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ABSTRACT 
 

An important aspect of dispersion modelling is to understand the source term 

formulation and the sensitivity of modelled concentrations to the parameters 

used to describe the source term. The sensitivity of dispersion model outputs to 

various source term parameters is reviewed here. The review begins with a 

discussion of the main issues of source term sensitivity, a description of several 

commonly-used source term and dispersion models. 

 

Six specific types of source term are then reviewed in detail, namely evaporating 

pools, pressurised catastrophic failures, jet releases, spray releases, warehouse 

fires and pool fires.  

 

Detailed sensitivity tests, covering a wide range of parameters, for the selected 

models and the six source term types, were carried out and are described here. 

The sensitivity test inputs and results are summarised and discussed.  
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EXECUTIVE SUMMARY 

Understanding, defining and simulating source terms is an essential part of 

dispersion modelling, and this review considers the sensitivity of dispersion 

model outputs to source term parameters. It begins with a discussion of what is 

meant by the terms „source term‟ and „sensitivity‟ in the context of dispersion 

modelling, and where a distinction between the source term and atmospheric 

dispersion might be drawn. Then, in general terms, the main issues of source 

term sensitivity for dispersion modelling are discussed.  

Six specific source term types are considered. A description of the general 

nature of each source term is given, along with the important processes involved 

in each, and the general way in which they are modelled. This is then extended 

to identify the most important parameters for modelling each source type, and 

to identify a base case for each model and source type combination.  

Detailed sensitivity tests were carried out. The tests covered a wide range of 

parameters, for each of the selected models and the six source term types. The 

inputs and results of sensitivity tests for selected models and release cases are 

summarised and discussed.  

Appendix A contains summary tables for each of the model and source term 

base case combinations, containing two tables for each case and model. The first 

table outlines the assumptions and inputs that were kept constant for each case, 

and the second provides the inputs varied in the sensitivity and highlights the 

base case parameters.  

Appendix B contains a summary of the sensitivities observed for each of the 

model parameters varied for each of the model and source term combinations.  

Plots summarising the results of all of the sensitivity tests are also available. 
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1 INTRODUCTION 

This review concerns the sensitivity of dispersion model outputs to source term 

parameters. Understanding, defining and simulating source terms is an essential 

part of dispersion modelling, but this is not necessarily reflected in dispersion 

modelling literature, which has been weighted more towards the subsequent 

dispersion of materials in the atmosphere (Webber et al, 2010a). 

Dispersion modelling in general has traditionally been concerned with the 

controlled release of gaseous substances through well-designed stacks, which 

requires a relatively straightforward source term. While the dispersion from 

stacks is, of course, an important focus of dispersion modelling, there is a wide 

range of ways in which a substance can be released into the atmosphere, 

particularly for accidental release situations. The very nature of unplanned and 

unintended releases means that source terms are complicated, with scope for 

multiple scenarios. The sheer complexity and diversity of source term behaviour 

means that sensitivity studies relating to source terms tends to be spread thinly 

between the many permutations possible for different source term types. 
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2 DEFINING THE ‘SOURCE TERM’ 

It is difficult to give a definitive, universal, description of what is meant by a 

source term, not least because there are many different types. There are many 

definitions for „source term‟, most of which employ/incorporate key underlying 

concepts such as: the release of a substance into its environment; the nature of 

this substance; initial redistribution of the substance, usually involving the 

entrainment of air; and the point at which the „source term‟ ends and 

„dispersion‟ begins. 

A source term essentially describes, qualitatively and quantitatively, the 

magnitude, timing, dimensions and behaviour of a release of a substance. Or, as 

the HSE Safety Report Assessment Guide (SRAG) (HSE, 2005) succinctly puts it: 

“The source term for an accident sequence expresses „how much‟, „for how long‟ 

and in „what form‟.” 

For a release that involves a loss of containment, the source term extends from 

the point of primary containment to the point at which atmospheric dispersion 

starts. „Primary‟ confinement has been specified here, as it is common for the 

released substance to undergo a subsequent, „secondary‟ stage of confinement 

by some structure, such as a bund. For a loss of containment, the storage 

conditions and the cause of the loss of containment must be identified. 

The understanding of which type of source term will result from a particular 

event is often called the „phenomenology‟ of the release. This can be complex, 

and understanding a source term usually requires knowledge of many different 

aspects of the processes, including mechanical, thermodynamic and chemical 

effects.  

A source term is a somewhat artificial, but useful, concept in dispersion 

modelling, in that it is the starting point for atmospheric dispersion calculations. 

In order to define, for any given release, where the source term stage ends and 

the dispersion stage begins, it is important to first distinguish between the 

source term and the atmospheric dispersion stages. This is not a straightforward 

distinction, and there can be some overlap between the two. 

One possible distinction between the source term and the atmospheric 

dispersion stages is that dispersion starts when the mixing of the released 

material with the ambient air is dominated by the atmospheric turbulence rather 

than turbulence derived from the combination of storage conditions and the 

release process. Pressure, too, can be used as the defining property for the 

differentiation of the source term and dispersion stages. For a release from a 

pressurised container, the source term stage can be considered to be over when 

the internal pressure of the release falls to atmospheric pressure.  

Another possible categorisation for definition purposes is to introduce a further, 

transitional stage, in between these two stages, where the behaviour of the 

released material is affected by both the release process and by the atmospheric 

conditions. This three-part definition assigns the first stage as being almost 
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independent of the atmospheric and other environmental conditions. The third 

stage is then dominated by the environmental conditions (DeVaull et al, 1995).  

Some models are purely source term models, with no consideration of 

atmospheric dispersion. At the other end of the scale/continuum are those that 

are essentially solely dispersion models, with little in the way of source term 

calculations. 

Between these two extremes are many permutations, with source term and 

dispersion calculations being integrated to some extent. Some models exist 

where the source term specification is an integral part of the dispersion model. 

Many models comprise a main dispersion model, with particular source term 

calculations included as distinct self-contained elements, or „modules‟. This 

modular approach can be a feature of the model development process, for 

example, where functionalities have been added on over time. Other software is 

provided as a package of various source term and dispersion models e.g. 

HGSYSTEM and PHAST.  

Some source terms lend themselves more to the use of separate source 

modules than others, which has implications for parameter sensitivity; jet 

sources, for example, are usually integrated within dispersion models, as the 

transition between the exit point for the jet and the dispersion phase is complex, 

and there is no obvious point in the release process to hand over to a dispersion 

model. The vaporisation from a pool source, on the other hand, can be a much 

clearer transition point, and the evaporation rate and pool area generated by a 

pool spread model can be entered into a dispersion model (although even here 

there is potential for complexity e.g. where the pool results from rainout 

predicted by a dispersion model or where vaporisation may be suppressed due 

to an overlying dense gas cloud). Similarly, a pool spread model can be coupled 

with a dispersion model to model a burning pool. 
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3 DEFINING ‘SENSITIVITY’ 

As well as defining what is meant by a source term, it is also useful to outline 

what is meant by the „sensitivity‟ of dispersion model predictions to source term 

parameters. In general terms, model predictions are said to be „sensitive‟ to a 

particular parameter if changes in that parameter result in significant changes in 

the outcomes. These outcomes could be changes in an absolute output of the 

model (e.g. the concentrations), or the corresponding impacts (e.g. the number 

of people exposed to the concentrations). Furthermore, it could be argued that if 

changes in predictions result in a change in the conclusions that a modeller 

might draw from the results, then there is greater sensitivity. In general, the 

parameters to which the predictions are most sensitive are the most important 

parameters to „get right‟.   

Investigations of the sensitivity of model outputs are often called „sensitivity 

tests‟ or „sensitivity analyses‟. These are tests that aim to measure, qualitatively 

and/or quantitatively, the effect of model input parameter values on the output 

of the model. They identify how important a given parameter is to the modelling 

outcome(s). 

There are many different reasons for carrying out a sensitivity analysis; possibly 

the most common is to test the reliability of the model results, particularly 

where there is uncertainty in the input parameters. Although the terms 

„sensitivity‟ and „uncertainty‟ have distinct meanings, it is often useful to 

consider the two concepts together when determining the importance of a 

parameter. There may be a great deal of uncertainty regarding the value of a 

particular parameter, but if the results of the modelling are very insensitive to 

that parameter, then the uncertainty is relatively unimportant.  

A sensitivity analysis can be used to reduce the overall uncertainty by helping 

the model user to refine key inputs. Sensitivity tests can provide modellers with 

key information on where effort would be best placed when collating and 

processing model input data. Modellers can provide feedback to others, to help 

to improve the collection of information, which in turn can help to refine the 

modelling process. Even where reducing the uncertainty of the inputs is not 

possible, enhancing the understanding of model sensitivity can help to make 

best use of the information provided through dispersion modelling.  

Having an understanding of which parameters are key for a particular model is 

important for all types of modelling, reducing the time and resources required, 

and improving the efficacy of the results. Its importance is perhaps most evident 

in the situation of real-time modelling for an emergency release. Prior 

knowledge of which parameters are needed to obtain useful results is vital in 

helping to gather information on key parameters, and to quickly and effectively 

populate the model(s). Other parameters that have been shown to be less 

important can be set to „default‟ values.  

The above examples show how improving the understanding of sensitivities can 

help to improve communication between modellers and those who measure and 

collect information to be used as input data.  
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From the perspective of a model developer, a sensitivity analysis could be useful 

in identifying where there might be a problem in the model. If, for example, a 

linear relationship is expected between a particular parameter and model output 

then encountering a different relationship between the two would indicate an 

issue in some part of the calculations; the nature of the relationship could help 

in determining what that issue is. In addition, an understanding of model 

sensitivity can help to indicate to the development team where effort would be 

best placed to improve the performance of the model.  

A sensitivity analysis requires some sort of „base case‟ on which to base the 

sensitivity tests. Then, from this base case, the parameters to be varied and 

tested are identified. The different values for these parameters are chosen, 

usually based on typical or valid ranges. Sensitivity analyses can range from a 

simple test of a few parameters, to a highly detailed and systematic 

investigation.  

The parameters can be investigated individually, or the combined effects of two 

or more parameters can be considered. If parameters are varied one at a time 

(OAT), this is sometimes called „local‟ sensitivity analysis. Global sensitivity 

analyses involve varying several parameters at once. Recent studies have used 

statistical methods to deal with the very large amount of scenarios that would 

otherwise result from varying many parameters simultaneously (e.g. Gant et al, 

2013; Kelsey et al, 2014). 
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4 POTENTIAL ISSUES OF SOURCE TERM SENSITIVITY 

4.1 General source term issues 

There are many issues to consider regarding source term sensitivity. We will 

start with the broad issue of the extent and complexity of source term 

modelling, as a basis for discussing the details of the source term parameter 

sensitivity. 

One major general issue when considering source term modelling is the sheer 

potential scale of the subject matter. There are many different types of source 

term and subtypes within them, giving rise to many different possible scenarios 

to describe how the release can unfold. Each of these scenarios is described by 

many different potential parameters. 

Another major issue is the complexity of each of these potential scenarios. 

Source terms tend to involve many interrelated processes such as changes in 

momentum and turbulence, heat transfer and phase changes; furthermore, 

there are different levels of complexity for different types of source term.  

The complexity of source terms means that the exact, detailed, nature of the 

source term can never be completely simulated, so source terms for dispersion 

models are, inevitably, pseudo-sources; they are a simplification to some 

degree. The extent of the simplification depends on, amongst other things, the 

source term type and the requirements of the model and the modeller. 

For some situations there may be factors that are relatively universal, such as 

the presence of bunds and other containment systems, which can simplify the 

input requirements. But other situations are more complicated and dictated by 

features of the specific environment, such as obstacles, terrain, and unusual 

events. It is possible that only a few parameters can effectively describe some 

source terms, whereas others will require a much wider range of parameters. 

Source term sensitivity will differ depending upon whether the focus is on 

modelling toxic materials which may be hazardous at very low concentrations or 

flammable materials which are hazardous at concentrations greater than around 

50 g/m3.  Flammables are more likely to be more strongly influenced by the 

source term driven dilution and spreading.  In very low wind conditions, 

dispersion behaviour may be dominated by dense gas cloud accumulation 

around the source, with very little dilution and with spreading governed by the 

local topography.   None of the models included in this study are capable of 

dealing with such predominantly gravity-driven flows in very low winds, except 

perhaps in very idealised conditions.  Hence the source term sensitivities in this 

report do not address these particular aspects.  

For the more complex situations, it can be difficult to determine what scenarios 

might arise from a specific event, i.e. to predict the phenomenology. Early 

assumptions about how the release can start can be incorrect, and seemingly 

small differences in cause can lead to very different source terms. A small 

variation in the location of a rupture in a vessel, for example, can be the 
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difference between puncturing the „head space‟ of the vessel, and therefore 

releasing vapour, and puncturing lower down so that liquid can escape. For 

emergency release scenarios, often the modelled source terms scenarios have 

never „happened‟ in that particular location and situation, so predicting the 

phenomenology is inherently challenging. Even more of a potential challenge 

exists if the modelling is for an as yet non-existent facility, where the exact 

nature of basic features such as storage amounts and conditions, and secondary 

containment may not be known. This decision-making process is distinct from 

the modelling process, but needs to be considered if different modellers present 

different results for a given situation.  

Even when the phenomenology is well understood, it can be difficult to decide 

on a starting point for the modelling. For the rupture of a vessel that results in 

an evaporating pool, for example, should the modelling start with a fully-formed 

evaporating pool, or with the formation of the pool from a jet, or with the 

rupture of the containing structure, or with the initial storage conditions? This is 

only relevant for those models that are able to consider each of these stages. 

For more simple models, this option does not exist, and the last part of this 

sequence is the only part that can be described in the dispersion model. Here, 

the user has a different problem: how to determine the „final‟ source term based 

on the available information. 

A related issue is that the events in a release are not always sequential, and 

instead there can be dynamic interactions between different parts of the source 

term. For example, there could be potential for multiple instances of vapour 

cloud formation, i.e. for several starting points for atmospheric dispersion. This 

is a similar issue to that described above in that, for more simple source term 

models and modules, it is only the model user, and not the model, that can 

consider the possible interactions. 

For dispersion modelling that includes some source term modelling, there has to 

be a transfer of information between the „source term‟ and the „dispersion‟ 

model/module. The point at which, and the way in which, this happens can 

introduce issues, and the model results can be highly sensitive to the transfer 

process. There is arguably more potential for such issues when the source term 

module and dispersion model are separate, particularly when the models are not 

developed with this transfer in mind. 

Another potential issue is that of transparency. If the model user is not able to 

access information about how the source parameters are used by the model, 

there is potential for the user to misinterpret what is required as input for a 

particular parameter. For example, when modelling a pressurised gaseous jet 

source, a dispersion model might require a „pseudo‟ diameter for the jet, which 

represents the diameter of the jet after it has undergone expansion to ambient 

pressure. If the user is not aware of this, and assumes that the required 

diameter is that of the jet at the exit from the vessel, then there is potential for 

error if the model output is sensitive to the jet diameter values used.  

Related to the transparency is the flexibility afforded to model users regarding 

model input. If a high level of detail is required and users have limited 

restrictions on parameter values, combinations of inputs and so on, then this 
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can have implications for the model results. The extent of this user freedom 

should inform any sensitivity analysis carried out. 

 

4.2 Carrying out sensitivity analysis 

The starting point of a sensitivity analysis is to establish baseline scenarios; the 

findings of sensitivity analysis can depend greatly on the specific base case 

scenarios chosen, so this needs to be taken into consideration. Then, the next 

step is to decide which parameters should be varied, and how. Since source 

term parameters are not necessarily independent of one another, and changing 

one can have an effect on another, it is important to consider whether 

parameters should be varied one at a time, or whether a more global analysis is 

required. 

The next stage is to decide on the set of values to use for each of the 

parameters, and to set some constraints on the range of values used. It can be 

challenging to set relevant values, particularly if there is uncertainty about the 

suitable values for a given parameter. Another potential issue to consider is that 

parameters or assumptions may not be consistent with one another. For 

example, a user may specify a volume of a gas cloud and an initial diameter, 

and certain combinations might result in an unfeasibly tall gas cloud. The model 

in question may warn the user of any inappropriate inputs, but it may not. 

Model results might show a „false‟ sensitivity to a parameter due to these kinds 

of effects. 

Another important decision to be made when carrying out sensitivity studies is 

deciding which outputs should be analysed, as different outputs will have 

different sensitivities to source term parameters. Common dispersion model 

outputs used for sensitivity analysis are: the downwind distance to a particular 

threshold value, where this threshold value can be related to the toxicity 

(concentration or dose) or flammability of the material; the concentration or 

dose at a particular location; and the total footprint area of the dispersed cloud.  

When choosing parameters and outputs to focus on, it is important to consider 

that different models are designed for different applications; one modeller might 

want to carry out a screening assessment, whilst another might require more 

detailed output. Output requirements can be different for design purposes than 

they are for consequence modelling, and assessing different hazards requires 

different types of output. Given the range of different approaches and purposes, 

there is scope for treating different modelling types/approaches separately, and 

for choosing different baseline scenarios and parameters for the sensitivity tests. 

Parameters can have an effect on more than one aspect of the release process, 

and this should be taken into consideration. This is particularly true for 

meteorological parameters, which have a large influence on atmospheric 

dispersion, but can also have a significant effect on source term behaviour. It 

can be challenging to isolate the effects on the source term from the effects on 

the dispersion. One way of approaching this is to assess the effects of the 

meteorological conditions on other, intermediate, outputs, as opposed to the 
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outputs from the atmospheric dispersion stage. For the example of a pool 

source, this could include the vaporisation rate, the total mass vaporised, or the 

final area of the pool.  

Different types of parameters: Some source parameters are „hardwired‟ within 

models (sometimes known as internal parameters). A sensitivity analysis that is 

aimed at informing model users would need to focus on external parameters, 

whereas a sensitivity analysis that focused on internal parameters would 

perhaps be more useful to model developers. 

A consideration when designing sensitivity tests is the presence of any 

discontinuities in the model calculations. If the model user is not aware of them, 

these effects might detrimentally affect the interpretation of the sensitivity 

analysis. An example of such a discontinuity is the transition between boiling 

and evaporation regimes in some pool source models (see Section 5.1 for more 

information). 

When the model runs for the sensitivity tests have been carried out and the 

results analysed, the quantification of the sensitivity is an important issue. 

Often, sensitivity tests results are presented qualitatively, particularly when 

parameters are varied one at a time. But other, often detailed, sensitivity 

analyses include some quantification of the outputs, by applying rankings or 

other benchmarks (e.g. Kok et al, 2004; Pandya et al, 2012).  

 

4.3 Applying the findings of others’ sensitivity analysis  

Model users will often take the findings of others‟ sensitivity tests and apply 

them (whether directly, or by extrapolation) to their own specific situation. In 

these cases it is important to put sensitivity in context, and to assess how 

relevant the results of a sensitivity analysis are to a particular situation. 

