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EXECUTIVE SUMMARY
Background
The dispersion of releases of hazardous fluids through from loss of containment to dilution
below hazardous levels can be simply considered as comprising two stages: source term
formation and atmospheric dispersion. The former occurs immediately after release when the
behaviour of the fluid is dominated by conditions under which the fluid was stored and the
particular conditions of release. Further downstream, as the influence of the source decays, the
atmosphere becomes increasingly important and controls fluid behaviour.
In LNG hazard assessments these two stages are usually modelled separately by a source term
model and a dispersion model. The output from the source term model, specifying the state of
the fluid at that stage, is used as input to the dispersion model. Assessing the appropriateness of
these models is an important but complex problem. While dispersion modelling has received
much attention over the years, the assessment and development of source term models has
received comparatively less attention, though its importance in the overall release process is
widely recognized. This is probably due to the very complex and variable behaviour during this
stage and the difficulty of obtaining definitive experimental data close to the source.
In 2006, the Health and Safety Laboratory (HSL) undertook a research project that led to the
development of a Model Evaluation Protocol (MEP) for LNG dispersion models (Ivings et al.,
2007) which included qualitative and quantitative evaluation criteria and a structure for
complete model evaluation. A partial evaluation of some common current dispersion models
was also carried out. Subsequently, the US Fire Protection Research Foundation (FPRF) let a
subcontract to HSL to create a database of full scale experimental trials and wind tunnels tests
which can be used to validate LNG dispersion models. This work has recently been completed.
The current work has been jointly funded by the UK Health and Safety Executive (HSE) and
FPRF, and aims to provide a state-of-the-art review of source term models which predict the
early development of a release of LNG and an approach for assessing the adequacy of such
models. The main focus is on models of pool spread and vaporisation.
Objectives
The objectives of this project were:
•

To review the physics of accidental releases of LNG and in particular the spread and
vaporisation of spills of LNG on land and water.

•

To compile a list of available source term models in widespread use to predict the
spread and vaporisation of LNG.

•

To carry out a review of data for the validation of LNG source term models.

•

To develop a systematic approach for assessing source term models based on scientific
assessment, verification and validation, including recommendations on how the
available data, and any future data, can be used to validate the models.
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•

To carry out an assessment of the source term models SOURCE5 and GASP using the
developed assessment methodology.

•

To undertake a critical assessment of the state of the art and make recommendations
for further model development and/or validation.

Main Findings
This project has led to the development of a methodology for assessing the suitability of LNG
source term models for providing an input into LNG dispersion models for use in hazard
assessments. The approach is based on the EU SMEDIS project (Carissimo et al., 2001, Daish
et al., 2000), and is therefore similar to the LNG dispersion MEP (Ivings et al., 2007)
comprising the three key stages of: scientific assessment, verification and validation. The
assessment methodology is mainly applicable to pool spread and vaporisation models.
The key difference between this model assessment approach and the dispersion model MEP is
that the former does not include a structured approach to validation including quantitative
assessment criteria. That is not to say that validation is not a key part of the assessment of
source term models, rather that validation needs to be approached by careful consideration of
the available data and a range of techniques including model comparison, validation of submodels, alongside comparison with data. The approach is therefore based on consideration of
the available research in this area and a physical understanding of the processes involved to
provide a means of assessing the models.
The key reasons for this difference in approach is because of the variable nature of the release
mechanism (i.e. a release may result in a liquid jet, a two phase jet or spreading pool etc.) and
the lack of a historical track record of the validation of source term models. Additionally there is
limited good quality data at a range of scales that can be used for model validation purposes.
The source term model assessment approach is based on a Model Assessment Report. This can
be used by a model assessor as a guide through the key stages of physical processes that need to
be considered as part of the scientific assessment. The report also provides space for an
assessment to be made on the verification and validation carried out for the model. This
includes both validation / verification carried out as part of the assessment and that published or
made available elsewhere.
This report also highlights the crucial importance of the scientific assessment of models. Only
if the model is shown to be scientifically sound, can one have any confidence that a successful
validation in one situation may lead to valid predictions in another. For example, accidents may
potentially occur at scales much larger than are accessible to experiment, and the extrapolation
from experimental scale to accident scale must be done on the basis of sound science. A valid
scientific approach is also important if one wishes to draw conclusions for the behaviour of
LNG based on observations of other substances (which may be more manageable in
experiment).
The source term assessment approach has been developed based on a review of the physics of
source term development and a state of the art review of source term modelling. Both of these
reviews are provided in this report. Also provided in this report are a list and brief overview of
currently available source term models and a review of data that can be used for model
validation.
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An important part of any model assessment is the comparison of model predictions against high
quality data over the full range of application of the model and at a range of scales. For LNG
source term models it has been shown that comprehensive data coverage is not currently
available for this purpose. An ideal validation approach would be to use data on pool spreading
rates and vaporisation for a range of substrates, release rates and release modes up to scales
approaching real world scales. This report has reviewed a wide range of data for spills on land
and water and has identified a few datasets which could be used in a preliminary model
assessment. Thus there is some extensive laboratory data on LNG vaporisation (Reid et al.,
1980) and some limited information from some similar larger scale tests (Duffy et al., 1974;
JPG, 1976). Data on pool spreading are even more limited. There are the data of Moorhouse
and Carpenter (1986) for spread on two surfaces at a reasonable scale but otherwise recourse
must be made to measurements of spreading rates of non-volatile liquids. Again, however,
these data are limited – the most comprehensive experiments were carried out principally to
measure bund overtopping and do not therefore examine spread of very thin pools (Cronin and
Evans, 2002; Atherton, 2005). Consequently , in this case, only a preliminary assessment of
models is possible using data and a greater emphasis must be placed on the scientific assessment
component of the process.
Finally, a prototypical assessment is carried out of the GASP and SOURCE5 source term
models using the developed assessment methodology. GASP is found to have a theoretically
sound basis but to be somewhat limited in scope to circular pools, and omits detailed
consideration of pool formation. SOURCE5 also has limited scope, but also its scientific basis,
especially for pool spreading, is quite unphysical. Furthermore the prescription of SOURCE5
that the cloud formed in a dike should not disperse or dilute at all until the pure vapour has
accumulated in the dike to the level of top of the wall is unphysical and is likely to lead to very
optimistic (non-conservative) hazard predictions. Both models would benefit from more
extensive validation than has been published.
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INTRODUCTION

In 2006, the Health and Safety Laboratory (HSL) undertook a research project to develop tools
for the National Fire Protection Agency (NFPA) Liquefied Natural Gas Technical Committee to
evaluate liquefied natural gas (LNG) dispersion models. The work was commissioned by the
Fire Protection Research Foundation (FPRF) and delivered a Model Evaluation Protocol (Ivings
et al., 2007) which included a checklist of model evaluation criteria and a structure for complete
model evaluation. A partial evaluation of some common current dispersion models was also
carried out. Subsequently, FPRF let a subcontract to HSL to create a database of full scale
experimental trials and wind tunnels tests which can be used to validate LNG dispersion
models. This work has recently been completed.
The current project is concerned with the assessment of source term models for LNG spills that
are used to provide an input to the LNG dispersion models. This work has been jointly funded
by the UK Health and Safety Executive (HSE) and FPRF and aims to provide a state-of-the-art
review of source term models which predict the early development of a release of LNG and an
approach for assessing the adequacy of such models.
1.1

BACKGROUND

The dispersion of releases of hazardous fluids through from loss of containment to dilution
below hazardous levels can be simply considered as comprising two stages: source term
formation and atmospheric dispersion, though in practice these overlap and it is difficult at
times to delineate between them. The former occurs immediately after release when the
behaviour of the fluid is dominated by conditions under which the fluid was stored (for example
pressure and temperature) and the particular conditions of release (such as geometry and
location). Further downstream, as the influence of the source decays, the atmosphere becomes
increasingly important and controls fluid behaviour.
For modelling purposes this division into two stages is very convenient, particularly for the
simpler phenomenological and integral models. Since the controlling processes and parameters
for the two stages are different, separate models are frequently applied to each stage. The
output from the source term model, specifying the state of the fluid at that stage, is then used as
input to the atmospheric dispersion phase.
The later atmosphere-dominated stage of this process has received detailed attention over the
past thirty or so years and, as a result, a large number of predictive models have been developed,
assisted by a number of both large- and small-scale experimental programs. The earlier sourcedominated behaviour has received comparatively less attention both theoretically and
experimentally, though its importance in the overall release process is widely recognized. This
is probably due to the very complex and variable behaviour during this stage and the difficulty
of obtaining definitive experimental data close to the source.
Models predicting the behaviour during the early stages of such releases find widespread
application in risk assessments and studies used to examine safety issues concerning the design,
siting and construction of plant containing hazardous materials. They are thus frequently used
as part of a safety decision-making process. In such circumstances it is beneficial to have
information on the quality of the model. Thus information on how the model in question
describes the important physical processes or the state of model validation should be addressed.
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Such information allows a model user to make an informed choice of model and provides
regulators with the information they require to make informed decisions.
In recent years the safety community has developed structured methodologies for assessing
model quality. Thus Hanna and co-workers (1991, 1993) in the United States have developed
and performed extensive model validation studies on atmospheric dispersion models for dense
gas dispersion. Following on from this several European Community-supported projects have
also explored model validation and also developed, under the SMEDIS project (Daish et al.
2000, Carissimo et al. 2001), a comprehensive procedure for the overall assessment of dense
gas dispersion models. This identified model evaluation as a three-stage process comprising
scientific assessment, model verification and model validation. Ivings et al. (2007) used the
SMEDIS approach as the basis for developing a Model Evaluation Protocol (MEP) for the
NFPA for the particular case of atmospheric dispersion following spills of LNG on land.
The aim of this report is to address the issue of source term model assessment by seeking to
develop a systematic approach for assessing the adequacy of models predicting the early stages
of a release of LNG following loss of containment.
1.2

SOURCE TERM MODEL ASSESSMENT

The loss of containment of LNG can result in a wide range of behaviour, including liquid jets,
two phase jets, evaporating pools, sub-sea releases etc., depending on factors such as the storage
conditions and local ambient conditions. A review of the important physical processes which
determine the development of the source and how these processes can be parameterized is
presented in Section 2. However the remainder of the report mainly considers LNG pool spread
and vaporisation models, as these models are typical of those used in hazard assessments. A
brief review of models of LNG pool spread and vaporisation that are in common use is
presented in Section 3.
Published research on LNG spills includes reviews by Prince (1983), Thyer (2003), LuketaHanlin (2006), ABS Consulting (2004) and Hightower et al. (2004) which consider data on
spills of LNG and other cryogens on land and water. In the 1970’s, spills of LNG onto water
were investigated by the US Bureau of Mines (e.g. Burgess et al., 1970), Esso (Feldbauer et al.,
1972) and Shell (Boyle and Kneebone, 1973). Reid and co-workers at MIT examined spills of
LNG onto a range of dike floor materials (e.g. Drake and Reid, 1975; Reid, 1980). Other work
on LNG spills on solid surfaces includes that by Moorhouse and Carpenter (1986). A review of
available data for the validation of LNG source term models is provided in Section 4, with
reference also to earlier reviews.
As discussed above, there has been far less research carried out in developing and testing
models for the source of LNG spills onto land and water compared to vapour dispersion models.
Moreover, there is relatively little good quality data available for validating such models, which
means that there is no prior basis on which to propose quantitative assessment criteria for the
acceptance of models as is provided in the LNG dispersion MEP (Ivings et al., 2007). In Section
5 an approach to assessing source term models is described based on the SMEDIS approach, i.e.
scientific assessment, verification and validation. The key difference between this model
assessment approach and the dispersion model MEP is that the former does not include a
structured approach to validation including quantitative assessment criteria. That is not to say
that validation is not a key part of the assessment of source term models, rather that validation
needs to be approached by careful consideration of the available data (which we review in
Section 4) and a range of techniques including model comparison, validation of sub-models,
2

alongside comparison with data. The approach is therefore based on consideration of the
available research in this area and a physical understanding of the processes involved to provide
a means of assessing the models.
The application of this methodology to the SOURCE5 (Trinity Consultants, 2004) and GASP
(e.g. Webber and Jones, 1987) source term models is included in the appendix to this report.
SOURCE5 has probably been used for the vast majority of U.S. LNG facility siting safety cases
in recent years. GASP was developed by the Safety and Reliability Directorate (SRD) of the
UK Atomic Energy Authority (UKAEA) for the HSE and is currently used by a number of
organisations, including HSE for assessing Land Use Planning cases and for siting assessments
of new LNG import terminals.
The final part of this report is a state of the art review of LNG source term modelling. It first
addresses a number of early misconceptions in pool spread modelling before going on to
describe the state of the art in pool spread and vaporisation models. Areas where further work is
required are also identified.
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2
2.1

THE PHYSICS OF LNG SPILLS

LNG

2.1.1 Properties of LNG
The properties of LNG were summarized by Ivings et al. (2007) but it is convenient to have the
information to hand, and so we shall reprise it here.
LNG is a liquefied hydrocarbon mixture consisting largely of methane (CH4). For many
purposes it is sufficient to consider it to be liquid methane, but occasionally we must also
remember that there is essentially always a small admixture of higher hydrocarbons.
Table 2.1 provides the properties of methane (Reid et al., 1987). SI units are used except for the
adoption of kmol instead of mol to make molecular weights look more familiar, and bar instead
of Pascals to make pressures more manageable (1 bar = 105 Pa). The vapour pressure curve up
to the critical point is shown in Figure 2.2.1 and the section focusing on a range around the
normal boiling point is presented in Figure 2.2.2.

Table 2.1 Physical properties of methane
Molecular weight:

16.04

kg/kmol

Freezing point:

90.7

K

Boiling point:

111.7

K

Liquid density at B.P.

425

kg/m3

Critical temperature:

190.4

K

Critical pressure:

46.0

Bar

4
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Figure 2.2.1 Vapour pressure of methane
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Figure 2.2.2 Vapour pressure of methane around its boiling point

2.1.2 Storage of LNG
The critical temperature of methane of 190.4 K means that it cannot be liquefied by pressure at
ambient temperature. Rather it would have to be cooled significantly below this temperature.
In practice, therefore, liquefaction is achieved at ambient pressure by cooling to the boiling
point at 111.7 K. This is quite different from LPG (liquefied petroleum gas consisting largely
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of propane and butane) which is liquefied under a pressure of several bar at ambient
temperature.
The liquid density means that a large tank of LNG, say 30 m high, would have a liquid head of
around 1.3 bar. This gives a measure of the sort of pressures one has to pump against. They are
significantly lower than those involved in LPG storage.
An increase of temperature by only a few degrees, corresponds with an increase of saturated
vapour pressure comparable with the head of liquid.
The low molecular weight of methane (16 kg/kmol compared with air at around 29 kg/kmol)
means that at ambient temperature methane is lighter than air. However methane at its boiling
point is significantly denser (typically by about a factor of 1.5) than ambient temperature air,
and LNG spills are therefore likely to result in heavy gas clouds.
2.2

LNG SPILLS: PROCESSES LEADING TO A FLAMMABLE CLOUD

When LNG accidentally escapes its containment, a pool is usually considered to form, which
provides, by means of spread and vaporisation, a source of a flammable heavy gas cloud. The
‘source term’ is thus usually considered to be the pool, and a considerable amount of research
has been done over the years on liquid pool source terms.
However, even if a pool does form it is worth considering how it forms. In this part of the
process other phenomena are important, such as liquid jets and sprays, and what happens when
a (cryogenic) liquid jet encounters a solid surface which is initially at ambient temperature. The
main processes we need to consider for LNG source terms can therefore be categorized broadly
as:
•

Jets (liquid and two-phase)

•

Pool formation

•

Vaporisation from within the containment

•

Rapid Phase Transitions (RPT’s)

•

Pool spread and vaporisation

The majority of this report is concerned with models of pool spreading and vaporisation.
However, it is important that these other effects are taken into account and so they are briefly
reviewed below. Some of these issues are discussed further in the Section 6.
2.3

JETS

LNG is usually stored at atmospheric pressure but may be pumped between storage vessels
under pressure. A leak from a pressurized pipeline or the base of a large tank may lead initially
to jetting of the liquid. For the case of an unobstructed jet a large fraction of the LNG may
vaporise in the air before the liquid rains out and forms a pool, as shown in tests undertaken by
Advantica (Cleaver et al., 2007) and Shell (Kneebone and Prew, 1974). The nature of the jet and
hence the amount of vaporisation from the jet will depend upon the ambient temperature, the
pressure and temperature of the LNG, the initial velocity of the liquid, the orifice size and
shape, the fluid trajectory, atomization of the liquid spray and the entrainment rate of fresh air.
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The following three cases, though not exhaustive, can be easily distinguished and give an
insight into the range of possible phenomena:
1. stable liquid jet: the liquid is below the ambient pressure boiling point (112K) and
emerges as an intact liquid jet
2. mechanically fragmented jet: the liquid is below the ambient pressure boiling point and
emerges as a spray of droplets
3. two phase jet: the liquid is at significant pressure and its temperature is above the
ambient temperature boiling point (though at or below the boiling point at the liquid
pressure)
Hocquet et al. (2002) have observed essentially these three different forms of jet in experiments
on steam/water jets.
Either of cases 1 and 2 may occur for cold liquid, depending on the nature of the breach. The jet
behaviour for these cases can be summarized as follows:
1. Stable liquid jet: The liquid jet receives little heat transfer from the surrounding air and
may be expected on the whole to remain liquid until it encounters a solid or liquid
surface. At this point the heat transfer will initially be large producing rapid boiling.
But a pool may then form, especially on land where the surface impacted by the jet may
cool rapidly. Such a jet striking a water surface from any height is likely to penetrate
the water surface resulting in very rapid heat transfer and possibly rapid phase
transitions (see below).
2. Mechanically fragmented jet: Droplets from mechanical break-up are generally large
enough to fall, fairly rapidly, to the ground. But the volume to surface area ratio of such
droplets is much smaller than for an intact liquid jet, and heat transfer from the air may
possibly be sufficient to vaporise some, most, or all of the liquid before the drops hit the
ground. If it doesn’t, then a pool may form as in case 1 but possibly with a significant
vapour source coming from the jet.
3. Two phase jet: If the liquid is being pumped under a pressure of several bar, and if it
has warmed to its saturated vapour temperature at that pressure, then a two-phase jet
may result. (Such a release mechanism is typical in a loss of containment accident
involving LPG: LPG is stored at ambient temperature, under a pressure of several bar,
some tens of degrees K above its ambient pressure boiling point). In this case the
sudden depressurisation sends pressure waves through the liquid, causing rapid
vaporisation at the pressure troughs. Typically the heat capacity of the liquid is enough
to provide enough heat to vaporise a large fraction of the liquid very quickly, and the
resultant bubble growth shatters the liquid into a very fine aerosol spray. The droplets
are small enough to remain airborne and one has to consider the dispersion of a twophase jet followed by an aerosol cloud.
Cases 1 or 2 have received relatively little attention in the literature though Witlox and Bowen
(2002) discuss some of the detailed differences between mechanical break-up (2) and
thermodynamic break-up (3). Models of two-phase jets (as in case 3) are available, and are used
routinely for hazard analysis for LPG (and other pressure-liquefied gases) but we are not aware
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that they are used routinely in LNG hazard analysis. Rather, a pool is generally assumed to
form, and most LNG source term research has been directed at the behaviour of such a pool.
Cleaver et al. (2007), however, also discuss pressurized LNG releases (from pressures of up to
70 bar) and note the importance of the pressure and temperature of the release. In cases where a
two phase-jet emerges, Cleaver et al. (2007) applied a homogeneous equilibrium jet model,
which would imply consideration of release temperatures up to the saturated vapour temperature
at the pressure of the release (see the vapour pressure curve above).
In fact most models of two phase jets use assume homogeneous equilibrium assumption
between the gas and liquid phases – for which there is some support from the Shell Isle of Grain
(LPG) Trials. There is a small zone just outside the release orifice in which the pressure
decreases to atmospheric and, in this zone, it is usually considered that no air is entrained
(against the pressure gradient) and no heat enters the jet from outside. The vaporisation is thus
considered to occur at constant entropy and with pressure p and Temperature T constrained to
lie on the vapour pressure curve. In this way the flash fraction at the point where the jet reaches
ambient pressure is predicted absolutely. After the jet reaches ambient pressure, it still has high
momentum and is very turbulent. Air entrainment models usually maintain the homogeneous
equilibrium assumption, and as the partial pressure of the released material decreases it
continues to vaporise and therefore to cool. Ultimately, at some point further downstream, the
entire aerosol content will have vaporised, and only then will further air entrainment cause the
jet to warm. Now LPG, for which these models are routinely used, is stored at its ambient
temperature vapour pressure, which is of the order of 7 bar. This is quite different from LNG
storage. LNG may, however, be pumped at a pressure of several bar and if, in this process, its
temperature rises from the storage temperature of 112 K to the saturated vapour temperature at
the pumping pressure, then such two-phase jet models may be expected to give reasonable
predictions for a release from the pipe work. Note, though, that this assumes a very specific
thermodynamic state of the liquid in the pipe. And even for saturated liquid at lower pressures
(though it is not immediately clear how low), the validity of the assumptions on which these
models are based must be called into question. Such models will not (for example) be expected
to provide a valid model of a liquid jet in the limit the release pressure becomes ambient.
A strength of homogeneous equilibrium models is that no knowledge is required of droplet sizes
in order to predict the dynamics of the jet itself. The density is obtained from the liquid
fraction, which evolves first as the jet depressurises and then as air is entrained. However this
strength is also a weakness: with no information about droplet sizes it is not possible to predict
any fall-out of liquid from the jet. Often, in cases (such as pressurised LPG storage) studied
with such models, atomisation of the liquid produces small enough droplets that there isn’t any
fall-out and the homogeneous equilibrium model is adequate. In the case of LNG, however, and
depending on the thermodynamic state of the liquid just upstream of the release, atomisation of
the liquid may be less efficient and a more detailed model, involving droplet sizes, may be
required to predict fall-out. Witlox and Bowen (2002) review jet formation and details of
atomisation in various thermodynamic circumstances, and make numerous recommendations
for further research, but as this area of modelling is still at a fairly embryonic stage (certainly
with regard to LNG releases) a more detailed treatment than is summarised in these paragraphs
is outside the scope of this review.
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2.4

