uncertainties should be at least of the order 10%. 
 
McGrattan, Baum and Hamins (ref 380) developed a model based on extensive 
experimentation. They show where the weaknesses lie in some of the earlier models. More 
importantly, they show how the radiation intensity at the fire surface tends to a constant value  

.

Figurnumre inkorrekte
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for pool fires above 20 m. in diameter (which implies that the radiated fraction of heat falls). 
This is not taken into account in any of the models studied here. 
 
 
 

9.3 Jet fire 

Jet fires occur when flammable liquid or gas are ejected from a hole and ignite. Jet fires can 
be very intense, with heat radiation maxima of up to 350 kW/m2 of heat radiation and up to 
1.5 MW/m2 of heat transfer recorded in some experiments on impinging jet flames. Large gas 
jet fires will generally be short lived in a process plant, because the inventory is lost through 
the hole very quickly (figure 9.14 to 9.18). As can be seen, the dynamics of the release case 
are important. By contrast, long gas pipelines can sustain very large jet fires for a long time 
(figure 9.19). In all cases, it is clear from the examples that dynamics of the releases need to 
be taken into account. A reasonable set of jet fire size cases might be: 
 

• The initial jet flame size, to take account of direct impingement on persons 
• The size of the radiation zone at 5 to 10 seconds, to take account of the effect of 

intense heat radiation on persons (assuming that most employees should be able to 
shelter behind equipment within 20 seconds) 

• The size of the heat radiation zone at 20 to 30 seconds, to take into account the 
possibility of not being able to self evacuate 

• The size of the jet flame at 3 to 4 minutes, to take into account the possibilities of 
domino effects on equipment. 

• The size of the 32 kW/m2 area under “stable conditions”, to take into account tank 
ignitions 
 

These values are obviously “typical” and would need to be tuned for different release sizes. A 
self tuning algorithm was implemented for QRA pro, which takes into account self 
evacuation and domino effects.  
 
Several jet fire models are available that of Kalghati (ref. 209), and that of the present author, 
that of Cook, and a recent one by Cracknell, Davenport and Carsley (ref.234).  All use 
momentum jet theory and assume rapid combustion of the air entering the turbulent jet. The 
models are compared in figures 9.17. The models were implemented in QRA Pro. 
 
Extensive study has been made of jet fires as a background to the fire and blast group 
guidelines (ref. 262), to UK HSE regulation, and to Norwegian guidelines for offshore 
installations. One of the most important sets of experiments in this area of modelling, is that 
of the BFETS series (blast and fire effects on topside structures), with results reported in a 
series of reports (ref. 324). 
 
 The models all seem to be reasonably close for gas jet fire sizes. The main factors for choice 
seem to be whether the models can calculate for both gases, two phase and liquid releases. 
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For jet fires, a plot plan analysis, or even better, a three dimensional analysis, are much to be 
preferred. Phil Cleaver, Ann Halford and Clive Robinson of Advantica, in a company article 
Analysing high consequence, low frequency accidents showed that in a fairly typical scenario, 
the use of more precise geometry for jet fires could give a factor 40 difference in the average 
number of casualties. The reason for this is that the high heat radiation zone for a jet fire 
follows the direction of the jet, and can be much narrower that the hazard circle which gives 
the maximum distance for damage. 

 
Figure 9.14 Gas release from a 4 inch hole in a large depropaniser overhead line 

           
Figure 9.15 Jet fire sizes for the 4 inch hole at initial release and at 300 seconds 

 
Figure 9.16 Gas release from a 16 inch hole in a large depropaniser overhead line 
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Figure 9.17 Jet fire sizes for the 16 inch hole at initial release and at 60 seconds 

 
Figure 9.18, Dynamics of the release from a 10 inch natural gas pipeline, 30 km long 
 

  
 Flame length 88 m.     Flame length 45 m. 
 
Figure 9.19 Jet fire sizes for the 10 inch pipe rupture at initial release and at 600 seconds 
 
One of the best documented models for jet fire is that developed by Shell, starting with the 
work of Kalghati (ref. 252). A comparison between the Shell model as implemented in the 
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package FRED, and the QRA Pro model developed by the present author (ref. 264) was 
made. Results for crude oil fires are given here. As can be seen, the models agree to within 
10%, with the radiation dependency on distance overlapping, being larger for larger distances 
with the QRA Pro model. 
 
This degree of consistency (better than 20%) is comparable with the best consequence 
models. 
 

   
 
Figure 9.20, comparison of jet fire models, Chamberlain (Shell FRED package) and Taylor 
(QRA Pro package) 
 
 
 FRED QRA Pro Experiment 

Lowesmith et al guidance 
Hole 
size 

Mass 
release 

rate 
kg/s 

Flame 
length 

m. 

Distance 
to 32 

kW/m2 

Mass 
release 

rate 
kg/s 

Flame 
length 

m. 

Distance 
to 32 

kW/m2 

Flame length 
m. 

Deviation 
FRED 

(Chamberlain 
model) 

Deviation 
QRA Pro 

0.13 
mm 

4.878 23.9 32 5.01 22.6 28.9 25 4.4% 9.6% 

1 
inch 

17.33 39.68 51 17.4 35.8 53 45 12% 20% 

4 
inch 

288.6 122.2 136 288 141 145 154 
(extrapolated) 

21% 8% 

Table 9.4. Comparison of flame lengths and radiation distances for two calculation methods. 
 
Heat radiation from jet fires has been studied both theoretically and experimentally. B. J. 
Lowesmith, G. Hankinson, M. R. Acton and G. Chamberlain summarise data from a large 
number and wide range of experiments (ref. 222), with radiated heat fractions varying from 
14% for natural gas to 40% for crude oil (fractions vary according to the brightness of the 
flame though note that ammonia has an anomalously high radiation fraction). There are other 
data sets available for validation of jet fire models, but those given by this study are 
comprehensive. Note that in their rules of thumb guidance, Lowesmith et al. give a maximum 
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jet length of 60 m. (which does not accord with observations from the worst accidents with 
flames up to 150 m. in length from large high pressure natural gas pipelines). 
 
The QRA Pro model was used in part of the investigation of a serious accident on the 
Caracas/Valencia highway, in which a 10 inch 80 bar natural gas pipeline running alongside 
the highway was ruptured by a backhoe (1994). Photographs of the damage allowed the jet 
impingement on cars to be distinguished from heat radiation damage. The prediction for jet 
size was between 3 and 8% higher than that observed in the accident.  
 
 

9.4 Indoor fires 

Indoor fires are only very cursorily dealt with in the risk analysis literature, and where 
commercial risk analysis packages provide facilities, they seem to concentrate on outdoor 
consequences rather than indoor e.g. the effects of toxic smoke on neighbours. Indoor fires, 
though, are important for employee and asset safety in the fine chemicals industry, and for 
warehousing. 
 
 Indoor fires are well treated in the fire engineering and nuclear safety literature. Three types 
of models are available, analytic models, zone models, and computer fluid dynamics. A 
definitive set of validation trials has been made for industrial context by a consortium with 
USNRC and EPRI (NUREG-1824)   . The analytical models are those provided in the 
collection FIRE DYNAMICS TOOLS, (USNRC), CFAST (NIST), and FDS (NIST). The 
analytic models were found to be unreliable particularly for smoke temperature. The criterion 
for accuracy applied were much tighter, however than is usual for risk analysis  
 
The comparisons show fairly good agreement between experimental results and the CFAST 
and FDS programs. The simpler spreadsheet based models of Fire Dynamics Tools, and 
similar semi empirical individual phenomenon models show fairly large errors when 
compared with experiment. For chemical warehouse fires, the only published program which 
gave reasonable agreement with experiment. For the present study, a large series of FDS 
simulations were made (each takes about one day) and “empirical” equations fitted to the 
calculations fitted to the FDS results.  
 

9.5 BLEVE models 

There are several models of BLEVE, all of them simple empirical relations giving fire ball 
size and duration. There has been much discussion about which is "best", because the 
resulting safety distances can be critical for land use planning. The preferred model is that of 
Roberts, adopted by UK HSE for their RISKAT package. A comparison of models is given in 
table 9.5. All of these are implemented in QRA Pro. 
 
Heat radiation levels from the fire ball surface are critical, and are actually more important 
than the differences between the ball size models. Standard empirical values, which are in 
fact estimates, are generally used. The recent work of Birk provides the most authoritative 
approach to determining BLEVE effects and distances, being based on a long series of well 

Environmental effects and loss of profits must be menthioned here!

.
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controlled experiments, but this work is seldom used in risk analysis outside of Canada and 
USA. Several calculations for time to BLEVE, fire ball size and duration, and heat radiation 
were implemented and were compared with the extensive experimental work of Birk (ref. 330 
to 331). 
 

9.6 Conclusions 

The point source models currently widely used for flash fire calculations in QRA’s are 
dangerously misleading, by not taking into account the travel of vapour or gas plumes prior to 
ignition. The error can be as much as a factor of 200, as evidenced by actual accident 
experience!  
 
The models most widely used for pool fire using cylindrical fire models and geometric view 
factor calculations are well tuned to experimental data, and reasonably accurate at distances 
over 3 pool diameters. The pool fire models typically used in QRA are quite poor at short 
distances (1 to 1.5 tank diameters), and could be dangerous for calculations intended for 
domino effect evaluation in plant risk studies, pre fire planning, and fire emergency support. 
The deviation from experimentally determined distances for critical radiation intensity can be 
up to 30%. The model developed by Rew et al. for UK HSE is much preferred. 
 
The models for jet fires used in QRA and implemented in commercial QRA packages are 
largely based on straight jets, but seem nevertheless reasonably accurate for free jet cases 
arising from low pressure releases. Flamelet type models follow the actual path of flames as 
observed in accidents and are more accurate for realistic plant situations. They can also take 
factors such as impingement on the ground into account.  
  
Indoor fire modelling is a field which is well developed, with accurate models, but 
commercial QRA practice very rarely takes these into account, even for studies such as 
chemical warehouses. It is recommended that risk analysts look outside their own field, to 
that of fire protection engineering, to find appropriate models. 
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10. Explosion 

10.1 Unconfined explosions 

 
Traditionally vapour cloud explosions consequences were calculated using adopted military 
TNT equivalence methods. These are still used, for example in the US RMP collection set, 
and in ALOHA. The methods require some modification from the original TNT and military 
explosive applications because the explosion pressure inside the cloud is limited. 
Additionally, the form of the pressure waves from a gas cloud differ in form from those from 
solid explosives. The classic TNT equivalence curves were developed by Kingery and 
Bulmash. Houwelling (ref. 339) developed generalised equations fitted to observations for 
gas, solid and pressure vessel rupture explosions. The methods rely on estimating the total 
energy of combustion of the gas in the cloud between the explosion limits. A CCPS guideline 
is available which describes methods for estimating the amount of gas in the cloud.  
 
Experiments in the 1980’s showed that the total gas amount in a cloud was not the relevant 
parameter in determining explosion sizes, but rather, the gas amount in a congested area. 
Congestion in this case means an area containing many pipes, vessels, and platforms. 
Experiments (refs 336, 337.339, 340, 341 ) showed that with a gas cloud burning in a 
congested area, the peak pressure would rise, but would actually fall again once the gas 
within the congested area was consumed and the flame passed into the part of the cloud 
outside the congested area. Any method calculating explosion pressures based on the total 
mass of gas in a cloud or plume will therefore be inaccurate.  
 