The output from a particular model might appear to be highly sensitive to a 

particular change in a parameter‟s value, but if that change is unrealistic for the 

situation, then the observed model sensitivity is irrelevant. It is essential to 

understand when the input parameter values have gone beyond the normal 

range.  

The issue of varying modelling types and approaches was discussed previously, 

and this should be considered when interpreting the results of sensitivity tests. 

Some models have a deliberate tendency to provide conservative estimates of 

hazard impacts, for example, and this should be taken into consideration. 

Finally, releases occur on different scales, and the parameters, and findings of 

sensitivity tests on one scale will not necessarily apply to another scale. Small 

pool fire behaviour, for example, may be significantly different to that of large 

pool fires.  
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5 DESCRIPTION OF EACH SOURCE TERM  

In addition to the above general aspects of source terms, this review also 

focuses on six particular source term types: 

 Evaporating pools (low momentum) 

 Pressurised catastrophic failures (flashing) 

 Jet releases (high momentum and directional) 

 Spray releases 

 Fire plumes (warehouse) 

 Fire plumes (outside burning pool) 

 

The salient characteristics of each of these source types are discussed below, 

with a focus on the main processes involved in each type of release, and the 

way in which these source terms are treated, in general terms, by source term 

modules and models. 

 

5.1 Evaporating pools (Low momentum) 

5.1.1 Phenomenology  

 

The source term for an evaporating pool essentially involves a loss of primary 

containment of a stored or transported liquid. There are many variations, 

depending on the nature of the incident, the type of released material, the 

immediate surroundings, and other factors; but common to all is the formation 

of the pool on a surface, with material being converted from the liquid phase to 

the gas phase due to heat transfer to the pool, and wind-driven vaporisation at 

the liquid/vapour interface. The pool may form almost instantaneously, or may 

be continuously fed from a slower leak. The behaviour of the pool may change 

over time, as the liquid spreads and heat is transferred to the pool from its 

surroundings. 

The surface on which the pool or spill forms and spreads is referred to as the 

substrate. This can be the ground, a water body, the surface of a structure such 

as an oil platform or jetty, or a bund or other secondary confinement structure. 

If the volume of the bund is lower than the volume of the liquid release, then 

the liquid can spill over the top of the bund. If the liquid interacts forcefully with 

the bund, or is released through an orifice that is at a greater height than the 

top of the bund wall („spigot‟ flow), „overtopping‟ can occur. The nature of the 

substrate is important in determining the amount of heat transfer to the pool, 

although other sources of heat, such as insolation, can also be important. 

The spreading behaviour of a pool depends on the nature of the substrate, as 

well as the physical properties of the spilled liquid. A distinction is sometimes 

made between a „pool‟ and a „spill‟, with the former having some form of 

secondary confinement, and retaining significant depth, and the latter having no 

confinement, freely spreading to form a very thin layer of liquid.  
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The vaporisation from a pool can be generally described as falling into one of 

two main regimes: boiling or evaporation, associated with „cryogenic‟ and non-

cryogenic („volatile‟) liquids, respectively. There is no absolute physical 

distinction between boiling and evaporation processes, but these labels are 

useful in describing the vaporisation behaviour of different types of liquids 

(Webber et al, 2010a). Cryogenic liquids have boiling points that are 

significantly lower than typical ambient temperatures, as their saturated vapour 

pressures are equal to ambient pressure at relatively low temperatures. They 

therefore, tend to initially undergo boiling behaviour at ambient temperatures 

(and pressures). Non-cryogenic, „volatile‟ liquids, i.e. those with boiling points 

that are significantly greater than ambient temperatures, tend to undergo 

evaporation only, as the net heat transfer to the pool can be insufficient to raise 

the temperature of these liquids to their boiling temperatures.   

For cryogenic liquids, the heat transfer from the substrate tends to dominate the 

vaporisation (in the boiling regime, at least), but, for non-cryogenic liquids, 

insolation and other processes are a much more important means of heat 

transfer. Furthermore, wind-driven mass transfer across a concentration (partial 

pressure) gradient can be very important in driving the vaporisation of non-

cryogenic liquid pools, with wind speed and atmospheric turbulence having a 

significant impact on the vaporisation rate.  For these reasons, it is useful to 

describe cryogenic and non-cryogenic liquids separately.  

For cryogenic liquids such as liquefied natural gas (LNG) and liquid hydrogen, 

the substrate is a very important source of heat. The rate of heat transfer is 

dependent on several factors, including whether the substrate is land or water. 

If the pool is on land, the heat transfer from the substrate is restricted by the 

limits of conduction, and the vaporisation rate tends to reduce over time, as the 

pool cools the surface, and the vaporisation cools the liquid. For this reason, a 

cryogenic pool can transition from the boiling regime into an evaporation 

regime. Secondary containment of a spill by a bund helps to reduce the amount 

of vaporisation by preventing the pool from spreading to new, still-warm 

ground. For a pool on a water body, convection within the water can provide a 

more sustained heat source, even when the pool is contained. 

For pools on land, the specific nature of the substrate is important in 

determining the heat transfer, including the thermal properties, porosity, water 

content and temperature. The thermal properties are essentially those that 

determine the ability to conduct heat (compare, for example, metal and 

concrete). Porous ground tends to result in greater vaporisation than an 

impermeable surface, as the surface area of the substrate is effectively 

increased as the liquid penetrates through it (Webber et al, 2010a).  

It is perhaps unsurprising that the difference in temperature between the 

substrate and liquid affects the vaporisation rate, but the effects can be more 

complex than might be expected. Rather than a simple linear increase of 

vaporisation, processes such as film boiling and nucleate boiling can occur, 

which result in step changes in vaporisation behaviour. Film boiling occurs when 

there is a large temperature difference between the pool and its substrate, and 

a thin layer of vapour is produced between the pool and the substrate. 

Conversely, where the liquid comes into direct contact with the substrate, 
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nucleate boiling can result. Significantly more vaporisation occurs for nucleate 

boiling than for film boiling. The propensity for film boiling depends on factors 

such as the ability of the surface to conduct heat and the roughness of the 

surface (with smooth surfaces being more conducive to the occurrence of film 

boiling). The composition of the liquid is also an important factor; LNG, for 

example, consists predominantly of methane, but the relatively small amount of 

other hydrocarbons present in the mixture means that LNG will demonstrate 

different boiling behaviour to pure methane, with the film boiling regime being 

more likely to collapse for LNG than for methane. Between the film boiling and 

nucleate boiling phases, a further phase occurs, called the transition boiling 

phase, or the steady phase, which occurs when part of the surface is in the 

nucleate boiling phase and other part in the film boiling phase (Batt, 2014; 

Woodward and Pitblado, 2010). 

The relatively high boiling point of non-cryogenic liquids means that they will not 

undergo boiling under ambient temperatures and pressures, and will instead 

undergo evaporation, which is a much slower process. Evaporation is also an 

important vaporisation process for cryogenic liquid pools that have cooled 

enough to move from the boiling regime to the evaporation regime. For these 

pools the rate of evaporation will be strongly dependent on the rate at which 

vapour can be removed from the surface of the pool to maintain a concentration 

gradient. This means that the ambient wind speed is very important for 

evaporation from such pools, and that a pool will evaporate more quickly if it 

can spread to gain a large surface area. This is another reason why secondary 

containment in bunds is often employed.  

Since vaporisation rates are generally lower for non-cryogenic liquids compared 

with those for cryogenic liquids, if the liquid spill occurs over a long period of 

time and the pool spreads sufficiently, the influx of liquid to the pool can be 

equal to the evaporation rate, resulting in a steady-state pool. Steady state 

pools at an equilibrium pool size may also be achieved for continuous cryogenic 

liquid spills on water. If the evaporation is slow enough, it can continue after the 

flow of liquid into the pool has stopped.  

For non-cryogenic liquids, the difference between the ambient temperature and 

the liquid temperature is much smaller than for cryogenic liquids, so relatively 

small increases in the ambient temperature can greatly increase the evaporation 

rate, by virtue of the changed saturated vapour concentration (proportional to 

the vapour pressure) at the pool surface. Heat transfer by solar radiation also 

tends to be significant for non-cryogenic liquid pools, though the solar radiation 

can be reduced by the presence of a vapour cloud above the pool surface. 

The different materials within multi-component pools can vaporise at different 

rates, with the more volatile fractions preferentially moving to the vapour phase, 

so that the composition of the resulting pool will be different to the starting 

composition. 
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5.1.2 Modelling of evaporating pool sources  

 

There are varying levels of detail in the treatment of pool sources. One useful 

distinction is between the following two types of models:  

 Explicit pool models: those that can simulate the pool spread and heat 

transfer processes of the liquid to some degree and are able to quantify 

the resulting evaporation rate (and may or may not be able to model the 

resulting atmospheric dispersion of the vapour cloud). These models are 

described as „source term‟ models in this report. 

 Those that can be used to model the dispersion of a release from a liquid 

pool, i.e. can simulate a cloud of vapour, but don‟t actually treat the 

behaviour of the pool itself. These models are referred to as „direct 

source‟ models in this report. 

There is a natural split between these two types of model because of the 

aforementioned clear physical distinction between the pool processes and the 

resulting vapour cloud in the atmosphere, and also because there is a difference 

in timescales between these two process (Batt, 2014). Both types of models 

vary in the complexity of the temporal treatment of the pool processes and the 

dispersion.  

Explicit, source term, models include some treatment of heat transfer and the 

spreading of the pool, along with a database of substances containing key 

physicochemical properties of each substance. They vary in their inclusion of 

other features such as the ability to model different substrates, the treatment of 

bunds, and the ability to model complex pool geometries. Further, more 

detailed, considerations for pools on water include: the presence of waves; the 

formation of ice (Webber et al, 2010a); the dissolution of the material into the 

water; and the chemical reaction of the material with the water (e.g. Cruse et 

al, 2011). Treatment of one or more of these processes is sometimes included in 

more complex pool models, depending on the complexity and intended purpose 

of the model. As described above, the presence of the vapour cloud above an 

evaporating pool can reduce the solar radiation, and hence the evaporation rate 

from the pool. This negative feedback mechanism is an example of a process 

that is not often incorporated into pool models; another example is the 

suppression of vaporisation due to the presence of a stably stratified gas cloud 

overlying a pool. 

For those models that can explicitly model pool behaviour, the way in which the 

transition between the boiling and the evaporation regimes is treated, and 

hence the difference in treatment of cryogenic and non-cryogenic liquids, is an 

important feature of pool spread models. Some models have a sharp transition 

between the two regimes, whereas others avoid this discontinuity and treat the 

two as a continuum, removing the need to distinguish between the two types of 

liquid. 

Where a pool model is used with a separate dispersion model, the modeller can 

decide on the level of detail that is passed on to the dispersion model. Consider, 

for example, a scenario modelled in a detailed pool source model, involving the 

spill of a cryogenic liquid, the formation of a pool, an initial, rapid, boiling phase 
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where most of the pool is quickly vaporised, and then a subsequent slow 

evaporation phase. The amount of transfer to the vapour phase, as well as the 

geometry of the cloud, will vary over time. If two separate models are used, the 

modeller could: a) model the boiling part only, as this might give the greatest 

impact; or b) simplify the process so that there is a single initial instantaneous 

emission, followed by a single, constant, continuous emission from a pool of 

fixed width; or c) model a source with a detailed temporal profile, as calculated 

by the pool model.  

For models that do not explicitly model pool behaviour (that is, the direct source 

models), the dispersion model might, for example, simply have the capability of 

modelling gas clouds with variable dimensions, or it might have specific 

tools/features to enable it to interface with a pool source term model to help 

with the transfer process described in (c), above. 

 

5.2 Pressurised Catastrophic Failures (Flashing) 

5.2.1 Phenomenology  

 

This source type comprises the „catastrophic failure‟ of a vessel containing a 

superheated liquid under pressure, forming a two-phase cloud, where 

„superheated‟ refers to a liquid whose temperature exceeds its boiling 

temperature at atmospheric pressure. Because catastrophic failure often means 

that the complete contents of the vessel are released in a very short time, 

potentially serious consequences can result. 

The liquid undergoes complete and instantaneous (or near-instantaneous) loss 

of containment, followed by rapid depressurisation and expansion. Because of 

this very fast depressurisation, and the formation of pressure waves, a fraction 

of the liquid „flashes‟ to a vapour, a rapid phase change where a proportion of 

the liquid is vaporised. The flashing generates a great deal of turbulence, and 

hence entrainment of air. It is not just the vapour that becomes airborne; some 

or all of the remaining liquid is broken up and entrained by the turbulence 

created by the flashing process. The result is a two-phase cloud comprising 

small droplets suspended in the vapour phase.  

The initial composition of the cloud depends on the storage conditions and the 

properties of the released material. Rules of thumb are sometimes used for 

estimating the amount of air that is initially entrained into the cloud. One 

example is the assumption that the mass of air entrained is equal to ten times 

the mass of stored material, and another that the volume of the entrained air is 

sixty times the flash vapour volume (BCGA, 2013).  

Initially, the aerosol cloud will be denser than air due to the presence of liquid 

droplets and the cooling effect of rapid evaporation. This dense aerosol cloud is 

initially self-propelled, due to the momentum from the loss of containment, but 

as the velocity decreases, the cloud slumps and spreads horizontally. This 

happens sufficiently close to the release origin that it could arguably be 

considered to be part of the source term. Following this slumping phase is the 

true dispersion phase, where the cloud becomes dispersed by the wind. The 
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suspended droplets in the aerosol cloud can be lost from the cloud through 

evaporation, or through ‟rainout‟, the loss of droplets to a surface through 

gravitational settling. 

 

5.2.2 Modelling of flashing catastrophic failure releases  

 

In a similar way to the pool source term, models that can treat flashing 

catastrophic failure releases can be divided into two main groups: 

 Those that can simulate the behaviour of the release of the stored liquid 

to some degree and are able to quantify the resulting properties of the 

aerosol cloud (as well as the resulting atmospheric dispersion). These 

models are described as „source term‟ models in this report. 

 Those that can be used to model the dispersion of an aerosol after the 

release has occurred i.e. that can simulate the dispersion of a dense, 

two-phase cloud but don‟t actually treat the expansion, flashing and 

behaviour. These models are referred to as „direct source‟ models in this 

report. 

The aerosol cloud is formed so quickly that it is represented in a dispersion 

model as an instantaneous release. The cloud is often represented with a 

simplified geometry, such as a vertical cylinder or hemisphere at ground level. 

Rainout is difficult to quantify due to a general lack of experimental data and 

difficulty in scaling up the findings of those experiments that have been carried 

out (van den Bosch and Weterings, 2005) but is sometimes included in 

dispersion models. Although this is mainly a feature of the atmospheric 

dispersion, there are implications for source term sensitivity, as the initial 

droplet size can determine the eventual rainout behaviour. Some models allow 

the user to manually account for rainout by reducing the aerosol fraction 

calculated by the model. 

 

5.3 Jet Releases (high momentum and directional) 

5.3.1 Phenomenology  

 

A jet is often formed as a result of a small hole or rupture in a pressurised 

vessel or pipeline that arises during the storage or transport of a substance. The 

effect of the release pressure is to impart momentum to the jet release resulting 

in enhanced velocity, turbulence and release directionality. There are many 

different types of jet releases, and the type of jet formed in a given situation 

depends, amongst other things, on the material stored, the nature of the 

storage, and the location and nature of the hole/rupture. 

Jets can initially be in gaseous, liquid or two-phase form. An example of a 

scenario that initially leads to a gaseous jet is a rupture in the vapour space of a 

pressurised liquefied gas vessel, although there may be subsequent two-phase 

discharge in this case, due to „swell‟ from bubble production in the liquid. 
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Jets of liquids that are initially in the liquid form generally either: 

a. stay in the liquid form  

b. undergo partial flash evaporation to form a two-phase jet; or  

c. become mechanically fragmented to form a spray of fine droplets. 

If the liquid is sub-cooled (i.e. stored or transported at a temperature below its 

normal boiling temperature), then it will not undergo any partial flashing, but it 

has the potential to be vaporised if it is volatile enough. Even a volatile liquid 

jet, though, will not undergo significant vaporisation if it has not undergone any 

mechanical fragmentation, as the low surface area to volume ratio of an intact 

jet allows little heat exchange with its environment. A possible exception is an 

elevated jet, which might have enough time to vaporise before it reaches the 

ground. When an intact sub-cooled jet impinges on the ground or an obstacle, it 

will tend to form a liquid pool.  

In other words, jets of sub-cooled liquids may be divided into those that 

undergo mechanical fragmentation and those that form liquid pools. Both of 

these situations are covered elsewhere in this report; the former in the „spray 

release‟ source term category and the latter in the evaporating pools and pool 

fire source term categories. 

A two-phase jet is formed when a fraction of a released superheated liquid 

undergoes flash evaporation, in a similar manner to the flashing that occurs 

during a pressurised catastrophic failure (see Section 5.2). The liquid undergoes 

a rapid drop in pressure, which results in the transmission of pressure waves 

through the liquid; at the troughs of the pressure waves, vaporisation occurs. 

The vaporisation may be rapid but is not necessarily instantaneous; the 

timescale for this may depend upon the availability of nucleation sites and on 

bubble growth rates. The vaporisation can be large, forming rapidly-growing 

bubbles, which act to break up the jet into an aerosol cloud; this type of break 

up is usually described using terms such as „thermodynamic fragmentation‟ or 

„flash break-up‟, to differentiate it from mechanically fragmented jets (Witlox 

and Bowen, 2002). The latter type of jet is covered within the „spray releases‟ 

source term, described in Section 5.4 of this report.  

 

5.3.2 Modelling of jet releases  

 

Different models treat jet sources with different levels of complexity. Some allow 

only horizontal and/or vertical jets, for example, while some are able to use a 

range of different directions for the release. They vary in their ability to treat 

elevated jets, and in their treatment of different phases of jets. 

The complex initial behaviour of jet releases, with rapid entrainment of air and 

expansion, is not fully understood (Webber et al, 2010b) and therefore difficult 

to represent in source term models. Therefore, models often employ a „pseudo 

source‟ to model the jet after the expansion stage, and models can be divided 

into those that do treat the initial release and entrainment/expansion stage of 
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jet sources, and those that do not, i.e. those that treat the jet as being at 

ambient pressure. 

The behaviour of an aerosol jet is treated in several models by applying the 

premise of homogeneous equilibrium; here, „homogeneous‟ describes the 

distribution of the vapour/liquid mixture throughout the jet, where the vapour 

and the liquid droplets are assumed to have the same velocity, and „equilibrium‟ 

refers to the assumption that the liquid and vapour are at the same temperature 

and pressure throughout, i.e. in thermodynamic equilibrium. 

In a similar manner to pressurised catastrophic failure releases, rainout of the 

droplets can occur. This process can be included explicitly in dispersion models, 

and other models allow the user to account for rainout by manually reducing the 

aerosol fraction calculated by the model. 