POOL FORMATION

2.4.1 Introduction
Formation of a liquid pool can allow the LNG to spread, sometimes rapidly, from the release
point to create an extended source of gas. Before describing the pool in detail, it is therefore
important to note how it may form.
2.4.2 Catastrophic vessel failure
An essentially instant release of liquid can occur if a tank fails catastrophically. This will lead
to the liquid content spreading rapidly and forming a large pool, possibly constrained by a bund
(dyke). Pool models can embrace an instantaneous release and subsequent spreading, as long as
they can model the heat transfer to the pool as it spreads onto warm ground. The consequences
of such a failure can therefore be assessed with some degree of confidence. Thyer et al. (2002)
considers the issue of bund-overtopping and through references to reviews of previous incidents
highlights the fact that for catastrophic tank failures it is not appropriate to simply assume that
the size of the resulting pool is limited to the size of the bund.
2.4.3 Liquid jet impingement
As cryogenic liquid impinges on a solid surface, it will extract heat from the surface and
vaporise rapidly. The surface will cool and so as time goes on, the liquid will be able to flow
further and further from the point of impingement, cooling more and more of the surface, but
always finding a new source of heat as it wets a new part of the solid surface.
There are a whole host of possible geometries which can be considered, but one in particular is
fairly amenable to an approximate analysis: suppose the jet impinges on a horizontal solid
surface, e.g. the floor of a bund. This can be modelled as a pool starting with a limited radius
on ambient temperature ground, with a rate of supply of liquid into the pool. As long as the
conduction problem can be solved in the ground with a boundary condition describing an
expanding cold area on the surface, then the spread and vaporisation rate can be modelled.
As noted above, an LNG liquid jet impinging on a liquid surface (as in the case of a ship holed
above the water line) may penetrate the surface, resulting in an even larger heat transfer.
Convection in the water is likely to maintain that heat transfer as long as the jet continues. This
scenario could lead to the occurrence of an RPT (see below).
2.5

VAPORISATION FROM WITHIN THE CONTAINMENT

Thus far we have discussed escape of LNG and vaporisation outside the containment. However
one must also consider the possibility of vaporisation from within the containment.
2.5.1 Roll-over
A “roll-over” in an LNG tank can occur if the liquid at the bottom becomes lighter than that at
the top, and rapidly rises to the surface. The liquid that moves to the top of the container
experiences a drop in pressure equal, to a first approximation, to the head of liquid. It may
therefore be above its boiling point at that pressure. In its simplest form, the source term in this
case will be vapour emanating directly from the tank.
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In such an event the vapour pressure within the tank may be as high as the liquid pressure at the
bottom of the tank, whence the liquid came, and so the resulting pressure spike might
overwhelm the pressure relief systems in place and if pipe work is not designed, constructed and
maintained to cope with these then this might fail.
Such accidents have been known to happen, but they may not be routinely taken into account in
hazard analyses. In fact our impression is that relatively little work has been done in this area,
though Cleaver at al. (2007) provide a short summary.
2.5.2 Water ingress
If a ship is holed below the water line then, as LNG emerges, water may also enter the tank and
there will be a very large heat transfer from the water to the LNG. Again this will lead to the
generation of vapour from within the containment and the potential for a rapid rise in pressure.
While the escaping LNG will be buoyant and attempt to form a pool on the surface of the water,
the very rapid boiling as it rises through the water will need to be considered. In this event, the
role of the water which enters the ship’s tank, as the LNG emerges, must also be considered.
The heat it takes in will surely cause boiling within the tank, which may force LNG out more
rapidly or overwhelm the pressure relief system. As far as we are aware there are no models
available that take into account the heat transfer effects as the water and LNG interact with each
other. The reports by Hightower et al. (2004) and ABS (2004) discuss this further, and a simple
model for releases under the water line is presented by Fay (2003).
2.6

RAPID PHASE TRANSITIONS

An RPT can occur if spilled LNG is heated so rapidly that the expansion of the fluid on
vaporisation is so fast that it produces a significant pressure wave. The pressure wave itself is
not usually considered to be strong enough to damage surrounding structures significantly
(compared with the damage caused by an igniting cloud) and for this reason, RPT’s do not seem
to be widely considered in hazard analysis. However, to illustrate the strength of such
explosions, in one of the U.S. Bureau of Mines tests an explosion was likened to that of a stick
of dynamite (Burgess et al., 1970b) whilst in the LLNL Burro experiments the LNG spill
resulted in a series of RPT’s with a total explosion energy estimated to be equivalent to 11 kg of
TNT (Koopman et al., 1982).
Cleaver at al. (2007) provide a discussion on RPT’s where it is pointed out that they are
somewhat variable and difficult to reproduce experimentally in a consistent way. They are most
likely to occur in spills on water where the LNG penetrates the surface, and with ‘aged’ LNG
where some of the methane component has vaporised leaving a higher concentration of higher
hydrocarbons. Melhem et al. (2006) emphasise concern about the possibility of RPT’s in
possible releases from ships above and below the water line, and consider RPT’s both outside
and inside the ship. This paper also summarises a number of experimental studies.
Luketa-Hanlin (2006) and Hightower et al. (2004) discuss RPT’s in some detail and provide
useful references to experimental data. A review of experiments indicates that these have
largely been at small scale, but that large scale experiments give significantly different results.
In some cases an increase in dispersion distance to lower flammability limit (LFL) of up to 65%
has been reported clearly showing that RPTs have the potential to alter dispersion distances.
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2.7

POOL SPREAD

For pools spreading on a flat solid surface, the important things to account for are the gravity
driving force, resistance to flow, puddle formation, and how the vaporisation rate affects the
flow as the pool spreads.
Resistance forces on land and water will be very different, as a pool floating on water displaces
some of that water, and has to push it out of the way at the spreading front. A pool spreading on
land, however, experiences a greater friction effect over the whole of the bottom of the pool.
These two sources of energy dissipation scale very differently.
Pools spreading on land may also typically encounter a bund or dike which constrains the
spread. A rapid liquid release may overtop a bund even if it has been constructed to retain a
sufficient volume of (static) liquid. Pools spreading on land may also be channelled
(deliberately or inadvertently) or run off down any slope. This can clearly strongly affect the
resulting shape and area of the pool and hence the resulting dispersion characteristics from the
spill.
A number of pool spread models have been constructed over the last 35 years and applied to
non-volatile liquid spills on land, oil slicks on the sea and cryogenic spills on land and water.
They differ sufficiently that it is worthwhile to give a fairly detailed review, which is provided
in Section 6 below.
2.8

POOL VAPORISATION

In general the important features to account for in assessing vaporisation are the temperature of
the pool, the heat transfer to the pool from the surroundings, and heat removal from the liquid to
provide the heat of vaporisation.
The nature of the processes depend on the saturated vapour pressure curve of the substance
involved, which we have shown for methane, the main component of LNG, in Figure 2.2.1 and
2.2.2. Immediately above a liquid pool, the air contains a certain concentration of the vapour
from the pool. At equilibrium, the concentration is such as to provide a partial pressure equal to
the saturated vapour pressure of the substance in question, at the prevailing temperature.
The boiling point occurs where the saturated vapour pressure is equal to atmospheric pressure,
and the concentration of vapour at the surface is 100%. In general, vaporisation may occur
slowly or very rapidly depending on circumstances and may be correspondingly be described as
“evaporation” or “boiling”.
We shall use these terms as follows:
evaporation:

vaporisation well below the boiling point, where the vapour pressure is much
lower than atmospheric pressure;
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boiling:

vaporisation at, or very close, to the boiling point, where the vapour pressure is
atmospheric, or very close to it 1 .

The essential physical processes involved are the same but cause and effect in this process can
appear differently in different situations. The overall heat balance for the whole pool can be
written as

mC

dT
= Q − LW
dt

( 2.8.1 )

where C is the specific heat capacity of the pool, L is the latent heat of vaporisation, m is the
mass of the pool, Q is the heat flux into the pool, T is the pool temperature, t is time and W is
the mass vaporisation rate.
The three terms of the heat balance equation illustrate various situations, and it is worth giving
some examples:
water boiling in a pan: heat is supplied at an approximately constant rate Q. Initially the
water is cold and the vaporisation rate LW is negligible. The temperature therefore increases at
a rate Q/(mC). This is the “heating regime”. As boiling is approached the vaporisation rate
increases until Q~LW and the rate of change of temperature becomes negligible: the temperature
stays constant at the boiling point. This is the “boiling regime”.
In both of these cases, it appears we are supplying heat as the driving term, and that the
vaporisation rate and temperature are adjusting themselves accordingly. Note that the
vaporisation rate in the boiling regime is essentially independent of the state of the atmosphere,
but completely dependent on the rate of supply of heat.
ether on your hand: if you put a few drops of ether (a readily volatile liquid) on your hand, and
blow across the top of it, a strong cooling sensation is felt. In this case the turbulent air flow
removes vapour and generates a vaporisation rate W, to replace the vapour and maintain the
partial pressure at the liquid surface. The –LW term in the heat balance thus initially generates a
temperature drop (dT/dt < 0) and thereafter the temperature difference between the ether and the
hand, generates a heat flux Q from the hand to the ether cools the hand. This is the
“evaporation regime”.
In this case it appears that the process is driven by the removal of vapour from the pool surface.
The vaporisation rate depends essentially on the rate at which the air flow removes vapour from
above the liquid, and less strongly on other factors.
In accidental liquid spills all three of the above regimes may play a part. But it is worth
emphasising that they are all just different limiting regimes of the fundamental heat balance
cases where one of the three terms in the balance is negligible compared with the other two.
The general case, where all three terms are important, is more complicated and cannot always
be neglected, even when (as is sometimes the case) it occurs as a rapid transition between two of

1

These thermodynamic considerations are of prime interest here. Boiling and evaporation also differ in geometric
details in that evaporation is from the upper surface of a pool and boiling often occurs primarily at nucleation sites
on an adjacent solid surface, or on the underside of a liquid undergoing film boiling.
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the above three limiting regimes. A detailed description of how these various effects have been
modelled is given in Section 6.
However, it is important to note that heat transfer to an LNG pool is usually dominated, initially
at least, by transfer from any solid or liquid surface with which it is in contact. Other sources
(e.g. radiation, convection from the air) can be modelled but may be less crucial.
2.9

LNG AS A HYDROCARBON MIXTURE

In a large LNG spill where the composition is mainly methane (for example 95%) then for
many purposes, the LNG can be considered to be methane. However in one or two aspects of
the spill, the proportion of higher hydrocarbons may be important.
Paradoxically, adding a percentage of higher hydrocarbons to methane (and hence forming an
intrinsically less volatile liquid) may increase the boiling rate for spills on water. This effect
has been studied in detail by Bøe (1998) in a container of 20 cm diameter. Although he
observes film boiling in experiments with pure methane spilled carefully onto water, he
concludes that even a small percentage of heavier hydrocarbons in the LNG, can prevent film
boiling.
In large spills on open water, the water surface is not flat on a scale governed by the expected
film thickness, and so the idea of film boiling in large outdoor spills can also be questioned on
these grounds. For all of the above reasons, in the absence of contradictory large scale data, it is
reasonable to assume that LNG can be thought of as methane for most of the duration of the
spill but that this assumption should not extend to the assumption of film boiling as observed by
Bøe (1998) for pure methane on a flat water surface at laboratory scale.
Late in the spill, the methane component may have boiled off preferentially, and the liquid may
start to behave as a heavier hydrocarbon. But by then one may have to consider that the
flammable cloud will have reached its maximum extent and / or the flammable cloud will have
been ignited, and that this late time evolution may not significantly affect the hazard.
As noted above, the LNG composition can also affect the likelihood of Rapid Phase Transitions.
As observed by Cleaver (2007) though, these are notoriously difficult to predict.
2.10

TRANSITION BETWEEN SOURCE AND DISPERSION

The transition between source and dispersion is usually straightforward in principle. The source
is generally considered to be more or less independent of the dispersion, and so a pool just
provides a source, at ground level, of some area from which vapour is being emitted at a certain
rate.
In general however the area of the source, the emission rate, the concentration at the source and
the temperature can all be varying in time. It is therefore helpful if a dispersion model can cope
with this.
While the LNG pool remains in the ‘boiling regime’ discussed above, then the temperature is
approximately constant at the boiling point and the concentration at the surface of the pool is
approximately constant at 100%. Often a large amount of vapour will be produced before
departing from this regime, and so a dispersion model which assumes these to remain constant
may be adequate. For bunded spills on land the vaporisation rate may ultimately be higher than
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predicted by a pure boiling model, after the heat transfer from the ground has decreased below a
certain level 2 .
A further consideration that merits some consideration is the influence of the vapour
concentration on the vaporisation rate. As far as we are aware all vaporisation models to date
assume that the vapour is transported away from the liquid surface by a mechanism which does
not depend strongly on the vapour density, and that the presence of a heavy cloud does not feed
back on to the vaporisation rate. However, in principle it does exactly that, with a higher
vapour concentration leading to lower vaporisation rates, and accounting for this will intricately
couple the dispersion and source term models.
In the case of LNG, however, it may not be too important if this is neglected. In the limit of the
boiling regime, the vaporisation rate is controlled by the rate of heat transfer into the pool, and
allowing for a heavy gas will have no effect. As the vaporisation moves away from the boiling
regime, the approximation of ‘removal of passive vapour’ will have some effect, but by then, as
noted before, the flammable cloud may have reached its maximum extent and / or the
flammable cloud may have been ignited.
2.11

CONCLUSIONS

Here we have summarized the basic physics of LNG source terms. We have pointed out what
features are believed to be important, what are believed to be less important, and where the
importance of some effects may not be certain. The main focus of this work is on spreading,
vaporising pools, which are expected to form the dominant physical mechanism for the large
spills which tend to be the focus of hazard analyses.

2

Perhaps the easiest way to see this is to note that if the only mechanism is “boiling at a rate controlled by heat
transfer from the ground” then a bunded pool will vaporise at a rate proportional to 1/√t as the ground cools.
Assuming enough liquid is present, this will become arbitrarily small at large enough time. At some stage, when the
ground-conduction heat flux becomes small enough, the airflow over the pool will provide the dominant mechanism.
At that point the heat transfer to the pool will be greater than if we had only considered conduction from the ground.
In reality both heat transfer mechanisms are always present, but initially the ground conduction is completely
dominant and so the air is often neglected.
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3

LNG SOURCE TERM MODELS

The following sections provide a brief summary of currently available source models for LNG
releases. The list is not exhaustive and the focus is mainly on commercially-available packaged
models that are in relatively widespread use.
3.1

RAJ AND KALENKAR

The source model of Raj and Kalelkar (1974) developed for the U.S. Coast Guard was one of
the first integral models capable of predicting the behaviour of spreading cryogenic liquid pools
on water. The model predicted values for the spreading rate, the time for complete vaporisation
and the maximum extent of the pool on the water surface. Only instantaneous (rather than
continuous) spills were modelled although expressions were provided for cases with and
without ice formation and for both radial and linear one-dimensional spreading (the latter being
aimed at modelling spills along channels). The physics underpinning the Raj and Kalelkar
(1974) model is assessed elsewhere in this report (see Section 6). The authors acknowledged
that because releases were instantaneous, the pool area and vaporisation rates would be
overpredicted for quasi-steady-state releases, although they argued this was a conservative
approach.
3.2

OPSCHOOR

The integral model of Opschoor (1977) was largely based on the earlier work of Raj and
Kalelkar (1974). It accounted for spreading and vaporisation of LNG on either open water or a
confined water surface. Opschoor (1977) compared predictions of LNG pool radius and
vaporisation rate to experimental data. The model was found to agree well with the tests of
Boyle and Kneebone (1973) but relatively poorly with that of Feldbauer et al. (1972) and
Burgess et al. (1970b) – see Section 4.4.
3.3

SOURCE5

The SOURCE5 model for LNG spills is used in the Breeze software 3 produced by Trinity
Consultants. It is an integral model that was developed originally by the Gas Research Institute
(Atallah et al., 1993) now known as the Gas Technology Institute 4 . Instantaneous or continuous
releases on either land or water can be modelled in either confined or unconfined situations. The
report by Atallah et al. (1993) provides a review of measurement data on LNG spills and a
summary of various sub-models used for LNG pool evaporation on land and water which were
considered in developing SOURCE1 (an early version of SOURCE5). Atallah et al. (1993) did
not provide any direct validation of the SOURCE1 model against measurement data, although
they referred to other works where experimental comparisons of certain aspects of the model
were presented, such as the Raj and O’Farrell (1977) study of continuous spills on water. A
discussion of some of the limitations of the SOURCE5 model for modelling evaporation from
spills in bunded areas is given by Havens and Spicer (2007). The model is also reviewed in
detail as part of the current project, see Appendix A.

3
4

http://www.breeze-software.com, accessed July 2008.
http://www.gastechnology.org, accessed July 2008.
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3.4

SPILL

The SPILL model for spreading and evaporating pools of Briscoe and Shaw (1980) was
developed at the Safety and Reliability Directorate (SRD) for the U.K. Health and Safety
Executive (HSE). It is an integral model that shares a number of features with the earlier work
of Raj and Kalelkar (1974). Spills of cryogenic liquids on both water and land can be modelled.
In the paper of Briscoe and Shaw (1980) predictions of the pool radius and vaporisation rate for
an instantaneous 1000 m3 LNG release on water are compared against a number of other
integral model predictions and empirical correlations. The SPILL model was superseded by
GASP (see below).
3.5

GASP

The Gas Accumulation over Spreading Pools (GASP) model of Webber (1990) and Webber and
Jones (1987) describes the spreading of evaporating or boiling liquid pools on land or water and
was also developed at SRD for HSE. The model is recommended in the TNO Yellow Book
(TNO, 1997) which also provides details of the computational methods used to solve the
governing shallow-layer equations together with sample applications. GASP predicts the
vaporisation rate of a circular liquid pool assuming that the underlying surface (land or water) is
flat. The underlying surface can be given a prescribed roughness and the pool can interact with
bund walls. Releases can be either instantaneous or continuous. The model does not account for
surface waves, nor the effects of sloping or porous ground, nor multi-component liquid
composition. The GASP model forms the basis of other LNG spill models including the
LNGMAP and ABS Consulting models (ABS Consulting, 2004). GASP is used by HSE, but the
software is not presently actively marketed by the current owners 5 . The model is also reviewed
in detail as part of the current project, see Appendix A.
3.6

SUPERCHEMS

SuperChems is a general purpose quantitative risk analysis software package produced by
ioMosaic 6 and is capable of modelling single and multiphase flows, dispersion, chemical
reactions, fires and explosions. It contains source term models for liquid, vapour or two-phase
flow from vessels or pipes and jet releases of two-phase flows with aerosol formation and
rainout. For LNG spills, the SuperChems model accounts for the multi-component composition
of LNG, and spills can take place on different surfaces including soil and water. A brief
description of the underlying physics in the SuperChems LNG pool spreading and vaporisation
model is given in Saraf and Melhem (2005). The calculation of the pool spreading rate is based
on the approach used in GASP (Webber, 1990). Saraf and Melhem (2005) also present the
validation of the model against the laboratory-scale LNG spills on soil by Drake and Reid
(1975) and Reid (1980), LNG spills on water by Burgess et al. (1971) and further comparisons
for LPG, ammonia and organic solvent spills. The application of SuperChems to study RPT is
discussed in Melhem et al. (2006). The development of SuperChems is overseen by the
American Institute of Chemical Engineers (AIChE) and the software is reported to be used by
over 250 users worldwide.

5

http://www.esrtechnology.com/, accessed November 2008.
http://www.iomosaic.com, accessed July 2008.

6
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3.7

SAFESITE3G

SafeSite3G is an integrated software tool produced by Baker Engineering and Risk Consultants
Inc. (BakerRisk) for modelling discharge, dispersion, fires and explosion (Woodward and
Pierorazio, 2002; Baker Eng. and Risk Consultants, 2005). Details of the integral model used
for LNG pool evaporation in SafeSite3G are described by Woodward (2007). The approach is
based on the model developed by Dodge et al. (1983).
3.8

CANARY

The CANARY consequence modelling software package is produced by Quest Consultants,
Inc 7 . The model incorporates both source term calculations for LNG pool evaporation and a
dispersion model based on SLAB. CANARY is one of the few models that accounts for the
effect of waves on the vaporisation rate, although there is no data available to validate this
aspect of the model. The software also has the capability to model pressurized releases, vapour
cloud explosions, fires and BLEVE’s. An example application of the model to investigate the
siting of an LNG facility is given by Taylor (2007).
3.9

PHAST

PHAST is one of the most widely used consequence analysis software packages in the oil, gas
and chemical industries. The software, developed by Det Norske Veritas (DNV) 8 , includes
models for discharge, pool formation and evaporation, dense and buoyant gas dispersion, jet and
pool fires, BLEVE’s and vapour cloud explosions. The integral model for pool spread and
vaporisation accounts for whether the pool is on water or land, whether the release is
instantaneous or continuous and whether the pool interacts with bund walls. The pool can boil
or evaporate and the model takes into account heat conduction from the underlying surface,
ambient convection from the air, radiation and vapour diffusion. The model has been compared
against GASP for a range of scenarios and validated against experimental data for spills of a
wide range of materials including LNG, propane, butane, pentane and toluene, on water and on
land. A summary of the model’s capabilities is given by Witlox and Oke (2007) and example
calculations for LNG releases are given by Pitblado et al. (2004, 2006).
3.10

FAY

Over the last 30 years, Professor Fay at Massachusetts Institute of Technology (MIT) has
written a number of works on the hazards posed by LNG releases (Fay, 1980, Chang et al.,
1983, Fay, 2003, Fay, 2007). One of the recent publications (Fay, 2007) reviews the “standard”
integral model of LNG pool spreading on water and raises questions about its physical
justification. An alternative model is proposed which is validated by comparing predictions to
the China Lake experiments involving burning LNG spills on water (Raj et al., 1979). The
effects of wind driven ocean wave interaction on the pool spreading rate are also discussed.
Earlier Fay models are reviewed by Hightower et al. (2004) and ABS Consulting (2004). The
influence of waves on the pool spread in Fay’s model are discussed by Fingas et al. (2005).