The multi energy method was developed by TNO (ref 300) to describe this situation. It 
calculates the explosion energy of gas within the congested areas of a process plant, and 
estimates explosion pressure on the basis of this amount. In its original form the multi energy 
method required extensive judgement on the part of the analyst to select gas activity and 
congestion parameters. This problem was solved by the performance of a series of full scale 
experiments, in the GAME (ref. 300), GAMES(ref. 301), and RIGOS projects (ref. 302), 
which developed empirical relations for the rate of flame acceleration, which in turn gives 
peak explosive pressure and the time of burning. 
 
The multi energy model, with the GAMES guidelines for establishing the input parameters, 
currently represents the approach best supported by experiment. An alternative model, by 
Baker and Strehlow, uses similar concepts to those of Mercx and van den Berg, but specify 
flame speeds based on a qualitative judgement of congestion. The model is limited in a way, 
because it requires classification of congestion into nine classes, rather than calculation of 
parameters with a continuous range of values. Nevertheless, it provides comparable results to 
the TNO method. 
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10.2 A Case Study of UVCE models 

The BEEK propylene release explosion test case was chosen for this evaluation, since the size 
of the gas cloud for this fairly well documented. 
 
The simplest models to use for a case of this kind are the TNT equivalence types. Four such 
models were used, the models in the commercial packages CIRRUS and PHAST, that in the 
CCPS book “Guideline for Chemical Plant Quantitative Risk Assessment”, and the model by 
Houwelling (ref. 339) as implemented by QRA Pro. These models are very convenient for 
use in large scale QRA (those with many thousands of release scenarios) because there is no 
need to input the plant geometry of all the equipments in the plant or to take these into 
account in each calculation. All that is needed is the mass of flammable material in the cloud.  
 
In spite of the simplicity of the TNT equivalence models, there are considerable differences in 
the results from different implementations. The calculations of energy and pressure/distance 
scaling are identical in all cases. The differences arise in the need to determine an “explosion 
efficiency” factor for gas explosions versus TNT, and determining the fall off in pressure 
with distance. This explosion efficiency factor is given in the literature as varying between 
0.03 and 0.2 i.e. a variation factor of about 7. A factor of 10% is usually used e.g. it is the 
specified value in the US RMP guidelines. It was not always clear in the commercial 
programs which efficiency value was being used, and one had the value fixed at 20%. The 
Houwelling model does not need to assume an explosion efficiency, since it gives pressure 
distance curves based directly on gas explosions. 
 
The most authoritative explosion pressure distance curves are those of Kingery – Bulmash 
(ref.334) with a long series of instrumented explosions tests. These are used in many 
commercial implementations of TNT equivalence. The Kingery – Bulmash pressure distance 
curves are widely accepted for TNT on over 300 experiments. However Kingery himself has 
provided an updated relationship (ref.335) which provides a better fit to experiment. It gives 
peak pressures which are about twice as large for large distances, being nearly identical to the 
original Kingery – Bulmash curves at short distances (figure 1).  
 

 
Figure 10.1 TNT equivalence pressure distance  curves  

from Kingery-Bulmash(ref. 334) and from Kingery (ref. 335 ) 
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The data fitting formulae are different in the different implementations used in QRA Pro, 
PHAST, and the CCPS model, as determined by carrying out calculations with the actual 
program, and then replotting against Sachs scaled distance (r/ (E1/3/P0)) 
 
The TNT equivalence models are based on the concept of the entire cloud exploding. As 
described above, since the mid 1980´s it has been known that UVCES involves only the gas 
in the “congested area” with a high density of vessels and piping. Logically, the mass of gas 
in the congested area should therefore be used as the mass in the TNT equivalence model. 
However, it is not known to what extent the “explosion efficiency” factor already takes this 
effect into account. Examination of the original papers in which explosion efficiency values 
were assessed indicates that the “efficiency factor” certainly involves the “degree of 
congestion” factor, but the data available are insufficient to determine the extent to which this 
accounts for the whole of the explosion efficiency. Harris and Wickens (ref. 338) gives a 
version of the TNT equivalence method, but with the mass considered as the mass in the 
congested area. The explosion efficiency is accordingly increased (to 20%). 
 
In fact, the TNT equivalence type models are not consistent with present day knowledge 
about unconfined and semi confined explosions. The only justification for using TNT 
equivalence models is their simplicity, which allows large scale QRA’s to the completed with 
lower cost for data entry. 
 
Houwelling developed a model, similar in style to the TNT equivalence models (ref.339), but 
basing the pressure distance curves on data from UVCE incident investigations. The model 
also takes the degree of congestion and the reactivity of the gas into account. This can be 
regarded as a transitional model between the TNT equivalence and the later 
phenomenological methods. As will be seen, it performs well in comparisons with actual 
accidents. 
 
The published models which do take congestion and turbulence in the burning cloud into 
account are the multi energy model, the Baker-Strehlow version of the multi energy model, 
the modification of this to the Baker-Strehlow-Tang model the GAME adaptation of the multi 
-energy model (ME), and the Cates and Puttock series of models (ref.341 to 342). 
 
The ME model defines areas of congestion, degree of congestion, and congested volume. On 
this bases, and “explosion strength” factor is estimated, based on the user’s experience (with 
comment such as “in congested area “use 9” in one guide or “use 7” in another. The lack of 
guidance effectively means that the user must use worst case assumptions. 
 
The GAME model is effectively the ME model, but with parameters determined through a 
series of semi scaled experiments. The input parameters are the mass/explosion energy in the 
congested area, to determine the pressure scaling, and a formula based on flame acceleration 
to determine the peak pressure, as follows.  
 
The GAME method does not require judgements; all the inputs can be objectively derived. 
The Baker-Strehlow model is similar in approach to the GAME model. It is a little more 
explicit in its assumptions in that it estimates a “flame speed” based on the geometry (1, 2 or 

.
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3D), the reactivity of the gases (low, medium, and high) and the degree of congestion (low, 
medium, and high). The method does not require judgements, because the guidance in setting 
parameters is explicit. 
 
For the test case the Baker-Strehlow model was used as stated in the original paper, together 
with a series of sensitivity calculations which show the degree to which the results vary 
depending on the high/medium/low choice for degree of congestion. As can be seen, 
pressures vary by a factor 20, depending on choice, implying an average methodological error 
of a factor 4 depending on where in the congestion range the actual degree of congestion lies.  
 
This is a low degree of accuracy for engineering design calculations, but at least it is better 
than the (effectively) worst case calculations of the original ME method. 
 
The original model by Cates, give a method similar to that of Baker-Strehlow, with slightly 
more differentiated classification of the degree of congestion the developments by Puttock in 
the CAM and SCOPE  methods (see section 10.4) give a major improvement, allowing 
continuous value parameterisation of the degree of congestion.  
 
The CAM2 model (ref.340, 342) is currently the most sophisticated of the analytic/empirical 
models for unconfined vapour cloud explosion. The model provides empirical correlations, 
based on a large number of experimental sources, but especially BFETS (ref. 265) is taken 
into account: 
 

• Dimensions of the congested area in x, y and z dimensions 
• Number of obstacle layers that the flame passes 
• The area blockage ratio in each direction 
• A complexity factor, to account for the degree of turbulence creating detail in the 

plant – bolts, instrument piping, drains, valves etc. as compared with an experimental 
situation 

• Fuel factor to account for reactivity 
• Expansion ratio for the gases as a result of burning (with tabulated values) 
• Sharpness of edges of obstacles 

 
Puttock points out a weakness of all the simple models of semi confined explosion. That is, 
the initial overpressure grows without limit at high levels of reactivity and congestion. In fact, 
the maximum that can be achieved for a fully enclosed burning cloud of hydrocarbon is about 
8 bar. The error in the modelling is the assumption that flame speed will accelerate 
continuously through the cloud due to continuing speed of flow and the resulting increase in 
turbulence. In fact, the pressure build up ahead of the flame limits the flow velocity. Puttock 
compensates for this by calculating a “severity”, and relating this empirically to the pressure. 
 
Despite the sophistication of the CAM2 model, the choice of the complexity factor (in 
practice a factor of 4 for typical industrial situations, means that the model is not able to adapt 
to the full range of variation in actual plant. It does take single zone empirical modelling 
almost as far as it can go, however, with the available full scale experimental data. There is 
one other practical weakness; it is a single zone model, so that when calculating for a 
congested area, a choice must be made as to whether the worst case value for parameters such 
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as area blockage ratio should be used, or an average. This can be quite difficult for a risk 
analyst, and really requires deep understanding of the model, and a degree of sensitivity 
analysis for each scenario. (In other words, it is preferable to have data from an actual 
experiment or accident to confirm the result). As part of the present project, experiments were 
made using multi zone models, each of the CAM2 type, and using the results from the 
RIGOS experiments and CFD calculations to help understand the way in which burning 
propagates between congested regions. These are described elsewhere. 
 
The various features of the different models are given in table 10.1. 
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Model Fuel mass 

used 
Reactivity of 
gas 

Geometry Congestion 
parameter 

Obstacle 
diameter 

Run up 
distance 

Default values 
used 

TNT 
equivalence 

Mass in plume  3D only None None  10% or 20% 
efficiency 
usually used 

Houwelling Mass in plume Calculated 
from molecular 
composition 

3D only Estimate None  None needed 

Multi energy Min(mass in 
plume, mass in 
congested 
area) 

Estimated 
“strength” of 
explosion, 1 to 
10 

2 or 3D Included in 
estimated 
“strength” 

None  Default 
strength, 7,8, 
9 or 10 

Baker 
Strehlow 

Min(mass in 
plume 

High/Medium, 
Low 

1, 2 or 3D High/medium/low 
judgement 

None   

GAME Min(mass in 
plume, size of 
congested 
volume) 

Laminar 
burning 
velocity 

2 or 3D Volume blockage 
ratio 

Dominant 
obstacle 
diameter 

Longest 
dimension in 
congested area 

Not needed 

CAM2 Min(mass in 
plume, size of 
congested 
volume) 

Laminar 
burning 
velocity 

2 or 3D Area blockage 
ratio 

Dominant 
obstacle 
diameter, 
Complexity 

Longest 
dimension in 
congested area 

Not needed 

QRA Pro 
preferred 
(CAM 2 
based) 

Mass of plume 
in congested 
volume 

Laminar 
burning 
velocity 

2 or 3D Area blockage 
ratio 

Dominant 
obstacle 
diameter 

Longest 
dimension in 
the part of the 
plume in 
congested area 

Not needed 

Table 10.1 Features of analytic/ empirical models used for QRA
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10.3 Determining cloud size 

For all of the models, there is a question of how to derive the actual volume of gas 
contributing to the explosion. CCPS has written an entire book dedicated to this issue (ref. 
344 ). Most models give: 
 

Volexplosive = Min (Volcloud, VolCongested area) 
 

CCPS gives a number of possibilities for determining flammable mass in the congested area  
(Figure 10.6) as: 

1. Volcloud 
2. VolCongested area 
3. Min (Volcloud, VolCongested area) 
4. Volume of the cloud which is in the congested area 

 
It is obvious that logically, only the last of these possibilities can approach accuracy, since 
case 3 of the figure 10-6 is the most common case. 
 