 

5.4 Spray releases 

5.4.1 Phenomenology 

 

There are several possible outcomes for liquid releases, including vaporising 

pools and flashing two-phase jets which are discussed further in Sections 5.1 

and 5.3. Another possible outcome occurs for a liquid stored or transported at a 

temperature below its normal boiling temperature (i.e. sub-cooled) and released 

under pressure, is the formation of an airborne liquid spray which subsequently 

disperses as an airborne cloud of droplets (aerosol). A fraction of the droplets in 

the spray may also deposit on the ground forming a liquid pool or wetted 

surface. 

This high level review focuses on liquid sprays from pressurised storage and 

transfer and does not include liquid sprays formed by: 

 Cascading liquids from ambient pressure storage e.g. resulting from 

overfilling of tanks (see e.g. Atkinson and Gant, 2012a and 2012b) 

 Condensation of vapour 

 Entrainment of liquid droplets stripped from waves by high velocity gas 

flow over a liquid surface 

 Splashing of liquid impacting on obstacles or on a liquid surface 

Break up of sub-cooled liquid sprays occurs by mechanical means; this will 

usually involve the core of the liquid jet breaking up into initially relatively large 

fragments as a result of flow instabilities. These large fragments then undergo 

further disintegration as a result of deformation and break up by aerodynamic 

forces and collisions between individual drops. The result of the break up is a 

spray containing a range of droplet sizes. Large droplets will tend to follow 

individual trajectories determined by a balance of forces, including gravity and 

aerodynamic drag, and are likely to rain out to the ground relatively close to the 

release point. Smaller droplets are more likely to move with the bulk flow and, 

in the case of a volatile liquid, to vaporise before being deposited on the ground.  



 
 
 

26 CONTRACT REPORT FOR ADMLC 

Smaller hole diameters are expected to lead to smaller droplets from initial 

break up (primary break up), but the size of droplets from subsequent, 

secondary break up generally depends upon the velocity of droplets and surface 

tension, often correlated by droplet Weber number (Pilch and Erdman, 1987). 

For releases through non-circular holes, e.g. slits, primary break up is likely to 

be controlled by the smaller dimension of the hole, e.g. the slit width rather 

than length. 

Increasing the release height and/or directing the release upwards increases the 

potential travel distance of droplets before they reach the ground; for volatile 

substances increasing the vaporisation and reducing rainout. Conversely, 

decreasing the release height and/or directing the release downwards towards 

the ground is likely to promote rainout. 

The along stream distance over which a liquid jet fragments from a compact 

liquid jet to a spray of droplets is referred to as the break up length. The break 

up length of liquid jets tends to increase with increased diameter for circular 

nozzles, increasing the chance of interaction with the ground or surrounding 

obstacles before full break up is achieved. 

 

5.4.2 Modelling of spray releases 

 

It is useful to distinguish between the following types of models for spray 

releases:  

 Models that estimate drop sizes from release conditions and use this as a 

basis for quantifying rainout, possibly by tracking droplet trajectory and 

vaporisation, with the remaining airborne liquid dispersed in the airborne 

cloud. 

 Dispersion models that disperse the spray as a two-phase jet/cloud 

possibly estimating liquid deposition based on a user specified 

droplet/particle size, and/or including rainout of liquid near the source by 

inputting a rainout fraction determined externally by rainout model which 

does not itself model dispersion.  

Liquid atomisation is a complex process that is only understood for very simple 

break up situations. For this reason recourse is usually made to empirical 

correlations determined from measurements on sprays produced from atomiser 

nozzles. The more useful correlations are expressed in non-dimensional form 

including the main controlling variables. Often a non-dimensional Weber number 

is used as a correlating parameter since it represents a measure of the 

importance of surface tension as a restoring force holding together droplets, 

compared with inertial/aerodynamic forces which deform and disrupt droplets. A 

number of alternative correlating parameters for droplet size and rainout are 

discussed in Johnson and Woodward (1999). Some models attempt to estimate 

rainout by estimating a critical droplet size that is large enough to rain out and 

assuming a drop size volume distribution. It is difficult to accurately determine 

droplet size distributions in dense sprays, and significant errors in cumulative 

drop size volumes may result from a few large droplets which contain most of 
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the mass not being detected. There are few experiments where both droplet size 

and rainout fraction are measured; an exception is described in Bettis et al. 

(2013). Gant (2013) gives a detailed review of flammable sprays including 

information on spray breakup correlations and spray impingement models.   

Studies also show that atomisation is very dependent on the nozzle geometry. 

Accidental breaches of containment may involve a wide range of possible hole 

and flow configurations leading to added uncertainty regarding the application of 

spray correlations derived from measurements on simple nozzles. 

Some specific spray models have been developed, e.g. for crop spray modelling 

(Teske et al, 2002), but these are not generally applicable to accidental release 

situations. Ghosh and Hunt (1994) provide a simple spray model which 

illustrates some differences in behaviour between sprays and gaseous jets, 

however this model is primarily intended to represent near field dispersion of 

downward vertical crop sprays from fan spray nozzles. Other approaches to 

modelling liquid sprays adopt gas dispersion models primarily developed for 

other source types, e.g. two-phase dispersion model or passive dispersion 

models incorporating particulate deposition algorithms. 

Considering possible substance property dependency of spray source terms: 

 Spray releases are expected to have quite a strong dependence on liquid 

surface tension since this is an important determinant for droplet sizes – 

smaller surface tension giving smaller droplets which are less likely to 

rain out. Droplet sizes may also depend upon liquid viscosity – break up 

correlations may include this by a dependence upon the dimensionless 

Ohnesorge number (e.g. Brodkey, 1969). In some circumstances (Gant 

et al, 2016), the stronger variation of liquid viscosity on temperature 

than liquid surface tension on temperature may give rise to liquid 

viscosity having the dominant effect on liquid atomisation. 

 The amount of liquid vaporised from droplets will depend strongly on the 

saturated vapour pressure – higher saturated vapour pressure enhancing 

vaporisation and reducing rainout. Vaporisation will also depend upon the 

binary diffusion coefficient of the released substance in air via the 

laminar Schmidt number (for mass transfer) and thermal vapour 

conductivity via the Nusselt number (for heat transfer). The temperature 

change of droplets during evaporation depends also on the enthalpy of 

vaporisation and the liquid specific heat capacity. 

 Liquid density affects the release rate and velocity for a given release 

pressure, together with the gravitational settling velocity. Denser liquids 

exhibit lower discharge velocity and hence may produce larger droplets 

for the same given driving pressure and resulting droplets will settle 

faster both as a result of higher density and increased size.  

 Toxicity and flammability limits for different substances may differ, 

resulting in dispersion sensitivities being affected by different 

downstream distance ranges, probing different dependencies of 

dispersion models. 
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Considering the possible effects of environmental conditions on spray source 

terms: 

 

 For liquids stored at ambient temperature, the ambient temperature will 

affect the temperature-dependent physical properties of the released 

liquid and the air through which the spray disperses. For volatile liquids, 

the main effect of ambient temperature is expected to be on vaporisation 

and hence rainout quantity. However, usually significant changes in 

ambient temperature are associated with other changes in atmospheric 

conditions, most importantly wind speed and atmospheric stability (see 

below), and these latter changes may dominate over the effect of 

temperature-dependent substance properties.  

 With the exception of water soluble or water reactive substances, 

atmospheric relative humidity is expected to have little impact on 

dispersion of spray releases of liquids at ambient temperature. For cold 

droplets and for droplets involving solution with water there may be 

some effect due to condensation of atmospheric water or the effect of 

background water vapour affecting water diffusion from droplets. Apart 

from these effects, relative humidity changes also affect the air density, 

which can have an impact upon dispersion. 

 Except when the hazard is restricted to the momentum jet region of the 

spray, wind conditions are expected to be an important determining 

factor for the dispersion of spray releases. Higher wind speeds can 

potentially carry fine droplets further, but are also likely to correspond to 

greater mixing by ambient turbulence which may limit hazard ranges. 

The spray modelling of Ghosh and Hunt (1998) show the potential for 

fine droplets to be detrained from a spray by the wind. This detrainment 

effect cannot be accounted for by most two-phase dispersion models 

which treat the droplets as moving with the bulk cloud (e.g. in 

homogenous equilibrium models). 

 Atmospheric stability will affect dispersion of sprays in the same way as 

for other two-phase clouds. For spray releases where the hazard is 

mainly within the momentum jet region it is possible that atmospheric 

stability has little effect. For spray releases that cover long distances the 

effect of atmospheric stability is expected to be significant. 

Considering the effect of release duration on spray source terms, potentially the 

same influences occur as for other finite duration releases: 

 Long duration releases which change slowly with time are likely to be 

best approximated as steady continuous releases in the near field. 

 Short duration releases and all finite duration releases sufficiently far 

from the release are affected by alongwind turbulent diffusion (mixing) at 

the front and back ends of the cloud, taking on the characteristics of an 

instantaneous puff.  
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5.5 Fire Plume (Warehouse) 

5.5.1 Phenomenology 

 

A fire in a warehouse, or similar large industrial compartment, is characterised 

by the combustion of the contents of the warehouse and often the warehouse 

structure itself. The nature of the fire, and hence of the source term, depends 

on many factors, including the nature of the warehouse contents and the effect 

of the building itself on the progress of the fire and the dispersion of the fire 

plume.  

Here, we will focus on the combustion of solid materials, since fires in industrial 

sites containing liquids will tend to involve sources that are covered by other 

source term types covered in this review. Warehouse fires involving waste (e.g. 

warehouse storage at waste transfer stations) are included in the review of this 

source term type because of the recognised difficulties in determining source 

terms for waste fires, and many wastes are readily combustible. 

Warehouse fires can be defined in terms of five growth stages: ignition; growth; 

flashover; fully-developed fire; and decay (DiNenno et al, 2002). Source 

characteristics, duration, and the toxic material released across the stages will 

differ according to the amount and type of material, as well as combustion 

conditions, dictated by factors such as the building construction.  

 The ignition stage is the initiation of the fire, which occurs when vapours, 

produced by heating the surface of a material, mix with air, form a 

combustible mixture and ignite.  

 The fire then undergoes a period of growth, the rate of which depends on 

the availability of oxygen and/or fuel. If the warehouse is very well 

ventilated at this stage, with a sufficient supply of oxygen, then the 

growth of the fire may be determined by the availability of fuel. If, 

instead, the warehouse ventilation is minimal (such as in well-sealed 

warehouses, with few openings such as vents, windows or doors), then 

the fire may become oxygen-limited. As long as the warehouse roof 

remains intact, smoke will exit the building from any openings, or via the 

building fabric. 

 The flashover stage is the transition from a growing fire to a fully-

developed fire. Flashover is not a precise term, but most literature 

criteria are based on the temperature at which the radiation from the hot 

gases in the compartment will ignite all of the combustible contents. Gas 

temperature ranges of 300 °C to 650 °C are typically associated with 

flashover, but temperatures as high as 1000 °C may be expected (Ennis, 

2006).  

 For a fully-developed fire, the temperature within the building increases 

and the structure of the warehouse can be compromised. This tends to 

increase the ventilation rate, with the potential for the fire to grow more 

rapidly, and release more heat.   

 The decay phase is a result of the fuel being depleted during the fully 

developed phase, and is characterised by a decline in heat release rate. 

The fire may change from oxygen- to fuel-controlled, in particular where 

structural damage to the building during the fully developed phase e.g. 
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collapse of roofs or walls, leads to greater supply of air to the fire. Low 

temperature smouldering can occur during the decay phase (Hall and 

Spanton, 2003), and can involve a large amount of material distributed 

across the whole warehouse. This stage of the fire can be relatively long 

compared to previous stages, with high emissions of toxic products 

(relative to the amount of material consumed) due to incomplete 

combustion.  

 

The dispersion of the smoke plume and its combustion products is highly 

dependent on the buoyancy of the plume, which in turn is dependent on the 

available heat energy. A large proportion of the heat generated by the fire can 

be absorbed by the warehouse building, as the smoke comes into contact with 

the walls and ceiling, reducing the buoyancy of the smoke plume. 

The heat retained in the combustion gases emitted to the atmosphere can be 

very different for different stages of the fire. As the fire grows, and more fuel is 

involved in the fire, the heat release rate of the fire increases accordingly. 

 

5.5.2 Modelling of warehouse fire plumes 

 

A key parameter required in the estimation of warehouse fire source terms is an 

estimate of heat release rates across the lifetime of the fire. Fire safety 

literature provides a wide range of heat release rates from experimental data; 

the application of these data for the derivation of source terms of a fire will 

require information such as the heat of combustion of the material consumed in 

the fire, the material consumption rate and the combustion efficiency.  

The heat of combustion is a standard physical property, and therefore readily 

available for many substances. Estimation of the heat of combustion is less 

straightforward where the fuel is a mixture of substances or the constituents of 

the material are poorly defined, which may be the case for waste fires.  

Material consumption rates are available from experimental data, but are 

typically complemented by „manual‟ estimates from observations of accidental 

fires. The applicability of experimental data to a given fire will be dependent on 

the total material consumed, compartment arrangement and ventilation. In 

addition to experimental and observation data, Computational Fluid Dynamics 

(CFD) models of enclosure fires typically include integrated combustion models 

that estimate material consumption rates. 

Combustion efficiency is dependent on the type of fuel and availability of 

oxygen. The generation of toxic products is dependent on combustion efficiency. 

These data are available in the literature for both well-ventilated and under-

ventilated fires. 

Source terms for dispersion modelling represent the buoyant plume above the 

flaming region of the fire, considered to be the region where combustion 

reactions are essentially complete and the inert plume begins (DiNenno et al, 

2002). Various methods are used for calculating source terms for fires (DiNenno 

et al, 2002; Hall and Spanton, 2003; Hall et al, 1995); however, all are based 

on dimensionless scaling of plume buoyancy and momentum to the heat release 
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rates, through conservation equations. Only convective heat from the fire will 

contribute to the buoyancy and momentum of the plume above the flames, the 

remaining heat will be radiated away in all directions.  

Building wake effects can have a significant impact on the dispersion of the 

smoke plume. Typically, dispersion models only consider building effects for 

point sources, so the fire plumes are often modelled as point sources to account 

for these building effects on dispersion. During the latter stages of the fire, walls 

of the buildings may have partially collapsed; in these circumstances it may be 

appropriate to modify the source term accordingly. 

An example of input requirements for the dispersion model are the height and 

size of the fire source, along with parameters describing plume buoyancy and 

momentum. Plume buoyancy can be input as a buoyancy flux or initial plume 

temperature, and plume momentum can input as momentum flux or volume 

flow rate/efflux velocity for the release. Other models allow inputs such as the 

amount and heat of combustion of the fuel.  

The hazard of interest in this review is that posed by emissions of toxic species 

from the fire. These emissions fall into two main categories: existing toxic 

compounds that survive the fire (associated particularly with ventilation-

controlled fires) and those that are created via combustion. The emission rates 

of these substances can be calculated via known emission factors, or by a more 

empirical approach, such as the use of conversion efficiency formulae (HSE, 

2015). 

 

 

5.6 Fire Plume (Outside Burning Pool) 

5.6.1 Phenomenology 

 

The phenomenology of a burning pool is related to that of an evaporative pool, 

sharing the same pool spread characteristics before ignition (see Section 5.1 for 

a discussion of these). After ignition of the flammable liquid plume, the growth 

rate of the fire is primarily determined by the temperature of the liquid pool 

relative to the flash point of the liquid. In addition to the liquid properties and 

substrate, the depth and size of the liquid pool may also affect the flame spread. 

The „burning rate‟ (that is, the mass of fuel consumed per unit time) of the pool 

is a function of the flame spread rate. 

At temperatures below the flash point, flame spread will occur through surface 

tension-induced liquid phase flow; above the flash point, flame spread will occur 

through a faster gas-phase mechanism. Liquid-phase flame spread is 

temperature controlled, therefore is dependent on the temperature of the spill, 

pool depth and substrate. As with evaporation rate for evaporative pools, the 

porosity of the substrate will limit the flame spread of burning pools. 
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5.6.2 Modelling of burning pools 

 

Source term models for liquid spills can provide the basis of source term 

calculations for burning pools. Some liquid spill models output source terms for 

burning pools; where this option is not available it is necessary to calculate a 

burning rate from a flame spread rate and the pool characteristics. 

Burning pools can be input into dispersion models as point sources, representing 

the convective plume above the flame, or as area sources, representing either 

the convective plume above the flame or the burning pool itself. 

If the burning rate and physical properties of the fuel are known, then the heat 

release rate can be calculated. Then empirical relationships can be used to 

derive input parameters for the dispersion model. (DiNenno et al, 2002)  These 

relationships can account for flame tilt based on wind speed (van den Bosch and 

Weterings, 2005). Buoyancy and momentum inputs to the model can also be 

derived from dimensionless scaling of the heat release rate, as described 

previously for warehouse fires, in Section 5.5. 
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6 MODEL IDENTIFICATION AND ASSESSMENT 

6.1 Description of selected models 

This section gives an overview of the source term and dispersion models that 

have been identified for consideration in this review. The considered models are 

listed below, along with a brief description of their application and capabilities. 

This is by no means an exhaustive list, and it is recognised that there are many 

other models that could have been included, such as the closely-related models 

SCIPUFF, SCICHEM and HPAC, and CFD models such as FLACS and FDS.  

Table 6.1 summarises the capability of each of the models to treat each of the 

six source term types introduced in Section 5.  

The dark green cells indicate that the source term can be calculated explicitly by 

that particular model (referred to as „source term‟ models throughout this 

report).  

The light green cells indicate that the model can treat the dispersion of the 

source term, but does not explicitly calculate the source term parameters and 

requires a user-defined source term that is calculated outside the model 

(referred to as „direct source‟ models in this report).  

Where the cells are not shaded, this indicates that these source term/model 

combinations are not possible. 

ACE (Airborne Concentration Estimate) is a source term model that was 

originally developed for the UK Health and Safety Executive (HSE) by WS Atkins, 

and later developed further by the Health and Safety Laboratory (HSL). It 

models pressurised catastrophic failure from the point of release, including the 

initial expansion phase, flashing and aerosol formation, evaporation and rainout.  

The output from ACE, essentially the volume, concentration and temperature of 

the resulting gas cloud over time, can be used as input into dispersion models, 

along with the mass of material which is apportioned to: liquid in a pool; 

aerosol; and vapour, respectively. This link between ACE and DRIFT or other 

dispersion model represents the point at which behaviour of the material is no 

longer dominated by the storage and release conditions, and the slumping due 

to gravity becomes dominant. ACE allows the modelling of downwards releases, 

in addition to omni-directional releases. The current version of ACE is 3.16. 