7
8

http://www.questconsult.com/canary.html, accessed July 2008.
http://www.dnv.com, accessed July 2008.
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3.11

ALOHA

Areal Locations of Hazardous Atmospheres (ALOHA) is a software package developed jointly
by the U.S. National Oceanic and Atmospheric Administration and the Environmental
Protection Agency 9 for modelling the consequences of chemical releases. The software has the
capability to model the conditions of the release, dispersion, fires and explosions. ALOHA was
used in an impact assessment for an LNG terminal in Vallejo, California (Vallejo, 2003). This
study was independently reviewed by Hightower et al., 2004. A comparison of ALOHA’s
capabilities against those of the EPIcode 10 for modelling pool evaporation is given by Thoman
et al. (2006).
3.12

LSM90/LPOOL

The LSM90 model was developed at Exxon (Cavanaugh et al., 1994) for modelling spills of
multi-component fluids on land or water. The model accounts for the effects of flashing liquids,
aerosols, liquid pool vaporisation and heat and mass transfer effects. It was validated by
comparing predictions to experimental tests for single-component vaporising liquid spills on
land (Mackay and Matsugu, 1973; Kawamura and MacKay, 1987) and LNG spills on water
(Feldbauer et al., 1972; Koopman et al., 1982). The LSM90 model was incorporated in Shell’s
HGSYSTEM code where it is known as the LPOOL model 11 .
3.13

LSMS

The Liquid Spill Modelling System (LSMS) model is produced by Cambridge Environmental
Research Consultants (CERC) 12 and was developed through support from the U.S. Gas
Research Institute, British Gas, Gaz de France and the HSE. LSMS calculates the spreading and
vaporisation of a liquid pool based on the solution of the 1D-axisymmetric shallow-layer
equations. The interaction of the spill with vertical walls is accounted for, including bund
overtopping. The thermodynamic equations used in LSMS can be used for cryogenic and
volatile liquids and the model interfaces directly with the CERC vapour dispersion code,
GASTAR. Validation of LSMS for LNG spills on land was presented by Daish et al. (1998),
where results were compared to experimental data from Reid (1980) and Moorhouse and
Carpenter (1986). Further validation of the model has also been reported for evaporation of
butane in a square bund (Brighton, 1980), spreading and bund overtopping of water in a planar
channel (Clark and Savery, 1993), and spreading and vaporisation of liquid hydrogen on water
(Dienhart, 1995).
3.14

ABS CONSULTING MODEL

The ABS Consulting 13 model is described in two documents: a recent report for FERC (ABS
Consulting, 2004) and a discussion document produced following an independent review
(FERC, 2004). The two documents together provide a set of recommendations for consequence
analysis of large releases from LNG ship carriers. It does not appear that ABS Consulting or

9

http://www.epa.gov/emergencies/content/cameo/aloha.htm, accessed July 2008.
http://www.epicode.com, accessed July 2008.
11
http://www.hgsystem.com, accessed July 2008.
12
http://www.cerc.co.uk, accessed July 2008.
13
http://www.absconsulting.com, accessed July 2008.
10
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FERC have yet packaged the model into a publicly or commercially available computer
program, although a Windows-based version of the model called WinFERC has been developed
at the Mary Kay O’Connor Process Safety Center (Qiao, 2006; Qiao et al., 2006).
The ABS Consulting model takes account of the release rate of LNG from the ship, the pool
spread on water and the vapour generation. Additional sub-models for the effect of pool fires on
the vaporisation rate and radiative heat transfer from fires are also included. The discharge rate
of LNG from the ship is calculated from a simple orifice model with a recommended discharge
coefficient of 0.65. Pool spreading is modelled using a modified version of the GASP model
(Webber, 1990) which calculates frictional effects using the shear stress in the vapour film and
assumes that the pool spreads in a semicircle from the source. The original model reported in
ABS Consulting (2004) calculated the heat flux from the water to the LNG using the film
boiling correlation of Klimenko (1981) but this was later amended to a constant value of
85 kW/m2 (FERC, 2004). In another modification to their original model, the pool spread is
allowed to “overshoot” the equilibrium steady-state condition. Sample calculations for large
scale releases are provided by ABS Consulting (2004). Since there are limited data for large
LNG spills from ship carriers, no validation of the model was provided.
3.15

LNGMAP

LNGMAP is a fully-integrated Geographic Information System (GIS) based model developed
by Applied Science Associates 14 to predict the consequences of marine spills of LNG. The
source model used in LNGMAP is based on GASP and has been verified by comparing results
to those from the ABS Consulting and Sandia models. LNGMAP displays the time-varying
spatial distribution of the spill as it moves in response to currents and winds. The model can
also simulate dispersion of the vapour and calculate the thermal radiation from an ignited spill.
Sample results are presented by Spaulding et al. (2007) for spills from an LNG tanker entering
Block Island Sound off the U.S. East Coast.
3.16

SANDIA

Sandia National Laboratories compiled a report under contract to the U.S. Department of
Energy (Hightower et al., 2004) that reviewed a range of existing approaches for modelling
LNG spills. Unlike the ABS Consulting report (ABS Consulting, 2004) no particular model was
recommended. Instead, more generic guidance was provided for the selection of appropriate
models. This included consideration of the underlying physical principles in the model, the
documentation and support provided, and whether the model had been peer reviewed. The
report also noted that where analysis from simple models indicated that there were serious risks
to the public or where there was likely to be significant interactions with terrain and structures, a
more accurate approach for calculating the pool spread should be used, based on Computational
Fluid Dynamics (CFD) modelling.
3.17

FLACS

FLACS is a CFD code produced by Gexcon 15 which was developed originally for modelling
gas explosions. The code contains a source model for predicting the evaporation rate of LNG

14
15

http://www.appsci.com, accessed July 2008.
http://www.gexcon.com, accessed July 2008.
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pools on land, developed by Kim and Salvesen (2002). The model assumes the pool size is fixed
and LNG is treated as pure methane. In recent work, Hansen et al. (2007, 2008) compared
dispersion predictions made using FLACS to the Burro, Coyote and Maplin Sand experiments,
which involved LNG releases on water. The source term in these simulations was not modelled.
Instead, a low-momentum source of vapour was specified based on the evaporation rate reported
in the experiments. The area over which the vapour was released in the CFD model was also
fixed.
In addition to these dispersion predictions, Hansen et al. (2007, 2008) described the
development of a new LNG pool spread model that solves the shallow-water equations on a grid
using a first-order accurate finite volume method to determine the extent of the pool. Effects of
sloping terrain, obstacles and frictional effects due to rough underlying surfaces are accounted
for. Spills on water can also be modelled. Expressions based on boundary layer theory are used
to calculate convective heat and mass transfer. The model also accounts for radiation,
conduction from the underlying surface (ground or water) and heat loss due to evaporation and
boiling. To date, validation of the FLACS shallow-water model has not been presented in the
open literature.
3.18

BRAMBILLA AND MANCA

In a very recent paper, Brambilla and Manca (2009) present a new model for spreading pools,
based on the Webber (1990) model. Various modifications are presented to account for the
effects of film boiling on friction, turbulent mixing on water, friction on the pool surface due to
wind and the wind profile index, evaluation of the conductive heat flux, dynamics of the pool
radius at the limit where the pool reaches its minimum height, and provision of input data to
dispersion models. A model for pool fires is also provided. To validate the proposed model, two
test cases are examined involving water spills in a bund (Cronin and Evans, 2002) and ignited
LNG spills on water (Raj, 2007).
3.19

DISCUSSION

All of the source models described above, with the exception of FLACS and LSMS, are integral
models, i.e. they involve the solution of ordinary differential equations expressing the integral
properties of the pool.
The various integral models differ primarily according to the:
•

assumptions made in approximating the physics describing the spreading rate

•

calculation of heat transfer from the ground

•

correlations used for the vaporisation rate.

•

simplifications of the physics

•

numerical methods used to solve the set of equations

•

release mechanisms considered

Integral models are very efficient computationally and typically run in a matter of minutes on a
desktop PC. Models based on the solution of the shallow-water equations (including FLACS
and LSMS) and general-purpose CFD codes require longer computing times, but in principle
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offer greater accuracy. These issues are discussed in more detail in Section 6. Further discussion
of the validation of LNG source models is given in Section 4.7.4.
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4
4.1

SOURCE TERM MODEL VALIDATION

INTRODUCTION

The validation process consists of comparing a model’s predictions against data to determine
whether the model provides a reasonable representation of reality. The validation data selected
for this comparison should show sufficient similarity in terms of flow behaviour and underlying
physics to the foreseen application of the model for it to provide meaningful information.
Experimental tests are generally at a significantly smaller scale than envisaged accidents, and
therefore, for confidence in predictions of consequences of accidents, one relies both on
successful validation against data, and on having a scientifically credible model, which can be
expected to scale in the correct way. Comparison of models, one with another, can be done at
envisaged scales and can therefore give information on the relative way in which different
models scale.
The physics involved in LNG releases is discussed in Section 2. The main factors affecting the
behaviour of the flow near the source and how these impact on the choice of validation data are
described briefly below. There have been a number of review papers that have examined the
available experimental data for the spreading and vaporisation of LNG spills (Prince, 1983;
Thyer, 2003; ABS Consulting, 2004; Hightower et al., 2004; Cormier et al., 2006; LuketaHanlin, 2006). The main findings of these reviews are discussed. Rather than re-examine all of
the available data, a selected number of example datasets are described. Uncertainties in the
experimental measurements are highlighted and quantities that can be used to validate source
models are identified. Finally, a best practice approach to source term model validation is
presented.
4.2

FACTORS AFFECTING SOURCE BEHAVIOUR

There are a number of factors that affect the behaviour of LNG releases near the source which
need to be considered when selecting data to be used to validate source models. The first
consideration should be the amount of vaporisation that takes place before the LNG reaches the
pool for example for a jetting release. Other factors that can have a significant effect on the
development of an LNG pool, such as roll-over and underwater releases, are discussed in
Section 2 of this report.
Once the LNG has formed a pool, the rate at which vapour is produced is related primarily to
the area over which the LNG is spilled and the rate of heat transfer to the liquid. The pool area
is highly dependent on the local terrain over which the spill takes place. On land, the presence
of obstructions such as dyke or bund walls, the roughness of the ground and its slope can have a
significant effect. Vaporisation rates are generally higher on porous materials such as sandy
soils, stone chippings or loosely packed aggregates since the LNG can percolate downwards
into the material and increase the effective contact area. On water, the presence of waves and
strong currents may be important in dispersing the pool. Other important factors include the
atmospheric conditions (particularly wind speed) and whether the spill is continuous or
instantaneous in nature.
The rate of heat transfer to the liquid pool is significantly affected by the temperature difference
between the liquid and the surface on to which it is spilt. If the temperature difference is
sufficiently high (above the Leidenfrost point) then, in principle at least, film boiling can occur
with a thin layer of vapour separating the liquid from the surface. This limits the heat transfer
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rate to the LNG and consequently the vapour generation rate. Film boiling may collapse if the
temperature difference decreases. In this case the liquid comes into direct contact with the
surface, leading to nucleate boiling. This is accompanied by a significant increase in the vapour
generation rate, which is then governed by the rate at which heat can be extracted from the
surface.
The occurrence, or otherwise, of film or nucleate boiling can be affected by the composition of
the LNG. Laboratory-scale experiments undertaken by Bøe (1998) found that the boil-off rate
for mixtures composed of 97% methane were up to twice as fast as for pure methane due to the
collapse of film boiling. Similar results were obtained in the laboratory by Boyle and Kneebone
(1973). However, in the field-scale tests undertaken by Esso the methane fraction in the LNG
was varied between 85 and 94%, and this had no clear affect on the vapour flow rate (Feldbauer
et al., 1972). It is therefore important that validation datasets provide details of the LNG
composition.
Relatively subtle changes in the surface on which the LNG is spilled can also change the boiling
regime. Moorhouse and Carpenter (1986) found that LNG spills on bare steel surfaces were
characterized by a period of film boiling before the temperature of the surface fell sufficiently
for nucleate boiling to occur. However, materials which do not conduct heat into the pool so
easily, including steel coated with a thin layer of paint, produced nucleate boiling almost
immediately. Spills onto metal plates can also be affected by the plate thickness.
For these reasons, in validating models to be used for prediction of large scale hazards, with
“real” LNG (as opposed to pure methane) it may be preferable to use data where film boiling
does not occur.
For spills on land, the heat transfer rate also depends upon the thermal properties of the spill
surface and its water content. Vaporisation rates decrease more rapidly over time for materials
with high water content compared to dry non-metallic materials (Moorhouse and Carpenter,
1986). For releases of LNG on water, one of the effects observed in laboratory-scale LNG
releases is freezing of the water surface. This occurs primarily when the pool area is restricted
(for example, by the sides of the water tank) and the LNG is nearly stationary on the water
surface for a period of time. The formation of ice appears to coincide with the collapse of the
film boiling regime and is associated with a rapid increase in the vaporisation rate, by nearly an
order of magnitude in some tests (Boyle and Kneebone, 1973). Ice forms more rapidly if the
water is cooler, the methane fraction in the LNG is lower, the water is shallower or more
quiescent. In larger field-scale tests, the water has rarely been observed to freeze (Boyle and
Kneebone, 1973; Burgess et al., 1970b). This may be an important factor to consider in
selecting suitable validation data for source models aimed at simulating large-scale releases
from LNG tankers. Since ice is unlikely to occur at this scale, data should be selected from
sufficiently large-scale tests that did not produce significant icing.
There is a difference in scale of around three orders of magnitude between credible hazard
scenarios involving LNG tanker releases and the largest-scale LNG experiments. Currently, the
largest tanker in use is the Exxon “Mozah” which holds 266,000 m3 of LNG 16 . An assessment
of the hazards posed by spills from LNG tankers recently undertaken by Sandia National

16

http://www.gulfnews.com/business/Oil_and_Gas/10227166.html, accessed July 2008.
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Laboratories (Hightower et al., 2004) modelled releases of 12,500 m3 of LNG, equivalent to
roughly half the contents of a single cargo tank. In contrast, the largest experimental LNG
release to date has been the 193 m3 jettison from the Shell Gadila tanker (Kneebone and Prew,
1974) and the largest spills in which vapour concentrations were measured were the Burro tests
involving only 40 m3 of LNG (Koopman et al., 1982). To predict successfully the behaviour of
credible hazard scenarios, the source models must account for the underlying physical processes
involved in the release in order to reproduce the correct scaling behaviour, rather than rely
heavily on empiricism.
4.3

PREVIOUS VALIDATION DATA REVIEWS

Prince (1983) provides a useful summary of eleven LNG spill experiments on water and six
spills on land undertaken up to that time. This includes all of the major large-scale releases
including the U.S. Bureau of Mines tests in the late 1960’s, the Esso, Shell and Lawrence
Livermore tests in the 1970’s and the Shell Maplin Sands experiments in 1980. Each of the tests
is described and uncertainties in the measurements are identified. The test conditions for all of
the experiments are also compared in a summary table which contains details of the size and
type of release, whether it is confined or unconfined, the liquid composition and atmospheric
conditions. The results from the tests are also compared in terms of values of the spreading
rates, the vaporisation rate, the formation of ice etc.
The work of Prince (1983) was later drawn upon in the HSL review by Thyer (2003) who
provided a useful reference table containing information on the scale of various LNG releases
and whether the experimental data provided sufficient detail to be used to validate simple or
complex source models.
More recent information on the validation data available for LNG source models can be found
in the review of Luketa-Hanlin (2006) and in the special issue of the Journal of Hazardous
Materials (Volume 140), which contained a number of papers describing both LNG experiments
(Cleaver et al., 2007) and source models (Spaulding et al., 2007; Woodward, 2007; Hissong,
2007; Fay, 2007; Johnson and Cornwell, 2007).
4.4

DATA FOR LNG SPILLS ON LAND

Prince (1983), Thyer (2003) and Luketa-Hanlin (2006) identified that most of the experiments
previously carried out involved spills of LNG and other cryogens on to water and the data for
land spills was very sparse. Reid and co-workers at MIT have examined spills of LNG on to a
range of dyke floor materials (e.g. Drake and Reid, 1975; Reid, 1980) to examine the potential
for reducing boil-off rates by material selection. These were a comprehensive set of wellinstrumented tests involving a variety of substrates including concrete and soils and sand both
dry and wet. They found that their results for boil-off agreed with those of previous workers and
followed the predictions of simple one-dimensional heat transfer theory. Moorhouse and
Carpenter (1986) carried out some similar laboratory-based testing spilling small quantities of
LNG on to a number of substrates including bare and painted steel, concrete, soil and limestone
chippings. They examined the heat transfer in some detail and again found the boil-off rate
matched simple theoretical predictions. They have also provided measurements of large scale
spreading on land. They have reported a restricted set of experimental spills at a rate of 4.7 kg/s
into a quadrant with a maximum radius of 17 m. Four tests were carried out and these noted a
difference in spread rates for concrete and soil with the pool on concrete growing at a faster rate.
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Work at a larger scale has been carried out by the American (AGA) and Japan Gas Associations
(JGA) (Duffy et al., 1974; Japan Gas Association, 1976). The former involved spills up to
51 m3 into bunds up to 24 m in diameter. The depth of the pool was monitored and
thermocouples placed in the ground measured substrate temperatures at various depths. This
work was allied to that of Reid et al. using a number of identical substrates. These are useful
data on pool vaporisation. The latter involved continuous spills of up to 60 m3/hour into 10x10
m square bunds. Measurements of vaporisation and spread rates were taken though the latter
were irregular due to the unevenness of the surface. Again these tests may provide some useful
data on vaporisation. Similar work of Humbert-Basset and Montet suffer from poor
measurements of substrate thermal properties.
More recently experimental spills have been undertaken by the Mary Kay O’Connor Process
Safety Center on LNG spills into concrete bunds (Cormier et al., 2006). Again this work was
carried out primarily to investigate the efficacy of mitigation measures and the data collected
and available do not appear to be suitable for source term model validation.
Data involving spills of other cryogens may also be useful for model validation. Therefore,
experiments by Chirivella and Witcofsky (1986) and Statharos et al. (2000) on spills of liquid
hydrogen, and Takeno et al. (1994) on spills of liquid oxygen and hydrogen are available.
These are again small scale laboratory-based tests and may allow for some preliminary
assessment. In addition, HSL in collaboration with Imperial College, London, is generating new
high quality and comprehensive experimental data on cryogen spills, suitable for model
validation. This work initially involves laboratory and larger-scale outdoor spills of liquid
nitrogen, moving to LNG in Summer 2009.
In summary the data currently available for LNG spills on land is of limited utility. Data on
boil-off is largely derived from laboratory testing on a small scale. though the larger scale AGA
and JGA data are useful. It may therefore be of some preliminary use for model assessment but
caution must be exercised over the uncertainties introduced by scaling effects and extrapolation
to predictions at full scale. Data on the temporal behaviour of pool spread are even rarer. The
only data available appear to be that of Moorhouse and Carpenter (1986). This provided two
data sets for large scale spills on to soil and concrete and again provide some basis for
preliminary model checking.
4.5

DATA FOR LNG SPILLS ON WATER

Data sets for spills on water are much more numerous largely due to the efforts in the United
States. These have again been reviewed by Prince (1983), Thyer (2003) and Luketa-Hanlin
(2006). However the majority of these tests are unsuitable for application to source term
validation since they were carried out for other purposes. For example the Coyote trials were
conducted to examine the occurrence and effects of RPTs, the Falcon trials were principally
directed to a study of obstructed dispersion and the Shell Maplin Sands trials and the work of
Humbert, Basset and Monet were largely carried out to study combustion. As a result, the
critical instrumentation to measure boil-off rates and pool spread were largely absent or given
poor coverage.
The initial work was carried out at the U.S Bureau of Mines (Burgess et al., 1970a; Burgess et
al., 1970b). In these tests spills of up to about 600 litres either confined or unconfined on to
water and measurements of maximum pool radius and boil-off rates were measured
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Further work was carried out under sponsorship from the American Petroleum Institute (API)
by Esso and Shell (Feldbauer et al., 1972; Boyle and Kneebone, 1973; Duffy et al., 1974;
Gideon and Putman, 1974). The former, largely carried out to study dispersion, typically
included only one test where vaporisation rate and pool spread were measured and is therefore
of limited use for source term validation. Boyle and Kneebone’s work was carried out to
measure pool spread and vaporisation but was carried out at a laboratory scale.
The larger scale trials carried out in the late 1970s and early 1980s at China Lake represented a
significant effort. Four programmes in all were carried out. These were the Avocet and Burro
trials (Koopman et al., 1979; Koopman et al., 1982), the Coyote series and the Falcon
programme. Some similar tests were carried out at Maplin Sands in the 1980s by Shell. These
provided only limited pool size data provided by a photographic record and observation of
markers placed in the spill area. Vaporisation was implied from the growth of the pool and
measured spill rate. There is a high degree of uncertainty in these results due to a number of
problems. For example many of the pools had an irregular shape and frequently the pool edge
was obscured by evolved vapour. Luketa-Hanlin (2006) has summaried these data and produced
estimates of pool size and vaporisation rates but concluded that the information is not suitable
for detailed model assessment.
Webber (2003) has examined heat transfer to pools of cryogens spilled on water (see Section
6.4.5.2).
4.6