1 2 3

 
 
Figure 10.6 Different cases for gas cloud or plume congestion 
 
An implementation was made in QRA Pro for approach 4 estimating the flammable mass in 
the congested area as accurately as possible. The implementation requires the user to draw the 
congested areas in the plot plan and to specify the degree of congestion in terms of the 
number of rows of obstacles, their diameter, and the blockage ratio. After this, the flammable 
mass is calculated by the dispersion program (Cox Carpenter, HG System or SLAB based). 
The various explosion calculation programs then use the “accurate” mass and the congestion 
parameters. The “longest flame path”, used in the GAME and the Puttock models is then 
determined as the longest path in the part of the gas plume in the congested area. Results can 
vary by as much as a factor of 10 for medium and large hole releases within typical practical 
scenarios, according to which approach is used. 
 
The main problem with this approach is that is requires explosion calculations to take into 
account wind direction as well as wind speed and atmospheric stability. This gives an eight or 
twelve fold increase in computation for the explosions. This can require a few hours on a PC 
for a typical refinery or gas treatment plant and a complete day for a large LNG plant with 
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1000 vessels (4 release hole sizes, three dynamic conditions, two hole locations on a pipe, 
three wind speeds and three atmospheric stability conditions. 
 

10.4 Model evaluation in a risk analysis context 

Jiang Liu and Kim evaluated a number of models which can be used practically in risk 
assessment, against estimated overpressures for two accidents, that of Flixborough and La 
Mede. Results are shown in figures 10-1 and 10.2.These studies have been extended 
  

 
Figure 10.1 Comparison between model predictions and observation, Flixborough  

(based on study of Jiang, Liu, Kim) 
 

For the Flixborough incident, the CAM2 model gives the best agreement with observation 
 

  
Figure 10.2 Comparison between model predictions and observation, La Mede 

(base on study of Jiang, Liu, Kim) 
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Figure 10.3 Pressure distance curves for the Beek incident, log-linear scales, with two 

pressure obsevations based on explosion damage. 
 
As can be seen, the multi energy model gives a result which accords with observations 
(which, for accident conditions, are necessarily uncertain) to within better than a factor of 2.  
 
The TNT equivalence model should never be used within the gas cloud on theoretical 
grounds alone, but actually begins to diverge quite widely from observations at distances of 
about twice the cloud radius. The TNT equivalence model agrees reasonably with the 
observations for the la Mede case, better than a factor 2. The deviation between the Multi 
Energy model and observations is less than 30%, which must to some extent be fortuitous, 
because the method does not allow the model parameters to be set this accurately. The CAM 
model agrees well with the observations at distances up to 500 m, but is not as good as the 
ME model at larger distances for this case. 
 
The Multi-Energy and Baker Strehlow methods require the analyst to make parameter 
judgements for each explosion scenario. These parameters have discrete values. (Actually 
high, medium and low) which means that the results can never be more accurate than the 
choices which are forced by the method. This applies even if the choices are made accurately. 
 
Figures 10.4 and 10.5 show sensitivities to parameters which must be estimated for the ME 
and Baker Strehlow methods. As can be seen, the methods can at best be accurate to within a 
factor of 2.5 at short distances and more typically to within a factor of 5. 
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Figure 10.4 Multi energy method sensitivity to choice of explosion intensity factor (level 8, 9 

and 10 almost identical at > 30 m, 7 to 8 gives a factor 3 difference 
 

 
Figure 10.5 Baker Strehlow method sensitivity to choice of explosion intensity factor. 

Medium to high gives a fafactor 8 difference. 
 
At present the CAM2, GAME and the Houwelling models seem to offer the highest degree of 
achievable accuracy and the greatest degree of validation, based on figure 10.1 to10.3. 
However note that the models are sensitive to the data used for the degree of congestion, and 
there is no real guarantee that in other cases, the best agreement would be achieved by 
different models. It is obvious that if a model such as TNT equivalence gives a good 
agreement for a low congestion case, it cannot give a good agreement for high congestion 
unless an arbitrary “high efficiency” factor is introduced, since congestion is not a parameter 
of the model. From this point of view the GAME and CAM models will be the most flexible 
as they take more parameters into account. However they require more work during a QRA to 
derive the input parameters, and are hardly practical for large scale analyses with thousands 
of scenarios, unless the plant layout is provided and the congested area geometry is derived 
automatically. Providing a 3D plant layout is in itself a significant additional task within the 
context of a risk analysis. 
 
Perhaps the most important weakness of the models currently used for QRA are that they 
assume that the explosion is circular/hemispherical. This assumption conflicts directly  with 
the physical model concept underlying the models. The flame speed should increase, and the 
pressure likewise, as the flame rips through the congested area. On the basis of the RIGOS 
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experiments it is known that the pressure will fall as the flame passes outside the congested 
area. This means that the peak pressure will be at one end of the congested area and will fall 
outside it, the pressure footprint will therefore be elongated.  
 
Figure 10.6 shows an extreme case of this, for the Buncefield fire, where the congested area 
(trees) was extremely elongated. The calculation was made with the congestion assessment 
method of Puttock, modified as a multi compartment model, and represents an effort to match 
the observed pressure i.e. is fitted to the data by moving the focus of the explosion. The 
results are reasonably satisfactory quantitatively for some parts of the explosion but, not 
surprisingly, do not match in terms of the shape of the observed pressure field.  

 
 
Figure 10.6 A pressure calculation compared with the pressure field derived from forensic 
studies,  The Buncefield Incident 11 December 2005, The final report of the Major Incident 
Investigation Board, Volume 2. 
 
For this study, a modelling based on the congestion assessment method, but using the peak 
pressure at each point in the flame run up, using the RIGOS formulae for pressure fall off at 
the sides of the congested area, and calculating standard long distance pressure fall off using 
the sonic pressure wave theory of Strehlow et al.  This approach is consistent with what is 
physically known about unconfined explosions, but it must be pointed out that the method is 
not capable of dealing with all the complexities of the explosion, particularly the local 
transitions to detonation. The model simply does not include this. 
 
What the example does show is that it is not necessary always to accept circular accident 
patterns. A UVCE in a petrochemical plant pipe tunnel for example will be elongated. 
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10.5 Energetic ignition sources 

Gas clouds burning in a congested area do not represent the only cause of unconfined vapour 
cloud explosions. An explosion occurring inside a building or an enclosure such as a culvert 
or column skirt can cause an intense jet of gas, and this can cause enough turbulence outside 
the enclosure to ensure flame acceleration above about 50 m/s. Once flames have reached 
roughly this speed, they can continue to accelerate. Only limited experimental data are 
available for this kind of explosion at present overall, but good CFD simulations exist for 
confined explosions and their external venting, with experimental confirmation.  
 
There are well documented examples of actual accidents, which can be used for confirmation 
of models with this effect. One is the hexane UVCE at the Dansk Soyakage explosion, 
Copenhagen in 1982, and the propane explosion in Gothenburg in 1984. The DS explosion 
generated overpressures which are estimated, from the evidence of resultant damage, of about 
0.1 bar. Figure 10.7 shows the results from different models applied to this case. The 
experimental and modelling work of Rogstadkjernet seems to provide some of the answers to 
calculation of such cases. Practical consequence calculations for this type if incident have 
been made by Groupe de Travail Dépôts Liquides Inflammables, in UVCE dans un dépôt de 

liquides inflammables. Comments by the Buncefield Advisory Group concerning 
overpressures indicate that there is still much to learn about this kind of explosion however.  
 

 
Figure 10.7 Overpressure calculations for the Dansk Sojakage explosion 

Circles are pressures as estimated from damage. 
 

As can be seen, none of the models are especially good for the DS case. The Houwelling and 
the TNT equivalence model overestimate pressures  at short distances when compared with 
the estimates from the observed damage. The multi energy model and the multi energy model 
using the GAME guidance for parameter selection grossly underestimate explosion pressures. 
This is without doubt due to the fact that ingnition source. An explosion within a canteen 
kitchen, was very powerful. The case shows the degree of care needed in scenario 
specification and model selection, since what is needed is a model with a “bang box” type 
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ignition source or in other words a high energy ignition, for which both the Multi Energy 
model and the GAME model are stated not to apply, since they describe a completely 
different physical mechanism for the explosion. 
 

10.6 Computational fluid dynamics models 

Computer fluid dynamics calculations are increasingly being used for UVCE blast 
calculations, and to some extent for gas dispersion and fire. For practical purposes the degree 
of geometrical detail must be limited in the input to these models, which implies that there 
must be a “closure” at the finer levels of detail at which analytic models must be used for 
turbulence and for flame propagation. These models must at present be empirical. As a result, 
the models must be “tuned” in order to match experiments.  
 
In a review of the used of CFD modelling in 2002, UK HSL wrote  
 

“The accuracy expected from, say phenomenological and 'simple' CFD models, is 
generally fairly good (to within a factor of two), e.g. the models yield solutions 
which are approximately correct, but, importantly, only for a scenario for which 
the model parameters have been tuned. This limits the applicability of these 
models as truly predictive tools.” 

 
CFD calculations are today used extensively in offshore plant design, with the programs 
EXSIM, AUROREAGAS and FLACS being used.  General purpose programs such as CFX 
are also used. There is some movement towards use of the programs onshore. Ledin et al. 
(ref. 278 ) made a review of the main programs in use in 2002, finding wide variations and 
noting that tests which originally were intended to be “blind” developed into calibration and 
tuning tests. Ledin et al. write “… confidence can be attached to model predictions only if the 
new geometry strongly resembles one of the two geometries in the [experimental] data base.” 
Since then, many developments have been made, but in any case it is observed that the results 
from nominally identical experiments can vary by a factor, making the tuning of models 
extremely difficult. As a result there has been a move towards the use of probabilitic 
simulations, with many differing initial conditions, providing “accuracy on average”.  
 
CFD programs are rarely usable as the main calculation tool in a risk assessment because they 
can take a day or more to complete one scenario calculation, and typical risk assessmentts 
require tens or hundreds (for a large plant tens of thousands) of calculations. However, it is 
customary to make a few calculations using CFD to check the simple or phenomenological 
models. Real advance requires much more experimental effort in characterising the 
fundamental burning processes and their dependence on flow regimes and turbulence. 
 
The CEBAM program, by Cutter, is a recent development in methodology. It does not 
attempt to analyses the combustion and explosion process, relying on phenomenological 
models for this part of the work, and requiring flame speeds to be specified such that the peak 
pressures agree with the simpler models. CFD is than used to predict pressure wave 
propagation. This approach has the advantage of allowing the interaction of pressure waves 
with buildings, and the effects of pressure wave reflection and focussing to be taken into 
account. 
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In fact in recent years, very good agreement has been obtained between explosion 
observations in experiments and with CFD calculations, made the general purpose 
programme CFX, which allows reasonably short calculation times (a few days) using very 
fine meshes. This approach has been applied by the author’s colleagues as part of the 
commercial risk analysis process. The cost is still very high, but the results indicate that there 
is a potential in the future for application of higher accuracy CFD calculations in commercial 
risk analysis work. Note that the models still need tuning to experimental results. Direct 
Numerical Simulation (DNS)  which would give an accurate solution to the Navier Stokes 
equations, still requires about 1 million times more calculation power than that used for the 
current typical CFD calculation of risk analysis scenarios. 
 