ADMS (Advanced Dispersion Modelling System) is an advanced Gaussian plume 

model developed by CERC, primarily used for modelling neutrally buoyant and 

buoyant releases, but capable of modelling dense gas plumes if they are not 

dense when they interact with the ground. ADMS has no explicit source term 

functionality, but a variety of different source types are available, namely point, 

jet, line, area and volume sources. Materials can be modelled as plumes, or for 

short-duration releases, by applying the puff module to obtain time-resolved 

concentration profiles or dosage output.  
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ADMS includes an advanced integral plume rise module, which can effectively 

handle highly buoyant sources such as fires, and is particularly applicable to 

warehouse fires, as it includes a building effects module. Other advanced 

dispersion features include dry and wet deposition of both gases and 

particulates; NOx chemistry; impacts of terrain; coastlines; fluctuations; odours; 

radioactivity decay (and γ-ray dose); condensed plume visibility; offshore 

meteorological effects; and wind turbines. The current version of ADMS is 5.1 

(CERC, 2015). 

 

ALOHA (Areal Locations of Hazardous Atmospheres) is an emergency response 

model developed in the USA by the Emergency Response Division of the 

National Oceanic and Atmospheric Administration (NOAA) with the Office of 

Emergency Management of the US Environmental Protection Agency (EPA). Its 

main application is to inform emergency response teams, and is therefore 

designed to give a conservative estimate of hazard zones and distances. It 

contains a Gaussian plume model and a dense gas model (NOAA, 2013). The 

current version of ALOHA is 5.4.6, released in February, 2016. 

In ALOHA terminology the term „source’ refers to the vessel or pool from which 

a hazardous chemical is released, and „source strength’ is used to describe the 

rate at which the chemical enters the atmosphere, or the burn rate in the case 

of a fire. There are four categories of source: Direct, Puddle, Tank and Gas 

pipeline.  

The Direct module can model an instantaneous or continuous release of gas 

directly into the atmosphere from a single point. Using this module effectively 

bypasses ALOHA‟s source term calculations, and allows the specification of a 

user-defined source. The Puddle module can be used to model an evaporating or 

burning liquid pool that has already completely formed. ALOHA can also model 

the formation and development of a spill from a vessel, using the Tank module, 

and this module can also model direct releases from a tank to the atmosphere. 

The fourth, Gas pipeline, module can simulate a pressurized pipe containing gas.  

ALOHA can model two-phase flow, but the only output available for catastrophic 

failure releases is a tank explosion and fireball. It is not strictly possible to carry 

out a true instantaneous release with ALOHA; the release called „instantaneous 

release‟ in ALOHA has duration of one minute.  

DEGADIS (Dense Gas Dispersion Model) was developed originally for the U.S. 

Coast Guard and the Gas Research Institute to model dense gas and aerosol 

clouds as area sources, and was later extended for the US EPA, to incorporate 

jet sources (to create Version 2.1, the current version). It does not have any 

explicit source term functionality, but parameters for the release to the 

atmosphere, via the two aforementioned source types (area and jet), can be 

user-defined. The area source can be used for gas clouds of regular geometry, 

with no momentum, which is designed for representing the vapour cloud above 

a circular pool source, and the jet source can simulate vertical, gaseous jets. 

DEGADIS has the ability to model sources whose geometry and emission rates 

vary temporally.  
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DRIFT (Dispersion of Releases Involving Flammables or Toxics) was originally 

developed for the HSE to model ground-based continuously and instantaneously 

released dense gas clouds. The current version, DRIFT 3, contains several 

capabilities that were subsequently added, including buoyant lift-off and rise 

calculations, an integrated jet model, multi-component liquids and time-varying 

releases.  

DRIFT includes as an option modelling of liquid and vapour deposition from the 

cloud. However, DRIFT does not model the fragmentation of liquid releases or 

droplet trajectories. DRIFT also allows user input of a liquid rainout fraction 

which may be determined using other models or correlations. For continuous 

releases of superheated liquid releases, the rainout correlations in the HSE RAIN 

model (Tickle 2015) are used to determine the user input rainout fraction for 

DRIFT. For modelling subcooled liquid sprays using DRIFT, initial droplet sizes 

from PHAST‟s default droplet size correlations for rainout (modified CCPS) are 

used as input to the liquid deposition option. This difference in approach 

between superheated and subcooled spray releases is due to limitations of RAIN 

for sub-cooled releases and also the emphasis on liquid deposition over an 

extended area for subcooled liquid sprays with low volatility.  

Although DRIFT does not have an explicit pool source model, so does not model 

the spread and evaporation of liquids, users can model the dispersion of 

emissions from evaporating pools either by interfacing directly with the GASP 

pool source model (for a time-varying release), or by manually entering the 

emissions using the Low Momentum Area Source option (a continuous release). 

DRIFT can model deposition of both gases and liquids (ESR Technology, 2013). 

The current version is 3.7.2. 

GASP (Gas Accumulation over Spreading Pools) is an integral pool model 

developed for the HSE by United Kingdom Atomic Energy Authority (UKAEA); it 

is now maintained by ESR Technology. GASP is a detailed liquid pool model, with 

a comprehensive and flexible range of inputs. It can model spills on water or 

within bunds, as well as a variety of substrates on land, where the liquid hold-up 

in puddles due to undulations of the substrate surface can be specified by the 

user. The output from GASP, vapour evolution rate, pool surface concentration, 

pool surface temperature and pool radius can be used in dispersion models, 

including DRIFT, which is able to take its inputs directly from the GASP files. The 

current version is 4.2.12. 

GASTAR is a dense gas model developed by CERC in association with the HSE. 

It includes a multidirectional jet module, and a pool uptake model that can take 

the output from LSMS, or other pool models, for smooth transition to the 

dispersion calculations. It has a flash calculation function to quantify any aerosol 

formation, and models the subsequent behaviour of two-phase clouds. Its 

dispersion modelling capabilities include consideration of the effects of sloping 

terrain and obstacles. The concentration output can be viewed graphically or in 

the form of tables, and further output information is provided including: the 

lower flammability limit (LFL) contour properties; flammable volume and mass; 

dose; and toxic load. The current version is 3.2 (CERC, 2009). 
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HGSYSTEM, a „package‟ of several different models, was developed by Shell 

Research Ltd, some of which are described as source term models: SPILL (which 

models transient liquid release from a pressurised vessel); HFSPILL (a version of 

SPILL that specifically models hydrogen fluoride); and LPOOL (a liquid pool 

model).  

The dispersion models within HGSYSTEM are: AEROPLUME (a jet model); 

HFPLUME (a version of AEROPLUME that specifically models hydrogen fluoride); 

HEGABOX (a dense gas model for instantaneous releases); HEGADAS (a dense 

gas model for steady-state and transient releases); and PGPLUME (a passive 

Gaussian Plume model).  

HGSYSTEM can be used to model a wide variety of scenarios, including 

pressurised jets, catastrophic failures and evaporation from a spill or pool. The 

models can be run independently from one another, but two or more models can 

also be linked if required. SPILL and AEROPLUME, for example, can be used 

together, with SPILL calculating the initial release from the pressurised vessel, 

and then AEROPLUME modelling the resulting two-phase jet (Shell Research Ltd, 

2015). 

HOTSPOT (Health Physics Codes) is developed by The US Department of 

Energy. Its main application is in emergency response and planning for incidents 

involving radioactive material. It has well-defined input requirements for source 

terms, but its specificity towards radioactive releases means that it covers a 

limited range of source types and scenarios. Its application as a fast, 

approximate tool means that it has a deliberate tendency to give conservative 

results. The atmospheric dispersion in HOTSPOT is calculated using a Gaussian 

plume model, and uses virtual source terms to treat the initial part of the 

release. The current version (as of March 2013) is 3.0 (LLNL, 2013).  

LSMS (Liquid Spill Modelling System) is a specific pool source model, developed 

by CERC. It is a one-dimensional shallow-layer model, so it can treat the 

dynamic behaviour of liquids, including slopes, obstacles and bund overtopping. 

As a result it has a comprehensive range of inputs and options. It has a unified 

treatment of evaporation and boiling regimes, and can model the effects of 

solid, porous and liquid substrates, and the behaviour of multi-component 

liquids. Time-varying output from LSMS can be used with the pool uptake 

module within GASTAR, or with other dispersion models, to couple the pool and 

dispersion calculations (CERC, 1997). 

PHAST (Process Hazard Analysis Software Tools) is a widely-used 

comprehensive set of integrated source term and dispersion models, developed 

by DNVGL. It includes functionality for a wide variety of source terms, including 

catastrophic rupture, evaporating and burning pools and jet sources, and also 

allows user-defined source terms. The linked modules allow for a range of 

scenarios involving sequences of different source terms. Its inbuilt dispersion 

model, Unified Dispersion Model (UDM) can model dense, neutrally buoyant and 

buoyant gases. 

QUIC (Quick Urban & Industrial Complex) is a dispersion model specifically 

developed for modelling releases within urban areas. It comprises three models: 
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QUIC-URB, a 3D wind field model; QUIC-PLUME, the dispersion model; and 

QUIC-PRESSURE, which calculates the 3D pressure fields. It also has a graphical 

user interface called QUIC-GUI. QUIC-PLUME, the dispersion model, contains 

source term modules, including a pool module. This is a two-dimensional shallow 

water model, which allows the liquid to flow around the buildings and local 

terrain of the urban environment. This pool model can model releases from 

pipelines and cylinders of various geometries, and includes the treatment of 

heat transfer via the substrate, convection and solar radiation. 

QUIC can model the formation, dispersion, evaporation and deposition of 

droplets (Nelson and Brown, 2013). Little information is publically available on 

the specific source term features, and QUIC will not be considered further in this 

review. 

SLAB is a dense gas dispersion model originally developed for the US 

Department of Energy. It essentially models emissions from evaporating pools 

and jet sources. There are two different source terms available in SLAB for 

modelling the emission from an evaporating pool: a) an „evaporating pool 

release‟, where the vapour cloud is modelled as a steady-state area source and 

b) an „instantaneous or short duration evaporating pool release‟, where the 

vapour cloud is modelled as a volume source (instantaneous), and a ground 

level area source (short duration). SLAB can model horizontal or vertical jets, 

and both are modelled as area sources (Ermak, 1990). 

VLSTRACK (Vapor, Liquid, Solid TRACKing) was developed by the US Naval 

Surface Warfare Center, for calculating the hazards of chemical and biological 

agents and its use is essentially limited to military applications. Its database 

comprises chemical and biological agents and the munitions responsible for the 

release of these agents. It is a puff model, with dispersion described by a 

Gaussian distribution.  

VLSTRACK has a control program called CHAMP (Chemical Hazard Area Modeling 

Program), which calculates source terms. CHAMP includes a cryogenic pool 

source module, with features that include modelling the presence of a bund, 

selecting predefined substrate types, and entering user-defined heat transfer 

properties of the substrate. CHAMP then produces files for the transfer of the 

source term parameters to VLSTRACK. The resulting source term in VLSTRACK 

is defined by a set of puffs. Each of these puffs is described according to the 

mass of the contaminant, the location, the duration of the puff release, the 

horizontal and vertical spatial standard deviations of the puff (σh, σz), and any 

information on particle sizes. 

There is limited publically available information for CHAMP/VLSTRACK; this is 

not sufficient for the review of the source term features and parameters in 

detail, so this model will not be considered further in this review. 
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Table 6.1: Summary of source terms available for each model (ST = Source term, D = Direct source) 

Model 

Evaporating 

pools (low 

momentum) 

Pressurised 

catastrophic 

failures 

(flashing) 

Jet releases 

(High momentum 

and directional) 

Spray releases 
Fire plumes 

(warehouse) 

Fire plume 

(outside burning 

pool) 

ACE No Yes (ST and D) No No No No 

ADMS Yes (D only) No Yes (D only) No Yes (D only) Yes (D only) 

ALOHA Yes (ST and D) Yes (D only) Yes (ST and D) No No Yes (ST only)1 

DEGADIS Yes (D only) No Yes (D only) No No No 

DRIFT Yes (D only) Yes (D only) Yes (ST and D) Yes (D only) No No
2
 

GASP Yes (ST only) No No No No No 

GASTAR Yes (D only) Yes (D only) Yes (D only) No No No 

HGSYSTEM Yes (ST and D) Yes (D only) Yes (ST and D) No No No 

HOTSPOT No No No No Yes (ST and D) Yes (ST and D) 

LSMS Yes (ST only) No No No No No 

PHAST Yes (ST and D) Yes (ST and D) Yes (ST and D) Yes (ST and D) No
3
 No

4
 

SLAB Yes (D only) No Yes (D only) No No No 

 

 

 

 

 
1 Calculates thermal radiation hazard as an output, but not toxic gas concentrations 

2 Could model a pool fire using the Low Momentum Area Source with a buoyant source, but this is not a typical application of this model 

3 Not available in current release version 

4 Pool fire model for thermal radiation consequences only 
 

Key: Explicit source term model / module Direct source: Can model dispersion only 
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6.2 Features of models for each of the source term 

types 

The following section gives an overview of the features, capabilities and general 

inputs of each of the dispersion models considered. This is not intended to be a 

detailed record of the specific parameters, but a method of grouping models 

with similar source terms, to help identify the most important features of each 

model/source type combination. The model features have been summarised in 

table format to enable a quick comparison of the model parameter types, to 

identify common features and allow comparison of the complexity of the models. 

Any models with similar requirements and capabilities can therefore be grouped 

for further sensitivity analysis.  

For many of the source term types, the models have been categorised into two 

general „tiers‟:  

a. „Source term‟ models: those that have explicit source term calculations, 

and can calculate source term parameters. These may or may not model 

the subsequent dispersion of the emitted material 

b. „Direct source‟ models: those that model the dispersion of the material, 

but do not explicitly calculate the source term parameters 

The „assessed further‟ column in each of the following tables provides an initial 

screening step of the model parameter types or features to be involved explicitly 

in the further consideration of source term sensitivity. The main aim is to screen 

out those features and parameters that are possibly too specific to be 

considered further in this review. If „no‟ is specified for a given parameter type 

or feature, this means that the sensitivity associated with this feature will not be 

tested; if „yes‟ is specified, this indicates that the sensitivity associated with this 

feature may be tested.  

Note that the tables are intended to explore the main features available in the 

model. The parameters and the sensitivity implications for each model will be 

investigated in more detail in subsequent stages of the review. One such group 

is meteorological parameters. All models that have the capability to model 

atmospheric dispersion will require some meteorological parameters, such as 

wind direction, wind speed and stability. These parameters, therefore, have 

effects outside the source term region, and including these parameters in the 

tables does not necessarily add any information with respect to source term 

effects. The fact that there is no straightforward distinction between source term 

and dispersion effects for meteorological parameters means that these effects 

are perhaps better investigated through sensitivity tests, which will be included 

later in this review. 

Where the models are exclusively source term models (see Table 6.1), 

meteorological parameters have been included in the tables; these models are 

LSMS and GASP, both pool models. 

Another group of parameters that will be treated in detail later in the review are 

those that describe the substance properties. General properties of the 

substance, such as multi-component liquids and whether the substance is 



 
 
 

40 CONTRACT REPORT FOR ADMLC 

dense, neutrally buoyant or buoyant when released are included in the tables. 

For most models, however, the specific properties for each substance are 

included in a database and are therefore essentially „internal‟ parameters. Where 

these parameters can be user-defined, the sensitivity to these parameters will 

be investigated at later stages of the review. 

 

6.2.1 Evaporating pools (Low momentum) 

The table of general features shows the range of complexities of evaporating 

pool models and modules available. Some models offer the user many different 

options, and others more general assumptions.  

Models that can explicitly model the liquid pool source processes (formation, 

spread, vaporisation, etc) are shown in Table 6.2. Models that do not have 

functionality to model the pool behaviour, but have the functionality to model 

the dispersion from a pool source are shown in Table 6.3. Theoretically, any of 

the models in Table 6.2 can be paired with any of the models in Table 6.3; but 

there are several established pairings, often due to provisions in the model 

interfaces, as uptake modules, or through „link files‟. GASTAR, for example, has 

a pool uptake module that can use input from general pool models, but links 

automatically to LSMS, and DRIFT can interface with GASP. 

The Puddle module in ALOHA can be used to model a liquid pool that has already 

completely formed, where the source is defined by specifying the dimensions 

and amount of liquid in the pool, the ground type and temperature and the 

initial pool temperature. ALOHA can also model the formation and development 

of a spill from a vessel, using the Tank module, and this module can also model 

direct releases from a tank to the atmosphere. 

Pool spread and vaporisation in PHAST is handled by an integral model, with a 

wide range of inputs, both fixed options and user defined parameters.  

Note that there are some features that none of the models considered can 

model. One example is the reduction of vaporisation due to vapour cloud. 
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Table 6.2: Models that are/have specific pool modules: 

Features ALOHA GASP HGSYSTEM5 LSMS 
PHAST 

(PVAP) 

Assessed 

further? 

Heat transfer 

mechanisms 

Boiling/evaporating regime       Y 

Conduction from surface      Y 

Ambient convection      Y 

Solar radiation      Y 

Geometry Non-circular pools      N 

Bunds 
Presence of bund  

6     Y 

Bund overtopping      N 

Substrate 

Predefined substrate types      Y 

Effects of porous substrate?      N 

User specified porosity parameters      N 

User specified roughness?      Y 

User specified thermal properties?      Y 

Water substrate      Y 

Ice formation      N 

Formation of solution in water      N 

Effect of waves/currents      N 

Reaction of liquid in water     
7 N 

Slopes      N 

 

 

 

 

 

 

 

 

 
5 LPOOL plus dispersion models  

6 With Tank module 

7 For ammonia 
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Table 6.2 (continued) 

 Features ALOHA GASP HGSYSTEM LSMS 
PHAST 

(PVAP) 

Assessed 

further? 

Material 

Multi-component      
8 N 

Dense gas  

n/a 

 

n/a 

 Y 

Neutrally buoyant gas    Y 

Buoyant gas    N 

Time-dependency 

Continuous      Y 

Instantaneous 
9     Y 

Transient (puff)      Y 

Time-varying parameters      Y 

Meteorological 

parameters 

Wind speed  

- 

 

- 

 

- 

Y 

Air temperature    Y 

Ground surface roughness length   Y 

Relative humidity   Y 

Pasquill stability category   Y 

Friction velocity   Y 

Heat flux due to solar radiation 
10  Y 

 

 

 

 

 
8 Multi-component extension 

9 The shortest time period for the „instantaneous‟ release in ALOHA is one minute 

10 Termed additional heat flux in GASP 
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Table 6.3: Models that do not have specific pool source modules but can model pool source emissions  

Features ADMS DEGADIS DRIFT GASTAR SLAB Assessed 

further? 