EXAMPLE DATASETS

4.6.1 U.S. Bureau of Mines
In the late 1960’s the U.S. Bureau of Mines undertook a series of tests involving LNG spills on
water to provide U.S. Government agencies with information and guidance on the hazards
posed by ships carrying large quantities of LNG (Burgess et al., 1970a, Burgess et al., 1970b).
The first of these tests involved releases of 1.8, 2.3 and 3.6 kg of LNG into a 60 × 30 × 30 cm
deep aquarium. A load cell was used to measure the weight of the liquid and hence determine
the vaporisation rate. A spill plate was used to minimize the initial mixing of the LNG with the
water and form a more stable layer of LNG on the water surface. Temperature profiles were
obtained at various positions using an array of thermocouples. Details of the LNG composition
were provided and in most cases the methane fraction was around 95%.
The weight of liquid LNG was found to reduce linearly over the first 20 seconds, independently
of the size of the release and whether the release took place on water, brine or ice. The
vaporisation rate over the first 20 to 40 seconds was between 0.15 and 0.20 kg/m2/s in all six of
the tests and an average rate was quoted of 0.18 kg/m2/s. The vaporisation rate on water was
noted to be relatively high. Based on the latent heat of vaporisation of LNG, Burgess et al.
(1970b) calculated the corresponding heat flux which was found to be characteristic of nucleate
boiling, despite the fact that the temperature difference between the LNG and water would
normally be expected to lead initially to film boiling. This may be explained by the much later
laboratory work of Bøe (1998).
The second series of tests involved LNG spills ranging in size from 4 to 470 litres onto an
artificial pond with a diameter of around 61 m and a maximum depth of 7.6 m. The LNG was
poured from a container suspended over the pond at a height of at least 60 cm in all but one of
the tests. Photographic records of the releases showed that the LNG spread at an approximately
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linear rate until most of it vaporised. Typically, the pool diameter, d, increased over time, t, at a
rate given by

d = kt

( 4.6.1 )

where k = 0.76 m/s. Based on this finding and the previously determined vaporisation rates,
empirical formulae were developed for the maximum pool diameter and time taken to vaporise a
given quantity of LNG. No coherent ice formation was observed in these larger scale tests.
In both series of tests, one of the spills produced an explosion shortly after the LNG first
contacted the water. Although not identified as such in the reports these were most probably
RPT’s. In the first series of tests the explosion destroyed the aquarium, while in the second, the
observers reported that the force of the explosion may have been equivalent to a ‘stick of
dynamite’.
Further tests were also carried out to examine the dispersion of natural gas vapour on the pond
from either spills of LNG or warm natural gas. In these tests the LNG source consisted of an
81 cm diameter drum suspended with its open end around 46 cm above the water. The LNG was
piped into the drum from where it streamed down the sides into the water with a flow rate of
between 0.3 and 0.5 kg/s. The data obtained in the U.S. Bureau of Mines tests have been used to
validate various source models, including for example the models of Opschoor (1977) and
Waite et al. (1983).
4.6.2 Esso
A series of field experiments were carried out by Esso Research and Engineering Company at
Matagorda Bay, Texas, under contract to the API in 1971 (Feldbauer et al., 1972; May et al.,
1973). In total 17 LNG spill tests ranging in size from 950 to 9500 litres were made. The main
objective of the work was to measure downwind concentrations and determine the distance
required to dilute the cloud to below the lower flammability limit.
In the experiments, nitrogen under pressure was used to force the LNG out of the storage tank.
The release rate was set at 320 litres/s in all of the tests by fixing the nitrogen pressure. There
was a start-up time as the gas pressure built up for the first two to three seconds of the release
which represented around half of the discharge time for the 950 litre release and a tenth for the
9500 litre release. The LNG was discharged at a velocity of around 13 m/s through an 18 cm
nozzle located 7.5 m above the water and aimed 30º upwards. The fluid followed a long arced
trajectory through the air to the spill area. As noted by Waite et al. (1983), considerable
vaporisation probably occurred before the LNG contacted the water.
The data given by Feldbauer et al. (1972) provide a breakdown of the spill size, the duration of
the release and the LNG composition. Hydrocarbon gas concentrations were measured
downwind at distances of 120 or 270 m depending on the release size. For two of the large
releases the data is given in terms of time-traces of gas concentrations at positions identified on
aerial maps. Weather data comprised wind speed, relative humidity, air temperature and wind
direction. The bulk water temperature was also recorded. Plume dimensions were estimated
from the gas concentration measurements and the visible cloud. Data on the size of the pool
were limited and attempts to measure it using thermistors were abandoned. Some information
was provided from aerial photographs from a plane, although when the wind was light the pool
extent was obscured by the large vapour cloud.
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The LNG spreading rate on the water and the vaporisation rate per unit area were determined
from only one of the tests, Test 11, which was the largest test involving a spill rate of 131 kg/s
for 35 s. After 24 s the pool had reached a stable diameter of 29 m. The vaporisation rate was
calculated to be 0.20 kg/m2/s based on steady state pool size and known spill rate. This did not
account for any vaporisation from the jet prior to the formation of the pool. The value of the
vaporisation rate was acknowledged to be only an approximation and the authors recommended
that the U.S. Bureau of Mines (Burgess et al., 1970a; Burgess et al., 1970b) or Shell (Boyle and
Kneebone, 1973) data should be consulted for more accurate values.
Data from two of the tests were used to determine the initial pool spreading rate. Assuming the
pool diameter increases linearly with time (which could not be verified in the tests) the pool
diameter was found to increase over time at a rate given by (4.6.1) with k = 1.27 m/s. This
compared to the U.S. Bureau of Mines (Burgess et al., 1970a; Burgess et al., 1970b) and Shell
data (Boyle and Kneebone, 1973) which suggested a factor of k = 1.27 m/s or a value of k
between 1.27 m/s and 1.4 m/s, respectively. (Note however, that the theory of pools spreading
on water was not well developed at the time of these experiments, and that nowadays it is clear
(a) that there is no reason to expect the pool diameter to grow linearly in time and (b) that there
is no reason to expect the same spreading rate in different experiments.)
Based on the measurements of the rate of pool growth and the vaporisation rate per unit area
made in the Esso tests, Feldbauer et al. (1972) determined that the total vaporisation rate
increased approximately quadratically with time until it reached the maximum limiting value.
For steady-state spills this maximum value was noted to be the rate at which LNG was added to
the pool whilst for instantaneous spills it was found to be the vaporisation rate reached when the
pool reached its maximum diameter, just before it started breaking up. Feldbauer et al. (1972)
provided empirical formulae based on their test results for the minimum thickness of the pool
shortly before it broke up which was used to determine the maximum vaporisation rate.
The rate at which the vaporisation rate declines from its maximum value was estimated by
assuming that the pool thickness remained constant as the pool area decreased. This resulted in
an exponential decay law for the evaporation rate. Empirical formulae were also developed for
the flow rate of vapour downstream from the spill, where different treatments were adopted for
steady state, instantaneous and intermediate sources.
Details of wave heights and currents were not given by Feldbauer et al. (1972), although in two
of their tests the wind speed was around 8 m/s, which would have produced a disturbed water
surface.
In one of their tests (Test 8) four “explosions” or RPT’s were reported to have occurred. There
were no combustion tests.
The summary provided by the API to the Esso report (Feldbauer et al., 1972) noted that the
results obtained by Esso were generally in good agreement with the earlier work undertaken at
the U.S. Bureau of Mines (Burgess et al., 1970a; Burgess et al., 1970b) when the data was
adjusted for consistent conditions. However, the size of the flammable cloud predicted using the
Bureau of Mines tests was several times larger than predicted by the Esso tests. It was suggested
that this may be due to the conditions near the source in the Bureau of Mines tests being in the
stable regime.
Due to the possibility of significant vaporisation occurring in the LNG jet prior to the formation
of the liquid pool, Waite et al. (1983) decided not to validate their LNG source model against
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the Esso data. However, it has been used to validate various others including both the LSM90
and PHAST source models (Cavanaugh et al., 1994, Pitblado et al., 2004). The LSM90 model
was compared to the Esso and Burro tests (Koopman et al., 1982) and the error in the predicted
vaporisation rates was around 48%. The PHAST model was compared with the time-taken to
vaporise the LNG pool and the maximum pool dimensions in the Esso tests, which were both
predicted to within 35%. In neither case did the model comparisons mention the possibility of
significant LNG vaporisation in the jet.
4.6.3 Shell Laboratory Tests
In the early 1970’s, Shell Research Ltd. (UK) was sponsored by the API to undertake a series of
tests to examine the vaporisation rate of LNG, the spreading rate of an LNG pool and vapour
dispersion characteristics (Boyle and Kneebone, 1973). The first tests involved releasing
batches of LNG into tanks of sea water that were supported on load cells in order to determine
the vaporisation rate. The surface areas of the tanks used were 0.84 m2 and 3.7 m2 and the
spreading of the LNG on the water surface was restricted. Changes in the quantity of LNG
released, the initial water temperature, the composition of the LNG and water agitation were
studied.
Vaporisation rates of LNG of 0.024 kg/m2/s were measured shortly after the spill commenced.
The rate then increased to around 0.20 kg/m2/s as ice formed on the water surface. As more of
the LNG vaporised and the depth of the LNG layer decreased to around 1.8 mm, the
vaporisation rate was observed to drop sharply. This coincided with the continuous layer of
LNG starting to break up.
The methane fraction present in the LNG in these tests was around 95%. An increase in the
methane fraction was found to reduce the vaporisation rate. When the water was agitated
throughout the period when the LNG was vaporising, the formation of ice was reduced by about
one half and the vaporisation rate was reduced considerably. If the initial water temperature was
reduced, ice formed on the water surface more readily which increased the vaporisation rate.
Vaporisation rates were also determined for continuous releases of LNG onto a larger 9 × 18 m
pond, where the pool spread was unrestricted. LNG was pumped at a rate of 0.21 kg/s through a
2.5 cm diameter pipe which terminated 15 to 20 cm above the surface of the pool. The LNG
pool reached a steady-state diameter of approximately 3 m which remained constant for 4 to 5
minutes. The vaporisation rate determined from the measured pumping rate was around
0.03 kg/m2/s, similar to the vaporisation rates in the earlier restricted cases when no ice was
present. The conditions present when these releases took place were light to moderate winds
with a rippled water surface. In one test where there was almost no wind and a completely still
water surface, the pool area was around 20 to 30% smaller and the vaporisation rate was closer
to 0.05 kg/m2/s. The test was also characterized by the formation of ice.
A series of batch releases were also undertaken on the 9 × 18 m pond involving spills of 9.5, 19
and 38 kg of LNG. For all of the spills, the spreading rate of the pool diameter was around 1.2
to 1.4 m/s. For the smaller spills the pool reached an equilibrium size corresponding to a certain
depth of LNG which was then followed by a rapid decrease in diameter. With the largest spill,
the high initial spreading rate decreased to give an average of 0.76 m/s for the whole of the
spreading period.
The amount of water picked up in the vapour cloud when the LNG vaporises was also
investigated in small-scale laboratory tests involving approximately 0.2 kg spills of LNG onto
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0.6 litres of brine. These tests indicated that in free spills of LNG on to water, the water pickedup and suspended as fine droplets in the vapour cloud will comprise around 7 to 8% of the mass
of the LNG vaporising. Tests involving comparable releases of LNG on water and on land
showed that the gas concentrations at the limit of the visible cloud were 2 to 3 times higher on
land than on water, due to the lack of water pickup. However, the lower flammable limit was
still within the visible cloud.
The performance of the source model of Waite et al. (1983) was assessed relative to the
experimental unconfined batch releases of Boyle and Kneebone (1973) by comparing the
predicted pool radius over time to the observed pool break-up radius and break-up time. The
pool break-up radius was predicted to within around 10% and the break-up time to around 20%.
Good agreement was also obtained between the source model predictions of Opschoor (1977)
and the Shell data.
4.6.4 British Gas / Advantica
Moorhouse & Carpenter (1986) presented results from experiments in which small quantities of
LNG were rapidly spilled onto a horizontal slab of material located within an insulating
polystyrene cylinder. The apparatus was mounted on a load balance to measure boil-off rates.
Different slab materials were tested including ordinary concrete, lightweight concrete, soils,
bare steel, painted steel and a particulate material (limestone chips). For the two concrete slabs,
results were presented for a range of different water content, from completely dry to 23% water
by volume. Boil-off rates were greater for materials with higher water content. Data from the
LNG spills on soil were compared to previous results published in the literature, including those
from MIT (Drake & Reid, 1975). It was shown that significant variability exists in the boil-off
rate depending upon the nature of the soil. The high-density clay soils tested by Moorhouse &
Carpenter (1986) gave boil-off rates comparable to other published data. Tests were conducted
on mild steel slabs of two different thicknesses (12.6 and 25.4 mm) with either bare or painted
surfaces. For the bare steel, a steady period with boil-off rates characteristic of film boiling was
followed by a sharp increase due to the transition to nucleate boiling. For the painted steel
slabs, nucleate boiling was established almost immediately and the boil-off rate reduced steadily
over time as the steel slab cooled before the rate increased to a secondary smaller peak before
reducing again. This behaviour was considered to relate to the more volatile methane boiling
off first, raising the boiling point of the LNG.
For all of the tests involving impervious slabs, Moorhouse & Carpenter (1986) found that peak
boil-off rates in the nucleate boiling regime were between 0.4 and 0.5 kg/m2s, and exceptionally
0.6 kg/m2s. Higher boil-off rates were obtained with a bed of limestone chippings where the
LNG percolated through the voids. For this case, Moorhouse & Carpenter (1986) noted that it
was important to consider the total surface area of the chippings rather than the superficial area
of the slab surface. An equation for the rate of heat transfer from spherical solid particles
immersed in liquid was presented which was shown to predict boil-off rates in reasonably good
agreement with the experimental measurements. It was cautioned, however, that care should be
taken for cases involving very fine or more densely packed particles, or cases where the LNG
may not percolate through the whole depth of the particulate layer. Cleaver et al. (2007) also
noted that care should be taken in extrapolating the results of the small-scale tests undertaken by
Moorhouse & Carpenter (1986), which involved only a few hundred litres of LNG, to real
accident scenarios, particularly in the later stages of the release.
A further set of larger-scale experiments were undertaken by Moorhouse & Carpenter (1986) in
which the spreading rate of an LNG pool was measured on flat soil and concrete surfaces. The
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tests involved spilling LNG at a rate of 4.7 kg/s (17 tonnes/hr) into the apex of a 45º sector.
Measurements were compared to the spreading model of Opschoor (1980), which was found to
produce best agreement with the results when the minimum pool height at which the pool ceases
to spread was set to 10 mm in the model.
Cleaver et al. (2007) provided a summary of the experimental tests on LNG releases undertaken
by Advantica (formerly British Gas Research) over the last 30 years, including details of some
studies which were previously unpublished. Various aspects of LNG hazards were addressed
including information on the release rates from pipelines and vessels, pool spreading, highpressure jet releases, dense gas dispersion, fires, explosions, RPT’s and roll-over. Some of the
issues involved in modelling these events were also described.
Insufficient details are provided in Cleaver et al. (2007) for it to be directly useful in validating
source term models although the paper provides useful general observations and identified areas
which were considered to warrant further investigation. The paper describes tests involving
horizontal releases of LNG at a pressure of 3.5 to 7 bar through a 25 mm diameter nozzle (a
mass release rate of 5 kg/s) which did not produce any “rain-out” of droplets. Instead the LNG
remained in the jet region with some droplets persisting to a distance of 80 m downstream
where the vapour was still within the flammable range. For similarly sized vertically upwardsdirected jets the vapour cloud descended to ground level if the wind was light. A pool was only
observed to form when the jet impinged onto obstacles, which led to rain out of the droplets.
It was noted by Cleaver et al. (2007) that for releases where flashing did not occur upstream of
the nozzle, simple discharge models based on Bernoulli successfully predicted the discharge
rate. For flashing releases, the Advantica group used a homogenous equilibrium discharge
model (implying a consideration of temperatures significantly higher than the ambient pressure
boiling point). For other scenarios where the LNG may be released from a hole at or below the
water line in a ship carrying LNG, it was recommended that further work be undertaken to
understand the complex interactions of the water and LNG in the inner tank and ballast space.
4.7

LNG SOURCE TERM MODEL VALIDATION

4.7.1 Introduction
Validation of source term models poses a very different set of challenges from validation of
heavy gas dispersion models.
In the case of a dispersion model the general approach is to use a well-defined source and
compare predictions with measurements of concentrations. The subtleties are to do with the fact
that turbulent dispersion is very much a stochastic process, but there are very many models of
dispersion all trying to predict essentially the same thing, and there have been many
experiments, all measuring essentially the same thing. It is therefore possible to produce a
validation programme which can be applied to many models, see Ivings et al. (2007).
Source terms are varied and may involve pools, gas jets, liquid jets, two phase jets, roll-over,
rapid phase transitions, and assorted combinations thereof. Source terms are also sensitive to
more detailed considerations of the scenario: holes in tanks, holes in pipes, ships holed below
the water line, presence or otherwise of a bund/dike etc. And for each configuration, which may
behave rather differently, there may be a limited amount of data. And in many cases that data
was taken in the early days of hazard analysis, when experimenters did not have the guidance, in
designing their experiments, which would now be supplied by the vast body of knowledge of
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dispersion, acquired since the mid 1970s. However, despite this, there is the advantage that
source terms are, in general, less stochastic than dispersion. If we have a complete and precise
description of an initiating event, then source term models can predict the rate of production of
gas or aerosol, without quite the same degree of stochastic variation observed in dispersion.
Pools spread and vaporise with only limited variation between ‘identical’ releases; two phase
jets from similar sources look very similar, and so on 17 .
In some cases the physics is known in a fairly absolute sense. For example heat conduction
from the ground to a pool is governed by the Fourier conduction equation. In practice this
aspect of the problem may just be knowing the thermal diffusivity and thermal conductivity of
the ground. But in some cases these may have to be inferred from fitting experiments on pool
vaporisation which have not made independent measurements of the properties of the ground.
In other cases there are decisions to be made in modelling, which can be informed directly by
experiment, and the prime results of an experiment can be built in before any validation exercise
is undergone. For example it has long been established (Moorhouse and Carpenter 1986) that
film boiling on the ground is very unlikely to occur. Somewhat more recently (e.g. Bøe 1998) it
has appeared that film boiling should not be assumed for real spills of LNG on water. Ice
formation has been observed in small scale spills of cryogens in trays of water, but the weight of
evidence is that this will not happen in the hypothetical large scale spills on open water. In
cases like this, ‘validation’ may just consist of ensuring that a model assumes a certain type of
behaviour (e.g. ice formation, film boiling) does or doesn’t occur.
After that there is little to be done with the data where film boiling or ice formation occurred.
This in not to reject the data, rather to make valuable conclusions from a wider dataset as a
whole, which can affect hazard predictions enormously.
In other situations uncertainties remains in what may actually happen when LNG is released,
e.g. for breaches below the water-line or the occurrence of RPT’s. Before we outline an
approach model validation it is worth considering these uncertainties further.
4.7.2 Dealing with uncertainty
These uncertainties may be in the physics of what happens, or in the existing experimental data.
Uncertainties in the physics, may include uncertainties in how best to model a given sub-process
(and this issues is addressed in the state-of-the-art review in Section 6), or just uncertainties in
what may happen (for example the occurrence or otherwise of ice formation, film boiling and
RPT’s).
Some uncertainties in the physics may not be immediately obvious, for example Fay (2007)
proposed that the liquid density should be considered to be effectively much smaller than its
normal value, to allow for bubbles in the spreading pool. Obviously it would be advantageous
if enough very precise data were available to confirm or refute that hypothesis. To give a

17
One area where apparent randomness might be very important, however, is in the occurrence or not of an RPT.
These are only poorly understood and more research is desirable, as emphasised, for example, by Cleaver et al.
(2007). However very few models currently consider them and so they will not figure largely in a validation exercise
at the current time.