Approaching accuracy from CFD calculations, even if this does require experimental support 
for parameter tuning of the models, raises a new issue. It is possible to get a very wide range 
of results from the programs. Small changes in ignition location, initial wind field and 
turbulence conditions give large differences in outcomes. The authors experience in use of 
CFD programs using large eddy simulation (LES) approach for risk assessment is that the 
calculations have turned out to be extremely sensitive to the actual state of turbulence at the 
time of ignition, and to the ignition location. Peak pressures have varied by as much as a 
factor of 4 just as a result of varying the time of ignition relative to the wind field 
development. The cause is that a turbulent eddy can cast a volume of burning gas into or 
away from an enclosed volume between vessels or into a dense pipe rack. At least one report 
questions whether this is not a normal state of affairs in nature, and whether vapour cloud 
explosion experiments are repeatable. This may well reflect reality. For a series of semi 
confined explosion experiments in a realistic oil platform module, UK HSL  (ref. 265) 
concluded (in 2002): 
 

“In light of the fact that gas explosion predictions are needed now, but that it will 
probably be ten or more years before the CFD-based models will incorporate fully 
realistic combustion models, be able to more adequately model turbulence and 
turbulence-combustion interaction as well as being able to accurately represent all 
important obstacles in real, complex geometries, one must make the best use of the 
currently available models. However, it may be unwise to rely on the predictions of 
one model only, given the uncertainties which remain, especially if the model is used 
outside its range of validation. One must also be aware of the uncertainties associated 
with whatever modelling approach is used.” 
 
“It must be emphasised that even with the use of what appears to be in principle a 
more advanced model, i.e., CFD-based, outside its area of validation and calibration it 
may in fact give little overall reduction in uncertainties over the use of simpler 
modelling approaches.” 

 
 

10.7 Confined explosions 

Confined explosions generate much higher pressures than unconfined ones. A model was 
developed by Fairweather and Vaisey for explosions in empty vented enclosures (ref. 311 ). 
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This model used a prescribed flame velocity in order to determine the rate of burning and 
pressure rise. The model was criticised, because it did not take account of flame acceleration 
around turbulence generators such as pipes, but was for long the only model which could 
describe confined explosion well. The model is essentially developed for empty rooms or 
vessels with vents. 
 
The Fairweather and Vaisey model was extended to deal with the propagation of explosions 
in a number of interconnected rooms in the CLICHE code. The model also takes into account 
the acceleration of burning due to flame folding (i.e. turbulence). The primary model used for 
confined explosions in QRA Pro was based on the original model given by Fairweather and 
Vaisey, and has developed in a similar way to CLICHE, but independently. It was not 
possible to complete a comparison of QRA Pro and CLICHE as part of this study 
 
CFD models such as Autoreagas, Exsim and FLACS, and models implemented in general 
purpose CFD programs such as CFX, are currently the most flexible models available for 
confined and semi confined gas explosions, but still need tuning to give agreement with 
experiments.  
 
One of the most important aspects of CFD codes is the way that they treat burning, and flame 
speed. Some simulate the burning process itself, which slows the calculations considerably. 
Most use an empirical model of burning. FLACS uses a burning model, the � flame model, 
described by Arntzen. The AUTOREAGAS and CLICHÉ codes use models based on the 
work of Bray, which is in turn validated against the experimental work of Abdel-Gayed. 
Gallego et al provide an intercomparison of these. One of the more important aspects of this 
is that such models can be applied both to full CFD and to phenomenological models. An 
experimental part of the QRAQ project evaluated the use of such an approach representing a 
congested area as an interconnected set of compartments, with analytic models of each 
compartment, in a similar fashion to the CFAST model used for fire propagation. The results 
of this development are given in a separate paper. 
 
The difficulties of using CFD models led Puttock to develop so called phenomenological 
models of semi confined and congested vapour cloud, which provide analytic solutions to the 
calculation of flame acceleration. Instead of these models relating peak pressure empirically 
to features of the confinement such as size, degree and type of congestion, they relate more 
fundamental phenomena, notably the burning rate and flame speed to the congestion factors. 
The SCOPE models were developed primarily for design purposes, and calculate worst case 
pressures (those arising from ignition at a closed end of an enclosure.) For the present 
assessment, the phenomenological model approach was further developed to supply for a full 
range of risk assessment cases.  
 
Note that confined explosion models are not included in the currently available commercial 
risk assessment packages, nor in the risk assessment guidelines, so that only comparison with 
experiment is available as a way of validating these models. 
 

.
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10.8 Calculation of blast pressure and impulse 

A typical pressure wave from a gas explosion is shown in figure. It is characterised by a sharp 
pressure rise followed by a pressure over a period of tens to hundreds of milliseconds. The 
pressure becomes negative after the blast wave passes, as the momentum of the wave leaves a 
mass deficit of the wave depends on the gas cloud from and the speed with which the flame 
front proceeds through the cloud. 
 
The TNT equivalence model is often used in risk assessments to determine blast pressure e.g. 
in the US EPA risk management program guidelines. It is usual to limit the overpressure 
curve to that at the edge of the gas cloud, and not to attempt to predict overpressures within 
the gas cloud. Tang and Baker write “Since control rooms and other blast resistant structures on plant 
sites are usually located close to potential explosions, we strongly recommend that the TNT equivalence method 
not be used for close-in VCEs blast load predictions. However, the TNT equivalence method is reasonable for 
far-field predictions of VCE overpressure except for very low flame speeds. Impulses from TNT blast curves are 
generally over- predicted in the far field.” 
 
Two sets of blast propagation curves are widely used for vapour cloud explosion consequence 
calculation. The TNO multi energy curves were developed based on solution of equations for 
hemispherical cloud explosions and are parameterised by: 
 

¯ P = (p-p0)/p0,  ¯ R = R/(Et/p0)
1/3, ¯ t+ = t+ a0/(Et/p0)

1/3 
 
Where ¯ P is the non dimensional pressture, ¯ R is the non dimensional distance from the 
explosion, and ¯ t+ is the nom dimensional positive phase duration. 
 
The Baker Strehlow model is based on calculations of spherical explosion pressures (CFD) 
and the curves are parameterised by: 
 

¯ P = (p-p0)/p0, ¯ R = R/(Et/p0)
1/3,   ¯ i = i/(Et

1/3
  p0

2/3), 
 
These represent two different approaches to characterising blast wave impulse, but otherwise 
have a similar theoretical basis. 
 
Both sets of curves have been validated against the MERGE and EMERGE experiment 
results. 
 
Baker, Strehlow and Tang solve the mass conservation equations for flame speed in their 
calculations, and provide corrected pressure wave propagation curves, with a better 
parameterisation of flame speed, changing the overpressure result for subsonic (deflagration) 
explosions by about a factor of 2, and by a considerable factor at large distances for 
supersonic flames. 
 
The effect of this on hazard distances is about a factor of 2, which is very significant in most 
risk analyses. 
 



 

 

���������
����������	����
��
�
�������������

������������������ � � � � � � � � � 90�

In a review of explosion pressure calculations, HSL observe that there are large uncertainties 
in the physical reality of explosion overpressures, making the repeatability of experiments 
difficult. Observing the BFETS experiment results they state: 
 

• There was significant variation in the peak overpressures measured at the same 
location in nominally identical experiments 

• The variations in peak overpressure were not random across the measurement 
locations and experiments. If an experiment gave a relatively high peak overpressure 
at one transducer location compare to other experiments in the series, then the 
overpressure at all locations in that experiment tended to be higher then those in other 
tests. 

• Examination of the times at which peak overpressure occurred showed that the peak 
pressure at many locations was caused by the very high overpressures generated as the 
flame propagated to the flame path in the test rig. Variations in the high overpressure 
regions would therefore have a more global influence on overpressure. 
 

 
 It is not surprising that there should be this kind of variability in explosions, considering that 
in the models, individual areas between vessels and around obstacles cause flame acceleration 
which is highly dependent on local velocities and turbulence, and that variations in resulting 
overpressures are amplified at other points in the model. These model feaures are intended to 
reflect reality. 
 
This has led researchers to propose a statistical approach to analysis. The direct approach is 
extremely expensive to apply. It may be suitable for limited applications in design where just 
a few release cases are concerned (ref. ), but typical calculation periods of a few hours to one 
day for one scenario for an offshore module more or less rule out its use for calculation for 
commercial onshore calculations with typically thousands of scenarios. DnV has developed a 
system, EXPRESS, which uses a limited number of CFD calculations to develop a “response 
surface” model for the calculations, and then applies probabilistic analysis to the resulting 
response surface models (ref). This approach seems to have many of the practical advantages 
of the zonal models developed as a part of the QRAQ project. 
 
One of the main arguments for the use of CFD in explosion analysis is that the amount of 
information available from the calculations is large. This is particularly useful in design. If it 
is accompanied by reflection analysis for pressure waves, and structural response 
calculations, it becomes a really useful design tool, particularly if scanarios can be “screened” 
by simpler tools to determine the design basis cases (in risk based design this is not 
necessarily the worst case. 
 
A practical problem with the CFD approaches (and zonal and similar models) is the need to 
input the 3D geometry of the plant. For accurate work, this needs to be fairly detailed, 
including location and type of platforms and piping. This is not a large issue when 3D models 
are made for design purposes in any case, but the budget for making such a model for risk 
analysis purposes only is much larger than the typical budget for a risk analysis itself. One 
approach which was evaluated (successfully) as part of the QRAQ project was to convert the 



 

 

���������
����������	����
��
�
�������������

������������������ � � � � � � � � � 91�

plot plans for the plant semi automatically to 3D models, with facilities for rapid addition of 
piping, structures and platforms etc. 
 
In all it appears that CFD modelling and similar approaches will be possible in the near future 
(a few years) as routine commercial tools of risk analysis, for those tasks for which risk is 
critical and conventional approaches are not considered sufficiently accurate. This will 
particularly be the case where in-plant risk is a major concern. In a separate report in this 
series, an estimate is made of the relative costs and benefits of 3D and CFD based risk 
analysis for large plants. 
 
The authors experience in use of CFD programs using large eddy simulation (LES) approach 
for risk assessment is that the calculations have turned out to be extremely sensitive to the 
actual state of turbulence at the time of ignition, and to the ignition location. Peak pressures 
have varied by as much as a factor of 4 just as a result of varying the time of ignition relative 
to the wind field development. The cause is that a turbulent eddy can cast a volume of 
burning gas into or away from an enclosed volume between vessels or into a dense pipe rack. 
At least one report questions whether this is not a normal state of affairs in nature, and 
whether vapour cloud explosion experiments are repeatable (ref. 265). 
 
Some authors have proposed to solve this problem by performing a very large range of 
simulations in a Monte Carlo fashion, and averaging results over an ensemble of micro-tuned 
scenarios. This seems to be a useful line of research, but given the cost of single scenario 
calculation, it seems unrealistic to expect the use of this approach as a part of routine 
engineering risk analysis in the near future. dNV have proposed a method in which a 
representative number of simulations is made and used to establish a response surface, and 
then a sampling is made from this to obtain a risk based explosion level specification for 
designs. 