Transfer from pool 

to dispersion 
Specific pool uptake model      Y 

Geometry Non-circular source      N 

Material 

Dense gas 
11

     Y 

Neutrally buoyant gas      Y 

Buoyant gas      N 

Cloud (source) 

parameters 

Amount of substance in cloud      Y 

Temperature       Y 

Initial dimensions      Y 

Temporal properties 

Continuous (plume)      Y 

Instantaneous      Y 

Transient (puff)      Y 

Flexible time-varying parameters      Y 

 

 

 

 

 

 
11 ADMS can model plumes that are dense, provided that they are no longer dense when they interact with the ground 
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6.2.2 Pressurised catastrophic failures (Flashing) 

The models have been divided into those that can model the initial expansion 

phase, i.e. input storage conditions (source term models), as shown in Table 

6.4, and those that can model the aerosol cloud after the expansion phase 

(direct source models), given in Table 6.5. ACE is a source term model, and 

DRIFT a dispersion model, and output from ACE is often used as input for DRIFT. 

A new source term model (INEX) has recently been published (Witlox et al, 

2016) for modelling instantaneous releases from pressure vessels. INEX is 

implemented as a new sub-model within the PHAST UDM dispersion model, but 

this is not available within the current release version (7.11) of PHAST which is 

reviewed here. 

 

Table 6.4: Models that can model the initial expansion phase for catastrophic failure 
releases 

General features ACE PHAST 
Assessed 

further? 

Storage properties 

Mass   Y 

Temperature   Y 

Pressure   Y 

Enhanced pressure from 

added gas 
  Y 

Release/dispersion 

properties 

Initial turbulent velocity  n/a Y 

Directional release 
12

  N 

Flash calculation   Y 

Droplet behaviour   Y 

Rainout explicit   Y 

Pool formation   N 

Deposition n/a  Y 

Material 

Multicomponent   Y 

Dense gas 

n/a 

 Y 

Neutrally buoyant gas  Y 

Buoyant gas  Y 

 

 

 

 

 
12 Omni-directional or downwards 
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Table 6.5: Models with capability of modelling catastrophic failure after initial release 
phase 

General features 

ALOHA13 DRIFT GASTAR 

HGSYSTEM 

(HEGABOX 

and 

HEGADAS) 

Assessed 

further? 

Aerosol 

cloud 

Flash calculations     Y 

Aerosol cloud 

behaviour 
    Y 

User defined 

properties of 

stored 

material 14  

Storage 

Temperature 
    Y 

Pressure     N 

Physical state     N 

User 

specified 

properties of 

initial 

release 

Amount     Y 

Dimensions     Y 

Aerosol fraction     Y 

Temperature     Y 

Initial turbulent 

velocity  
  

15
  N 

Initial air 

entrainment  
    Y 

Option to account 

for fraction lost to 

rainout? 

    Y 

Material Multicomponent     Y 

 

 

 

6.2.3 Jet sources 

The models that simulate the full release, including the initial expansion phase 

(source term models) are shown in Table 6.6, and those that model the 

subsequent jet dispersion (direct source models) in Table 6.7. 

 

 

 

 

 
13 Using the „Direct‟ source type, and specifying „instantaneous source‟.  Note, though, that the minimum duration is one minute. 

14 Although this group of models do not calculate the initial release phase of catastrophic failures, they may need some information on 

storage conditions for other calculations, e.g. flash calculations 

15 This can be set to zero 
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Table 6.6: Models that can calculate the initial expansion phase for jet releases 

General features ALOHA DRIFT PHAST 

HGSYSTEM 

(SPILL/ 

AEROPLUME) 

Assessed 

further 

User 

defined 

properties 

of stored 

material 

Amount in 

vessel 
    Y 

% filled   
16  Y 

Temperature     Y 

Pressure     Y 

Physical state     Y 

User 

defined 

properties 

of jet at exit 

point 

Hole diameter     Y 

Non-circular 

opening 
    N 

Discharge 

coefficient 
    Y 

Temperature  
17   Y 

Pressure  
18   N 

Amount released     Y 

Liquid fraction     Y 

Jet 

properties 

Gaseous     Y 

Two-phase     Y 

Flash calculation 
19    Y 

Variable 

direction 
    Y 

Elevated     Y 

Material 

Multi-component 

liquids 
  

20  Y 

Dense gas     Y 

Neutrally 

buoyant gas 
    Y 

Buoyant gas     N 

Dispersion 

properties 

Rainout      Y 

Deposition     Y 

Temporal 

properties 

Continuous 

(plume) 
    Y 

Transient (puff)     N 

Flexible time-

varying 

parameters 

    Y 

 

 

 

 

 
16 Although the fraction that is liquid and vapour in the vessel can be specified 
17 Stagnation temperature input 

18 Pressure only input for two-phase flashing releases 
19 Assumes that all releases of pressurised liquids will form a two-phase jet, except for ammonia and chlorine. For these two substances, 

the source calculations are more sophisticated, and the release may be gaseous or two-phase, depending on the storage condition.  

20 For multi-component version of PHAST 
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Table 6.7: Models that calculate the dispersion from jet releases after the initial 
expansion phase 

General features ADMS DEGADIS GASTAR SLAB21 
Assessed 

further? 

Jet 

properties 

Vertical     Y 

Horizontal     Y 

Variable direction     Y 

Elevated      Y 

Gaseous     Y 

Two-phase     Y 

Flash calculation     Y 

User specified 

aerosol fraction 
    Y 

Initial 

dispersion 

properties 

Rainout     N 

Material 

Multi-component     N 

Dense gas     Y 

Neutrally buoyant 

gas 
    Y 

Buoyant gas     N 

Temporal 

properties 

Continuous 

(plume) 
    Y 

Transient (puff)     Y 

Flexible time-

varying 

parameters 

    Y 

 

 

  

 

 

 

 
21 SLAB models the jets as area sources. 
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6.2.4 Spray releases 

The models that simulate the dispersion of sub-cooled liquid sprays are shown in 

Table 6.8 below. PHAST determines the initial size of droplets from the 

calculated discharge conditions and models liquid rainout from the cloud. DRIFT 

takes a user input estimate of rainout near the source and calculates the 

subsequent deposition of liquid droplets based upon a user input droplet size. 

 

 

Table 6.8: Models that calculate dispersion of spray releases 

General features DRIFT PHAST Assessed further? 

User defined 

properties of stored 

material 

Temperature   Y 

Pressure 
  Y 

User defined release 

properties 

Hole diameter   Y 

Discharge coefficient   Y 

Release rate   Y 

Release duration   N 

Release elevation   Y 

Release direction   Y 

Rainout fraction   Y 

Droplet size   Y 

Calculated release 

properties 

Release rate   Y 

Release duration   N 

Initial droplet size   Y 

Calculated 

dispersion 

properties 

Rainout fraction   Y 

Deposition   Y 

Temporal properties Continuous (plume)   Y 

Transient (puff)   N 

Flexible time-

varying parameters 
  N 
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6.2.5 Fire plumes (warehouse) 

The models that can model warehouse fires are given in Table 6.9. These have 

not been divided into source term and direct source categories in the same way 

as most of the preceding source types, as there is not such a strong distinction 

as there is for source terms that involve a loss of containment. Fire source terms 

are often calculated manually, and modelled with a „pseudo-source‟ approach.  

In ADMS, the building effects and an advanced integral plume rise model are key 

features in representing fire plumes. HOTSPOT includes a general fire source 

option, which can be used with user-defined parameters for the fuel, or for the 

fire itself. The warehouse fire model that was present in PHAST 6 has been 

withdrawn from current release version of PHAST (7.11). It is understood from 

DNV-GL that there will be a warehouse fire module included with a new PHAST 

version but details of this are not yet available and therefore warehouse fire 

plume modelling using PHAST is excluded from this review. 

 

Table 6.9: Features of the warehouse fire models 

General features ADMS HOTSPOT 
Assessed 

further? 

User defined 

efflux 

parameters 

Heat release rate   Y 

Momentum flux  
22 Y 

Density   Y 

User defined 

fuel 

parameters 

Amount of fuel   Y 

Heat of combustion    Y 

Burn duration    Y 

User defined 

dimensions 

Height of fuel   Y 

Height of flame   Y 

Effective diameter/radius of 

cloud 
  Y 

Height of emissions   Y 

Height of cloud   Y 

Calculated 

properties 

Calculate buoyant plume rise   Y 

Integral plume rise 

calculations  
  Y 

Complex 

effects 

Building wake effects   Y 

Deposition   Y 

Specify particle diameters   Y 

Specify deposition velocity   Y 

 

  

 

 

 

 
22 Assumed to be zero for fires 
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6.2.6 Fire plumes (outside burning pool) 

Pool source models are described in Section 6.2.1, and many of the features of 

the explicit pool source models given in Table 6.2 are relevant for burning pools. 

The initial pool spread and loss of liquid to the vapour phase can be used to 

inform pool fire modelling. Similarly, many of the features described in Section 

6.2.5, for warehouse fires, are also relevant for pool fires. 

The models that can model pool fires are given in Table 6.10. HOTSPOT does not 

model vaporisation or spread of pool sources but the fire source option can be 

used with user-defined parameters for the fuel, or for the fire itself.  

Although ALOHA can be used to model burning pool sources, the only output 

available for this source type is thermal radiation output, and harmful smoke 

emissions are not included. ALOHA can, however, calculate the „burn rate‟, flame 

height and burn duration for a pool fire, based on the pool dimensions, amount 

of liquid in the pool and the initial pool temperature. Although ALOHA does not 

output toxic combustion gas concentrations, ALOHA‟s burning pool module could 

be seen as a source term model with no toxic gas dispersion modelling 

capability, and could be used to calculate inputs for a dispersion model. This is 

potentially interesting for this review, as it can be used to investigate the 

sensitivity of the burn rate, flame length and burn duration to various spill input 

data.  

A pool fire is modelled in PHAST as a sheared (tilted) cylinder which can burn 

with luminous or smoky flames, depending on the burning liquid. The pool fire 

model in PHAST is used for determining thermal radiation consequences and not 

atmospheric dispersion of combustion products. Therefore the pool fire model in 

PHAST is not considered further within this review.  
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Table 6.10: Features of the burning pool models 

General features 
ALOHA ADMS HOTSPOT Assessed 

further? 

User defined 

efflux 

parameters 

Heat release rate    Y 

Momentum flux    Y 

Density    Y 

User defined 

fuel 

parameters 

Amount of fuel    Y 

Heat of combustion     Y 

Dimensions of pool    Y 

Initial pool temperature    Y 

Burn duration    Y 

User defined 

dimensions 

Height of (fuel)    Y 

Height of flame    Y 

Height of emissions    Y 

Effective diameter/radius 

of cloud 
   Y 

Height of cloud    Y 

Calculated 

properties 

Calculates burning rate    Y 

Calculates fire dimensions    Y 

Calculates burn duration    Y 

Calculates buoyant plume 

rise 
   Y 

Integral plume rise 

calculations  
   Y 

Complex 

effects 

Deposition    Y 

Specify particle diameters    Y 

Specify deposition velocity    Y 

Outputs 
Output toxic effects 

(concentrations /dose) 
  

23 Y 

 

  

 

 

 

 
23 Radioactivity based output only 
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7 SENSITIVITY TESTING 

 

7.1 General: model setup and inputs 

 

Sensitivity modelling tests were carried out for each of the six source term types 

described previously: 

 Evaporating pools (low momentum) 

 Pressurised catastrophic failures (flashing) 

 Jet releases (high momentum and directional) 

 Spray releases 

 Fire plumes (warehouse) 

 Fire plumes (outside burning pool) 

 

Information provided in previous sections of this report was used to inform the 

selection of model input parameters and assumptions for the sensitivity tests. 

Each of the source types was subdivided into separate cases, to cover a range of 

scenarios with distinct behaviour and sensitivities. These included explicit source 

term cases, run for models that are able to calculate source term parameters, 

and „direct‟ cases, run for models that do not have explicit source term modules. 

A suitable base case scenario was set up for each case, and each parameter 

tested individually.  

Baseline conditions were assigned, for use across all modelling cases. Tables 7.1 

and 7.2 show the general base case ambient and other parameter values used 

generally across all the source term types. 

 

Table 7.1: Ambient parameters used in the sensitivity test model runs 

Parameter Values Notes 

Stability 

classes/wind speed 
D5, F2 

D5: neutral conditions, wind speed (at 

10m) 5m/s 

F2: Stable conditions, wind speed (at 

10m) 2m/s 

Relative humidity 70%  

Ambient 

temperature 
15 °C  
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Table 7.2: Other fixed parameters used in the sensitivity test model runs 

Parameter Values Notes 

Averaging time 1s (instantaneous runs) 

10 minutes (continuous runs) 

 

Surface roughness 

length 

0.1m (for land-based sources) 

0.001 (for water surfaces) 

The water surface is only 

relevant for the evaporating 

pool source cases 

 

All model runs used pre-defined substances contained within the chemical 

database of each particular model. 

As there is a wide range of outputs available for different models, the most 

relevant and informative outputs were selected in each case, with a general aim 

of making the base cases consistent with another wherever practicable. Where 

relevant, source term output from the source term models was used to inform 

the inputs for the direct cases, particularly for the jet and catastrophic failure 

source types.  

The following sections summarise the inputs and assumptions for all of the 

sensitivity tests carried out for each of the individual cases and models. An 

overview is provided here, and further details of the inputs for each case and 

model are given in Appendix A.  

 

7.2 All models: results 

 

For each source type, tables are presented, showing a colour-coded overview of 

the observed sensitivities of each parameter tested for the different models and 

cases. The name of each parameter in the tables is assigned one of three colours 

to represent different levels of sensitivity, as follows: 

Red = high/strong sensitivity 

Orange = medium/moderate sensitivity 

Blue = not sensitive/weak sensitivity 

These tables are intended to provide an „at-a-glance‟ overview of the magnitude 

of the sensitivity. A label of „high‟ sensitivity indicates a very large difference in 

magnitude observed for the output values, for the range of input parameters 

tested. A label of „moderate‟ sensitivity indicates that there is less difference in 

magnitude between the output values, but that this difference is not 

insignificant. Where there is different sensitivity for different stability/wind speed 

categories (D5 and F2), or other slight variations, this is indicated in the table by 

assigning the relevant colour to the stability class, e.g. „Release height (D5) 

(F2)‟. 
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Further details of the observed sensitivities in the model are given in Appendix 

B, which contains a set of tables with descriptions of the observed sensitivities 

observed for each parameter tested in each modelled case, for each model. 

 

7.3 Evaporating pools (Low momentum) 

 

The nature of an evaporating pool source term means that there are many 

possibilities for testing different behaviours and situations. A liquid spill is highly 

dependent on the immediate surroundings and nature of the liquid release, and 

many permutations are possible. Some of these considerations include: whether 

the spill is bunded; the nature of the substrate for a non-bunded spill, including 

pools on land and on water; and whether the spill results from an instantaneous 

or continuous liquid flow. In addition, as described in Section 5.1, pools of 

cryogenic and non-cryogenic liquids are expected to exhibit very different 

behaviour.  

As described in Section 5.1, models can be divided into those that can calculate 

the source term characteristics of a spill, from the point of release from an 

orifice in the storage vessel, and those that model the dispersion from the pool 

stage, based on user-defined parameters; these have been described as „source 

term‟ models and „direct source‟ model, respectively. The following cases were 

selected for sensitivity testing: 

 Direct source 

 Source term cases 

- Bunded pool source 

- Instantaneously released pool source on land 

- Continuously released pool source on land 

- Instantaneously released pool source on water 

- Continuously released pool source on water 

 

The parameters used for the base cases for each model were set to be 

consistent across different models, wherever this was feasible. Similar 

magnitudes for the releases were assumed, the base substrate was set to be 

concrete (where available), non-cryogenic liquids were assumed to be initially at 

ambient temperature, and cryogenic spills were assumed to be close to the 

boiling temperature. Other parameters were less comparable between different 

models.   

In ADMS, the direct source is modelled as a square area source, and in 

DEGADIS, the ground-level, low initial momentum (non-jet) release was used. 
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For DRIFT, a circular pool with a constant emission rate is modelled using the 

low momentum area source model. In GASTAR, the direct source release was 

modelled as a continuous source with no initial air entrainment, and in SLAB, the 

evaporating pool release source type was used. 

Vaporisation rates were output for the source term models, where different 

models display slightly different characteristics. In ALOHA, the „maximum 

average sustained release rate‟ is reported. For all other runs, time-varying 

vaporisation rates were output. For PHAST runs, the maximum vaporisation rate 

is the maximum of the segments reported by PHAST in the “Pool Vaporization 

Summary” report. For GASP/DRIFT runs, the maximum vaporisation rate is the 

maximum over the dispersion segments chosen by DRIFT‟s time varying model. 

For DRIFT methane runs, a minimum segment duration of 5 s was specified in 

order to capture the peak rate. For DRIFT pentane runs the default minimum 

segment duration of 60 s was used. For the remaining models, averaging times 

used to define the vaporisation rate were selected for each case and model, 

depending on the nature of the release.  

For all of the cases, methane was used as the main cryogenic substance. For the 

non-cryogenic substance, n-pentane was the main substance tested, although 

other substances such as n-butane were used if n-pentane was not in the 

model‟s chemical database.  