32

second example: it has often been assumed that in a steady discharge of LNG on to water, the
pool will reach an equilibrium size at which the vaporisation rate balances the discharge rate. It
has not often been considered under what conditions that expected equilibrium is stable and
under what conditions it might be unstable.
Uncertainties in the data may be to do with errors in the measurements, which would be
expected to be represented by error bars, or lack of measurement of some of the important
experimental conditions, which then have to be inferred from a model fit.
Luketa-Hanlin (2006) noted that there can be significant uncertainty in measuring pool area
since it may be irregular and the extent of the pool may be difficult to determine due to the
vapour cloud blocking direct visual observation. The vaporisation rate is also difficult to
measure in general. For continuous spills, if steady state conditions with a measurable stable
pool size can be achieved, the vaporisation rate can be calculated directly from the known spill
rate. For instantaneous or continuous spills that have not, or not yet, reached a steady state,
measurement of the vaporisation rate needs to take into account the rate of pool formation.
The need for precise measurement of all the important governing factors is paramount. Just as
good dispersion experiments require a carefully specified source of vapour, good source term
experiments, to be used for validation of source term models, must specify the initial and
ambient conditions very precisely. For example, if an experiment reports that an LNG jet
emerged but none of it hit the ground and formed a pool, or that all of it did, then it is important
to know what temperature and pressure conditions pertained within the pipe or tank, and what
ambient atmospheric conditions prevailed.
4.7.3 Isolation of physical phenomena
While it is important that the individual components / sub-models in an LNG source model are
subject to a rigorous scientific assessment, it is also important that the individual sub-models are
validated independently from each other.
A sound approach to validating a vaporising pool spread model is therefore to first consider the
spread of non-volatile floating pools, by switching off vaporisation in the model, and validate it
in that case. Then switch vaporisation back on and make predictions for confined LNG pools.
However, there are limited datasets for non-volatile floating pools. An obvious choice is to
consider data for oil slicks, for which the theory of floating pools, e.g. Fanneløp and Waldman
(1972), Fanneløp (1994) – was originally developed.
This is so important as a general principle that it is worthwhile to consider in more detail an
idealised procedure for validating a model of pool spread and vaporisation, and then the
compromises which have to be made, given the existing datasets.
4.7.4 LNG pool model validation – an idealisation
Let us consider, then, how a model would be best validated against data, if all the desired data
were available. When a validation exercise is carried out it will become clear (a) what
compromises may have to be made, and (b) what future experiments may be desirable in order
to improve the specification of model parameters (and distinguish better between models).
The first objective is to validate the spreading model irrespective of vaporisation. Experiments
on flat ground and pools floating on water using non-volatile liquids are therefore useful, and
measurements of radius as a function of time (or front distance against time in channel
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experiment) are needed. Models can be compared with these. Some data is available using
water on land (e.g. Cronin and Evans, 2002; Atherton, 2005), although the emphasis in these
experiments was on bund overtopping. Ideally, experiments at different scales following a pool
from a point where it is quite deep to where it becomes very shallow could be used to separate
the inviscid regime from those where turbulent and laminar viscous resistance are dominant
(and front resistance for spreading on water).
The next objective is to validate the vaporisation model independently from considerations of
spreading. In principle it is not difficult to confine a pool within a bund/dike on land or in a tray
of water. Experiments are desirable at a scales which are as large as possible, in order to
minimise “edge effects” which might be dominant in very small experiments but negligible in
large accidents. A problem with experiments on trays of water is that a layer of ice may form,
which does not (as discussed above) appear to happen in larger scale spills on open water. Such
experiments may be entirely unrepresentative of real accidents. The work of Ruff et al. (1988)
suggests, however, that ice formation in laboratory experiments may be hindered by continually
stirring the water beneath the pool. To understand the heat transfer mechanisms in full,
experiments with a range of liquids with different boiling points is desirable. In the case of
LNG, as Bøe (1998) has demonstrated, experiments with different concentrations of higher
hydrocarbons than methane, are useful. For experiments in a bund on land, it would be useful
to have data taken over ground of different thermal conductivity and diffusivity (and for these to
be measured independently of the vaporisation rate). Experiments in which the ground is
allowed to cool so that boiling effectively ceases, and the vaporisation rate becomes controlled
by the passage of air (in a well measured atmosphere) would also be useful.
It would also be interesting to have data (both on land and water) which compared a very
careful spill (useful for validating spreading models) with a rapid, and potentially more realistic,
spill to see the effects of the initial contact between a cryogen and the solid or liquid surface
onto which it is spilled.
Having obtained extremely convincing fits of one’s model to a very wide collection of data
above, with different scales, different spreading rates, different boiling points, different ground
roughness, etc., one would be confident of having selected the optimum values of all the free
parameters (skin friction coefficients, front resistance Froude number, heat transfer coefficient,
etc. At this point one can compare with experiments which involve spreading and vaporisation
together, and attempt to draw conclusions from that.
4.7.5 Previous validation studies
Having defined what one would like to do by way of model validation, it is now instructive to
consider what can be done with existing data, by looking at some examples of what has been
done.
LNG Spills on Land
Validation of LNG source models for spills on land were reported by Daish et al. (1998) for the
LSMS model and by Saraf and Melhem (2005) for SuperChems. In the former study, model
predictions were compared to the laboratory-scale tests of Reid (1980) and the field-scale tests
of Moorhouse and Carpenter (1986). The Reid (1980) experiments involved relatively small
quantities of LNG spilled rapidly into an insulated bund with different substrate materials on the
bund floor. A load cell was used to determine the vaporisation rate and most of the LNG boiled
off in approximately one minute. Daish et al. (1998) compared the LSMS model predictions to
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the measured mass of LNG vaporised per unit area as a function of time from these tests, and
results were reported to be in reasonable agreement. In the larger-scale experiments of
Moorhouse and Carpenter (1986) LNG was released at a rate of 4.7 kg/s onto a concrete surface.
LSMS model predictions of the front position of the spill were compared to the measured values
over the first five minutes of the release. Results were again in reasonable agreement with the
data, although they showed some sensitivity to the composition of the LNG.
In the validation study presented by Saraf and Melhem (2005), predictions made using the
SuperChems model were compared to the laboratory-scale LNG spills on soil by Drake and
Reid (1975) and Reid (1980). In the tests, between 0.3 and 0.9 kg of LNG was rapidly spilled
into an insulated bund containing either soil or sand. Saraf and Melhem (2005) presented results
for the vaporisation rate over time for both pure methane and LNG, and obtained reasonable
agreement between the predictions and the experiments.
Other source models for spills on land have been validated using data from liquids other than
LNG. For example, Cavanaugh et al. (1994) compared predictions made using the LSM90
model to the volatile liquids spill experiments of Mackay and Matsugu (1973) and Kawamura
and MacKay (1987). Brambilla and Manca (2009) also presented a validation of their pool
spread model using measurements of water spills in a bund by Cronin and Evans (2002).
LNG Spills on Water
In addition to the LNG spills on solid surfaces mentioned above, Saraf and Melhem (2005)
presented validation of the SuperChems model for LNG spills on water using the data of
Burgess et al. (1972). In the tests, up to 2 litres of LNG was poured into an insulated bucket
containing approximately 6 litres of water. The vaporisation rate was determined from the
weight loss, measured using a load cell. The predicted vaporisation rate averaged over a period
of 20 seconds using SuperChems was in good agreement with the measured value of 0.155
kg/m2s.
A number of source models have been validated using the Esso field-scale LNG spills on water
(Feldbauer et al., 1972). In these tests, LNG was released at a rate of 320 litres/s onto the
surface of Matagorda Bay in Texas. The total LNG inventory and details of the release
mechanism are discussed in Section 4.6.2. Opschoor (1977) and Cavanaugh et al. (1994)
compared model predictions of the pool radius and the evaporation rate to values measured in
the experiments. For the PHAST model, Pitblado et al. (2004) also compared predictions of the
maximum pool diameter and the time taken for the LNG to vaporise to the measured values.
Both the boil off time and the maximum pool diameter were overpredicted by around 35%.
Opschoor (1977) also compared model predictions of the LNG pool radius and vaporisation rate
to the U.S. Bureau of Mines (Burgess et al., 1970b) and the Shell Laboratory tests (Boyle and
Kneebone, 1973) – see Sections 4.6.1 and 4.6.3 respectively. Predictions were in reasonable
agreement with the Boyle and Kneebone (1973) measurements but in poorer agreement with the
Burgess et al. (1970b) data.
Both PHAST and the LSM90 model were also validated by Pitblado et al. (2004) by comparing
model predictions to the Burro tests (Koopman et al., 1982). The PHAST predictions of the
boil-off time were in good agreement with the measurements although the maximum size of the
pool was overpredicted. Cavanaugh et al. (1994) showed that, considering both the Burro and
the Esso tests, the LSM90 model predictions of the pool size were differed by 12% on average
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from the experimental values and most of the vaporisation rate predictions were within 14% of
the experimental values.
Briscoe and Shaw (1980) compared results from the SPILL model of the pool radius and
vaporisation rate for a hypothetical instantaneous 1000 m3 LNG release to the results from a
number of other source models and empirical correlations. These included models derived from
the U.S. Bureau of Mines tests (Burgess et al., 1970a, 1972), the Esso tests (Feldbauer et al.,
1972, Lind, 1974), the Raj and Kalelkar (1974) model and the Fay (1973) model. The results
from SPILL agreed well with the Raj and Kalelkar (1974) and Fay (1973) models but were in
poor agreement with empirical correlations derived from the U.S. Bureau of Mines and Esso
tests. This was attributed to the fact that these empirical correlations did not properly account
for differences in the scale of the release.
The source models presented by Fay (2007) and Brambilla & Manca (2009) were both validated
for the case of ignited LNG spills on water. Fay (2007) compared model predictions to the
China Lake experiments (Raj et al., 1979) in which between 3 and 6 m3 of LNG was released at
a constant rate for a period of 30 to 250 seconds, during which time a steady state pool fire was
established. Model predictions of the change in pool radius over time were generally in good
agreement with the experiments. The Brambilla and Manca (2009) model was validated using
data taken from Raj (2007). Comparisons were made for 6 separate tests based on the diameter
and length of the flames and their surface emissive power. Results were in good agreement with
the experiments, in many cases within the range of uncertainty reported in the experiments.
4.7.6 LNG pool model validation – the reality
It is clear that it will not currently be possible to follow the idealised validation strategy defined
above in Section 4.7.4 for the case of spills of LNG on land. The range and scale of data
available is not sufficient for this purpose. Much of the high quality data were collected in the
laboratory and the uncertainties over scaling reduce its utility. Thus the current data available
are useful for establishing the consistency of models with data and a preliminary assessment
might be possible, but any model attempted validation possible will leave many questions
remaining.
Thus for a preliminary assessment one might expect a model to reproduce the spreading rates
measured by Moorhouse and Carpenter (1986). Recourse may also be made to experimental
measurements of spread for non-volatile spills. Thus the data of Cronin and Evans (2002) and
Atherton (2005) may be useful for this purpose.
For a non-spreading pool on a solid surface, a vaporisation rate varying as 1/√t appears
consistent with the wide range of laboratory experiments. For smooth surfaces one would
expect a model to demonstrate such behaviour and reproduce the absolute rates measured in the
laboratory for the range of surfaces used in experiments. Thus the early work carried out at MIT
provide good measurements at a laboratory scale. Some useful data collected at a larger scale
has been obtained under the auspices of the American and Japan Gas Associations. These
provide some vaporisation data and limited spread information for spills up to 51 m3 and
surfaces up to 24 m diameter. Some data are available for more complex surfaces such as moist
soil and sand but use of such data is problematic since the number of variables involved is large
and agreement for one set of conditions may not allow universal application of a model. The
exact conditions of any comparison must be clearly stated. Again however, the use of such
datasets must be for preliminary assessment only.
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The extent to which data from spills on water and the performance of a model for this situation
can be used as an indicator of performance for spills on land remains unclear. Both the physics
of pool spread and heat transfer for water are very different from land. Indeed the uncertainties
in the physics may be greater for this situation. Clearly a user will have some confidence that a
model which performs well in one situation will perform well in another since some of the submodels will be common, but other sub-models, including those for spreading and for heat
transfer are expected to be very different. However, the availability of data for spills on to
water is still poor, particularly for examining spread and vaporisation separately. Again there is
good laboratory data on vaporisation (and Webber (2003) has catalogued empirical values of the
heat flux from the water to the pool) but scaling effects are just as complex as for land-based
spills and the utility of these data are therefore questionable. There is no spread data for
cryogenic spills on water and to test a spread model recourse could be made to spills of non
cryogens of similar properties to LNG. However, again no such data have been identified. Some
of the tests identified are applicable to testing coupled spread and vaporisation models on
water. Thus the early US Bureau of Mines tests provide good quality measurements of
equilibrium pool sizes and vapour evolution rates might be used in any initial assessment of
maximum pool radii and vaporisation (Burgess et al., 1972). However the data from large scale
releases on water summarised in terms of pool diameters and mass fluxes by Luketa-Hanlin
(2006) are of limited use and, at the very most, can only be used for filtering out the most
unrealistic models.
For these reasons, we would argue that it is even more important to be certain of the scientific
basis of any model which is going to be used to predict large scale hazards, and that
comparisons between models may be very useful in highlighting further uncertainties.
4.7.7 Data selection / requirements
Ivings et al. (2007) discuss general selection criteria for validation data for LNG dispersion
models. These criteria are generally also applicable for source term model data and in particular
the data must be fit for purpose, available and in a suitable format, and the test conditions must
be known. For data to be used to validate source models, details of the following conditions
should ideally be provided:
•

Thermodynamic conditions of LNG (temperature and pressure)

•

Release size: rate of release, duration and orifice size

•

Location: height below or above water (or land) level

•

Direction of release and details of any immediate obstructions

•

Composition of LNG: proportion of methane and heavier hydrocarbons

•

For releases on to water: the water expanse (pool dimensions or open sea), water
temperature, presence or not of RPT, waves and currents

•

For releases on to land: the conditions of underlying surface (porosity, roughness and
thermal properties), slope of the ground and presence of any obstacles or bund walls.

•

Atmospheric conditions: wind speed and direction, humidity, stability
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If details of all of these conditions are not available, the data can still be used to validate source
models although there will be greater uncertainty in the results.
4.7.8 Conclusions
There are many difficulties associated with validating source term models for LNG spills and
some of these issues are discussed above. In particular, there are many different mechanisms by
which the LNG can be released. While there is some data available for some of these release
mechanisms, in other cases (e.g. ships holed below the water line) there is very little available at
all. This situation points to the desirability of having more data in just about all areas, including
data taken at larger scales.
For all the above reasons, we would argue that we are not in a position to nominate a definitive
dataset (for ‘LNG pools’ let alone ‘LNG source terms’) and invite a statistical comparison of
different models with the dataset, as has been attempted with some success for dispersion
models.
Validation clearly cannot be neglected however, and we therefore believe that the only way
forward for modellers in this respect is to use as much data as possible from the above
compilation (and those referenced), and present an overall picture (quantitative where possible)
of how well the model compares. To this effect, we have outlined in general terms an idealised
validation procedure, given examples of how different parts of it have been attempted in the past
and described datasets that could be used in future validation studies.
A model assessment can review this, along with the scientific basis of the model (and possibly
do more comparisons), and give an overall qualitative assessment of confidence in the model.
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5
5.1

LNG SOURCE TERM MODEL ASSESSMENT

GENERAL PRINCIPLES

This Section describes an approach for assessing source term models that are used to provide an
input in to LNG dispersion models. It is based on the general principles for model assessment
which were concisely set out by the Model Evaluation Group (MEG, 1994a,b) convened by the
Commission of the European Communities. The approach is therefore also related to the
SMEDIS protocol (Daish et al. 2000, Carissimo et al. 2001) and LNG dispersion MEP (Ivings
et al., 2007) which were both also based on MEG.
The objectives and guiding principles of the assessment methodology are as follows.
1.

The purpose of the assessment methodology is to provide a means of assessing source
term models to provide an input into LNG dispersion models for use in hazard
assessments.

2.

The assessment methodology is primarily aimed at models of pool spread and
vaporisation although issues such as pressurised releases and RPT’s are included.

3.

The approach is applicable to a wide range of models, primarily integral models, but
also CFD, empirical and shallow layer models.

4.

The key steps in the assessment methodology are scientific assessment, verification
and validation of the model. These aspects are described in detail below.

5.

A model assessment report template is provided to guide the model assessor through
the key stages of the scientific assessment and document the findings of the model
assessment.

6.

The information required to undertake the scientific assessment is obtained through
published references, user manuals and/or directly from the ‘model developer’ or a
‘proponent for the model’. This person doesn’t necessarily have to be the original
model developer, but it does need to be someone who has an intimate knowledge of
the model. Following completion of the model assessment report, the proponent for
the model should given the opportunity to comment on it.

7.

The assessment methodology is specific to one and only one version of a model. This
will be recorded clearly in the model assessment report.

8.

The scientific assessment should be carried out by an independent third party who has
the necessary expertise. However, it is accepted that any active validation exercise
may be carried out or assisted by the model developer. The validation exercise is not
expected to be a ‘blind test’, although any changes made to the model during the
validation exercise should be documented, and reflected in an updated version number
which is then reported in the assessment.

9.

Parts of the procedure involving the active use of the model must be documented to
make them auditable and the results reproducible. This would apply even if an
independent third party were performing the evaluation.
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10.

Ideally, the information produced by the model assessment should be available to the
public. However, it is recognized that for proprietary models this may not be possible,
although some form of openly-available results would be desirable, and it is hoped the
model assessment report would be treated in the same way as other documentation on
a model.

11.

The terminology ‘model assessment’ rather than ‘model evaluation protocol’ is used
to reflect that the assessment approach does not include specified validation datasets
and quantitative evaluation criteria. However, the approach is still consistent with the
MEG principles of scientific assessment, verification and validation.

Scientific Assessment investigates whether or not the model has a sound scientific basis.
Verification is the process of ensuring that the model equations are solved properly and to
sufficient accuracy, so that any results are representative of the model. Validation is the process
of comparing with experimental data and other models, and the demonstration that these
comparisons do not invalidate the model 18 .
All three aspects are crucial. Models must be compared with data to show that they are
reasonable. However, experimental data are usually taken at a scale far smaller than that of
many possible accidents, and sometimes with different substances. To have any confidence at
all that the model may be reasonably used at larger scales, it must have a clear scientific basis,
and the model predictions must come from the model, and not from errors in a computer code.
A fourth aspect is also important. This is to ask whether the model has been used appropriately.
Has the hazard analyst used the model in the circumstances for which it has been designed? In
doing so, has he entered reasonable input (with regard, for example, to the quantity and
thermodynamic state of the LNG which is envisaged to escape)? At one level this is an
assessment of the user rather than an assessment of the model, but models often provide advice
in their documentation about how they should be used, and this can be assessed as part of a
model assessment.
5.2

APPLICATION TO GAS DISPERSION MODELLING

The MEG documents (1994a,b) are concise, and very general in their applicability. Refining a
procedure from them for assessing a given class of models is, however, far from trivial. The
CEC “SMEDIS” project (Daish et al. 2000, Carissimo et al. 2001) has done this for gas
dispersion modelling, and this has been particularised further for LNG dispersion models by
Ivings et al. (2007).
Some features of gas cloud modelling are fundamental to the way such procedures have been
constructed.

18
The fact that “validation” actually means “failure, despite one’s best efforts, to invalidate the model” is important.
It might for example appear that comparing with other models is a less worthwhile activity than comparing with
data. But if two models give very different predictions, then one of them is just as surely invalid as if it had failed a
test against data. But of course this doesn’t immediately tell you which of them is invalid (or whether they both are).
However, model comparisons can be done at the postulated scale of an accident even where experiments are
impossible, and may draw attention to scaling problems, in a way which comparison with data may not be able to.
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•

There are very many dispersion models in use for hazard assessment.

•

They all do essentially the same thing – predict concentrations at points distant from a
source of gas. (Though there are differences of detail in the ability to model aerosols,
obstacles, terrain etc.)

•

The fundamental process of turbulent mixing in a stratified gas cloud in the atmosphere
is incompletely understood at a fundamental level.

All of this points strongly to the need to assess the models, but the fact that one is (in a general
sense) comparing like with like, is an aid to performing the task.
5.3

APPLICATION TO SOURCE TERM MODELLING

5.3.1 Overview
The practicalities of applying the MEG methodology to source term models are rather different.
The general objective of a source term model is to predict that rate at which vapour (or aerosol)
is released and over what area and provide this as an input to the dispersion model. However,
constructing a generic approach to assessing source term models for LNG is difficult as the
models need to account for a very wide range of factors including:
•

The thermodynamic state (temperature, pressure) of the liquid within the containment

•

The shape, size and location of the breach

•

Liquid jet, liquid spray, two phase jets

•

Jet impact on a surface, the ground or water

•

Jet penetration of the water surface

•

Rainout

•

Pool spreading, including the effects of waves and vessel movement for spills on water

•

RPT’s

•

Water ingress into the LNG containment

•

LNG vapour escape directly from the confinement (as in the case, for example, of roll
over)

Source term assessments have to consider all of these factors, however, there is no source term
model which addresses them all. However, there are source term models which apply to
individual processes at a lower level, namely pool models, two phase jet models, etc.
An additional, and very important, consideration which must be taken into account is the effect
of any assumptions made about the liquid release.
The calculation or assumption of how much liquid can escape the containment must be
addressed before one becomes concerned with the validity of the source term model which
computes the vapour source term given a release scenario. The results of the source term
calculation, in terms of hazards, will not be sensitive to details of pool spread and vaporisation
models if only a very small amount of liquid can escape. Conversely, the calculated hazard may
be very sensitive to the quantity of liquid which can escape.
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If different analysts obtain different estimates of the hazard, it can often be simply due to
different assumptions of how much liquid can escape, or through what mechanism, and have
little or nothing to do with differences (for example) in pool spreading models. It is entirely
possible that the conclusions of an analysis can be related back to a simple statement of such an
assumption at the beginning of the analysis, which can then render the subsequent detailed
discussion of model equations and their solution entirely irrelevant.
5.3.2 Sources of uncertainty
There are thus two qualitatively different sources of uncertainty in source term modelling,
which can be summarised as:
i)

uncertainty about what may actually happen

ii) uncertainty in the mathematical (sub)models used
Some of the uncertainties in (i) may already have been considered by a regulatory authority in
the specification of a design scenario which analysts are then obliged to consider.
These sources of uncertainty are partly illustrated by the sensitivity analysis of Qiao et al.
(2006). They look at one specific scenario where a hole in a tank causes, fairly directly, the
formation of a floating pool. This is not an uncommon assumption. They use one specific
model for the pool. Within the general scenario considered, they examine the sensitivity to the
more particular scenario assumptions including the size of the breach, the wind conditions, the
tank pressure (up to around 0.25 bar) and the aerodynamic roughness length assumed in the
dispersion calculations, and thus highlight a number of uncertainties within class (i) above.
Most hazard assessments of cryogenic liquids have adopted the assumption that a pool will
form, and have focused on a source term based on pool spread and vaporisation. There is also
sometimes an uncertainty (again within class (i)) associated with that assumption.
ABS Consulting (2004) have looked at the differences in predictions for the same spill using
different models, in a way which can be viewed as a comparison of results allowing for friction
effects in pool spread and neglecting them. The differences are significant, illustrating
uncertainties within class (ii) above.
5.3.3 Source Term Model Assessment
In view of the common practice in hazard analysis, we propose here to focus on assessment of
pool spread and vaporisation models. In this context, the standard aspects discussed above can
be particularised as follows.
Scientific assessment: Hazard assessments routinely address scales vastly larger than any for
which experimental data are available, and a favourable scientific assessment is crucial, as
detailed above. A model with a sound scientific basis must:
•

be justifiable in terms of the laws of physics and fluid dynamics

•

allow input of reasonable, well-determined initial conditions

•

reduce to a sound spreading model for non-volatile pools if vaporisation is set to zero

•

reduce to a sound model of vaporisation for confined pools
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•

display appropriate trends for substances of different volatility

It should also be clear for a scientific assessment, what the boundaries are of the source term
model in that:
•

what it assumes about the initiating event

•

where it assumes the source term ends and the dispersion phase begins

Verification: Verification, essentially checking that a computer code produces adequate
solutions of the equations it purports to solve, is a task which can and must be done by the
originators of the code. It should be documented and available for independent assessment. It
would however be unusual for a model to publish verification details which showed it was not
solving its equations sufficiently accurately, and so the assessors’ job is largely one of deciding
on the adequacy of the extent to which verification has been done. In some cases it may be
possible for model users and assessors also to do some verification tests.
An example of verification is given by Webber and Brighton (1987) for the model GASP. The
spreading equations are too complicated to be amenable to an analytic solution, but Webber and
Brighton found approximate solutions for the radius as a function of time in three regimes
following an instantaneous release: where resistance is negligible (but after the loss of most of
the initial potential energy) R~t; where turbulent resistance approximately balances gravity
R~t2/7, and where laminar resistance approximately balances gravity R~t1/8. In each case the
coefficient of the power law can be evaluated from the model equations. Now for releases of a
modest, or even quite large size, these regimes merge into one another and no power law is
readily apparent. However Webber and Brighton ran the model for a non-volatile pool with a
very large value of the dimensionless parameter gV/ν2 (where g is acceleration due to gravity, V
is the initial volume and ν is the kinematic viscosity) and showed that on a log-log plot of the
resultant R(t), the curve followed each of the above power laws in turn, with the expected
coefficient, and with smooth transitions between them. Similarly for spreading on water the
expected power laws R~t and R~t1/4 were exposed. This kind of test, where approximate
relationships between different model variables obtained by analysis, are verified by comparison
with computer solutions (even if, as in this case, unrealistically large spill has to be considered)
are too seldom published. Modern model evaluation procedures encourage one to do this. Some
tests of this nature, including the one illustrated here, can also be performed by a user who has
no access to the source code, though modular testing which requires access to the source code
can only be done by the model developer.
Validation: Validation (including comparison with experiment and other models) should be
done in the first instance by the model’s author. It can also be done by third parties with access
to the model. The model assessor has two options
-

“active validation” – running the model and comparing with experiment

-

“passive validation” – analysing the adequacy of published validation.

Active validation is beyond the scope of this report (although see Section 4), but we shall
examine the existing validation of the two models we have selected for assessment.
User-oriented aspects: There are cases where the results of source term computations may
depend sensitively on the input – i.e. on the assumptions made by the user of a model. This
may be a genuine sensitivity to the initiating events, ambient conditions or an artefact of the
particular model. In assessing a model rather than assessing an instance of its use, one can only
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note where such sensitivities are likely to be found. This is a useful point, however, as it can
alert hazard analysts to areas where care is required.
Our objective is to produce a report to guide an assessor through these aspects of LNG sourceterm model assessment. The model assessment report is included in Appendix A and in
addition we have done two model assessments to illustrate its use.
The scientific basis of the model is important, and implies that a knowledge of the practicalities
of LNG storage and transport is insufficient for assessing a model: expertise in mathematical
modelling of fluid flows is also required, and this includes the ability to judge critically the
effectiveness of verification and validation exercises. Additionally, the class of model must be
taken into account in selecting an appropriate model assessor. If the model to be assessed is, for
example, an integral model or CFD model, then the assessor should have expertise in these.
Some of the user-oriented aspects on the model assessment report are straightforward and are
presented to provide information on the user interface. Other such aspects again require the
ability to judge the model: for example what background expertise is required of the user.
5.3.4 Questions for models of pool spread and vaporisation
Based on the above considerations, specific questions are defined below for models of pool
spread and vaporisation. These will be further detailed in the model assessment report (see
Appendix A) and used to do a prototypical assessment of two such models.
5.3.4.1 Pool formation
How is the pool considered to form?
•

Is the initial impact of the liquid on the ground or on water considered?

•

Are heat transfer and vaporisation explicitly considered in this early phase?

•

If pool formation is not explicitly considered, what are the initial size and temperature
of the pool?

•

For spills on water, is penetration of the water considered?

•

Are underwater releases considered?

•

Are RPT’s considered?

•

Are predictions sensitive to these questions?

5.3.4.2 Pool spreading
What form of spreading model is adopted?
•

How does the model account for the gravity driving force?

•

How does it account for front and/or frictional resistance to spreading?

•

How does it account for the effect of a continuing discharge on spreading?