 

10.9 Conclusions 

The “best” current model of UVCE for risk analysis purposes appears to be the GAME 
variant of the Multi Energy model or the CAM2 model for the determination of peak pressure 
and other explosion initial parameters. The full Baker Strehlow model suffers from the defect 
of having a rather coarse initial selection of congestion parameters into high medium and low 
classes covering a resultant variation of overpressures by about an order of magnitude. The 
“best” model for confined explosions appears to be SCOPE 3, but this judgement is based on 
the fact that it is the only advanced model which takes into account recent developments and 
experiments, and also has also been published in detail. 
 
All of these models seem to agree with experiment for explosion pressures outside the 
congested area to within a factor of 2. Large errors may arise in predictions of local pressures 
within the congested area when using oversimplified models. 
 
All of the methods currently in use in QRA except those using CFD approaches ignore 
features of pressure wave shadowing behind buildings, pressure wave reflection and 
superposition. This does not matter much outside plants, where distance results in much 
longer pressure waves and reduced directional, diffraction and reflection effects. The effects 
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are important though at short distances and can be very important within plants, with 
increases in pressure locally by a factor of 2 being frequent. This is important in calculation 
of personnel risk and for domino effect estimation. 
 
The actual use of the models in currently available commercial risk analysis packages suffers 
by the need to be able to do the calculations without having to input too much data about the 
geometry of the congested area. The commercial risk analysis packages investigated did not 
allow for input of geometry data for congested areas. As a result, full scale risk analyses 
require either use of very simple models such as TNT equivalence, or a painful hand 
calculation of the part of the plume inside a congested area. For an accurate analysis for a 
large plant such as a gas processing plant or a refinery, with tens of thousands of release 
scenarios (taking the number of vessels, several hole sizes, and a range of wind speeds, wind 
directions and atmospheric stability values into account), the manual approach is completely 
impractical. QRA Pro and Shell Shepherd allow the congested areas to be plotted, and 
congestion parameters tabulated, in turn allowing the congestion data to be determined for 
each consequence assessment case automatically. 
 
Computer fluid dynamics models were not found to provide any significant improvements in 
accuracy when compared with the phenomenological models studied, largely because of the 
need for tuning these models to fit experimental results. Coupled with the very large amount 
of effort and long lead times in developing such models, the application of these in routine 
risk assessment seems unlikely for the present. Application for the purposes of design is, on 
the other hand, routine, and the author’s group has found use of CFD for checking more 
simple analytical or phenomenological models has proved useful. Though expensive, the 
calculations are generally cheaper than experiments. CFD models are definitely of use for 
design purposes (as opposed to risk analysis) since far fewer calculations need to be made for 
this purpose. The use of phenomenological models (such as SCOPE) for “screening” 
scenarios can allow a systematic approach to CFD, in which worst cases are identified first, 
and the design cases selected from those calculated. 
 
The use of geometrical specification for obstructions, together with phenomenological 
models seems to be a useful “half way step” between simplified phenomenological methods 
and full CFD, and it is definitely feasible to use this approach for all explosion calculations in 
full scale QRA studies, even for large plants. For practical application for large plants it does 
require automated assessment of the degree of congestion. 
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11. Damage to Plant and Buildings  

11.1 Damage to plant 

Plant equipment can be damaged by several different mechanisms: 
• Flash fires can ignite wooden structures and importantly, control and power cables 
• Pool fires can damage cables and, over a period, piping and  vessels 
• Jet fires can damage structures and piping by heating, within a relatively short period 
• Jet fires can cause BLEVES and similar kinds of explosions 
• Vapour cloud explosions and BLEVE’s can damage structures and vessels by direct 

pressure effects 
• Vapour cloud explosions and BLEVE’s can damage structures and vessels by creating 

explosion fragments and missiles. 
 
The Dutch Green Book gives a number of models for these effects. They are quite detailed, 
and are implemented in the DAMAGE program, which complements TNO’s EFFECTS 
program. Most of the other commercially available consequence modelling software for 
onshore work seems to provide little or no damage calculation methods, although the offshore 
packages such as Neptune (DnV) and ARAMAS (Advantica) do so. 
 
Flash and pool fire effects on cables etch are currently best handled by specialised codes 
developed for nuclear plant applications, or by general fire modelling programs such as FDS 
(NIST). No commercial QRA program could be found for this. 
 
Pool and jet fire effects on piping vessels and structure require assessment of heat up of the 
items, and must be dynamic because the possibility of damage almost always involves a race 
between the fire and the mitigation methods such as depressurisation and fire fighting. The 
QRA Pro calculations for domino effect and asset damage risk include several such models, 
for piping, vessels and for structural elements. One of the best references for the methods is 
the FABIG guidelines for platform topsides effects (ref. 262). 
 
The generation of missiles in explosions may be base on detailed modelling as described in 
the book by Baker et al., but for QRA purposes, the statistical approach based on accident 
reports as described by Holden is generally much more convenient for determining missile 
range/density relationships. Validation it is in principle unnecessary for statistical models, but 
they suffer by taking into account only a limited number of parameters. For example, no 
statistical model could be obtained for the dependency of missile range on vessel size. 
 
Taylor (ref 264) gives a selection of models for determining the degree of damage 
(penetration) from missiles. Beard and Lines, in a UK HSE contract research report, describes 
a collection of such models, distinguishing those with validations from those without. 
 
For process plant units and structures the damage may take the form of vessel walls blown in, 
piping torn away, vessels blown off their saddles, or columns overturned.  Models for these 
may best be dealt with in QRA by using the standard single degree of freedom systems 
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developed originally by Biggs. These provide solutions to the stress and strain relationships 
for elements such as beams, columns, and walls subject to standardised explosion waves, and 
are derived by solving simple differential equations and equations for load/ stress and load 
strain. These were developed for military purposes, that is the design of buildings to resist 
explosive detonation loads. The models are readily adapted to vapour cloud explosions. 
 
An even simpler approach is the use of pressure/impulse curves described in the following 
section. 
 
None of the commercial consequence calculation programs studied as part of this project 
contained models for explosion damage of this kind. This may be unnecessary in many 
QRA’s because resistance of equipments to pressure waves may be determined separately. 
Proper calculation of domino effects will require such facilities, unless all vessels and piping 
are designed to a few standard explosion pressure resistance values. 
 

11.2 Building damage 

Buildings can fail in a number of ways when subjected to explosion pressure. The failure 
modes differ depending on whether the building is a column framed one or one with shear 
walls. 
 
For column framed buildings the following failure modes are possible 
 

• The columns can fail in shear. This will generally be at the base of the columns. It is a 
rare failure mode, since force needs to be transferred to the columns from the wall 
panels, and these will generally fail first. 

• The building can sway as a whole, due to bending of the column. Failure can then 
occur either because the bending force is too large, or because the deflection is too 
large, leading to instability. 

• The wall panels can be blown into the building with a shear failure at the column 
supports. 

• The wall panels can deflect, bend and be torn away from their supports at the edges. 
• The wall panels, especially if they are masonry, can fail and shatter in bending. 

 
For buildings constructed without framing, some of the modes are similar. The side walls 
function like columns, so that the wall facing the blast bends inwards. Again, the wall can be 
torn away from its fastening, can be torn away or can shatter, i.e. fail in bending. A high shear 
wall building can also fail in a whole building bending, the side walls acting like very stiff 
columns. (stiff because they are deep in the direction of the blast). The side walls, if 
overloaded by frontal pressure, will fail by a bending instability. This will be rare. 
 
The roof of the building can also fail by inward bending, being then either torn out of its 
supports, failing in shear at the supports, or failing in bending. A roof consisting of slabs or 
panels can also fail in a different way, by being sucked upward by the negative phase of the 
blast wave, and then being dropped back onto the building. Whether this occurs will depend 
on the dead weight of the roof panels, and also on how well they are tied down to the 
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building. Usually the tie down is very limited in strength, in the case of concrete panels, or 
slabs, since there is no need to ties down heavy slabs to withstand wind loads. For build up 
roof (wooden) the panels may be simply nailed to joist, and the joists rested on the walls, or 
the roof may be tied down. 
 

11.3 Calculation of Blast effects on Buildings 

For existing buildings, calculation of blast loads effects on buildings can be made using short 
cut methods, intended for risk assessment. For design purposes these will not be adequate, 
proper building design codes, or BS or Eurocodes should be used. For window damage 
however, the calculations used as part of the general risk analysis framework are the most 
advanced currently available. Examples of widow damage models are given in the Dutch 
Green Book. 
 
The calculation scheme for overall assessment of a building is shown in figure 11.1. This is 
taken from the extensive study of blast load risk to buildings and occupants, made by W.S. 
Atkins for the UK HSE.  Similar approaches are specified by large international oil 
companies. 
 
For design purposes for oil and gas platforms, computational fluid dynamics and finite 
element analyses are often used. This is extremely rare for onshore systems. Mostly, building 
resistance is calculated using single degree of freedom methods, as described above. 
 
Military explosion damage calculation models have been standardised by the USACE and 
other US forces organisations (ref. 358, 359). Models which adapt and simplify the 
application of single degree of freedom systems, in the form of pressure impulse diagrams for 
the diverse failure modes of buildings have been developed in the form of the CONWEP, 
FACEDAM and CEDAW programs. Such models are fairly easy to implement in the form of 
spread sheets or to integrate into QRA packages to support risk based design. These are 
especially useful in supporting the design of blast resistant and blast optimised in plant 
control buildings, amenities rooms etc. The reader is warned that use of inappropriate or 
oversimplified models for deriving explosion pressures for these applications will result in 
extremely expensive building design, with cost much greater that those for purchasing, or 
even implementing, the more advanced models.  
 

Window
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Pi diagram for reinforced concrete column, with 

integral frame foundation, wall panels and roof
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Figure 11.1 Typical pressure impulse diagram for rapid determination of the degree of 

damage for a vapour cloud explosion. 
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12. Mitigation 
One of the major problems with current risk assessment practice is that very little is available 
in the way of modelling for accident mitigation. This is especially true for the standard 
commercial calculation packages, which makes it difficult to provide practical risk reduction 
recommendations. CCPS has provided, in book form, a summary of the available mitigation 
methods for gas and vapour releases, and gives models for many. The SFPE Handbook of 
Fire Protection Engineering gives models for the performance of fire suppression methods. 
Standards such as EN 14034 for dust explosion mitigation and prEN 14373 for explosion 
mitigation provide methods for calculation. These models are mentioned here for 
completeness, a more extensive assessment will be provided in a later volume in this series. 
 
In fact none of the commercial packages studied contained mitigation models. It is hard to 
understand how the required risk reduction parts of a risk analysis can be carried out without 
such models and programs. This is reflected in the fact that of the commercial QRA’s 
reviewed by the author and his colleagues, out of twelve, only five gave risk reduction 
recommendations in anything but the most general terms, and the rest assumed perfectly 
working mitigation measures, ignoring the fact that most mitigation measures are only 
effective for a limited range of accident scenarios.  
 
As in the case of explosion resistance of buildings, if a worst case approach is taken to the 
design of mitigation systems, then mitigation need not be integrated into the QRA 
calculations. For a true risk based design approach for process plant though, models are not 
only needed, but are integrated into the systems for calculating risk maps, frequency 
consequence curves, fire and gas detection coverage analyses and pre fire planning analyses. 
 