Tables 7.3 to 7.8 show an overview of the sensitivities observed for each of the 

cases.
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7.3.1 Evaporating pools: Results  

 

Table 7.3: Sensitivity overview for the direct area source evaporating pool cases: 

 
ADMS24 DEGADIS DRIFT  

GASTAR (D5 and 
F2) 

SLAB 

Near field Far field Near field Far field Near field Far field Near and far field 
Near 
field 

Far 
field 

Buoyant case  

Concentration-
based output 

Diameter 
(D5) (F2) 

Diameter Radius 
Radius (ground-

level) 
(centreline) 

Radius Plume width Area Area 

Release rate Release rate Release rate Release rate Release rate 

Height (D5) (F2) 
Stability/wind 

speed 
Stability/wind 

speed 
Stability/wind speed Emission temperature Stability/wind speed 

Temperature 
Temperature 

(D5) (F2) 
      

Neutral case 

Concentration-
based output 

Case not modelled25 Case not modelled26 

Radius Radius Plume width Area Area 

Release rate Release rate Release rate 

  Emission temperature Stability/wind speed 

Dense case 

Concentration-
based output 

n/a 

Radius Radius Radius Plume width Area Area 

Release rate Release rate Release rate Release rate 

Stability/wind 
speed 

Stability/wind 
speed 

Stability/wind speed Emission temperature Stability/wind speed 

 

 

 

 

 

 
24  Ground level concentrations output for this case (not plume centreline) 
25 The ‘buoyant’ case for ADMS also includes a neutrally-buoyant phase 
26 The default chemical list for DEGADIS does not include a neutrally-buoyant gas 



 

SENSITIVITY testing 

57 

Table 7.4: Sensitivity overview for the Bunded pool cases: 

 
ALOHA  GASP/DRIFT HGSYSTEM (LPOOL)  LSMS  PHAST 

Bunded cryogenic case 

Vaporisation 
rate 

Spill mass Spill mass Spill mass Spill mass Spill mass 

Initial pool temperature Spill temperature Initial pool temperature Initial pool temperature Spill temperature 

Pool diameter Bund radius Pool and bund radius Pool and bund radius Bund diameter 

Air temperature Ambient temperature Ambient temperature Bund thermal properties Ground temperature 

Wind speed Wind speed Wind speed (D) (F) Wind speed Wind speed 

   Wind speed (insulated bund)  

   Solar flux (insulated bund)  

   Substrate temperature  

Concentration-

based output 

Spill mass Spill mass 

n/a n/a 

Spill mass 

Initial pool temperature Spill temperature Spill temperature 

Pool diameter Bund radius Bund diameter  

Air temperature Wind speed Ground temperature 

Wind speed Ambient temperature Wind speed and stability 

Bunded non-cryogenic case 

Vaporisation 
rate 

 

Spill mass Bund radius Liquid release rate Spill mass  Spill mass 

Pool diameter Spill temperature Initial pool temperature Initial pool temperature Spill temperature 

Air temperature Wind speed Pool radius Pool and bund radius Bund diameter 

Wind speed Spill mass Ambient temperature Bund thermal properties Wind speed 

 Ambient temperature Wind speed  Wind speed Ground temperature 

Concentration-
based output 

Spill mass Bund radius 

n/a n/a 

Spill mass 

Pool diameter Spill temperature Spill temperature 

Air temperature Wind speed and stability Bund diameter 

Wind speed Spill mass Ground temperature 

 Ambient temperature Wind speed and stability 
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Table 7.5: Sensitivity overview for the Instantaneously-released spreading pool on land cases: 

 ALOHA  GASP/DRIFT HGSYSTEM (LPOOL)  LSMS  PHAST 

Cryogenic case 

Vaporisation 

rate 

Case not modelled Case not modelled 

Liquid release amount Initial pool mass 

Case not modelled 

Substrate type Initial pool radius 

Minimum thickness of pool Substrate thermal properties 

Wind speed  Spreading constraint (turbulent drag) 

Initial pool temperature Substrate temperature  

Substrate temperature Wind speed  

 Initial pool temperature 

Maximum 

radius of pool 

Liquid release amount Initial pool mass    

Substrate type Initial pool radius 

Initial pool temperature Initial pool temperature 

Minimum thickness of pool Substrate thermal properties 

Wind speed Substrate temperature 

Substrate temperature Spreading constraint (turbulent drag) 

 Wind speed 

Non-cryogenic case 

Vaporisation 
rate 

Case not modelled Case not modelled 

Liquid release amount Initial pool mass   

Case not modelled 

Wind speed Initial pool radius  

Substrate temperature Wind speed 

Substrate type Initial pool temperature 

Minimum thickness of pool Substrate thermal properties 

Initial pool temperature Spreading constraint (turbulent drag) 

Maximum 
radius of pool 

Liquid release amount  Initial pool mass  

Minimum thickness of pool Initial pool radius 

Wind speed Initial pool temperature 

Initial pool temperature Substrate thermal properties   

Substrate temperature Wind speed 

Substrate type Spreading constraint (turbulent drag) 
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Table 7.6: Sensitivity overview for the continuously-released spreading pool on land cases: 

 
ALOHA  GASP/DRIFT HGSYSTEM (LPOOL)  LSMS  PHAST 

Cryogenic case 

Vaporisation 
rate 

Spill rate Spill rate Spill rate Spill rate Spill rate 

Duration of release Spill duration Minimum pool thickness  Initial pool temperature Spill duration 

Initial liquid temperature Puddle depth Duration  Substrate thermal properties Storage temperature 

Substrate type Spill temperature Substrate temperature Substrate temperature Substrate temperature 

Wind speed Substrate type Substrate type Turbulent drag Substrate type 

Spreading constraints Ambient temperature Initial pool temperature Wind speed Min pool depth 

Ground temperature Wind speed Wind speed  Wind speed 

 Added heat flux    

Maximum 
radius of pool 

Spill rate Spill rate Spill rate Spill rate Spill rate 

Duration of release Puddle depth Substrate type  Initial pool temperature Spill duration 

Wind speed Substrate type Wind speed Substrate thermal properties Storage temperature 

Substrate type Spill duration Duration Substrate temperature Substrate temperature 

Ground temperature Ambient temperature Initial pool temperature Turbulent drag Substrate type 

Initial liquid temperature Wind speed Substrate temperature Wind speed Min pool depth 

 Added heat flux   Wind speed 

Concentration-

based output 

Spill rate Spill rate 

n/a n/a 

Spill rate 

Duration of release Spill duration Spill duration 

Initial liquid temperature Wind speed Storage temperature 

Wind speed Puddle depth Substrate temperature 

Substrate type Substrate type Substrate type 

Spreading constraints Ambient temperature Min pool depth 

Ground temperature Spill temperature Wind speed 

 Added heat flux  
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 ALOHA  GASP/DRIFT HGSYSTEM (LPOOL)  LSMS  PHAST 

Non-cryogenic case 

Vaporisation 

rate 

Spill rate Spill rate Spill rate Spill rate Spill rate 

Duration of release  Spill duration Duration Wind speed Spill duration 

Spreading constraints Puddle depth Initial pool temperature Substrate properties Min pool depth 

Wind speed Wind speed Substrate temperature Substrate temperature Substrate type 

Substrate type Substrate type Substrate type Turbulent drag Storage temperature 

Initial liquid 
temperature 

Ambient temperature Minimum pool thickness   Substrate temperature 

Ground temperature Added heat flux Wind speed  Wind speed 

 Spill temperature    

Maximum 
radius of pool 

Spill rate Spill rate Spill rate Spill rate Spill rate 

Duration of release Puddle depth Substrate type Wind speed Spill duration 

Wind speed Wind speed Wind speed Substrate properties Min pool depth 

Substrate type Substrate type Duration Substrate temperature Substrate type 

Initial liquid 

temperature 
Spill duration Substrate temperature Turbulent drag Storage temperature 

Ground temperature Spill temperature Initial pool temperature  Substrate temperature 

 Ambient temperature   Wind speed 

 Added heat flux    

Concentration-

based output 

Spill rate Spill rate 

n/a n/a 

Spill rate 

Duration of release   Wind speed and stability Spill duration  

Wind speed Ambient temperature Wind speed 

Spreading constraints Spill duration Min pool depth 

Substrate type Puddle depth Substrate type 

Spill temperature (near 
field) (far field) 

Substrate type Substrate temperature 

Ground temperature Spill temperature Storage temperature 

 Added heat flux  
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Table 7.7: Sensitivity overview for the instantaneously-released spreading pool on water cases: 

 
ALOHA  GASP/DRIFT HGSYSTEM (LPOOL)  LSMS  PHAST 

Cryogenic case 

Vaporisation 
rate 

Puddle mass 
Spill mass (and 
diameter) 

Liquid release amount Initial pool mass 

n/a 

Initial pool 

temperature 
Initial spill radius Initial pool temperature  Initial pool radius  

Pool diameter Heat transfer coefficient Substrate temperature Heat flux from water 

Water temperature Ambient temperature  Roughness 

 Initial spill temperature   

 Wind speed   

Maximum 

radius of pool 
n/a 

Spill mass (and 
diameter) 

Liquid release amount Initial pool mass 

n/a 

Initial spill radius Initial pool temperature  Initial pool radius  

Heat transfer coefficient Substrate temperature Heat flux from water 

Ambient temperature  Roughness 

Initial spill temperature   

Wind speed   

Concentration-
based output 

Puddle mass 
Spill mass (and 
diameter) 

n/a n/a 

Spill mass 

Initial pool 
temperature 

Wind speed and 
stability 

Water temperature 

Pool diameter Heat transfer coefficient Wind speed 

Water temperature Ambient temperature Stability 

 Initial spill temperature  

 Initial spill radius  
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ALOHA  GASP/DRIFT HGSYSTEM (LPOOL)  LSMS  PHAST 

Non-cryogenic case 

Vaporisation 
rate 

Case not modelled 

Spill mass (and diameter) 

Case not modelled Case not modelled 

Spill mass 

Wind speed Water temperature 

Ambient temperature Wind speed 

Initial spill radius Stability 

Initial spill temperature  

Heat transfer coefficient  

Maximum 
radius of pool 

Spill mass (and diameter) Spill mass 

Wind speed Wind speed 

Ambient temperature Water temperature 

Initial spill radius Stability 

Initial spill temperature  

Heat transfer coefficient  

Concentration-
based output 

Spill mass (and diameter) Spill mass 

Wind speed and stability Water temperature 

Ambient temperature Wind speed 

Initial spill radius  Stability 

Heat transfer coefficient  

Initial spill temperature  
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Table 7.8: Sensitivity overview for the continuously-released spreading pool on water cases: 

 
ALOHA  GASP/DRIFT HGSYSTEM (LPOOL)  LSMS  PHAST 

Cryogenic case 

Vaporisation 

rate 

Spill rate Spill rate Spill rate Spill rate Spill rate 

Duration of release Spill duration Duration 
Initial heat flux from 
water 

Spill duration 

Initial liquid 

temperature 
Wind speed Initial pool temperature  Storage temperature 

Water temperature 
Ambient 

temperature 
Water temperature  Substrate temperature 

 Spill temperature   Wind speed and stability 

Maximum 
radius of pool 

Spill rate Spill rate Liquid release amount Spill rate Spill rate 

Initial liquid 
temperature 

Spill duration Duration 
Initial heat flux from 
water 

Spill duration 

Duration of release Wind speed Initial pool temperature  Storage temperature 

Water temperature 
Ambient 

temperature 
Water temperature  Substrate temperature 

 Spill temperature   Wind speed and stability 

Concentration-
based output 

Mass flow into pool Spill rate 

n/a n/a 

Spill rate 

Duration of release Spill duration Spill duration 

Initial liquid 
temperature 

Wind speed Wind speed and stability 

Water temperature 
Ambient 
temperature 

Storage temperature 

 Spill temperature Substrate temperature 
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ALOHA  GASP/DRIFT HGSYSTEM (LPOOL)  LSMS  PHAST 

Non-cryogenic case 

Vaporisation 
rate 

Case not modelled 

Spill rate 

Case not modelled Case not modelled 

Spill rate 

Release duration Spill duration 

Wind speed Wind speed and stability 

Ambient 

temperature 
Substrate temperature 

Spill temperature Storage temperature 

Maximum radius 
of pool 

Spill rate Spill rate 

Release duration Spill duration 

Wind speed Wind speed and stability 

Ambient 
temperature 

Substrate temperature 

Spill temperature Storage temperature 

Concentration-
based output 

Spill rate Spill rate 

Release duration Spill duration 

Wind speed Wind speed and stability 

Ambient 
temperature 

Substrate temperature 

Spill temperature Storage temperature 
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7.3.2 Evaporating pools: Discussion 

 

Direct source: 

For the direct source case, the release rate to air is the most important 

parameter in terms of sensitivity.  

Where models have the capacity to treat the dispersion of substances of 

different densities, there are differences in behaviour. For DRIFT, for example, 

the dense source exhibits gravity spreading beyond the edge of the source which 

increases with increasing release rate. 

The parameters to which there is least sensitivity are those that define the 

dimensions of the pool, particularly in the far field. The sensitivity patterns are 

generally the same for each of the three types of releases; buoyant, neutrally-

buoyant and dense. 

Bunded source: 

For the bunded source case, all outputs from all models are highly sensitive to 

the parameters that define the cross-sectional area of the pool. It is not just the 

vaporisation rate that is highly sensitive to the pool area; the sensitivity extends 

to the output concentrations. It is interesting to note that the degree of 

sensitivity to the pool area is similar in the cryogenic and non-cryogenic cases, 

even though there are different mechanisms involved; for the former, heat 

transfer is important (see the sensitivity to the initial pool temperature, as 

discussed below), while in the latter, mass transfer is important (hence the 

sensitivity to the wind speed).  

For the cryogenic liquids modelled in the bunded case, the initial pool 

temperature is very important. The exception to this is the output from PHAST, 

where neither the vaporisation rate nor the concentrations are sensitive to this 

parameter, which may reflect PHAST modelling the catastrophic spill as an 

initially spreading pool over the bund. For those models that do show high 

sensitivity effects for the initial pool temperature, this is particularly pronounced 

close to the boiling point of the substance. 

For the non-cryogenic liquids, an important parameter is the wind speed; the 

vaporisation rate shows significant sensitivity to the wind speed for all models. 

The wind speed is much less important for the vaporisation rate from cryogenic 

liquid spills, but the output concentrations are sensitive to wind speed. Example 

plots for ALOHA and PHAST results are shown in Figure 7.1.  
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Figure 7.1: Plots of the variation of distance to LFL with wind speed predicted for n-
pentane in a 10m diameter bund, for a) ALOHA and b) PHAST 

a) 

 

b) 

 

 

The parameters to which there is least sensitivity, for both cryogenic and non-

cryogenic liquids, are those that define the ambient and ground/bund 

temperature. 

The sensitivity of each model‟s outputs to the spill mass is of interest. There is 

generally high sensitivity to the spill mass. The output from ALOHA is an 

exception to this pattern, but note that this is not a true bunded case, as ALOHA 

does not have the capacity to explicitly model bunds; the case was simulated by 

fixing the pool radius and setting the volume and height of the pool. 

For all of the models except for ALOHA, for cryogenic spills, increasing the spill 

mass is predicted to decrease the maximum vaporisation rate, and for non-

cryogenic spills the opposite behaviour is observed: increasing spill mass 

increases the maximum vaporisation rate.  

Equivalent plots of cryogenic liquid spill mass for all models (except ALOHA) 

show distinctively similar patterns, with a greater decrease for lower mass 

values and less sensitivity for higher spill masses. 

For PHAST, the vaporisation rate is very sensitive to the release mass and 

concentrations moderately so.  

Instantaneously-released spreading pool on land:  

The parameters that are the most important in terms of sensitivity are the 

amount of liquid released and those that define the initial and final dimensions of 

the pool.  

The initial pool temperature is not an important parameter for the vaporisation 

rate or concentrations, even for the cryogenic case; the heat exchange between 

the pool and the ground is rapid and effective for a spreading pool, as it is able 

to encounter fresh, uncooled ground, allowing the initial temperature to increase 

rapidly. Compare this with the bunded case, where there is limited scope for 

heat transfer from the substrate/bund.  



 

SENSITIVITY testing 

67 

The vaporisation rate and concentrations are sensitive to the substrate thermal 

properties, more so than the equivalent continuously-released pool.  

Continuously-released spreading pool on land: 

The parameters to which the vaporisation rate and maximum pool radius show 

most sensitivity are the spill rate and the duration of the release. 

The parameters to which there is least sensitivity are those that define the 

ambient and substrate temperatures. Like the equivalent instantaneously-

released case, the initial liquid temperature is not an important parameter; an 

exception to this pattern is ALOHA, where the vaporisation rate is very sensitive 

to the initial liquid temperature, but note that this sensitivity is only apparent 

very close to the boiling temperature (see the discussion under the „Continuously 

–released spreading pool on water‟ case below for further information). 

For the non-cryogenic liquids, the wind speed is important for the evaporation 

rate, except for PHAST, which shows little sensitivity. For the concentrations, 

wind speed sensitivity is seen for all models, including PHAST. 

The sensitivity of the model outputs to the various spreading constraints varies 

for the cryogenic and non-cryogenic cases. For the cryogenic case, for example, 

there is only moderate sensitivity for the minimum pool thickness in ALOHA and 

low sensitivity for the minimum pool depth in PHAST. For the non-cryogenic 

case, there is more sensitivity, with pool depth constraints being at least 

moderately important for all models. 

There is high sensitivity for the puddle depth in GASP for both the cryogenic and 

non-cryogenic cases; note that this is not a minimum pool depth, but a liquid 

volume per unit area that does not contribute to the pool spreading.  

Although the vaporisation rate is generally not very sensitive to the substrate 

type, the maximum pool radius and the concentration-based output is 

significantly more sensitive. This would be expected due to the importance of 

heat transfer for cryogenic spills. More surprisingly is that there is also moderate 

sensitivity to substrate type observed for the non-cryogenic spills, for some of 

the models. The outputs from LPOOL and LSMS show the more expected low 

sensitivity for the non-cryogenic spills. 

Instantaneously-released spreading pool on water:  

For the cryogenic case, the parameters to which the vaporisation rate and 

maximum pool radius show most sensitivity are the spill amount and initial 

radius, and those parameters that determine the heat transfer from the water. It 

is interesting to note that for ALOHA and LPOOL, only the spill mass is 

important. There is very little sensitivity to the initial pool temperature or the 

water temperature. 

For the non-cryogenic case, the most important parameters are the spill mass 

and the wind speed. The water temperature is important for PHAST, and the 

ambient temperature is important for GASP/DRIFT.  
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Continuously-released spreading pool on water:  

The parameters to which the vaporisation rate and maximum pool radius show 

most sensitivity are the spill rate and the duration of the release. 

As in the continuously-released pool on land case, the initial liquid temperature 

is not an important parameter for any of the models except for ALOHA. In the 

same way as for the equivalent land case, the high sensitivity seen for ALOHA is 

only apparent very close to the boiling temperature. There is a notable difference 

in the relationships for water and land (concrete) substrates, however; see 

Figure 7.2, for example, which shows that, for the maximum pool diameter 

output, the water and concrete cases show opposite behaviour with respect to 

the initial liquid temperature close to the boiling point. Note that the x-axis 

values are in reverse order. 

 

Figure 7.2: Plots of the variation of the maximum pool diameter with the initial liquid 

temperature predicted for methane, for ALOHA on a) a water substrate and b) land 

a) 

 
 

b) 

 
 

 

 

General – all cases: 

In terms of the sensitivity of the vaporisation rate, over the cases as a whole: 

 The release amount is very important  

 The initial spill temperature is very important for some cases, and not at 

all in others 

 The wind speed is more important for the non-cryogenic spills than for 

cryogenic spills for all cases 

 Parameters defining the initial and final pool dimensions are generally 

important throughout  

 The ambient temperature is generally not important 

 The substrate temperature is generally not important 
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It has been noted above that for several models and cases, the model outputs 

are highly sensitive to the initial pool temperature. For all of the models, the 

sensitivity is much more pronounced when the initial temperature of the 

liquid/emission is close to the boiling point. Very large differences in the 

modelled impact of the spill could be obtained, even where the only difference in 

the input temperature could be considered to be a „rounding‟ error, and careful 

reference to specific model documentation is advised; a user guide may advise, 

for example, that if the initial pool temperature is the boiling temperature, then 

it should be set to the exact value given in the model‟s chemical database. 

As expected, outputs from non-cryogenic pools are more sensitive to wind speed 

than cryogenic pools. This is because there are other effects, namely heat-

transfer processes, that tend to dominate vaporisation for cryogenic pools. 

Despite this, the sensitivity tests did show that outputs from cryogenic pools can 

still be quite sensitive to wind speed. The relative effects of wind speed and heat 

transfer processes were measured in Base Case B in LSMS, where ambient 

effects were isolated from substrate/bund heat transfer effects. 