•

How does it model the effect of vaporisation on spreading?
In particular, what do the equations and solutions look like if vaporisation is switched
off? Can this be validated as a model of non-volatile pools spread?
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•

Is rough or permeable ground considered? What is its effect?

•

Does the pool achieve a maximum size (or minimum thickness) and what happens
thereafter?

•

If the model is embodied in a computer program, are there any exact or approximate
analytic solutions in specific limits (for example instantaneous non-volatile releases)?
Can these be used as verification tests?

•

For spills on water, are ripples, waves, or currents considered? What is their effect?

•

Are predictions sensitive to any of the above?

5.3.4.3 Heat transfer to LNG pools
How is heat transfer modelled?
•

Is film boiling considered to take place?

•

Is convection from the air modelled?

•

For spills on land, is conduction from the ground modelled and does it allow for the
pool spreading and encountering new, warm ground?

•

For spills on water, is convection in the water modelled?

•

Are any other heat transfer mechanisms modelled?

•

Are predictions sensitive to any of the above?

5.3.4.4 Vaporisation of pools on land
How is vaporisation modelled?
•

Is the vaporisation rate solely governed by the heat input to the pool?

•

Is the pool temperature allowed to change? (Can the pool cool below its boiling point?)

•

Does vaporisation depend on the state of the atmosphere?

•

How is the source term for a subsequent dispersion calculation prescribed?

•

Are predictions sensitive to any of the above?

5.3.4.5 Verification
•

What verification has been done?

•

Have all aspects of the model been checked?

5.3.4.6 Validation
•

What validation exercises have been undertaken?

•

Have all aspects of the model undergone validation?
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6
6.1

STATE OF THE ART REVIEW

INTRODUCTION

In this chapter we shall examine the state of the art in modelling LNG pool spread and
vaporisation models.
In some cases current practice relates very directly back to work carried out in the early 1970’s
and so it is appropriate to review some salient points of this early work. In fact there are some
deep misconceptions in the early literature, which continue to pervade current literature. There
are therefore serious pitfalls in the scientific basis of models currently in use, and we identify
these here.
But first it is useful to note the context in which the study of hazardous pools evolved. Before
interest expanded in LNG pools, various authors including Fanneløp and Waldman (1972) had
studied oil slicks on the sea using Shallow Water Theory. From these studies the idea emerged
that the spreading of a circular floating pool should proceed, for a period at least, according to a
law of the form

dR
=
dt

γh

( 6.1.1 )

where R is the radius of the pool, t is time, h is a measure of the mean depth of the pool, and γ
is a constant dependent on the acceleration due to gravity, g, and the relative density difference
of the pool and water, given by

⎛ ρw − ρ ⎞
⎟⎟
⎝ ρw ⎠

γ = εg ⎜⎜

( 6.1.2 )

Here ε is a dimensionless number of order 1 (√ε is a densimetric Froude number, and so this is
often referred to as constant Froude number spreading.) Noting that the pool volume, V, is of
the form V ~ πR2h (depending on the precise definition of h) it is straightforward to see that, for
constant pool volume V, i.e. a non-vaporising release, this results in a spreading behaviour of
the form

⎛ 4γV ⎞
R~ ⎜
⎟
⎝ π ⎠

1/ 4

t

( 6.1.3 )

This cannot apply at early time, and its derivation from Shallow Water Theory – see for
example the later review by Webber and Brighton (1986) – makes it clear that it cannot. It also
does not consider the idea that the oil slick will break up by the action of waves as it becomes
thin. But as a broad brush rule of thumb for a spreading pool on water, it is a convenient simple
formula. It implies that the radial spread decelerates with dR/dt decreasing proportionally with
1/√t.
Integral models are very useful for hazard assessments of LNG pools, and so the immediate
questions posed by the above context are: “how does it work for pools on land?” and “can I do
this with rapidly changing volume when the pool is vaporising”. Attempts to answer these
questions gave rise to the earliest integral models of pool spread and vaporisation.
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6.2

EARLY INTEGRAL MODELS

Early source term models for LNG releases focused largely on pool spread and vaporisation,
but a number of them share some significant misconceptions. These have been, and still are,
widespread enough to merit a detailed critique here. We therefore begin this review with the
state-of-the-art as it was around 1980.
6.2.1 Early pool spread models
The models of Raj and Kalelkar (1974), Opschoor (1978), and Briscoe and Shaw (1980) share
a very explicit misconception about the way in which liquid pools spread. The earliest of these,
the model of Raj and Kalelkar (1974), is to be found in Chapter 9 of a very long report
containing many hazard analysis models, written, it is fair to say, at a time when this approach
to modelling hazards was still very much in its infancy. The two other models were clearly
influenced by it, and refer explicitly to it.
On the one hand, therefore, it is not surprising that the 24 years since the publication of this
report have produced some significant improvements, especially in view of very extensive
research programs into modelling hazards both in Europe and the US. On the other hand the
problem with these models is very simple to see, and even if one can understand Raj and
Kalelkar overlooking it in a very ambitious report containing many models, it is difficult to
understand how later authors have adopted it so uncritically, especially those developed since
the mid 1980s when the problem was first identified.
The problem with the spreading law of these papers is as follows. They write down a spreading
equation for pools on water of the form

d 2R
h
= −γ
2
R
dt

( 6.2.1 )

where the symbols, including the constant γ, have the same meaning as given above. For pools
spreading on land, the same equation is used but with the relative density factor omitted from γ.
All the various authors ascribe this to ‘inertial spreading’ rather than any form of resistance
force. It looks roughly like a pool driven by gravity, and one first integral of it for a pool of
fixed volume (if one isn’t too fussy about constants of integration) yields the first spreading
equation we have already discussed, ( 6.1.1). For a pool of fixed volume (an instantaneous non
vaporising release) this gives, as we have seen, a spreading behaviour of the form R ~ √t.
However, the gravity term in (6.2.1) is clearly acting inwards, which looks odd. In fact Raj and
Kalelkar (1974) and the other works which followed quote a positive gravity force and equate it
with a negative inertia term (proportional to –d2R/dt2) to obtain this equation. This effectively
casts Newton’s 2nd law in the rather unusual form: F = − ma . The gravity force is defined
effectively to act outwards and the acceleration is inwards.
In fact the R ~ √t behaviour continues, erroneously, to be denoted a “gravity-inertia” regime in
much of the current literature, and this seems to have its source in this “negative inertia”
equation. Ascribing this radially decelerating flow to a gravity-inertia balance leads to a
number of difficulties which we now explore. (We note in advance that the various papers have
to assume a very large initial spreading rate, for which none offer any explanation, in order to
avoid its worst consequences.)
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6.2.2 Solution for R(t) when the volume is constant (no vaporisation)
The typical consequences of the assumption of negative inertia are easily found by considering a
non-vaporising pool of fixed volume. In this case equation (6.2.1) can readily be solved using
the general method we have described earlier. It is worth doing this explicitly here as we shall
see later. The integration proceeds as follows.

∴

2

∴

∴

γ V
d 2R
= −
2
π R3
dt

( 6.2.2 )

dR d 2 R
2γ V dR
= −
2
dt dt
π R 3 dt

( 6.2.3 )

⎛ dR ⎞
⎜
⎟
⎝ dt ⎠

2

= +

γ V
+C
π R2

γ V
+C
π R2

dR
=
dt

( 6.2.4 )

( 6.2.5 )

and we can note in passing that this resembles the spreading law discussed above only if the
constant of integration C is zero. Further integration gives

⌠
RdR
1
γV / π + CR 2
t = ⎮
= t0 +
2
C
⌡ γV / π + CR

∴

R2 =

γV
2
− C (t − t 0 )
πC

( 6.2.6 )

( 6.2.7 )

where t0 is the second constant of integration. For a pool initially at rest at t = 0 with radius R0
and depth h0 then this becomes

R 2 = R02 −

γV 2
t
πR02

( 6.2.8 )

= R02 − γ h0 t 2
As time increases the pool shrinks reaching zero radius and infinite depth (h = V/πR2) at a time
equal to √[R02/(γh0)]. This clearly indicates that a pool spread model based on equation (6.2.1)
is fundamentally flawed.
As already noted, there is one particular choice of the constants of integration (C and t0) from
which a spreading equation R ~ √t can result. To obtain this, observe that the pool can be
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prevented from shrinking only if the coefficient C of t2 in (6.2.7) is zero. We emphasise that
this is one very specific solution from an infinite choice and it has to be done with care, as the
first term on the right of (6.2.7) becomes infinite. If we expand (6.2.7) to

R2 =

γV
− Ct 2 + 2Ct 0 t − Ct 02
πC

( 6.2.9 )

and then choose t0 so that the first and last terms on the right cancel, yielding

R 2 = −Ct 2 + 2

γV
t
π

( 6.2.10 )

then setting C = 0 produces the standard result

R2 = 2

γV
t
π

( 6.2.11 )

Note that this result is completely atypical of the general solution and requires a large enough
velocity at early time to prevent the ‘gravitational deceleration’ from piling the pool up in the
infinitely tall spike. A description of how this velocity may arise is lacking. In the general
solution ( 6.2.7), gravity accelerates a pool released from rest but then in this case ‘gravity’
causes the pool to shrink in radius and become deeper. To disguise this, we have had to
introduce the large initial spreading velocity to obtain ( 6.2.11). This, in effect, is exactly what
Raj and Kalelkar (1974) do, and the other two papers refer to their solution.
The correct relationship between gravity and inertia (in which gravity drives the floating pool
outwards) and the need for a resistance force to provide a radial deceleration has been
highlighted before - e.g. Webber and Brighton (1986), Webber (1987), Webber and Jones
(1987), Webber (1991b). But despite this, few papers on the subject have managed to avoid
describing the physics of pool spread on water (which, as we have seen, really can result in R ~
√t) as a gravity-inertia régime. One of those which does point out the confusion is the recent
work of Brambilla and Manca (2009) who explicitly note that confusing ( 6.1.1) with a gravityinertia regime is “not just a formal point”.
Indeed, one of the problems arising out of ascribing ( 6.1.1) to a gravity-inertia regime is the
notion that a gravity-inertia régime, in the supposed form ( 6.1.1), may apply on land. If, as in
this model, resistance (which is clearly different for spreading on land and water) has no hand in
the derivation of this formula ( 6.2.11), then the argument may be thought to apply as well on
land as it does on water. In fact as the result really emerges from a balance of gravity and frontresistance, there is no justification for it whatever for pools spreading on land. A second
problem is a very counter-intuitive dependence of spreading on vaporisation, which will be
highlighted below. Unfortunately one sees this behaviour described in the literature as a
‘gravity-inertia’ régime right up to the present day.
6.2.3 Solution for R(t) with constant regression rate
6.2.3.1 The solution
Raj and Kalelkar (1974) do in fact present the general solution when the pool is vaporising with
a constant regression rate. Here the negative inertia leads to more problems which we shall
need to know about later. It is therefore worth reproducing their argument.
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Writing the gravity-negative-inertia regime spreading equation ( 6.2.1) as

d 2R
h = − R 2
γ dt
1

with γ ≡ εg’ and the equation for the volume as

(

)

dV
d πR 2 h
=
= − πR 2 w
dt
dt

( 6.2.12 )

( 6.2.13 )

where w is a constant regression rate, Raj and Kalelekar eliminate h to give

d ⎛ 3 d 2R ⎞
⎟ = R 2 wγ
⎜⎜ R
2 ⎟
dt ⎝
dt ⎠

( 6.2.14 )

Performing the differentiation and dividing by R2, this becomes

3

dR d 2 R
+
dt dt 2

R

d d 2R
= wγ
dt dt 2

( 6.2.15 )

d 2R⎤
⎥ = wγ
dt 2 ⎦⎥

( 6.2.16 )

and so

d ⎡⎛ dR ⎞
⎟
⎢⎜
dt ⎣⎢⎝ dt ⎠

2

+

R

or

d2
dt 2

⎛ dR ⎞
⎜R
⎟ = wγ
⎝ dt ⎠

( 6.2.17 )

and hence

( )

d3 2
R = 2 wγ
dt 3

( 6.2.18 )

The general solution is therefore

R2 =

wγ 3
t + At 2 + Bt + D
3

( 6.2.19 )

where A, B and D are constants. (Here these constants have dimensions. Raj and Kalelkar
presented the argument in terms of non-dimensionalised quantities.)
This is in fact Raj and Kalelkar’s general spreading result, and it is the general solution of the
spreading equation ( 6.2.12) when there is a constant vaporisation rate.
6.2.3.2 Properties of the solution
The solution ( 6.2.19) has three constants of integration as expected, given the 2nd order
differential equation for R and a 1st order one for V. These can be set by specifying an initial
state consisting of initial radius, initial spreading velocity and initial depth or volume. This
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wasn’t done by Raj and Kalelkar (1974), but nonetheless it is the standard procedure to find the
evolution of a system from an initial state, and so we will do it here.
If a pool is started from rest with finite radius R0 at time t = 0, then D = R02 and
B = 2R0 [dR / dt] t =0 is zero by dint of starting from rest. Furthermore, if the depth is h0 at this
point then (from ( 6.2.12)) A = –(γh0) and the solution becomes

R2 =

wγ 3
t − γ h0 t 2 + R02
3

( 6.2.20 )

Attempting to interpret this reveals two problems. Firstly, the larger the vaporisation rate w
becomes, the faster the pool spreads. That is, if we compare two pools, initially of the same
size, released in the same way, the more volatile one has a larger radius at any given time after
release. Given that vaporisation tends to reduce the depth, which means a smaller gravity
driving force, it is difficult to understand how this can happen. In fact it is a subtle consequence
of the assumption of negative inertia.
Secondly, at small time the pool still starts to shrink, as we discussed for the non-vaporising
case. However, now a non-zero regression rate may stop the pool piling up as an infinitely deep
spike at the origin (depending on the value of the dimensionless group α ≡ (wR0 ) 2 /(γ h03 ) ).
The pool will start to shrink radially, but at sufficiently large time the first term may become the
largest and vaporisation will drive the radius outwards faster than gravity can pull it in!
Although Raj and Kalelkar (1974) obtained ( 6.2.19), they did not introduce initial conditions
and obtain ( 6.2.20). Instead they looked at the late time behaviour and observed that Fanneløp
and Waldman (1972) found that R ~ √t in the non-vaporising case and demand that the
coefficient A in ( 6.2.19) is zero to reproduce this. Raj and Kalelkar (1974) also set the radius at
time zero to be zero, and so reduced the general solution to

R2 =

wγ 3
t + Bt
3

( 6.2.21 )

The remaining constant, B, can then be set by specifying the initial volume. For example (and
this is broadly what is done by Raj and Kalelkar) if we look at the non-vaporising case, w = 0,
then setting the volume to V0 gives B =

4γ V0 / π in our notation.

Raj and Kalelkar (1974) note that this corresponds to an infinite spreading rate and infinite
(inwards) acceleration at t = 0, and of course this can only happen as the depth is also infinite
here. The infinite spreading velocity is crucial to ensuring that gravity (as modelled here) never
quite manages to cause the pool to shrink. One of the problems outlined above is thus
overcome at the expense of the model becoming invalid at t = 0.
The second problem, that more volatile pools spread more rapidly, is still present in the Raj and
Kalelkar (1974) solution ( 6.2.21)
It is instructive to note why imposing the asymptotic result of Fanneløp and Waldman (1972)
gets the model out of only one of the problems caused by its negative inertia. Fanneløp and
Waldman (1972) obtained this result from Shallow Water Theory where it arises from resistance
embodied in the boundary condition at the front of the pool (Webber and Brighton, 1986) and
not as a result of a formula of the form (6.2.1). As we have noted, balancing gravity and front
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resistance leads (at sufficiently large time) to a spreading law of the form ( 6.1.1) which may be
expected to be equally valid independent of vaporisation rate. The spreading rate therefore
depends only on the current depth of the pool and not directly on the vaporisation rate.
The interpretation of the R~√t formula is subtly different depending on whether it is thought to
arise from a gravity-inertia regime according to Raj and Kalelkar, or from a gravity-front
resistance regime according to Fanneløp and Waldman. If it were gravity-inertia it would have
to apply back to early time, and the infinite spreading velocity there becomes an arbitrary
unphysical requirement for which we have no explanation; arising from the ‘gravity-front
resistance’ regime, there is no conceptual problem as it is only expected to be valid at times
after any gravity-inertia regime is over
In trying to match this (radially decelerating) asymptotic result with a ‘gravity-inertia’ régime,
Raj and Kalelkar (1974) have been forced to choose negative inertia and produce a spreading
model with no sound physical basis. Opschoor (1978), Briscoe and Shaw (1980), and others
have accepted it far too uncritically.
6.3

POOL SPREAD: IMPROVEMENTS IN THE STATE OF THE ART

6.3.1 Shallow Water Theory
As we have already noted, pool spread on water had already been understood (in the context of
oil slicks) in the context of Shallow Water Theory by Fanneløp and Waldman (1972) among
others.
Shallow Water Theory describes the pool behaviour in terms of a horizontal two-vector velocity
r r
r
r
field u ( x , t ) and a scalar depth field h( x , t ) where x is a two-vector position coordinate in the
horizontal plane and t is time. It provides partial differential equations in three independent
variables namely the two spatial coordinates and time. It can be derived rigorously (i.e. with
mathematically well defined approximations) from Euler’s equations for inviscid flow, and can
be shown to be valid in the limit where the pool is shallow, and vertical accelerations of the
liquid are negligible. The three resultant equations can be written

∂h r r
+ ∇(uh) = 0
∂t

( 6.3.1 )

∂(hu i ) r r
g
+ ∇.(uhu i ) = − ∇ i h 2
∂t
2

( 6.3.2 )

where u1, u2 are the two horizontal components of velocity. For a symmetric circular pool these
reduce to

∂h 1 ∂ (ruh)
+
=0
∂t r ∂r

( 6.3.3 )

g ∂h 2
∂ (hu ) 1 ∂ (rhu 2 )
+
=−
∂t
r ∂r
2 ∂r

( 6.3.4 )

where r is the radial coordinate and u(r,t) is the radial velocity.
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In these classic shallow water equations there are no resistance terms, no evaporation, and no
source of liquid, and we have restricted them, for current purposes, to spreading on a level
surface. Despite the inviscid nature of the flow described by the original Shallow Water
Equations, it turns out that discontinuities in depth and velocity can conserve mass and
momentum but lose energy. Thus Shallow Water Theory provides a very useful idealization of
hydraulic jumps and has a long history of use in channel flows where this phenomenon is not
uncommon.
The problem in applying them to a real pool spreading on land arises because the pool will
eventually become very shallow. In that case the removal of spreading momentum by friction
with the ground becomes significant and the above (inviscid) theory is no longer appropriate.
The theory was however applied successfully to oil slicks floating on water under the
assumption that the dominant resistance to spread came from the displaced water being pushed
outwards at the front. Because this resistance is considered only to act at the front, it does not
appear in the equations above, but rather as a boundary condition at the front. A circular pool is
considered to obey the radial equations for r ∈ [0, R (t )] where R(t) is the overall radius of the
spreading pool, and those equations are solved subject to the boundary conditions

u ( R, t ) =

dR
dt

( 6.3.5 )

and

⎛ρ −ρ⎞
dR
⎟⎟h(R,t)
= K g ⎜⎜ w
dt
⎝ ρw ⎠

( 6.3.6 )

where K is an empirical constant (a densimetric Froude number). The boundary conditions thus
specify both the depth and velocity fields at r = R.
The physical interpretation of the second condition is as follows. A non-zero depth at the front
implies a pressure head proportional to h(R, t). This is provided by a resistance force at the
front proportional to (dR/dt)2 as displaced water is pushed out of the way by the spreading pool.
In this way the Froude number K is related to an unknown drag coefficient of order 1. Energy is
lost from the pool as it spreads and does work on the surrounding water.
A clear, intuitive derivation of this has recently been expounded by Fay (2007), who puts the
argument as follows. Let ∆’ be the relative density difference (ρw -ρ) /ρw . A floating pool of
depth h, displaces its own weight of water and will float with its lower surface at a depth h0 =
h(1-∆’) below the water surface and its upper surface at a height h1 = h∆’ above the water
level. The outward driving force (per unit circumference) can be estimated from the pressure at
the base of the pool as

F=

1
1
1
ρgh 2 − ρ w gh02 = ρ w gh 2 Δ ′(1 − Δ ′)
2
2
2

( 6.3.7 )

If this balances a resistance due to pushing the water out of the way at the front of the spreading
pool, then
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2

1
1
⎛ dR ⎞
⎛ dR ⎞
F=
ρ w h0 ⎜ ⎟ =
ρ w h(1 − Δ ′)⎜ ⎟
2K
2K
⎝ dt ⎠
⎝ dt ⎠

2

( 6.3.8 )

in which we have chosen to write the unknown drag coefficient in a form which generates the
spreading law above when these two terms are in balance. The spreading law thus comes about
by a balance of a gravity driving term with a front resistance due to the ambient fluid, very
much like the terminal velocity régime of a freely falling body. The argument makes it very
clear (a) that this law cannot apply to pools on land, and (b) that it is not an inertial régime, but a
régime dominated by resistance to spread.
Shallow Water Theory also gives some indication of the differences in spreading on water and
on land. For spreading on land there is essentially no fluid to push out of the way, since the
density of the air is negligible, and so the inviscid pool does no work. The only possible choice
of boundary condition for a spreading pool in this case is

h( R, t ) = 0

( 6.3.9 )

The solutions of the equations are markedly different with these two boundary conditions. The
effects of various boundary conditions are discussed in much more detail by Webber and
Brighton (1986).
A pool released from rest on water (we are neglecting vaporisation at this point) accelerates
outwards, and eventually reaches an asymptotic self-similar flow with a non-zero depth at the
leading edge in which R ~ √t as seen in the integral models 19 based on the methods described in
Section 6.2.
A pool released from rest on land (as described by these equations) conserves energy. It
therefore accelerates radially until its kinetic energy, proportional to the spreading velocity
squared, (dR/dt)2, is equal to its initial potential energy. Asymptotically this means R ~ t.
However, as noted above, this is far from an accurate description of real pools. Pools spreading
on land are subject to friction forces over the whole base of the pool in both turbulent and
viscous laminar flow regimes. As the pool becomes shallow these cannot be ignored.
Such frictional resistance is also present as pools spread over water, but in that case the frontal
resistance embodied in the boundary condition of the Shallow Water Equations may dominate,
and so it is possible to disregard the shear flow in the spread.
For pools on land, Shallow Water Theory tells us that we definitely need to allow for ground
friction, but it also tells us that it will not look like the front resistance of pools spreading on
water. Pools spreading on land will behave very differently from those on water.