A set of mitigation measures which the author has found useful in risk reduction and residual 
risk studies is: 

• Use of impoundment basins to restrict the plume lengths of heavy gases. 
• Depressurisation calculations which take into account not just single vessels involved 

in fire, but also relatively probable multiple vessel fire scenarios. 
• Use of deluge or fire water monitors for gas absorption (ammonia and hydrogen 

fluoride). 
• Use of deluge systems for vapour cloud explosion mitigation.   
• Use of fixed fire water monitors (application rates, coverage, trajectories) for jet fire 

and pool fire consequence mitigation. 
• Water curtains for gas absorption. 
• Water and steam curtains as gas barrier and for gas dispersion.   
• Use of blast walls. 
• Foam blankets for evaporation reduction. 
• Refrigeration reduction of vapour pressure. 
• Use of emergency scrubbers (ejector and vessel types, including high capacity) 

 
Models for most of these are available in the literature, and have been collected in the CCPS 
book Guidelines for Post Release Mitigation Technology in the Chemical Process Industry. 
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13. The Third Dimension 
Most QRA programs to data have calculate consequences in two dimensions, typically on flat 
maps or plot plans. Exceptions are PLATO, developed by Four Elements for oil and gas 
platform (good geometry, but very simple consequence models), and Neptune, also for 
offshore work. 
 
For land use planning purposes, working in two dimensions may be good enough but for in 
plant risk analysis, there are some definite and serious inaccuracies which result. Some of 
these are: 

• Gas jet impingement and resultant dilution and broadening of gas jets cannot be 
calculated properly. 

• Jet fire impingement and resulting domino effects cannot be calculated properly. 
• Semi confined and confined explosion consequences cannot be calculated properly 

without an excessive dependence on manual calculation which is not practical for 
large projects. 

• Threats to persons at height e.g. operators working at upper levels are not calculated 
properly. 

• Mitigation cannot be calculated properly. 
 
With many projects today being designed using 3D CAD, 3D information is often readily 
available to support calculation. For QRA Pro, a cut down 3D system was developed which 
allow vessel and pipe location information to be input very rapidly from plot plans, so that 3D 
can be used even when 3D CAD is not available (takes about 1 day to input data for a light 
ends unit with 4 columns). 
 
To evaluate the impact of this, a domino effects QRA was carried out using the 2D and 3D 
versions of QRA Pro, for the reference refinery. Results from these studies will be published 
in a later version of this report. Initial results indicate that adding the third dimension can give 
a change in results of as much as a factor of five, for gas release consequences in plant, and 
for domino effects of fire and explosion.  
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14. Conclusions 

14.1 Assessment 

Physical modelling calculations for major hazards risks have come a long way since the first 
systematic guidelines in the 1980’s. In particular, the practice of experimental validation of 
models has been adopted so that for the most part, the methods can be regarded as 
scientifically sound. It appears that typical models used in risk analysis agree with experiment 
to within a factor of two, and that by careful choice of model, even better performance can be 
gained. 
 
This being said, there are several black spots in the repertoire of consequence calculations: 
 

1. There are several lacunae in the set of available calculations in all of the commercial 
studied. Notable among these are: 

a. Models for spray releases and splashing releases of volatile liquids such as 
acetone, hot solvent naphtha, gasoline, LNG or cryogenic propane. 

b. Models for liquid pool formation on sloping ground. 
c. Boilover and slopover 
d. Fire induced tank explosion 
e. Explosions in sewers 
f. Toxic smoke formation 
g. Lagoon wall collapse 
h. Large continuing flows from pipelines (flow after shutdown) 

Note that these omissions do not arise because of lack of models, models were 
validated in this study for all of the above phenomena. 

2. There are models which are properly validated under experimental conditions, but 
which are idealised, and for which there is no good characterisation of real life 
parameters. Examples are: 

a. The size and shape of cracks and holes, and the effects of these on release (this 
is probably one of the most fundamental issues of consequence modelling, but 
only two published papers could be found, both in relatively obscure journals) 

b. The characterisation of ground conditions (slope, ruts, drainage and 
absorbency) of the ground in real process plant. 

c. The characterisation of real life ignition sources 
3. There are models for some phenomena which exist in other fields of study but are 

largely ignored in major hazards risk assessment: 
a. Toxic dust releases (available in nuclear safety literature, ignored in chemical 

and petroleum plant) 
b. Solids fires 
c. Reactor explosions 
d. Indoor fires (there is some work on warehouse fires, and some very limited 

implementation in at least one commercial QRA package) 
4. Most QRA consequence calculation sets for onshore use concentrate on consequences 

outside the plant, and are optimised for land use planning. The appropriateness and 
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accuracy for consequence calculation inside the plant is often limited, and their use for 
emergency response planning can be dangerously misleading. 

5. No commercial QRA packages were found which are suitable for indoor releases, 
such as those required for many fine chemicals plants. 

6. Three dimensional effects are to a large extent ignored, except for a few QRA 
packages developed for offshore applications. This gives problems especially for 
refinery, petrochemical, gas treatment and natural gas plant studies.  

7. Available commercial model packages do not deal well with domino effects, and most 
onshore risk assessments ignore these issues (a review of twenty commercial QRA’s 
for onshore plant showed that over half did not mention the issue, and the rest gave a 
brief qualitative description). 
 

14.2 The “Best model” 

One of the purposes of the present study was to determine whether a “best” set of models. 
The first conclusion in this effort is that a more complete set of models is needed than that of 
current methodologies. Current methodologies and QRA software cover only a fraction of the 
accidents which actually occur completely, see figure 14.1. The second is that a “best” set of 
models can indeed be selected. By choosing the models which best accord with experiment 
and accident experience, it is possible to achieve calculations which agree to better than a 
factor of 2 at least 90% of the time. For many model types, agreement is better than this.  
 

Accident  Mechanisms  Included in 
standards  

Included in  
best models 

Texas City 2005  KO drum overflow, spraying vent, HSCE  N Y 

Tosco Avon 1997  Hydrocracker reactor runaway, HSCE  N Y 

Valero Sunray 2008  Dead leg, jet fire  Partly Y 

Formosa Plastics 
2005  

Fork lift truck crash, UVCE  Y Y 

Totale Buncefied 
2005  

Overflow, HSCE, splashing flow, UVCE  N Y 

Conoco Phillips, 
Humber  

Injection point corrosion, RBI, UVCE  Y Y 

CAI, Danvers 2006  Confined VCE  N Y 

Texaco, Milford 
Haven, 1994  

HMI, KO drum overflow, hammer, 
UVCE  

½ Y 

Giant Industries, 
Jamestown  

HMI on valving, flash fire, jet fire  N Y 

Motiva Enterprises, 
Delaware  

Acid tank explosion  N Y 
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Pennzoil, 
Rouseville, 1995  

Vapour release near hot work, tank 
explosion  

N Y 

Table 14.1 Some recent major hazards events, with evaluation of coverage by methodologies 
 
When there are many models required to calculate a particular consequence, there will be 
uncertainties at each stage. The worst agreement would be that where all stages are under-
estimated. Consequences could then be inaccurate by a factor of 8, or even 16. It is 
improbable that this would be the case since inaccuracies tend to compensate each other on 
average, provided that they are not biassed. If results for each calculation are log-normally 
distributed, the overall uncertainty is the sum of the uncertainties for each calculation, not the 
product of these. Nevertheless there is a need to check the overall result of muti model 
calculations. This can only be done realistically by checking against accident experience. A 
companion report in this series, Accident Cases for Petroleum and Chemical Plant – A 
Collection for QRA Quality Control (QRAQ report 14) gives reference cases which can be 
used to check not only the model calculation, but also whether the models selected are 
appropriate for the case. 
 
The models which were assessed demonstrate not only that a good and stable quality level 
has been achieved, they also demonstrate that further progress is likely to be slow. 
Improvement requires that more and better experiments be made. At present, large research 
programs for this kind of improvement have largely ceased, after a large effort in the 1990’s 
and early 2000’s. The difficulties can be seen by considering the case of heavy gas dispersion, 
for which there are many models, and a very large body of experimental results. However, all 
the models require typically two important tuning parameters. The problem itself requires 
several more tuning parameters to fit all the phenomena involved. However there are not 
enough experimental results, and the instrumentation used is inadequate, to allow all the 
parameters to be measured. As a result, the “best” model for a particular purpose is the one 
which has been tuned to the most relevant set of experiments for a particular analysis. The 
many different models may then all be “best” for some particular problem set. The author 
speculate that this situation will only improve when methodology changes, for example by a 
major advance in instrumentation, or by development of practical DNS CFD programs which 
allow phenomena to be investigated on a millimetre scale. 
 
For the time being, there state of the art seems to have reached a plateau, where “sufficiently 
good” models are available, with model accuracies comparable with those in other areas of 
engineering. These are not necessarily the models which are actually used in QRA. There 
seems to be a lag (exept possibly for the UK HSE in house program RISKAT, which 
incorporates much of the best modelling referred to here). Also, the better models require 
more input data and, for practical application, better handling of input data. Geometry data 
for impingement obstacles, congestion and interaction in particular is needed. 
 
 The status for different models tested is given in table 14.2. Note that accuracy estimates are 
based on agreement with experiment. The characterisation of actual plant and accident 
conditions, and factors such as choice of hole locations and hole size can introduce further 
inaccuracies of a factor of two or more (see Vol. 5 in this series for an estimate of QRA 
accuracy overall), even in careful use of the models. 
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Table 14.2 Model assessment 
Model type Existence 

of models 
Validation Experimental 

basis 
Accident 
comparison 

Preferred 
model 

Accu-
racy 
(best 
model) 

Liquid 
release 
from hole 

Bernoulli Validated 
in 1800’s 

Realistic hole 
characterisation 
missing 

No Bernoulli 5% 

Liquid 
release 
from pipe 

Colebrook-
White and 
others 

Validated 
by 
Nikuradse 
and others 

Roughness 
characterisation 
available but 
hardly used in 
QRA 

No Colebrook-
White 

20% 

Gas release 
from hole 

St Venant Validated 
in 1800’s 

Realistic hole 
characterisation 
missing 

No St Venant 20% 

Gas release 
from pipe 

Colebrook-
White and 
others 

Validated 
by 
Nikuradse 
and others 

No, but 
pipeline 
calculations for 
normal 
operation 
serve. 

No Finite element 20% 

Gas release 
from pipe, 
dynamic 

Various 
finite 
difference 
and finite 
element 
models. 

Largely 
unvalidated 

No Yes, but 
only as part 
of this 
project 

Finite element  

Two phase 
release, 
steady state 

Fletcher, 
Fauske , 
Epstein, 
Leung and 
others 

Extensive 
validation 

Yes, many, see 
references,  

No Leung Omega 30% 

Two phase, 
dynamic 
models for 
isolated 
pipeline 

Tam Yes Experiments by 
Tam (100 m 
pipes) 

No Tam 50% 
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Table 14.2 Model assessment 
Model type Existence 

of models 
Validation Experimental 

basis 
Accident 
comparison 

Preferred 
model 

Accu-
racy 
(best 
model) 

Droplet 
formation 
and rain out 

Woodward 
and 
Johnson, 
Appleton 
and 
Wheatley 
Witlox, 
Harper, 
Bowen and 
Cleary JIP 

Yes Yes, see 
Witlox et al. 
for summary 

No JIP 30%, but 
with 
some 
excurs-
ions to 
factor 5 

Splashing 
releases of 
volatiles 

Taylor  Limited, small 
scale 

 Taylor  

Spray 
releases of 
volatiles 

Model 
developed 
as part of 
this project 

Yes, for 
this project 

Yes, for this 
project. Spray 
formation may 
be based on 
industrial 
models. 