The parameters that define the pool dimensions are generally important for all of 

the cases; the driving forces are different for cryogenic and non-cryogenic pools, 

but the end result is the same – greater surface area allows more heat transfer 

from „new‟ substrate areas for the cryogenic pools, and allows greater mass 

uptake at the pool surface for non-cryogenic substances. 
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7.4 Pressurised catastrophic failure (flashing) 

 

The key features of flashing catastrophic failure releases are described in Section 

5.2. As with the pool source models, and as described in Section 5.2, models 

that can simulate pressurised catastrophic failure sources can be divided into 

those that can calculate the source term characteristics, from the point of the 

vessel rupture, and those that model the dispersion after the initial release 

stage; these have been described as „source term‟ models and „direct source‟ 

models, respectively. 

The following cases were selected: 

 Direct source 

 Source-term model  

Chlorine was the substance tested for this source term type, for all models. 

Tables 7.9 and 7.10 show an overview of the sensitivities observed for each of 

the cases. 
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7.4.1 Catastrophic failure: Results 

 

Table 7.9: Sensitivity overview for the pressurised catastrophic failure direct source cases: 

 
ALOHA GASTAR HGSYSTEM (HEGABOX) 

Concentration-
based results 

Near and far field Near field Far field Near field 

Mass released Mass released Mass released 

 Mass of entrained air Mass of entrained air Radius 

 Vary aspect ratio Vary aspect ratio Mass of entrained air 

 Liquid flash fraction  

 

 

Table 7.10: Sensitivity summary for the pressurised catastrophic failure source term model case: 

 
ACE / DRIFT PHAST 

Concentration- 
based results 

Near field Far field Near field Far field 

Release mass Release mass Release mass Release mass 

Wind speed and stability Wind speed and stability Wind speed and stability Wind speed and stability 

Roughness length Roughness length Roughness length Roughness length 

Directional release (down, omni) Directional release (down, omni) Ambient temperature Ambient temperature 

Dilution at source Dilution at source Relative humidity Relative humidity 

Rainout Rainout Padding pressure Padding pressure 

Padding pressure Padding pressure 
Storage temperature 
(pressure) 

Storage temperature 
(pressure) 

Storage temperature (pressure) Storage temperature (pressure)   
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7.4.2 Catastrophic failure: Discussion 

 

This review demonstrates that a catastrophic failure is an example of a source 

for which there are few permutations, and the source term can be described by 

very few parameters. This is particularly true for the direct source models 

tested, for which there are just a few parameters that can be/need to be set by 

the model user. The results of the sensitivity tests then narrow down the 

important parameters even further.  

For the direct source, it is difficult to draw out definite patterns, due to the 

aforementioned limitations. The parameter to which the modelled concentrations 

show greatest sensitivity is the mass of the material involved in the release. The 

near field concentrations are highly sensitive to the mass of entrained air, 

although (for GASTAR at least) this sensitivity does not extend to concentrations 

in the far field. The liquid flash fraction is not an important parameter for the 

one model (GASTAR) for which this was tested.  

For the source term model case, the most important parameter for the modelled 

concentrations in both models is again the mass of the material involved in the 

release. The concentrations are also very sensitive to the wind speed and 

stability, and the surface roughness length for both models. Note that these are 

strongly dependent upon wind speed, stability and roughness length by virtue of 

their effects on the dispersion rather than the catastrophic failure source term. 

In the near field, concentrations in F2 conditions may be less than in D5 

conditions, but this may not be reflected in the toxic dose which is dependent 

also on the cloud passage time.  

The least important parameters in terms of the sensitivity of the concentrations, 

for both models, are the storage temperature and pressure. Increasing storage 

pressure by including pad gas above the liquid also has a negligible effect on 

downstream concentrations.  

The concentrations output by PHAST show little sensitivity to ambient conditions 

other than the wind speed, namely the ambient temperature and relative 

humidity. Note that, for PHAST, there is little difference in sensitivities between 

the near and the far field, for all parameters.  

For ACE/DRIFT, the amount of entrained air, and hence initial dilution at the 

source, shows a similar pattern to that seen in the direct source models; that is, 

the concentrations in the near field are very sensitive, but this sensitivity is lost 

by the time the cloud/plume has travelled further downwind.  

ACE includes an option to specify an omni-directional release instead of the 

default down release. This option affects the predicted dilution with air at the 

source. As shown in Figure 7.3, the effect is most marked near the source. 
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Figure 7.3: Variation of the concentration-based output with different release directions 
(for release of 10 tonnes of chlorine) 
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7.5 Jet releases (high momentum and directional) 

 

As with the pool source models, and as described in Section 5.3, models that can 

simulate jet sources can be divided into those that can calculate the source term 

characteristics, from the point of release from an orifice in the storage vessel, 

and those that model the dispersion after the initial jet release and expansion 

stage; these have been described as „source term‟ models and „direct source‟ 

model, respectively. 

For the „direct source‟ case, the key parameters identified for testing included 

the amount released, the expanded diameter, the initial liquid aerosol fraction 

(for two-phase releases) and the release height and direction. 

For the „source term‟ models, cases were set up for gaseous releases (including 

buoyant, neutral and dense gases) and a two-phase release of chlorine. The 

main parameters identified for testing included the amount released, the orifice 

diameter, the release height and direction and the storage temperature and 

pressure. 

Intermediate outputs from the source term models were extracted from the 

source term models and used as inputs to, or to inform the choice of parameter 

values for, the „direct‟ models. 

The following cases were selected for sensitivity testing: 

 Direct source 

 Source term 

- Gaseous: buoyant 

- Gaseous: neutrally-buoyant 

- Gaseous: dense 

- Two-phase release 

 

Tables 7.11 and 7.12 show an overview of the sensitivities observed for each of 

the cases. 
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7.5.1 Jet releases: Results 

 

Table 7.11: Sensitivity overview for the direct source jet release cases:   

 ADMS DRIFT GASTAR  SLAB 

Gaseous: buoyant case 

Jet touchdown 
distance 

n/a n/a 

Pseudo diameter 

n/a 

Height 

Direction 

Mass flow rate (D5) (F2) 

Diameter and flow rate 

Averaging time 

Transition 
point 

Pseudo diameter 

Mass flow rate 

Diameter and flow rate 

Direction 

Height 

Averaging time 

Concentration-
based results 

Near field Far field Near field Far field Near field Far field Near and far field 

Pseudo diameter Release rate Release rate Pseudo diameter Release rate 

Velocity Duration Duration Mass flow rate Release rate and jet area 

Height (D5) F2) Height Diameter Diameter Diameter and flow rate Jet area 

Direction Direction (D5) (F2) Height Height Height Direction 

Averaging time 
 Averaging time 
(D5) (F2) 

Direction Direction 
Direction Height 

Duration Duration Wind speed Wind speed Averaging time Averaging time  

  Roughness Roughness    

  Relative humidity    

  Ambient temperature    

  Inversion height    
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ADMS DRIFT GASTAR  SLAB 

Gaseous: neutral case 

Concentration-
based results 

Near field Far field Near field Far field 

n/a n/a 

Pseudo diameter Release rate Release rate 

Velocity Duration Duration 

Height (D5) Height (D5)  Diameter Diameter 

Direction Height 

Averaging 

time 

Averaging time 

(D5) (F2) 

Direction Direction 

Duration Wind speed Wind speed 

 Roughness Roughness 

 Relative humidity 

 Ambient temperature 

 Inversion height 
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ADMS DRIFT GASTAR  SLAB 

Gaseous: dense case 

Jet touchdown 
distance 

n/a 

n/a 

Height 

n/a 

Direction 

Pseudo diameter 

Mass flow rate 

Diameter and flow rate 

Averaging time 

Transition 
point 

Pseudo diameter 

Mass flow rate 

Diameter and flow rate 

Direction 

Height 

Averaging time 

Concentration-

based results 

Near field Far field Near field Far field Near and far field 

Release rate Release rate Pseudo diameter Release rate 

Duration Duration Mass flow rate Release rate and jet area (D5) (F2) 

Diameter Diameter Diameter and flow rate Jet area 

Height Height Height Direction 

Direction Direction Direction Direction Height 

Wind speed Wind speed Averaging time Averaging time  

Roughness length Roughness length    

Relative humidity    

Ambient temperature    

Inversion height    
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 ADMS DRIFT GASTAR SLAB 

Two phase: 

Jet touchdown 

distance 

n/a 
 

n/a 

Pseudo diameter 

n/a 

Mass flow rate 

Diameter and flow rate 

Height 

Direction 

Averaging time 

Aerosol fraction 

Transition 
point 

Pseudo diameter 

Mass flow rate 

Diameter and flow rate 

Height 

Direction 

Averaging time 

Aerosol fraction (D5) (F2) 

Concentration-
based results 

Near field Far field Near field Far field 

Release rate Release rate Pseudo diameter 

Duration Duration Mass flow rate 

Diameter Diameter Diameter and flow rate 

Height Height Height 

Direction Direction Direction Direction 

Wind speed Wind speed Averaging time 

Roughness length Roughness length Aerosol fraction (D5) (F2) Aerosol fraction 

Relative humidity  

Ambient temperature  

Inversion height  
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Table 7.12: Sensitivity overview for the source term cases: 

 ALOHA DRIFT HGSYSTEM PHAST 

Gaseous: buoyant case 

Release rate 

n/a 

n/a 

n/a 

Hole Diameter 

Storage Pressure 

Discharge Coefficient  

Storage Temperature 

Expanded 
radius 

Release rate  Hole Diameter 

Storage Temperature Storage Pressure 

Hole Diameter Storage Temperature 

Discharge Coefficient Discharge Coefficient 

Jet touchdown 

distance 

n/a 

Height 

n/a 

Release rate 

Reservoir pressure 

Duration 

Transition 
point 

Release rate 
 Reservoir pressure 

Height 

Duration 

Concentration-

based results 

Near and far 
field 

Near field Far field Near and far field Near field Far field 

Hole diameter Release rate 
Release rate 

Release rate 
 

Hole Diameter  Hole Diameter 

Mass flow rate Hole diameter Height Storage 

Temperature 

Storage 

Temperature Orifice type Discharge coefficient Direction Discharge 
Coefficient 

Discharge 
Coefficient 

 Wind 
speed/stability 

Wind 
speed/stability 

Reservoir pressure Release Direction Release Direction 

 Ambient temperature 
Ambient temperature 

Duration Release elevation Release Elevation 

    Wind speed Wind speed 

    Ambient 
Temperature 

Ambient 
Temperature 

    Relative Humidity Relative Humidity 

    Roughness Length Roughness Length 
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ALOHA DRIFT HGSYSTEM PHAST 

Gaseous: neutral case 

Release rate 

n/a 

n/a 

n/a 

As for buoyant gas 

Expanded 
radius 

As for buoyant gas 

Concentration-

based results 

Near field Far field Near field Far field 

Release rate Hole Diameter  Hole Diameter 

Hole diameter Storage Temperature 
Storage 
Temperature 

Discharge coefficient Discharge Coefficient 
Discharge 
Coefficient 

Wind speed and 

stability 

Wind speed and 

stability 
Release Direction Release Direction 

Ambient temperature Release Elevation Release Elevation 

  Wind speed Wind speed 

  Ambient Temperature 
Ambient 
Temperature 

  Relative Humidity Relative Humidity 

  Roughness Length Roughness Length 
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ALOHA DRIFT HGSYSTEM PHAST 

Gaseous: dense case 

Release rate 

n/a 

n/a 

n/a 

As for buoyant gas 

 
Expanded 
radius 

As for buoyant gas As for buoyant gas 

Jet touchdown 
distance 

n/a n/a 

Release rate 

n/a 

Reservoir pressure 

Duration 

Transition point 

Release rate 

Reservoir pressure 

Duration 

Concentration-
based results 

Near and far 

field 
Near field Far field Near and far field Near field Far field 

Hole diameter Release rate Release rate Hole Diameter 

Mass flow rate Hole diameter 
Hole diameter 

Release direction Storage temperature 

Orifice type Discharge coefficient Height 
Discharge 
Coefficient 

Discharge 
Coefficient 

 Wind speed/stability Wind 
speed/stability 

Reservoir pressure Release direction 

 Ambient temperature Duration Release Elevation Release Elevation 

    Wind speed Wind speed 

    Ambient Temperature 

    Relative Humidity 

    Roughness Length Roughness Length 
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ALOHA DRIFT HGSYSTEM PHAST 

Two-phase 

Release rate 

n/a 

n/a 

n/a 

Hole diameter 

Storage temperature (pressure) 

Discharge coefficient 

Padding pressure 

Discharge phase (liquid/two-phase) 

Expanded 
radius 

Liquid Discharge 
Two-Phase 
Discharge  

Hole diameter Hole diameter Hole diameter 

Discharge 
coefficient 

Discharge 
coefficient Storage temperature (pressure) 

Storage temperature (pressure) Discharge coefficient 

Release rate  Padding pressure 

  Release phase 

Rainout 
fraction 

Using RAIN v2.01 Hole diameter 

Storage temperature (pressure) Storage temperature (pressure) 

Ambient temperature Discharge coefficient 

 Padding pressure 

 Release direction 

 Release elevation 
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ALOHA DRIFT HGSYSTEM PHAST 

Two-phase (continued) 

Jet touchdown 
distance 

 

 

Release rate 

 

Release height 

Release direction 

Reservoir pressure 

Reservoir temperature 

Discharge coefficient 

Duration 

Transition 
point 

Release rate 

Release height (D5) (F2) 

Discharge coefficient (D5) (F2) 

Release direction 

Reservoir temperature 

Reservoir pressure 

Duration 

Concentration-

based results 

 Near field Far field  Near field Far field 

Hole diameter Release rate Release rate Hole Diameter  Hole diameter 

Temperature Hole diameter Release direction Storage 
Temperature 

Storage 
temperature 

Orifice type Discharge coefficient Release height Discharge 
coefficient 

Discharge 
coefficient 

 Wind 

speed/stability 

Wind 

speed/stability 
Discharge coefficient Release direction Release direction 

 Ambient temperature Reservoir pressure Release elevation Release elevation 

   Reservoir temperature Wind speed Wind speed 

   Duration Ambient 
temperature 

Ambient 
temperature 

    Relative humidity Relative humidity 

    Roughness length Roughness length 
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7.5.2 Jet releases: Discussion 

 

Overall, for the jet sources, the greatest sensitivity is seen for the release 

diameter (whether this is the orifice diameter, or the pseudo diameter in the 

case of „direct source‟ models), and for the amount of material released. The 

sensitivity of the concentrations to the release amount generally extends to the 

far field dispersion region, and in some cases there is greater sensitivity in the 

far field results. 

For several of the models, the release mass and diameter were varied 

simultaneously, which essentially simulates a fixed storage pressure. Figure 7.4 

shows the effect of varying these parameters on the plume centreline 

concentrations, for GASTAR and DRIFT, for a chlorine release under D5 

conditions. 

 

Figure 7.4: Effect of varying the release mass and diameter for a) GASTAR and b) DRIFT 

 

a)  

b)  
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For the jet source runs in general, there are noticeably different sensitivities 

observed in three different regions: the jet region; the near-field dispersion 

region; and the far-field dispersion region. Generally, the jet output parameters 

and the near field concentration are independent of the various atmospheric 

parameters and the averaging time, which illustrates how these parameters 

affect the downwind dispersion of the plume, as opposed to the evolution of the 

jet source and early stages of the plume dispersion. For many of the models, it 

follows that where the near field results show low sensitivity, and the far field 

results show high sensitivity, the associated parameters are important for the 

atmospheric dispersion stage, and less important for the source term stage. 

The jet parameters and near-field concentrations are generally more sensitive to 

the release height and direction, and the far-field concentrations less sensitive to 

these parameters.  

The high sensitivity of the jet parameter outputs (such as the jet transition point 

and touchdown distance) to parameters such as the diameter, velocity and 

direction, reflects the importance of the high momentum and turbulence of the 

jet source, which dominates several other effects in the jet region. For the 

source term models, there is a clear dominance of these release parameters, as 

there are fewer parameters that can be user-defined than in the source term 

models.  

For the source term models, where the release is from a storage vessel, the 

additional release parameters that can be user-defined include the storage 

temperature/pressure, the (padded) storage pressure and the discharge 

coefficient. The storage temperature is only important in the two-phase release 

case, where several of the outputs are moderately sensitive to this parameter; 

for the equivalent gaseous phase releases, the storage temperature is not 

important. Increasing the padding pressure in PHAST acts to slightly increase the 

concentrations, but this is not an important sensitivity. Concentrations are 

moderately sensitive to the discharge coefficients for several of the models, 

although this effect is sometimes lost in the far field concentrations for gaseous 

jets, as the effect is not as strong as it is for two-phase jets. 

For the two-phase releases, for both the direct source and the source term tests, 

the liquid aerosol fraction is important, but becomes less so as the plume travels 

downwind. This is consistent with the rate at which the remaining liquid 

suspended as droplets in the plume vaporises –this tends to occur very early in 

the lifetime of the jet/plume, and, as expected, the time taken for complete 

vaporisation decreases with decreasing initial liquid aerosol fraction. 

For PHAST, two alternative sub-scenarios were run for the two-phase case; one 

where the discharge was specified as a metastable liquid flow which is unchoked 

and flashes externally (outside the vessel), and the other as two-phase flow 

which readily chokes. There is a very big difference in the source term and 

resulting concentrations for these two cases with metastable liquid flow being 

the worst case. 
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7.6 Spray releases 

 

Dispersion from liquid spray releases were modelled using PHAST and DRIFT. 

Substances m-xylene and water have been selected due to their different 

properties, in particular surface tension that affects droplet sizes from 

aerodynamic break-up, and vapour pressure which affects vaporisation. PHAST 

models the release rate and the initial size of droplets after break-up, whereas 

DRIFT requires this information as input, which is taken from the PHAST 

predictions. Because information is extracted from default PHAST summary 

tables, only dispersion distances based on LFL are available for m-xylene. 

DRIFT spray dispersion runs for m-xylene and water were undertaken using the 

droplet sizes and release rates predicted by PHAST together with DRIFT‟s liquid 

deposition option. All the released liquid is assumed to enter the spray, i.e. there 

is no reduction due to the rainout predicted by PHAST, and reduction in material 

in the cloud is based solely on DRIFT‟s deposition models. For these sensitivity 

runs no allowance is made for evaporation of liquid deposited from the cloud. 

Table 7.13 shows an overview of the sensitivities observed. 
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7.6.1 Spray releases: Results 

 

Table 7.13: Sensitivity overview for the liquid spray cases: 

 DRIFT PHAST 

Droplet diameter 

n/a 

Hole diameter 

Storage pressure 

Storage temperature 

Rainout fraction 

Hole diameter 

Release direction 

Release elevation 

Storage pressure 

Storage temperature 

Concentration based 
results 

Near field Far field Near field Far field 

Hole diameter Hole diameter Hole diameter Hole diameter 

Release elevation Release elevation Release elevation Release elevation 

Release direction Release direction Release direction Release direction 

Storage pressure Storage pressure Storage pressure Storage pressure 

Storage temperature Storage temperature Storage temperature Storage temperature 

Ambient temperature Ambient temperature Ambient temperature Ambient temperature 

Wind speed Wind speed Wind speed Wind speed 

Stability Stability Stability Stability 
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7.6.2 Spray release: Discussion 

 
The droplet sizes predicted by PHAST‟s default correlation for rainout (modified 

CCPS) are independent of hole size, but depend strongly upon storage pressure. 