19

But in contrast with all the assumptions and diagrams of Raj and Kalelkar (1974), Opschoor (1978) and Briscoe
and Shaw (1980), Shallow Water Theory predicts that a pool spreading on water is deeper at the leading edge than it
is at its centre.
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It is possible to produce phenomenological generalisations of the Shallow Water Equations
based on the original Shallow Water Theory, but with the addition of source (or sink) terms
providing vaporisation and/or a discharge into the pool in the mass equation, and friction in the
momentum equation, but for the most part at least, this is not the way the subject has gone.
Resolving which part of a pool may be vaporising more rapidly is hardly necessary in view of
the subsequent longer range dispersion calculations to be done, and so we do not usually need
the spatial resolution which Shallow Water Theory gives us. For the overall properties of the
pool it is more desirable to have an integral model along the lines of that of Raj and Kalelkar
(1974) but with more justifiable physics.
6.3.2 Improved integral models
A more realistic integral model for pool spread on land or water can be derived in terms of an
outward gravity driving force, an inward resistance force and an inertia term. This can be
written

d 2R
h
= 4g ' − F
2
R
dt

( 6.3.10 )

where g’ = g, the acceleration due to gravity for spreading on land, and g’ = g(ρw-ρ)/ρw for
spreading on water (see for example Webber and Jones, 1987). This follows from Shallow
Water Theory, but h(t) is now an area-averaged pool depth.
Of the forces on the right, the first term is a gravity driving term and F is a resistance term.
Below we shall discuss various forms of resistance term F, but the gravity-inertia régime is that
where F is negligible compared with the gravity driving force and the inertia on the left, and we
shall examine this régime here first, setting F = 0 in the first instance.
6.3.2.1 The true gravity-inertia régime
Gravity in this model acts outward tending to cause the pool to spread, and so the results
(without friction) are dissimilar to those of the earlier models. The gravity inertia régime will
always be characterised by outward acceleration. A value of 4 for multiplicative constant in the
gravity driving term can be derived by comparing this equation with self-similar solutions of the
shallow-water equations for radial spread of a fixed volume of liquid (Webber and Brighton,
1996).
It is worth testing the credentials of this model by solving the equations for a fixed volume V of
liquid which is not evaporating. Setting

h =

V
πR 2

( 6.3.11 )

yields

d 2R
4g' V
=
2
π R3
dt

( 6.3.12 )

which can be integrated by standard methods for problems where gravity is the only force
present by multiplying both sides by 2dR/dt to find
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dR d 2 R
8 g ' V dR
=
2
2
dt dt
π R 3 dt

( 6.3.13 )

dR
=
dt

( 6.3.14 )

and integrate to obtain

u2

−

4g' V
π R2

where u2 is the first constant of integration. This is just (as usual when gravity is the only force
present) an energy conservation equation:
kinetic energy = total energy – potential energy.
The conserved energy may be found from the initial conditions. For example if the pool starts
at rest with radius R0 then u2 = (4g'V)/(πR02).
Rearranging equation (6.3.14) gives

dR
u2

−

4g' V
π R2

= dt

( 6.3.15 )

and integrating to find

R =

u 2 (t − t 0 ) 2

+

4g' V
π u2

( 6.3.16 )

where the origin of time, t0 , is the second constant of integration. We thus see that, as in our
description of the results of Shallow Water Theory, the pool accelerates radially until
asymptotically (R → ut) it achieves a constant radial spreading rate u determined by the initial
potential energy. Again, this is no surprise, for at this point the pool has become very thin and
all its potential energy has been converted to kinetic, and it can effectively accelerate no more.
As we have noted of course, this has little to do with the observed spreading of a pool floating
on water. It is a reasonable expression of a gravity-inertia régime, but the explanation lies in the
fact that the gravity inertia régime can only prevail for a very limited time before resistance
forces become important, and in fact dominant. (The gravity-inertia régime neglects all
resistance by definition.)
It is also worth noting that these detailed results have been derived above by assuming constant
volume V . We emphasise that they are intended as a check on the general model, and different
results will pertain if V varies with time due to a source of liquid or vaporisation, or both.
6.3.2.2 Front resistance
For a floating pool, the first resistance term to become important is that provided by having to
push away the displaced water at the spreading front, as discussed above. We therefore consider
( 6.3.10) where F is the front resistance in the form
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d 2R
h
= 4g '
−
2
R
dt

4 1 ⎛ dR ⎞
⎜
⎟
K I2 R ⎝ dt ⎠

2

( 6.3.17 )

Notice that the term on the right has all the right hallmarks of a resistance term:
•

it opposes the motion set up by the gravitational force

•

it is proportional to the square of the velocity

•

it has an unknown dimensionless drag coefficient (proportional to 1/KI2), and

•

it is dimensionally correct.

Obtaining a general solution of this is more difficult. But the gravity-front-resistance régime
can easily be derived, by neglecting inertia, and thus setting the left hand side of this equation to
zero.

g 'V
⎛ dR ⎞
= K I g'h
⎜
⎟ ≈ KI
π R2
⎝ dt ⎠

( 6.3.18 )

It is also worth noting again that deriving this equation makes no assumption of constant
volume and so this form of a spreading law may be valid (within its range of applicability) for
continuous as well as instantaneous releases on water, and for vaporising pools.
A more detailed treatment (Webber and Jones, 1987; Webber 1990) reveals that asymptotically
at large time in this model the inertia will be of the same order as the gravity and front
resistance terms, and a better approximation to the solution is

⎛ dR ⎞
⎜
⎟ → K g' h
⎝ dt ⎠

( 6.3.19 )

with (for instantaneous axisymmetric releases)

mK I2
K=
m − K I2

( 6.3.20 )

where m depends on the release geometry. For example for axisymmetric instantaneous
releases m = 4 and for instantaneous releases in a channel m = 6.
It should be noted that there is no universally accepted best value for K in the literature though
all values are of order 1. Webber and Jones (1987) report best values of K=1.28 and K=1.7 by
fitting the data of Chang and Reid (1982) and Dodge et al. (1983), respectively.
6.3.2.3 Friction at the base of the pool
Another form of resistance is provided by shear flow in the pool and, for floating pools, under
the pool. For floating pools this will usually be a small effect compared with the front
resistance, but for pools on a smooth solid surface it is important. Friction at the base of the
pool scales quite differently from the front resistance to a pool spreading on water, and it is
reasonable to expect pools spreading on land to behave very differently.
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Friction terms can be derived for both laminar (L) and turbulent (T) flow to be of the form

FL = c

ν (dR / dt )
h2

(1 − f )

( 6.3.21 )

and

FT = C

(dR / dt )2

( 6.3.22 )

h

where f = 0 for spreading on land, but is more complicated for spreading on water in order to
allow for the motion of the water beneath the pool, see Webber and Jones (1987) and Webber
and Brighton (1987) for details. In the laminar resistance model, ν is the kinematic viscosity of
the pool, and the constant c must be of order 1. It turns out that c = 3 for smooth ground
reproduces some results of lubrication theory (Huppert, 1982). In the turbulent friction model C
is a skin friction coefficient of the order of 10-3 but which depends in principle on ground
roughness. Note that FT/FL is just a Reynolds number which determines which of the friction
mechanisms is more important.
Choosing the optimum skin friction coefficient is not entirely straightforward, but it should not
be neglected (ABS Consulting, 2004), as it can make a significant difference to predictions of
pool size. Brambilla and Manca (2009) have argued that if a floating pool is undergoing film
boiling, then the presence of the film will reduce the momentum transfer to the water below, and
a smaller turbulent coefficient will apply than that estimated by Webber and Jones (1987).
Although this appears very reasonable, as seen in the data review and as noted in more detail
below, the case for film boiling in large outdoor spills on deep water is far from proven.
Finally, surface tension becomes important when the pool becomes very thin and in principle in
some cases hold a pool so that it no longer spreads, though it will probably break up by this
time. But it is not clear that surface tension will hold a large spreading pool of LNG.
6.3.3 Bubbly pools
Fay (2007) has recently suggested that LNG pools on water might never achieve the frontresistance spreading régime which forms the basis of most analyses. He argues that if the pool
is effectively very light, being composed largely of bubbles of gas as it boils, then it will not
displace much water and front resistance will be small. Therefore a (true) gravity-inertia régime
will persist longer before front resistance becomes important. The result is that the pool will
spread more rapidly than expected, and therefore vaporise more rapidly as it covers more warm
water, making the hazard larger. This is an interesting, and at first sight rather plausible, point
which merits deeper investigation.
6.3.4 The effect of waves and currents on pools on water
Relatively little research has been done on the effect of waves and currents on pool spreading on
water. However, Fay (2007) does provide a simple model of a pool front spreading against an
on-coming wave train. For waves caused by wind over the water, the result is that the
oncoming wave train can stop the pool from spreading further against the wind when the pool
depth has decreased to approximately one or two per-cent of the wave amplitude.
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An additional area that requires further research is the effect of releasing LNG from a moving
ship and the effect of the ships wake on the resulting liquid spread.
6.3.5 Pool spread and vaporisation
Defining A(t) = πR2 as the top area of the circular pool, and the volume to be V = Ah, we can
allow for vaporisation during spread by writing

dV
= S − wA
dt

( 6.3.23 )

where S(t) is the source volume release rate, and w(t) is the regression rate due to vaporisation.
A trivial but important feature is that the volume vaporisation rate is proportional both to the
local regression rate w and to the area of the pool A. In addition it is worth noting that methods
of limiting the area A, will also limit the area of new warm surface with which the liquid comes
into contact, and so also limit the regression rate w.
The liquid source spill rate S is specified by the assumed initiating event and the regression rate
w is given by a vaporisation model.
6.3.6 CFD pool spread models
Due to the advances in computing capabilities in recent years, CFD models are increasingly
being used in industrial hazard analyses. There are a number of general-purpose CFD codes
available commercially, such as ANSYS-Fluent/CFX 20 and Star-CCM+ 21 , which incorporate a
wide range of sub-models for turbulence, multi-phase flow and combustion, and offer
significant flexibility in terms of the computational mesh configuration. The report prepared by
Sandia National Laboratories on the hazards posed by LNG spills on water (Hightower et al.,
2004) recommended that CFD models be used in high hazard areas to improve predictions of
pool spreading, dispersion and fire.
Hansen et al. (2007, 2008) and Gavelli et al. (2008) have recently used CFD models to simulate
dispersion from LNG spills. In both cases the LNG vaporisation rate was prescribed directly and
the pool spread and vaporisation was not modelled. To model pool spread, Hightower et al.
(2004) suggested two CFD codes could be used: Flow-3D 22 and STORM/CFD2000 23 . It does
not appear that these have yet been validated for LNG pool spreading. Like many other
industrial CFD codes, they use a Volume-of-Fluid (VOF) approach to model free surface flows.
There are considerable challenges to the use of CFD to model spreading LNG pools. Significant
uncertainties exist in modelling turbulent boiling/bubbly flows, droplet breakup and
vaporisation. The CFD model would need to couple heat transfer to the spreading pool through
conduction, convection and radiation. To avoid numerical diffusion, a fine mesh would be
required to capture the free-surface interface, perhaps involving an adaptive approach to track
the moving front. For the case of spills on water there would be further complications in

20

http://www.ansys.com, accessed January 2009.
http://www.cd-adapco.com, accessed January 2009.
22
http://www.flow3d.com, accessed January 2009.
23
http://www.adaptive-research.com/, accessed January 2009.
21
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modelling possible ice formation. To date, there does not appear to have been any CFD studies
of LNG pool spreading reported in the literature.
Much of the research in the field of multi-phase boiling/bubbly flows is driven by the nuclear
sector. Details of some recent advances in modelling multi-phase reactor thermal-hydraulics are
given by the Nuresim project 24 . Further general advice on the use of CFD models can be found
in the ERCOFTAC Best Practice Guides (Casey & Wintergerste, 2000, and Sommerfeld et al.,
2008).
A generally more practical approach than using three-dimensional CFD to model pool spread is
to use CFD to solve the shallow water equations. For example the model LAUV described by
Verfondern and Dienhart (2007) solves the one-dimensional axi-symmetric shallow layer
equations (6.3.3, 6.3.4). This model has been coupled with a model of heat transfer to the pool
to provide predictions of the vaporisation from LNG and liquid hydrogen spills. An alternative
is to solve the two dimensional shallow water equations (6.3.1, 6.3.2) which has the advantage
that arbitrary geometric complexity, including the effects of slopes, trenches etc., can be taken
into account. The model SPLOT does this for non-volatile liquids, see Ivings and Webber
(2007).
6.4

POOL VAPORISATION

6.4.1 Introduction
Immediately above a liquid pool, the air contains a certain concentration of the vapour from the
pool. At equilibrium, as we have noted, the concentration is such as to provide a partial
pressure equal to the saturated vapour pressure, at the prevailing temperature.
The overall heat balance can be simply written as

mC

dT
= Q − LW
dt

( 6.4.1 )

where C is the specific heat capacity of the pool, L is the latent heat of vaporisation, m is the
mass of the pool, Q is the heat flux into the pool, T is the pool temperature and W is
vaporisation rate. The following Sections go into more detail of how the various regimes
discussed in Section 2 can be modelled.
6.4.2 Modelling boiling
On its own, boiling is straightforward to model. Once the heat transfer Q to the pool has been
calculated, the boiling rate is just Q/L and the temperature can be set at the boiling point. Some
early models of LNG hazards do no more than this. However, this may not be adequate in some
cases, even for cryogenic liquid spills. If the surroundings cool, for example if the release is
confined by a bund, then the heat transfer to the pool will decrease. If this happens the boiling
régime discussed above can move into an evaporation régime. However, if the vaporisation rate
is simply assumed to be Q/L then this will provide no information on when this is likely to
happen.
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http://www.nuresim.com, accessed January 2009.
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In order to be able to allow for such a transition requires an understanding of the evaporation
régime.
6.4.3 Modelling evaporation
To model the vaporisation of less volatile liquids, early hazard analysis models were often based
on the work of Sutton (1934). However Sutton gives what is essentially just a correlation,
which doesn’t provide a model which can help us understand the underlying physics. However
Brighton (1985) derived just such a model. The result is more complicated than Sutton’s, but it
is useful and worth summarising here.
Brighton (1985) provides a model for the evaporation rate W as a function of pool temperature
T, and the ambient conditions (including ambient temperature and the wind speed across the
pool) in the form:

W (T ,u* ) = u* c(T ) ψ (n, Sc, Re) f (x)

( 6.4.2 )

where c(T) is the saturated vapour concentration, n is a wind profile index (see below),
Re = u*z0/ν is a roughness Reynolds number, Sc is the Schmidt number for molecular diffusion
of the vapour in air, u* the atmospheric friction velocity, x is the mole fraction of vapour at the
surface, z0 is the aerodynamic roughness length of the pool surface and ν is the kinematic
viscosity of air.
The functions ψ and f are derived by Brighton and the interested reader is referred to his original
paper for details. Note though that for x<<1, then f(x) is close to 1. Thus in the evaporation
régime the temperature dependence of the vaporisation rate is just a proportionality with c(T).
In most cases it is sufficient to approximate the vapour as an ideal gas, and so

c(T ) =

Mps (T )
RT

and

x(T ) =

ps (T )
pa

( 6.4.3 )

where M is the molecular weight of the vapour, ps(T) is the saturated vapour pressure, pa is
atmospheric pressure and R is the universal gas constant.
The important features of Brighton’s model are that for evaporation well below the boiling point
(where f ~ 1 ) this provides a way of calculating the evaporation rate which
•

is approximately proportional to the wind speed (via u*);

•

varies approximately with temperature as ps(T)/T.

The detailed calculation will give the extent of the deviation from this behaviour.
As the boiling point is approached, the function f(x) changes this behaviour significantly.
Brighton’s theoretical calculations give

f (x) =

1 ⎛ 1 ⎞
ln⎜
⎟
x ⎝1− x ⎠

( 6.4.4 )

That this is singular at the boiling point (where x → 1) is an idealisation but quite crucial for
modelling the transition from evaporation to boiling and vice versa.
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6.4.4 Evaporation and boiling
The various limiting régimes can be illustrated on a sketch graph of W(T). Figure 6.1 shows the
predicted shape of LW(T) for methane, using the vapour pressure correlation from Reid et al.
(1987). The shape of the curve gives rise to the evaporation and boiling régimes discussed
above (Webber, 1988).
The various vaporisation régimes can be illustrated in terms of two different, constant input heat
fluxes marked Q1 and Q2 in Figure 6.1.
Suppose there is a steady low heat flux Q1 into the LNG pool. Over the entire temperature
range shown, LW > Q1. According to the heat balance equation 6.4.1, the temperature will
therefore drop, and will go on doing so over the range shown. This is the evaporation régime
discussed above.
On the other hand, suppose that the constant heat input is rather higher as illustrated by Q2. If
the liquid starts well below the boiling point then Q2 > LW and the temperature, according to
( 6.4.1) will rise, and do so until LW = Q2 where the lines cross. Technically, this is very
fractionally below the boiling point (where LW → ∞) but the line is so steep that the difference
will be completely negligible. The system has moved from the heating régime to the boiling
régime.
In both of these illustrations we have assumed a steady heat flux into the pool, and noted how
the heat balance equation will cause the temperature of the liquid to change. In the case of an
LNG spill (particularly on land) the heat flux into the pool will change with time. Thus,
schematically, while the heat flux might start at Q2, it may later drop, and if, for example, it
goes as low as Q1, boiling will no longer be sustainable: the pool will move into the evaporation
régime. In this case a ‘boiling model’, based on only Q1/L may be a significant underestimate
of the vaporisation rate W.
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Heat flux and rate of removal of latent heat
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Figure 6.1 A Schematic graph showing the rate of removal of latent heat from a
vaporising LNG pool as a function of temperature (solid curve) and two possible
levels of heat input (horizontal dotted lines) discussed in the text.
Although the largest vaporisation rate will be in the initial phase of rapid boiling, there may also
be circumstances where underestimating the later vaporisation rate may be a significant error.
Therefore models that only assume boiling (setting the vaporisation rate proportional to the
input heat flux) may be unreliable in some circumstances, and a proper consideration of the
evaporation régime is also important.
6.4.5 Heat transfer to cryogenic pools
A number of heat sources are available to cryogenic pools. These include convection from the
air, solar radiation, conduction from any solid surface with which the pool is in contact,
convection from the water for spills on water and rain. The latter remains an area requiring
further research.
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6.4.5.1 Pools spilled on land
Initially (at least) by far the dominant mode of heat transfer to a cryogenic pool spilt on land is
conduction from the solid surface with which it is in contact.
If the pool is contained by a bund, then the ground beneath it will cool very rapidly, and the heat
flux into the pool will decrease with time. But if the pool is allowed to spread, it will encounter
new, warm ground, from which it can extract heat to maintain a higher rate of boiling.
Typically, the heat transfer to a bunded cryogenic pool is calculated assuming perfect thermal
contact between pool and ground, and only vertical temperature gradients in the ground. The
conduction is thus modelled by the one-dimensional Fourier conduction equation in the ground,
with an initial state where the ground is uniformly at ambient temperature, and an initially
singular boundary condition whereby its top surface is held at the boiling point of the pool.
That is the temperature T at depth z and time t obeys

∂T
∂ 2T
=α 2
∂t
∂z

( 6.4.5 )

where α is the thermal diffusivity of the ground, and with

T (0, z) = Tg

;z > 0

T (t, 0) = Tb

;t ≥ 0

( 6.4.6 )

where Tg is the ambient ground temperature and Tb is the pool boiling point. The solution is

⎛ z
T (t, z) = Tg + (Tb − Tg ) erfc⎜⎜
⎝ 4αt

⎞
⎟⎟
⎠

( 6.4.7 )

where erfc is one of the standard error functions. The heat flux is

Q = −K

⎛ z2 ⎞
∂T
K π
⎟⎟
= (Tb − Tg )
exp⎜⎜ −
∂z
t
α
4
4 αt
⎝
⎠

( 6.4.8 )

where K is the thermal conductivity of the ground. At the surface (z = 0) this is inversely
proportional to the square root of time.
In this simple model the initial heat flux is infinite, but the square root singularity is soft. The
total heat taken up by the pool in the interval [0, t] is proportional to √t and so, if the pool is in
the boiling régime, the total mass vaporised will be proportional to √t.
This is a popular model. However it cannot be true indefinitely, even if it is a good
approximation at the start. As the ground cools, the heat flux decreases and contributions other
than just ground conduction may become relatively important. Also, the boiling régime may
decay into an evaporation régime (as discussed above) where the vaporisation rate becomes
dependent on atmospheric conditions.
Finally we should remark that this model is a very simple one. More general conduction models
allowing for pool spreading, 3D conduction effects, and imperfect thermal contact between the
ground and the pool have been examined in detail by Webber (1987).
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6.4.5.2 Pools spilled on water
A cryogenic pool spilled on water can in principle freeze the water surface. However, whilst
this has been observed in laboratory scale studies using small volumes of water, it appears not to
happen for unconfined spills outside on large bodies of water. For example Burgess at al (1970)
observed ice in a confined spill in a tank, but none in an unconfined spill. Furthermore
Kneebone and Prew (1974) observed no ice in their field scale LNG experiments. Further light
is cast on this by the liquid nitrogen experiments of Ruff et al. (1988) who note that ice
formation (in laboratory experiments) can be related to whether or not the water is stirred.
Stirring facilitates heat transfer and in doing so suppresses formation of an ice sheet. Ruff et al.
(1988), however, note that very small ice particles may be formed in the cloud. In principle the
formation of such particles would add latent heat to the source system, and remove it again from
the cloud during the dispersion process as the particles liquefy and vaporise, but we are not
aware that this process has been investigated significantly further.
In the case of an unconfined spill on a large body of water, convection currents in the water can
maintain it at a roughly constant temperature, and the heat flux to a floating boiling pool can
therefore also remain roughly constant. The sustained high rate of heat transfer contrasts
significantly with the situation for confined spills on land.
The heat flux into the pool is often just modelled as the temperature difference between pool
and water multiplied by an empirical heat transfer coefficient.
However this simple model embraces a lot of hidden physics. Some authors have supposed that
film boiling will take place for LNG spills on water. Others have associated RPT’s late in the
evolution of a spill with the collapse of film boiling as the methane in the LNG boils off
preferentially leaving a less volatile liquid which is less prone to film boiling. Bøe (1998)
concludes from his laboratory experiments that while pure methane may undergo film boiling
on (quiescent) water, LNG with even a small component of higher hydrocarbons is less likely to
do so. In addition to these findings one must consider whether film boiling is expected if the
surface of the water is not smooth, and indeed if not, whether the existence of the pool will
damp-down any choppiness of the water surface.
Webber (2003) reviews heat transfer to floating pools and concludes that assuming a heat
transfer coefficient of 500 W/m2/K is “fairly reasonable from the limited data” and notes that
“there are hints of film boiling here and ice formation there, but all in small scale experiments”
and finds no observations nor theory “compelling enough” to adopt a different figure. In
coming to this conclusion Webber (2003) looks in detail at data on butane, liquid nitrogen,
LNG, and liquid hydrogen, and finds that the evidence for film boiling is very mixed. This,
however, does highlight the need to understand the heat transfer process better, and to do that,
experiments would be welcome on a range of substances with a range of boiling points, at as
large a scale as possible.
It would therefore appear that the heat transfer to a floating LNG pool is a question which is not
yet entirely settled.
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6.5