  60% 

Pool 
Formation 

Many, 
e.g.Webber 

   Green Ampt  

Pool 
formation 
on slope 

Green 
Ampt 

Yes Yes, but 
limited 

yes Green Ampt Factor 2 
or more 
due to 
ground 
character
-isation 
problems 

Evaporation Mackay & 
Matsugu,  
Kawamura 
and 
Makay, 
Brighton 

Yes Yes, versus old 
data, Pasquill 
and others. 
New 
experiments 
this project 

Yes 
Mackay 
and 
Matsugu 

Brighton Factor 2 
or more 
due to 
character
isation 
problems 

Jet 
dispersion 

Ooms, 
Hoot, 
Meroney 
and 
Peturka  

Yes Reduced scale 
wind tunnel 

No Ooms, Hoot, 
Meroney and 
Peturka 
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Table 14.2 Model assessment 
Model type Existence 

of models 
Validation Experimental 

basis 
Accident 
comparison 

Preferred 
model 

Accu-
racy 
(best 
model) 

Heavy 
plume 
dispersion 

Many Yes Extensive, see 
reference 

No  SLAB, but 
with improved 
jet source 
term (SLAB 
T). 
HEGADAS 

50% 
typical, 
factor 2 
in some 
cases 

Light plume 
dispersion 

Yes, 
classic 
models, 
Turner, 
Pasquill, 
Smith 

Yes Extensive, see 
references 

No Classic 
models but 
withstability 
characterisat-
ion using 
Monin 
Obhukov 

Factor 2 

Plume rise Many    Biggs  
Indoor gas 
dispersion 

Zone 
models, 
Brighton 

   Taylor, based 
on Brighton 

 

Flash fire Roberts, 
UKHSL 

Yes, but 
limited 

Yes, but 
limited. 
Heat radiation 
fraction is 
uncertain 

 Roberts 
(premix), 
UKHSL 
(unmixed) 

Factor 2 

Pool fire Thomas, 
Heskestad 
Rew et al 

Yes Yes, Heskestad Yes, as 
part of this 
project 

Rew et al 30% 

Jet fire Kalghati, 
Taylor 

Yes 
Lowesmith 
et al. data 

Kalghati, 
Taylor  

Yes, as 
part of this 
project 

Kalghati (gas) 
Taylor (two 
phase) 

20% 
(flame 
size) 

Spray fire QRA Pro    Yes, as 
part of this 
project 

Taylor 20% 
(flame 
size) 

Splashing 
fire 

QRA Pro    Taylor  

Boilover Burgoyne 
 

 Yes, Maraven, 
ADCO, 
Schecker 

Yes, as 
part of this 
project 

Burgoyne 
with 
efficiency 
factor  and 
wind effect 
from Peres 
and Taylor 
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Table 14.2 Model assessment 
Model type Existence 

of models 
Validation Experimental 

basis 
Accident 
comparison 

Preferred 
model 

Accu-
racy 
(best 
model) 

Indoor fire CFAST 
Heskestad, 
Beyler, 
Foote 
Alvares 
and Pagni, 
Mccaffrey, 
Quintierre 
and 
Harkleroad 

Yes, NIST, 
FM 

Yes, NIST, FM No CFAST 30% for 
fire size,  
+/- 100 
deg C for 
hot layer 
temper-
ature 

Toxic 
smoke 

Toxfire. 
SFPE  

 Yes, Toxfire 
project 
Characterisat-
ion is a 
problem 

 SFPE Fire 
Protection 
Engineering 
Handbook  

Large 
uncert-
ainty 

UVCE ME model, 
GAMES/ 
RIGOS, 
Baker 
Strehlow 
CAM 

Yes Yes, esp. 
MERGE, 
RIGOS 

Yes, this 
project, 
and 
published 
for Flix-
borough 

CAM 2 50% on 
over-
pressure 
distance 

Confined 
explosion 

Yes, Fair-
weather 
and 
Vaisey, 
Cates, 
Puttock 

 Limited Yes, this 
project 

Puttock 
(SCOPE 2 or 
SCOPE 3)  

30% on 
peak 
pressure  

Fire 
induced 
tank 
explosion 

Taylor   Yes, this 
project 

Taylor 40% on 
tank 
throw 
distance 

Projectiles UK HSE 
review 
(Gledhill, 
Lines) 
Baum 

Yes Shield Holden and 
Reeves, 
Pietersen, 
 

UK HSE 
review 
(Gledhill, 
Lines) 

 

Damage Miyamoto 
Biggs 
SCI 
BP 
FABIG 

  Yes, this 
project 
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14.3 Commercial versus scientific modelling 

As described in the previous section, models are available for most of the process plant 
accident scenarios with a capability of prediction of effects to within a factor of 2. To achieve 
this though, the best available models need to be used. 
 
For risk analyses of small installations it is possible to make detailed analyses using 
individually selected models, collating and tabulating the results by hand. For larger process 
plant such as gas handling, refinery and integrated chemical plants, hundreds to tens of 
thousands of scenarios may need to be calculated. Integrated packages of consequence 
calculations are needed for such analyses. It was observed that available commercial 
packages do not use the current best available models in some areas. This is not surprising. 
Most are aimed at land use planning applications, and focus therefore on satisfying the 
requirements of the primary guideline, the Dutch Yellow Book, which is generally accepted 
by authorities. This affects the ability to achieve “factor of two” accuracy. 
 
Even where good up to date models are included in a package, it is not necessarily the case 
that these models will actually be used in a QRA. TNT equivalence models, for example are 
often or even generally used in large QRA’s because the amount of data collected for their 
use concerns just vessel inventory. Use of Multi Energy, Baker Strehlow, or more recent 
models require input of plant geometry data, preferably 3D data, which is very expensive, 
especially if done by hand for every scenario, and especially if piping locations are required. 
This data input can be more expensive to collect than all the rest of the risk analysis process. 
The requirement for geometry input affects the application of high quality models for jet fire, 
for in plant gas dispersion, and for vapour cloud explosion. Achievement of effective and 
accurate QRA’s will probably require effective ways of inputting 3D plant information from 
plot plans or aerial photographs.  Modern plant design techniques using 3D drafting allow 
this kind of data to be derived directly for some projects. 
 

14.4 Engineering applications of models 

QRA models were for a long time developed in the context of land use planning, and 
guidelines such as the Dutch Yellow book are focussed on this use. This has meant a focus 
also on consequences at large distances. Many of the models used in QRA are quite suitable 
for this, but break down at distances below 200 m. Indeed many authors of models provide 
warnings about using models for short distance calculations. This applies especially to 
dispersion models, to pool and tank fire models at distances less that 2 pool diameters, and to 
vapour cloud explosion models. 
 
Apart from the uses of QRA to support mitigation engineering for land use planning 
applications, a number of plant design applications have arisen in recent years. These include 
pre fire planning and fire safety analyses, design of blast resistant buildings, and design of gas 
detection systems for high detection coverage. Design standards now quite frequently require 
QRA as a part of the design basis, and in particular, as the basis for choice of design criteria. 
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While uncertainties in calculation models will affect land use planning, application of a 
moderate safety factor (2 or 3) at the final stage of calculation or a conservative interpretation 
of risk criteria should allow such uncertainty to be taken into account. Engineering 
applications are not so forgiving. If a design case is chosen with a criterion which is too low,  
touch as explosion resistance of a building, then the consequences of an accident may be 
amplified by a much worse factor than 2 or 3. Ignoring a modelling feature such as cross 
wind dispersion for example may mean that a gas detection system designed on this basis will 
never work. On the other hand, applying safety factors of 2 or 3 can be extremely expensive, 
or in some cases can make design solutions physically impossible or impractically 
cumbersome. For this reason, “engineering” accuracy is becoming a necessary goal. 
 
Ideally, models used for design purposes should have uncertainties comparable with models 
in other fields of engineering, typically 20 to 30%, usually better than a factor 2. It appears 
that this can be achieved in QRA (at least the factor 2) in most areas, though probably not yet 
that of vapour cloud explosion. However, to achieve this, much better models are needed than 
those typically used at present in commercial QRA packages. The best models from the UK 
HSE reviews, and from Shell for explosion consequences and jet fires, can achieve this. In 
any case, a check list of QRA pitfalls and supplementary calculations is needed to achieve 
factor 2 accuracy consistently. 
 
 Commercial QRA models generally do agree with experiment to within a factor of 2 or 
better, at a distance. However the problems with these programs are that there are many 
situations where such models are inappropriate, e.g. assuming no slope in a process plant 
floor, or assuming free field gas dispersion in a plant, and several of the programs are tuned 
for accuracy at more than 200m. distance. A safety factor more close to 5 should in many 
cases be assumed for in plant consequence calculations when such programs are used. 
 

14.5 Recommendations 

Considering that models for accident consequence calculation have been under active and 
reasonably well funded development for over 25 years, there are still some surprising 
omissions in the range of tools available, and especially, in the practical confirmation of the 
characteristics of the plants in which accidents occur. There is altogether too little 
investigation of the quantitative aspects in accident investigations. Accident investigators, at 
least, should try to document the sizes of pipes, initial pressure, hole sizes, and damage 
distances. It is only by learning from accidents that we can guarantee that we will prevent or 
mitigate accidents in future. 
 
As described in section 14.1, consequence calculations can be made to wit agreement with 
experiment to within a factor of 2, some to within 30%. This is a really valuable achievement 
from some 30 years of development by very many researchers. Viewed from the point of 
view of the risk analyst, this is a very good situation. QRA can on this basis be reckoned as a 
respectable engineering discipline. Viewed from the point of view of a plant designer, or an 
authority, it is not very helpful, however, to be able to say “the required safety distance is 
between 500 and 1000 m. depending on which model you use”. Such variations in results can 
be extremely expensive and can make the difference between feasibility and complete 
infeasibility of a plant design, or of a location selection. 
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It seems doubtful whether accuracy in consequence calculation can be much improved 
beyond a factor of two, overall, although accuracy may be much better than this in some 
specific scenario types. The reasons for this are many, including the very large cost of 
performing the large scale experiments needed for significant improvements in models, and 
the inherent uncertainties in the physics of many accident phenomena. 
 
This difficulty can be resolved for practical purposes by using the approach used in other 
areas of engineering, by standardisation of methods and using safety factors. Standardisation 
was the main idea underlying the Dutch Yellow, Green and Purple Books. These books 
describe methods suitable for land use planning, although after some 10 years of further 
developments in the field, improvements have been made. A much wider range of models is 
needed for in-plant risk assessments, and models which are more accurate at short distances 
are desirable. 
 
The main problem with the standardisation approach to defining preferred models is that the 
field is still in a state of rapid development. New experimental results and models appear 
each year which provide significant improvements in the state of the art. Explosion 
calculation, in particular, cannot be said to be a mature field as yet. 
 