The effect of rainout and deposition is most marked at low pressures. PHAST 

indicates a strong sensitivity of rainout to release elevation and direction that is 

not present in DRIFT‟s simpler deposition model. The degree of rainout is 

substance dependent, depending both on surface tension affecting droplet size 

and vapour pressure. Generally increased wind speed leads to lower 

concentrations in the spray. 

The initial droplet size in PHAST is decreased by increasing the storage pressure, 

due to the increased discharge velocity. Results for initial droplet sizes for m-

xylene and water are shown in Figure 7.5. 

 

Figure 7.5: The relationship between droplet diameter and storage pressure in PHAST 

for a) m-xylene and b) water 

 

a)  b)  

 

Although the hole size does not affect the droplet size, it is substance-

dependent, with water giving larger droplet sizes than m-xylene for the same 

release pressure. Rainout fraction increases with hole diameter. In DRIFT, 

results for the water spray, based on a scaled concentration (LFL xylene) x 

(molecular weight xylene / molecular weight water) show a greater effect of 

deposition for water, which has larger initial droplet sizes. 

The sensitivity of rainout to the release elevation and direction in PHAST is 

noted above. Raising the release height to 10m leads to zero predicted rainout 

for 50 barg m-xylene and 100 barg water releases. Directing the release 

upwards also leads to zero predicted rainout. The effect on dispersion distance 

in the near-field cannot readily be gauged based upon the predictions at a fixed 

receptor height (1 m) since the distance to LFL and 10% LFL are reported as 

zero. 

The storage temperature was found to be unimportant for either PHAST or 

DRIFT model outputs. In PHAST, rainout fraction and initial droplet size decrease 

with increased storage temperature; the distance to LFL is insensitive to storage 

temperature, whereas the distance to 10% LFL is slightly increased. In DRIFT, 

variation in storage temperature has a negligible effect on DRIFT‟s dispersion 
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predictions for both m-xylene and water. Similarly, the predicted concentrations 

are not sensitive to the ambient temperature, for either model. 

 

7.7 Fire plume (warehouse)  

 

There are few models that deal with both the calculation of a source term for a 

fire and the dispersion of its toxic products. The two models considered here, 

ADMS and HOTSPOT, cover two different approaches to modelling fires: ADMS 

incorporates complex plume rise and building effects, which are key aspects of 

warehouse fire behaviour, but the source term has been user-specified. 

HOTSPOT has simpler dispersion calculations, but has some capability for 

calculating a source term from input parameters such as the fuel volume and 

heat of combustion. 

For ADMS, two cases involving an intact warehouse structure were considered, 

each representing different stages of fire within this enclosed warehouse: 

 A high temperature case, representing a fully-developed fire in an 

enclosed warehouse 

 A low temperature case in an enclosed warehouse, representing a 

situation where a large proportion of the heat of combustion is lost from 

the smoke, due to absorption by the warehouse structure 

Both of the enclosed warehouse cases treat the dispersion of smoke through 

roof vent, and building effects. In addition to these two cases, a third case can 

also be considered as a warehouse fire case. Section 7.8 presents the tests that 

are nominally for an open pool fire, but note that this scenario was designed so 

that it could also feasibly represent a fully-developed warehouse fire, with 

collapsed roof and walls. The case could also represent an open waste fire.  

The model setup was as follows: 

 Dispersion from ground-based source 

 No building effects 

The velocity was used as the efflux type, as this is a common way to model fires 

in ADMS. Another way of modelling fires is to use the option to input momentum 

(Fm) and buoyancy flux (Fb). These two options are effectively the same, 

however, as the efflux values are all converted to an equivalent efflux density 

value for the plume rise calculations. Values for Fm and Fb are often difficult to 

determine, and are more specific to ADMS than an exit velocity parameter, 

which is a more universal type of input parameter; findings based on an efflux 

velocity approach can hopefully be extended further. 

For all cases modelled in ADMS, the emission rate of the toxic products was set 

to a fixed, arbitrary value (100g/s), so that the findings can be applied to any 

pollutant (as there is a linear relationship between emission rates and output 
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concentrations). Particulate emissions were also included, so that the sensitivity 

of deposition output could be included. 

In HOTSPOT, there are three options for defining a fire, each with different 

combinations of input parameters: 

a)   Entering height, radius and cloud top 

b)   Entering height, radius and heat emission rate 

c)  Entering height, radius, fuel volume, burn duration, heat of combustion and 

air temperature 

Options (a) and (b) were run as two separate cases, each based on example 

scenarios included with the HOTSPOT user guide. For option (a), HOTSPOT‟s 

'General fire' example (described as a 'laboratory fire') was used as the base 

case, after changing the meteorological conditions to D5 (and F2), and the 

surface roughness to 10cm. For option (b), the 'Uranium fire' example 

(described as a 'building fire') was used as the base case, with very slight 

adjustments. 

Option (c) was not used as a test case for warehouse fires, as this option 

appears to be designed for modelling pool fires; instead this option was 

modelled for the Fire plume (outside burning pool) source type, as described in 

Section 7.8. 

The HOTSPOT outputs considered for both cases are plume centreline 

concentrations, in Ci-sec/m3, at 100m and 1000m downwind.  

Tables 7.14 to 7.16 show an overview of the sensitivities observed for each of 

the cases. 
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7.7.1 Warehouse fires: Results 

 

Table 7.14: Sensitivity overview for the enclosed – high temperature case case – ADMS. 

 ADMS 

Maximum plume height 

Wind speed 

Stability and wind speed  

Velocity    

Temperature 

Concentration-based 
results (ground level 

concentrations) 

Near field  Far field 

Diameter 

Wind speed 

Stability and wind speed 

Velocity    Velocity (D5) (F2) 

Temperature Temperature (D5) (F2) 

No of openings No of openings (D5) (F2) 

Building downwash Building downwash (D5) (F2) 

Building alignment Building alignment 

Deposition results Particle diameter 

 

 

Table 7.15: Sensitivity overview for the enclosed – low temperature  case – ADMS. 

 ADMS 

 Near field Far field 

Concentration-based 

results (ground level 
concentrations) 

Wind speed (D5) (F2)    Wind speed 

Velocity (D5) (F2) Velocity (D5) (F2) 

Diameter (D5) (F2) Diameter (D5) (F2) 

Building alignment (D5) (F2) Building alignment (D5) (F2)     

Temperature (D5) (F2)   Temperature 

No of openings (D5) (F2) No of openings  

Building downwash (D5) (F2) Building downwash   

Deposition results Particle diameter 

 
 

Table 7.16: Sensitivity overview for the open warehouse fire - HOTSPOT 

 HOTSPOT 

 Near field Far field 

Concentration-based 
results 

Heat emission (option (b)) 

Radius (options (a) and (b) 

Cloud top (option (a)) Cloud top (option (a)) 

Height (options (a) and (b) 
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7.7.2 Warehouse fire: Discussion 

 

For the enclosed high temperature case in ADMS, the output ground-level 

concentrations are very sensitive to many of the tested parameters. The most 

important parameters are the wind speed, the source diameter and the velocity. 

Generally, there is greater sensitivity in F2 conditions than in D5 conditions. 

The effect of the wind speed is not just confined to the downwind dispersion of 

the plume; it has an effect on the initial, plume rise region, where higher wind 

speeds act to impede the initial plume rise. This can be seen from the high 

sensitivity of the initial plume height to this parameter (in the high temperature 

case). The strong dependence on wind speed is a well-known effect, and is the 

reason why it is often strongly advised that dispersion modelling includes cases 

for D15 conditions (i.e. neutral stability, with a wind speed of 15m/s) for highly-

buoyant fire plumes. Figure 7.6 shows the extent of the sensitivity for the high 

temperature case, in neutral conditions. 

 

Figure 7.6: The relationship between ground level concentrations and distance for 
different wind speeds (high temperature case) 

 
 

 

The velocity, temperature and diameter all have a direct effect on the extent of 

the plume rise, so it is understandable that they all have a large effect on both 

the maximum plume rise and the resulting concentrations. 

The least important parameters for both the high temperature and the low 

temperature cases are the building effects; this is unsurprising, as the very high 

initial buoyancy of the release rapidly takes the plume away from the building 

effects region. For the low temperature case, the concentrations are much more 

sensitive to the building alignment than for the high temperature case. 
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The number of openings is an important parameter, particularly for the high 

temperature case, even though the total emission rate is the same for each 

model run. The sensitivity is markedly stronger in the near-field. The effect of 

decreasing concentrations when decreasing the number of openings is due to 

the fact that ADMS, by default, treats the plume rise of individual sources 

separately, with no buoyancy enhancement effects. If sources are combined 

(either manually by the user, or by using the „combine sources‟ option) this 

means that enhanced buoyancy effects are taken into account. This is a general 

feature of ADMS, which applies to all point sources with buoyancy effects, 

including stacks, but note that for warehouse fires, modelling emission points as 

separate sources tends to be a highly conservative approach. 

The deposition rates of particulate matter from the fire source are very sensitive 

to the particle diameter over the range tested, which is 10 µm for the base case 

(i.e. PM10) and 1 µm (PM1). Increasing the diameter increases the deposition 

rate, due to gravitational settling effects, by the calculation of a terminal 

velocity. As deposition increases, the resulting downwind concentrations 

decrease and the plume concentration profile is altered. 

Note that all concentrations discussed for ADMS are ground level concentrations 

(not plume centreline concentrations), as this is a commonly assessed output for 

fires. The sensitivity of plume centreline concentrations were also output and 

analysed for completeness, and the sensitivity patterns are generally very 

similar. 

For the HOTSPOT model runs, the greatest sensitivity is seen for the heat 

emission rate. When specifying this parameter, HOTSPOT will carry out plume 

rise calculations, and the heat emission rate greatly affects the resulting plume 

height. 

The remaining parameters tested for this case together represent a more user-

defined fire plume. The outputs are most sensitive to the release radius, and 

moderately sensitive to the cloud top height. 

The least sensitivity is seen for the release height; the effect of varying the 

user-defined height (which is defined as the height of the fuel bed) is to increase 

the calculated effective height of the plume; the effect on this latter parameter 

is limited for the range of heights tested. 

Fires can often have impacts much further downwind than other types of 

sources, due to the very large buoyancy effects that can be involved. The 

sensitivity effects of the parameters do not generally persist more than around 

1km downwind; a notable exception to this is the heat emission rate tests in 

HOTSPOT, for which the concentrations show a significant dependence on the 

heat emission rate to around 20km downwind. 
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7.8 Fire plume (outside burning pool) 

 

There are few models that can calculate a source term for a pool fire and the 

dispersion of its toxic products. Several models such as ALOHA, that can 

calculate source terms, based on the spreading and other behaviour of the pool, 

are often only designed to quantify the safety impacts of radiative heat, and not 

of toxic products of the fire.  

Nevertheless, ALOHA has been included in these sensitivity tests, as it outputs 

several important parameters that describe the behaviour of the pool fire source 

term, such as the burning rate. The source type used for this is the „puddle 

source‟ option, which was used for many cases for the evaporating pool source, 

described in Section 7.3.  

For ADMS modelling, as in the warehouse fire cases, the velocity was used as 

the efflux type, and the emission rate of the toxic products was set to a fixed, 

arbitrary value (100g/s), so that the findings could be applied to any pollutant.  

In HOTSPOT, as described in Section 7.7, there are three options for defining a 

fire, each with different combinations of input parameters: 

a) Entering height, radius and cloud top 

b) Entering height, radius and heat of emission 

c) Entering height, radius, fuel volume, burn duration, heat of combustion 

and air temperature  

Option (c) appears to be intended for modelling fires involving liquid fuel, so this 

was used here, using the „Plutonium fire‟ example scenario, included with the 

HOTSPOT user guide, as a starting point for the base case. 

The HOTSPOT outputs considered are radiation doses normalised for inhalation 

rate, in Ci-sec/m3, at 100m and 1000m downwind. 

Tables 7.17 to 7.19 show an overview of the sensitivities observed for each of 

the cases. 
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7.8.1 Pool fires: Results 

 

Table 7.17: Sensitivity overview for the fire plume (outside burning pool) - ADMS 

 ADMS 

Maximum plume height 

Source diameter 

Stability and wind speed 

Temperature 

Velocity 

Source height 

 Near field  Far field 

Concentration-based results 

Source diameter 

Velocity 

Temperature 

Source type 

Stability and wind speed Stability and wind speed 

Source height Source height 

 

Table 7.18: Sensitivity overview for the fire plume (outside burning pool) - ALOHA 

 ALOHA 

Flame length 

Pool area 

Initial pool temperature 

Pool depth 

Burn rate 

Pool area 

Pool depth 

Initial pool temperature 

Total amount burned 

Pool area 

Pool depth 

Initial pool temperature 

Burn duration 

Pool depth 

Initial pool temperature 

Pool area 

 

Table 7.19: Sensitivity overview for the fire plume (outside burning pool) - HOTSPOT  

 

HOTSPOT 

Both near and far field  

Concentration-based results 

Fuel volume 

Burn duration 

Heat of combustion 

Effective radius of fire 
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7.8.2 Pool fires: Discussion 

 

For the ADMS model runs, the near field concentrations are very sensitive to all 

of the modelled parameters, and the far field concentrations are also somewhat 

sensitive to all of the parameters. The maximum plume height and concentration 

outputs are most sensitive to the source diameter, where increasing the 

diameter decreases the concentrations; this is because increasing the source 

diameter also increases the volume flow rate, therefore increasing initial 

momentum of the plume. 

The maximum plume height and the near field concentrations are highly 

sensitive to the stability and wind speed combination. This is mainly for the 

same reasons as discussed in Section 7.7 for the warehouse fire source, where 

increasing the wind speed inhibits the initial plume rise. 

The output concentrations in both the near and far field are very sensitive to 

varying the source type, with the sensitivity greater in the far field. The point 

source gives significantly lower concentrations than the area source. Note that 

the area sources were designed to be equivalent to the point source with respect 

to the effective areas only. This result highlights the need to take an overall 

approach when setting up different source types; it is usually recommended 

that, for sources that show extensive plume rise, it is important to reproduce 

this plume rise in the different source types, rather than trying to reproduce the 

source dimensions. 

For ALOHA, the model outputs are most sensitive to the pool area and the pool 

depth, and none of the outputs are sensitive to the initial pool temperature.  

The burning pool is assumed to be circular and uniformly deep, with empirical 

relationships used to calculate the fire parameters, so the binary nature of the 

sensitivities is to be expected. 

The burn rate is the rate at which the fuel is calculated to burn; it is notable that 

the burn rate is extremely sensitive to the pool depth between 1 and 5 cm, but 

not sensitive for other values tested, as seen in Figure 7.7. 
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Figure 7.7: Relationship between the burn rate and pool depth, for a burning 
pool of methane, in D5 conditions 

 
 

For the HOTSPOT model runs, the modelled concentrations are at least 

moderately sensitive to all of the parameters tested. Increasing the pool volume 

decreases the concentrations, as this increases the calculated heat emission 

rate, and therefore leads to greater plume rise. This can be seen by an increase 

in the calculated effective release height with increasing fuel volume.  

 

It should be noted that this sensitivity is at least in part due to the specific case 

modelled. The contaminant in this case is radioactive material released indirectly 

by the action of the fire, and not as a product of combustion, and the emission 

rate to air if the contaminant is constant, even when the fuel volume is 

increased. If the modelled contaminant were a product of combustion (such as 

carbon monoxide) and its emission rate was a function of the fuel burned, a 

different pattern of sensitivity would be expected. 

In contrast to the HOTSPOT warehouse fire model tests, the sensitivity effects of 

the parameters tested for the pool source case not only persist much more than 

1km downwind, but, for most of the parameters, the sensitivity continues to 

increase significantly for tens of kilometres. 

0

2000

4000

6000

8000

10000

12000

14000

0 20 40 60 80 100 120

B
u

rn
 r

at
e

 (k
g/

m
in

)

Depth (cm)



 
 
 

98 CONTRACT REPORT FOR ADMLC 

 

8 CONCLUDING DISCUSSION 

In this high-level study we have considered only a limited number of dispersion models 

and only a few source types, but even this has proven to be challenging since: 

 Different models have different capabilities and take different source term 

parameter inputs, making it difficult to compare sensitivities on a like-for-like 

basis; 

 Sensitivities are inevitably scenario-specific and release scenarios differing from 

those considered here may give different behaviour; 

 Sensitivity analysis inevitably involves undertaking many model runs and 

although, depending upon the model, this can be automated to an extent, it is 

difficult presenting the resulting sensitivity of the variation of concentration with 

distance without being overwhelmed by the number of tables or plots. Our 

approach in this study has been to produce a large number of plots which are 

available to view separately to this report and to summarise the observations 

from these in tables and text in this report. 

Despite these challenges, by concentrating on a limited number of cases, some general 

trends and also some significant differences between models have been observed. 

Many of the observed sensitivities are as would be expected, for example: 

 it is no surprise that there is in general a strong dependence of concentrations 

upon how much, or how rapidly, material is released, 

 similarly it is not surprising that there is a strong dependence on the pool surface 

area for vaporising pools and for burning pools, or that 

 jet behaviour is determined by the release diameter for un-choked flow and 

expanded jet diameter for choked flow, or that 

 the impacts of warehouse fires are highly sensitive to parameters that determine 

the buoyancy of the smoke plume 

Other sensitivities are less easy to anticipate in advance, for example: 

 dependence upon wind speed from a vaporising pool, where vaporisation is 

increased by wind speed, but dispersion is enhanced, 

 whether spill temperature, or ambient temperature (if different) is an important 

factor, 

 what are the important factors for cryogenic spills compared with non-cryogenic 

spills? 

For these, less obvious, sensitivities, this study provides some, hopefully useful, 

information for the range of conditions studied. In some cases, there is broad agreement, 
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at least in the direction of the effect, between different models; in other cases there are 

significant differences.  

There exist frameworks that can undertake automated sensitivity variation of inputs and 

analyse the dependency of the outputs on these.  This approach was not used here, 

partly due to the effort involved in interfacing to the models and partly because of the 

difficulty of applying this approach to distance-dependent concentration results. 

However, we recognise that this approach could be useful and time saving for future 

studies, particularly if models themselves provided automated methods for setting up 

runs and extracting results. As well as being beneficial for sensitivity analysis, better 

automated control of models is also beneficial for undertaking risk analysis, which is the 

way many of the models are used in practice. 
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