One solution to this problem would be to provide a set of preferred models, together with an 
experimental basis, and a protocol for updating the model set. A suitable protocol would 
allow extension of the model set, provided that any new model can be shown either to 
improve the agreement with experiment, or to extend the scope of the model set. Inherent in 
this approach would be that the models and experimental data should be open, and preferably 
also the algorithms and software implementations of the models.  Openness is essential for 
allowing the underlying physics of the models to be understood, and for checking that the 
assumptions actually match the situation for which calculations are needed. The QUEST 
company model set, CANARY, has this kind of openness, with all models published on the 
internet. 
 
The objective of providing an open system of calculation was a prime objective in the writing 
of the Dutch Red, Yellow, Green and Purple Books, and these have served well in taking 
QRA to a much improved level up to 1996. As described in earlier chapters, these are 
becoming aged, compared with current experimental and theoretical work, and are not 
comprehensive. More importantly they were never intended for calculation of consequences 
at short distances such as for in plant risk, since they were originally developed to support 
land use planning. In any case, from experience with implementing the models, it is not just 
the modelling that needs to be open, but also the algorithmic implementation of these. It is 
intended that in the near future, such open systems can be made available. 
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A. Models implemented for evaluation 
The following tables give a list of the programs which were implemented and incorporated 
into the QRA Pro programs (research edition) for evaluation. 
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  Models 

Release type Stage World Bank CCPS Yellow Book US EPA 
RMP 

TA  
Best Practice 

Involatile 
liquids and 

volatile 
liquids below 
their boiling 

point 

Release Bernoulli 
(LIREL) 

Bernoulli 
(LIREL) 

Hooper 2K 
(HOOPER) 

Bernoulli 
(LIREL) 

Colebrook 
White 
(CW) 

Dynamic tank 
emptying 

(TANKREL) 

Bernoulli 
(LIREL) 

  

Bernoulli 
(LIREL) 

Colebrook White 
(CW) 

Dynamic tank 
emptying 

(TANKREL) 
Oil well 

(BLOWPIPE) 

Pool spread Shaw and 
Briscoe 

(SB) 

Wu and 
Schroy 

(WUAND 
SCHROY) 

McKay and 
Matsugu mass 

balance 

1 cm depth 
(POOL) 

  

Keller 
(SPREAD) 

Evaporation Sutton 
(EVAP) 

McKay and 
Matsugu 
(M&M) 

McKay and 
Matsugu 
(M&M) 

McKay and 
Matsugu 
(M&M) 

Brighton 
(BRIGHTON) 

Spray and 
splashing 

evaporation 

No model No model No model   Taylor  
(SPRAY) 
(SPLASH) 

Gas 
dispersion 

heavy 

Cox Carpenter 
(CC) 

Britter and 
McQuaid 
(B&M) 

Slab 
(SLAB) 

Slab 
(SLAB) 

Advanced 
Picknett 

(HECATEB) 
(TSLAB) 

(THG) 
Toxic effect Probit eqations 

(PROBIT) 
Probit 

eqations 
(PROBIT) 

Probit eqations 
(PROBIT) 

ERPG 2 Probit eqations 
(PROBIT) 

UVCE TNT 
equivalence 
(TNTEQ) 

Multi Energy 
(GAME) 

Baker 
Strehlow 
(BAKER) 

Multi Energy 
(GAME) 

TNT 
equivalence 
(TNTEQ) 

Efficiency = 
0.3 

Multi Energy 
(GAME) 

Flash fire No specific 
model 

use BLEVE 
model 

No specific 
model 

use BLEVE 
model 

No specific 
model 

use BLEVE 
model 

No model  Mudan and Croce 
(Vesta2) 

HSL 
(FLASHFIRE) 

Pool fire Thomas 
(VESTA1) 

Thomas 
Welker and 
Sliepevich 

 Mudan and 
Croce 

View factor 
(VESTA1) 

Thomas 
Welker and 
Sliepevich 

 Mudan and 
Croce 

View factor 
(VESTA1) 

Burning rate 
Radiated 
fraction = 

0.4 
Point heat 

source 
(SIMPLE 

FIRE) 

Thomas 
Welker and 
Sliepevich 

 Mudan and Croce 
Flamelet 

(VESTA1) 
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  Models 

Release type Stage World Bank CCPS Yellow Book US EPA 
RMP 

TA Best 
Practice 

Cryogenic 
release 
(LNG, 

Propane, 
butane, 
ethane 

ammonia 
etc.) 

Release Bernoulli 
(LIREL) 

Bernoulli 
(LIREL) 

Hooper 2K 
(HOOPER) 

Bernoulli 
(LIREL) 

Colebrook 
White 
(CW) 

Dynamic tank 
emptying 

(TANKREL) 

Cryogenic 
releases not 

covered 

Bernoulli 
(LIREL) 

Colebrook 
White 
(CW) 

Dynamic tank 
emptying 

(TANKREL) 
Pool spread Shaw and 

Briscoe 
(SB) 

  
basin limited 

Wu and 
Schroy 

(WUAND 
SCHROY) 

basin limited 

Opschoor 
(CRYOVAP) 

Webber 
(WEBBER) 
basin limited 

  Opschoor 
(CRYOVAP) 

Webber 
(WEBBER) 
basin limited 

  
Evaporation Opschoor 

(CRYOVAP) 
  Opschoor 

(CRYOVAP) 
Webber 

(WEBBER) 

  Opschoor 
(CRYOVAP) 

Webber 
(WEBBER) 

Gas 
dispersion 

light 

Briggs plume 
rise 

Gaussian 
dispersion 
(HDISP) 

Gaussian 
dispersion 
(HDISP) 

Briggs plume 
rise 

Gaussian 
dispersion 
(HDISP) 

  Briggs plume 
rise 

Gaussian 
dispersion 
(HDISP) 

Gas 
dispersion 

heavy 

Cox Carpenter 
(CC) 

Britter and 
McQuaid 
(B&M) 

Slab 
(SLAB) 

  Advanced 
Picknett 

(HECATEB) 

Toxic effect Probit eqations 
(PROBIT) 

Probit 
eqations 

(PROBIT) 

Probit eqations 
(PROBIT) 

  Probit 
eqations 

(PROBIT) 
UVCE TNT 

equivalence 
(TNTEQ) 

Multi Energy 
(GAME) 

Baker 
Strehlow 
(BAKER) 

Multi Energy 
(GAME) 

  Multi Energy 
(GAME) 

  

Confined and 
semiconfined 

explosion 

No model No model No model No model Phenomeno-
logical model 
(PHENEX) 

Flash fire No specific 
model- use 

BLEVE model 

No specific 
model- use 

BLEVE 
model 

No specific 
model- use 

BLEVE model 

   Mudan and 
Croce 

( M & C), 
Atkins/HSL 
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  Models 

Release type Stage World Bank CCPS Yellow Book US EPA 
RMP 

TA  
Best Practice 

Gas release 
  

Release St Venant 
adiabatic flow 

equation 
(GASREL) 

St Venant 
adiabatic flow 

equation 
(GASREL) 

St Venant 
adiabatic flow 

equation 
(GASREL) 

St Venant 
adiabatic 

flow 
equation 

(GASREL) 

St Venant 
adiabatic flow 

equation 
(GASREL) 

Pipe release  No model D’Arcy 
Levenspiel 

Crowl Louvar 
(GASFLOW) 

Van Den Bosch 
Duijm 

(GASFLOW 2) 

No model D’Arcy 
Levenspiel 

Crowl Louvar 
(GASFLOW) 

Gas jet Uniform 
momentum jet 

Ricou and 
Spalding 

(TUJET3) 

No model Chen and Prodi 
(CHENAND 

PRODI) 
HOOT 

Hoot, Meroney 
and Peterka 

HOOT 

No model Uniform 
momentum jet 

Ricou and 
Spalding 

(TUJET3) 
Ooms 

(OOMS) 
Gas 

dispersion 
heavy 

Cox Carpenter 
(CC) 

Britter and 
McQuaid 
(B&M) 

Slab 
(SLAB) 

Slab 
(SLAB) 

Advanced 
Picknett 

(HECATEB) 
HEGADAS 

(HGT) 
Toxic effect Probit eqations 

(PROBIT) 
Probit 

eqations 
(PROBIT) 

Probit eqations 
(PROBIT) 

ERPG 2 Probit eqations 
(PROBIT) 

UVCE TNT 
equivalence 
(TNTEQ) 

Multi Energy 
(GAME) 

Baker 
Strehlow 
(BAKER) 

Multi Energy 
(GAME) 

TNT 
equivalence 
(TNTEQ) 
Efficiency 

= 0.3 

Multi Energy 
(GAMES) 

 

Confined 
explosion 

  

No model No model No model No model Phenomeno-
logical model 

based on 
Puttock Cates 
(PHENEX) 

Flash fire No specific 
model 

use BLEVE 
model 

No specific 
model 

use BLEVE 
model 

No specific 
model 

use BLEVE 
model 

No model  Mudan and 
Croce 

( MUDAN 
AND CROCE) 

HSL model 
(FLASHFIRE) 

Jet fire         Taylor 
(VESTA4) 
Kalghati, 

Chamberlain 
(K&S) 
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  Models 

Release type Stage World Bank CCPS Yellow Book US EPA 
RMP 

TA Best Practice 

BLEVE   Thomas 
(BLEVEX) 

Baker Strehlow 
(BAKER) 

  

TNO 
(TNO) 

  Thomas 
(BLEVEX) 

Pressure 
vessel rupture 

Blow up Factor 10 
dilution 

No model No model No model (BLOWUP) 

Heavy 
gas cloud 

Cox Carpenter 
(HECATEA) 

Britter McQuaid 
(BandM) 

Slab 
(SLAB) 

No model  Cox Carpenter 
(HECATE6A) 

Boilover   No model No model No model No model Perez, Taylor 
(BOILOVER 

Fire induced 
tank 

explosion 

  No model No model No model No model Taylor 
(FITE) 

Confined 
explosion 

  No model No model  No model No model Fairweather and 
Vaisey 
Puttock 
(FAVA, 

PHENEX) 
Reactor 

explosion 
Runaway No model No model  No model No model Etchells and 

Wilday 
(RUNAWAY) 

Swell No model No model  No model No model (SWELL)  

Relief No model No model  No model No model HEMS Leung 
Omega 

(LEUNG) 
Indoor gas 

release 
  No model No model  No model No model Taylor 

(INDOORGAS) 
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  Models 

Calculation 
type 

Stage World Bank CCPS Yellow Book US EPA 
RMP 

TA Best Practice 

Control room 
damage 

Damage No model Baker SDOF No model SDOF models 
(CONDAM) 

Column and 
vessel 

explosion 
damage 

Damage No model Baker SDOF No model SDOF based 
models, extended 

(COLDAM) 

Piping 
damage 

Damage No model Baker No model No model Taylor 
(PIPEDAM) 

Window 
damage 

Damage No model Baker SDOF No model Taylor 
(WINDAM) 

Sprinkler, 
deluge 

Miti-
gation 

No model No model No model No model Taylor 
(DELUGE) 

Fire water 
monitor 

Miti-
gation 

No model No model No model No model Taylor 
(MONITOR) 

Emergency 
scrubber 

Miti-
gation 

No model No model No model No model Taylor 
(SCRUBBER) 

  
Water curtain Miti-

gation 
No model No model No model No model Taylor 

(CURTAIN) 
  

 

Som sagt, jeg har ikke læst korrektur på referencerne. Når du har korrigeret dem vender jeg tilbage til dem.VhHenrik