SOURCE TERM MODEL – DISPERSION MODEL INTERACTION

The definition of the interface between the “source term model” and a “dispersion model” is to
some extent a matter of historical convention. Two-phase and gas jet models have usually been
considered “source terms” up to the point where the momentum becomes negligible even if the
lower flammable limit is achieved within the momentum jet. Advective dispersion models
which take over after the momentum has decayed, may be expected to cope with some aerosol
content in the cloud.
For vaporising pool source terms the distinction is clearer. A pool behaves in one way, a cloud
in another. Thus the source must be the rate at which gas is created (including any droplets
assumed to be carried by the gas).
One LNG pool source model – SOURCE5 (Trinity Consultants 2004), which we review in
detail as an appendix to this report – defines the gas produced to be completely contained by the
bund (dyke) walls until the pure gas emanating from the pool has filled the bund to the depth of
the wall. No gas is assumed to emerge from the “source” in this period. This (as we discuss in
detail in the review) is an aberration: it assumes the gas behaves like a liquid. The bund wall
may contain liquid, but it cannot provide shelter right across the bund from the wind and so
atmospheric dispersion clearly starts from the moment the gas is created. The source is the
pool, not the top of the bund wall. The hazard analyst may or may not choose to take account of
the effect on the bund wall on the dispersion of the vapour, but that choice must be made in the
selection and application of a dispersion model. More generally, as we have noted elsewhere,
there may be some effect of a heavy cloud in suppressing the vaporisation rate, but (a) this is
usually neglected, and (b) that neglect is easily justifiable in the case of boiling pools.
The main concern of interest here is the effect of the source on the dispersion. Hazard ranges
predicted by dispersion models will depend on whether the cloud has momentum, and on its
buoyancy, but typically (and very broadly) will be of the order of some power of the important
source parameters: its size and/or vapour production rate. The objective of the source term
model is to provide these to the desired accuracy, from any accident scenario which needs to be
considered. In the case of liquid pools, a smaller pool vaporising more slowly will generally
result in a shorter hazard range (though in some cases the hazard may persist for a longer time).
The pool size and vaporisation rate are therefore both of interest. The factors defining pool area
on land will include: the existence (and efficacy) of a bund/dyke, possible run-off of liquid on
sloping terrain or down channels; and on water: constraints of the shore line, the ship side, or a
boom for spills on water, the effect of wind, waves, and currents in spreading spills. To date,
most pool models model either axisymmetric spread on water or level terrain, or a pool confined
to a bund. Factors defining the vaporisation rate (per unit pool area) will include: the thermal
conductivity of the ground or heat transfer rates from water to a floating pool, as well
(ultimately) as heat convected from the air, and take-up rates by the air flow over the pool.
For boiling LNG pools the most important factors will initially be pool area (determined by how
it spreads) and heat transferred from the solid surroundings into a pool on land, or from the
water for a floating pool. Dispersion may also be affected by rapid phase transitions, but these
are another reflection of the heat transfer rate from the surroundings.
For the effect of the bund wall on the dispersion, a number of approaches are possible. The
simplest is to neglect it. This will generally give somewhat conservative predictions of the
hazard range. To do better, one must be confident that the methods employed do not
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overestimate any mitigating effect of the bund wall. One approach is to use a CFD dispersion
model. Interestingly Gavelli et al. (2008) have shown that one cannot neglect turbulence in the
air caused by a rapid liquid release. It is also possible to allow for the effect of a wall on a gas
plume in integral models. Webber, Jones, and Martin (1995) give a simple procedure for
implementing the effect of a fence across a plume in any integral model, and show that it
validates well against the field trial data of Heinrich and Scherwinski (1991).
Another consideration when interfacing source and dispersion models is that the source may
give a non-steady, non-instantaneous vapour release, whereas many good dispersion models
either don’t consider this case, or are not well validated for it. Nevertheless it may be possible
to manipulate the source term into a form with which the dispersion model can cope, using a
well defined procedure. (Webber, Mercer, and Jones (1994) give an example where
instantaneous and steady dispersion models are used to estimate the hazard range from a
transient release, which appears quasi-steady at short distances and quasi-instantaneous further
way.)
6.6

SUMMARY

This review of the state-of-the-art in modelling source terms from LNG pools has shown that
there is considerable scope for more research into many aspects. In addition, the review of the
physics of LNG spills in Section 2 has shown that there is considerable uncertainty in what may
actually happen when LNG is released and models don’t exist for the more complicated
phenomena such as RPT’s. However, this doesn’t necessarily invalidate the use of simpler
models that don’t take these phenomena into account, but does point to a need for further work
in these areas.
Much of the basis of the current ‘state of the art’ in integral models goes back to the work of
Webber and co-workers in the 1980’s. This connected with earlier ideas based on Shallow
Water Theory, which had been used to model oil slicks. These ideas were adopted by the TNO
Yellow Book in the 1990’s (van den Bosch and Weterings 1997) and the recent upsurge of
interest in LNG transport has provided some further endorsement of at least some aspects of
them (ABS Consulting, 2004; Qiao et al., 2006; Johnson and Cornwell, 2007; Brambilla and
Manca, 2009). These works investigate the application of the modelling to hazard analysis and,
particularly in the case of Brambilla and Manca (2009), set out to improve the modelling of the
1980s, with further consideration of friction and of coupling a fire model to the pool model.
There have also been some other interesting recent developments. Fay (2007) has suggested
that the density of an LNG pool should be considered much less than the liquid density, in order
to account for bubbles of gas while it boils. This will affect the dynamics of pools spreading on
water, and bears further investigation. Fay (2003) has also considered the release of LNG liquid
from a ship, including from beneath the water line and this merits further research, including the
possibility of ingress of water into the ship’s LNG tanks.
The effect of waves and currents on LNG spills on water are considered by a small number of
models, but generally little theoretical work seems to have been done. Fay (2007) provides a
scientifically-based estimate that a pool spreading into an oncoming wave train on deep water
may be prevented from spreading further in that direction when its depth exceeds no more than
one or two per-cent of the wave depth.
In theory the most advanced approach to modelling pool spread would be to use a threedimensional CFD model. However, this is not generally a practical tool for hazard assessment
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and many of the uncertainties will remain in terms of knowing ‘what’ to model. An alternative
more practical approach to 3D CFD is to use CFD models based on the one-dimensional axi
symmetric or two-dimensional shallow water equations. Two-dimensional CFD models (e.g.
SPLOT, see Ivings and Webber, 2007) have the advantage that they can account for arbitrary
geometric complexity and provide predictions of the pool depth as a function of time and space.
Further research needs to focus on how a pool is formed, in particular what happens when LNG
liquid is dropped onto a water or land surface. The initial mixing in the former case may be a
lot more violent than most models currently take account of.
RPT’s have received some attention (Melhem et al., 2007; Cleaver et al., 2007) but there is still
no consensus on their likelihood or effect, and further work needs to be undertaken.
Part of the problem in achieving a consensus in modelling LNG source terms is that of finding
data to provide a really convincing validation which can distinguish between different models.
Much data is old (and taken before there was even the degree of understanding that there is now
of these processes), is at small scale (where it is more difficult to distinguish clearly between
models), or both. Validation of the various modelling approaches also requires data taken not
only with LNG but also with other liquids. For example the basic spreading model is most
easily validated with non-volatile liquids, as done by Brambilla and Manca (2009) for example
who looked at the data of Cronin and Evans (2002) on water spreading on land. In other areas
too, there are advantages in experimenting with different liquids. There is still significant
uncertainty in the heat transfer to pools floating on water, and more experiments with different
substances may provide a more complete understanding which can then be applied to LNG
safety analyses.
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7

CONCLUSIONS

This project has led to the development of a methodology for assessing the suitability of LNG
source term models for providing an input into LNG dispersion models for use in hazard
assessments. The approach is based on the EU SMEDIS project (Carissimo et al., 2001, Daish
et al., 2000), and is therefore similar to the LNG dispersion MEP (Ivings et al., 2007)
comprising the three key stages of: scientific assessment, verification and validation. The
assessment methodology is mainly applicable to pool spread and vaporisation models.
The key difference between this model assessment approach and the dispersion model MEP is
that the former does not include a structured approach to validation including quantitative
assessment criteria. That is not to say that validation is not a key part of the assessment of
source term models, rather that validation needs to be approached by careful consideration of
the available data and a range of techniques including model comparison, validation of submodels, alongside comparison with data. The approach is therefore based on consideration of
the available research in this area and a physical understanding of the processes involved to
provide a means of assessing the models.
The key reasons for this difference in approach is because of the variable nature of the release
mechanism (i.e. a release may result in a liquid jet, a two phase jet or spreading pool etc.) and
the lack of a historical track record of the validation of source term models. Additionally there is
limited good quality data at a range of scales that can be used for model validation purposes.
The source term model assessment approach is based on a Model Assessment Report. This can
be used by a model assessor as a guide through the key stages of physical processes that need to
be considered as part of the scientific assessment. The report also provides space for an
assessment to be made on the verification and validation carried out for the model. This
includes both validation / verification carried out as part of the assessment and that published or
made available elsewhere.
This report also highlights the crucial importance of the scientific assessment of models. Only
if the model is shown to be scientifically sound, can one have any confidence that a successful
validation in one situation may lead to valid predictions in another. For example, accidents may
potentially occur at scales much larger than are accessible to experiment, and the extrapolation
from experimental scale to accident scale must be done on the basis of sound science. A valid
scientific approach is also important if one wishes to draw conclusions for the behaviour of
LNG based on observations of other substances (which may be more manageable in
experiment).
The source term assessment approach has been developed based on a review of the physics of
source term development and a state of the art review of source term modelling. Both of these
reviews are provided in this report. Also provided in this report are a list and brief overview of
currently available source term models and a review of data that can be used for model
validation.
An important part of any model assessment is the comparison of model predictions against high
quality data over the full range of application of the model and at a range of scales. For LNG
source term models it has been shown that comprehensive data coverage is not currently
available for this purpose. An ideal validation approach would be to use data on pool spreading
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rates and vaporisation for a range of substrates, release rates and release modes up to scales
approaching real world scales. This report has reviewed a wide range of data for spills on land
and water and has identified a few datasets which could be used in a preliminary model
assessment. Thus there is some extensive laboratory data on LNG vaporisation (Reid et al.,
1980) and some limited information from some similar larger scale tests (Duffy et al., 1974;
JPG, 1976). Data on pool spreading are even more limited. There are the data of Moorhouse
and Carpenter (1986) for spread on two surfaces at a reasonable scale but otherwise recourse
must be made to measurements of spreading rates of non-volatile liquids. Again, however,
these data are limited – the most comprehensive experiments were carried out principally to
measure bund overtopping and do not therefore examine spread of very thin pools (Cronin and
Evans, 2002; Atherton, 2005). Consequently , in this case, only a preliminary assessment of
models is possible using data and a greater emphasis must be placed on the scientific assessment
component of the process.
Finally, a prototypical assessment is carried out of the GASP and SOURCE5 source term
models using the developed assessment methodology. GASP is found to have a theoretically
sound basis but to be somewhat limited in scope to circular pools, and omits detailed
consideration of pool formation. SOURCE5 also has limited scope, but also its scientific basis,
especially for pool spreading, is quite unphysical. Furthermore the prescription of SOURCE5
that the cloud formed in a dike should not disperse or dilute at all until the pure vapour has
accumulated in the dike to the level of top of the wall is unphysical and is likely to lead to very
optimistic (non-conservative) hazard predictions. Both models would benefit from more
extensive validation than has been published.
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APPENDIX A – MODEL ASSESSMENT REPORTS FOR
GASP AND SOURCE5

A blank model assessment report and the model assessment reports for GASP and SOURCE5
are attached appendices. Note that they have their own page numbering.
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0 Assessment information
0.1 Assessor
Dr David Webber,
Health and Safety Laboratory (HSL)

0.2 Date
November 2008

0.3 Documentation
0.3.1 Primary documentation
For an overview of the model:
Webber (1990)
Webber and Jones (1987)
For details of sub‐models and the research towards the development of the model:
Brighton (1985), Webber (1987, 1988, 1989, 1991a, 1991b, 1992),
Webber and Brighton (1986a, 1986b, 1986c, 1987),
Webber and Jones (1989).
0.3.2 Secondary documentation
Van den Bosch and Weterings ( 1997) describe the modelling in GASP in some detail in the TNO
“Yellow Book” and give references to the original. (In the 1997 edition of the Yellow Book sub‐
models of GASP replace earlier models which were recommended by earlier editions of the Yellow
Book ‐ TNO 1980, 1992.)
A report by ABS Consulting (2004) to the Federal Energy Regulatory Commission (FERC) also reviews
GASP’s sub‐model of pools spreading on water and gives a level of endorsement for the
methodology.
Qiao et al (2006) discuss aspects of the GASP model and include some original references1 .
Johnson and Cornwell (2007) advocate some aspects of the GASP model, but alternately denote it
the “FERC model” (see ABS 2004) and attribute it to van den Bosch and Weterings ( 1997), without

1

And also provide some level of endorsement: “Because Webber’s method has a much sound theoretical basis
and accounts for friction effects, a majority of researchers believe that it is more realistic than other simpler
models that ignore friction effects; thus, ABS recommended using Webber method.”

2

citing the original work. (Which may indicate that some aspects of the model are becoming
generally accepted as “common practice”.)

3

1 The Model
1.1 Name, version number, and release date
1.1.1

Name

GASP
(Gas Accumulation over Spreading Pools)
1.1.2

Version
4.0.2

1.1.3

Release date
2005

1.2 Short description of model
GASP is an integral model defined by a number of coupled integro‐differential equations describing
liquid pools spreading on land or water. The pool can encounter a bund/dike or be constrained by a
bund/dike from the outset. Heat transfer is modelled from the substrate, from the air, and, if
desired, by radiation. GASP covers liquids of differing volatility from cryogens to slowly evaporating
substances. The temperature of the pool is free to change and any transition from boiling to slower
vaporisation is encompassed.

1.3 Model type
{ Screening tool

~ Integral model

{ Shallow layer model { CFD model

{ 1‐D

{ 2‐D

{ 3‐D
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1.4 Route of model into assessment project
1.4.1

Model supplier

; Developer

 Licensee

 Other

Dr G A Tickle
ESR Technology Ltd
Whittle House
410 Birchwood Park
Warrington
Cheshire
WA3 6FW
Tel: +44 (0)1925 843400
Fax: +44 (0)1925 843500

1.4.2

Model developer

Currently:
Dr G A Tickle
ESR Technology Ltd
Whittle House
410 Birchwood Park
Warrington
Cheshire
WA3 6FW
Tel: +44 (0)1925 843400
Fax: +44 (0)1925 843500

(but see “History” below.)

1.5 History of model
Context of GASP: GASP was developed in the 1980s at the Safety and Reliability Directorate (SRD) of
the United Kingdom Atomic Energy Authority (UKAEA) on behalf of the UK Health and Safety
Executive (HSE) under an on‐going framework agreement between SRD and HSE – essentially
between one UK government department and another.
Context of this review: This review is provided as an example to accompany Webber et al. (2008).
5

Declaration of an interest: GASP’s original principal designer and developer at SRD was Dr David
Webber, who is also the assessor here. DW left the company that developed GASP 12 years ago and
now works for the HSL which is an agency of the HSE and therefore has no vested interest. Nor is it
the intention of this review to be unduly lenient in assessing GASP’s shortcomings. Indeed it would
be a poor scientist who did not feel he could do better some 20 or more years after the original
work.
Further historical notes: The “SPILL” model of Briscoe and Shaw (1980) had already been produced
by SRD for HSE, only a few years earlier, but various shortcomings in that model had been identified
by HSE, and it was the specific remit of the GASP project to overcome those. In order to achieve this
a significant amount of new research was conducted (into both pool spreading and vaporization)
which resulted, as we shall see, in a model of significantly greater complexity than the earlier one.
This approach also explains the large number of primary source documents, corresponding with the
development of the various sub‐models.
This development had identified the significant
shortcomings (see Webber et al. (2008)) not only of SPILL but also of other models then current by
the mid 1980s. In the end GASP inherits its overall structure from SPILL – equations for the overall
radius and vaporisation rate of a circular pool, but none of the detailed sub‐models, all of which
were found to be flawed, or capable of improvement.
DW left UKAEA in 1996, at which time GASP had not been modified for many years. The relevant
part of UKAEA was subsequently privatised into “AEA Technology” and part of that company, some
years later, became ESR Technology (see http://www.esrtechnology.com/), which is the current
guardian of the GASP model. The principal contact is Dr Graham Tickle, see above. Fairly recently
ESR have made some improvements to GASP on behalf of HSE, which do not significantly affect the
basis of the model itself, but make improvements to the user‐interface and refine the numerical
scheme. (For example it has been converted from a 16bit MS‐DOS code into a 32bit code for
Microsoft Windows, greatly enhancing its ease of use and speed of operation. )
.

1.6 Quality assurance standards adopted
1.6.1

Model development

 MEG guidelines ; Other
1.6.2

Software development

 National

 International

 Organisation

; ISO 9000

; Other

1.6.3 Comments
Model development QA is a difficult question in this case – it could almost be “MEG guidelines”.
GASP predates the MEG(1994a,b) (just), but Stephen Jones, co‐developer of GASP, was a member of
the Model Evaluation Group together with its chairman Rex Britter, also from the UK, and a (fairly
small) number of members from other EU countries. Jones volunteered for the Group because of,
and was accepted on the strength of, his work developing GASP. So whilst GASP was not developed
6

in any formal way to the MEG guidelines, the MEG guidelines were in fact derived as a synthesis of
what Jones and Webber had regarded as good practice in the development of GASP, together, of
course, with the very similar experience of all the other group members.
For the original software development, no formal QA was adopted, but the general principles of
verification and validation (essentially exactly as subsequently defined by the MEG) were
considered paramount.
Recent developments of the Windows interface, and replacing the solution engine in order to
convert the code from 16bits to 32, have been done to ISO 9001 (Tick IT).

1.7 Relationship with other models
1.7.1

Status of model being evaluated

~ Self‐contained

{ Can be used as one part of suite

{ Inextricably bound to other models

{ General‐purpose, specific application

{ Other

1.7.2 Interfacing with other models
GASP can create from its source term prediction an input file in the format required by the HSE
dispersion code “DRIFT”.

1.8 Current model usage
GASP is used by a number of organisations including HSE, HSL, UKAEA, AEA Technology, ESR
Technology, BP, TNO and others. BP and TNO have each integrated GASP with their own software
suites.

1.9 Hardware and software requirements
1.9.1
PC

Computer platforms on which the program will run

1.9.2 Operating systems required
Microsoft Windows XP, or Vista. (Older versions were designed for an ICL‐mainframe and then MS‐
DOS, but they have been superseded.)
1.9.3 Any additional software which may be required or helpful
“MySQL” (which is open source).
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1.10 Availability and costs
By negotiation – contact the distributor.
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2 Scope of the model
Nature of model:

; Integral

(models bulk quantities as a function of time)

 1D Shallow water

(models quantities as a function of time and one horizontal space
coordinate)

 2D Shallow water

(models quantities as a function of time and two horizontal space
coordinates)

 3D CFD

Dynamics of LNG pools on land:

; Spreading of liquid on land

; Liquid on land confined by a bund/dike

; Instantaneous releases

; Continuous releases

; Smooth ground

; Rough ground

 Permeable ground

 Sloping ground

 Drainage

 Bund overtopping

Geometry of LNG pools on land:

; Circular pools

 Semicircular pools

 Channelled flow

 Pools confined by a dike of arbitrary shape

 Other

; Pools confined by a dike of simple shape

Heat transfer to LNG pools on land:

; Conduction from the ground

; Convection from the air

; Solar radiation

 From fire

 Film boiling heat transfer

 Other

(Radiation, whether it models the sun or a fire, is a user‐defined input.)
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Dynamics of LNG pools on water:

; Spreading of liquid on water

; Liquid confined on water

; Instantaneous releases

;Continuous releases

 Effect of waves

 Effect of currents

 Underwater releases

Geometry of LNG pools on water:

; Circular pools

 Semicircular pools

 Other

Liquid discharge into pool

 Calculated (eg from a given orifice and head of liquid) ; User input to the model
 Vaporisation from jet before pool formation ( Liquid;  Spray;  Two‐phase.)
 Liquid jet penetrates water surface

Heat transfer to LNG pools on water:

; Transfer from contact with the water

; Film‐boiling heat transfer

; Convection from the air

 From fire

; Solar radiation

 Other

(Radiation, whether it models the sun or a fire, is a user‐defined input.)

Composition of LNG:

; LNG treated as methane

 LNG treated as a fixed hydrocarbon mixture

 LNG treated as a time‐varying hydrocarbon mixture
Vaporisation of LNG pools on land or water:

;Boiling (vaporisation at constant temperature driven by the heat flux to the pool)
; Evaporation (vaporisation driven by removal of vapour from above the pool surface)
; General heat balance allowing for changing temperature
10

 Rapid Phase Transitions

3 Review of the scientific basis of the model
3.1 Introductory remarks
This review was carried out as part of the project that developed this framework for source term
model assessment, Webber et al. (2008).
GASP was commissioned specifically because shortcomings had been identified in the scientific basis
of earlier models. In this respect, achieving an adequate scientific basis was its raison d’être. The
specification was that it should improve on earlier models where necessary, but within the overall
framework of an integral model. To achieve this, its authors went back to the earlier research on oil
slicks using Shallow Water Theory, considered Shallow water Theory also for pools on land, looked at
more sophisticated solutions of the Fourier heat conduction equation in the ground than had been
considered before, and produced a detailed model of vaporisation from a liquid surface which is
applicable both to boiling and slow vaporisation. A great deal of the model was thus radically new in
the late 1980s as we describe below.

3.2 Pools on land
3.2.1

Pool spread on land

3.2.1.1 Instantaneous liquid spills on land
GASP’s pool spreading model is initially derived from self‐similar inviscid solutions of the Shallow
Water Equations as given by Webber and Brighton (1986a, 1986b). It was specifically designed to
overcome the “negative inertia” problems of earlier integral models, and appears to have gone
broadly unchallenged since it was created. Here we shall describe some of the details, following the
description of Webber and Jones (1987) and in particular the more complete description of Webber
(1990). The pool is considered circular of radius R, and the spreading equation is of the form

dR
= U
dt
dU
(1 − s)h
= 4g
− F
dt
R
where g is the acceleration due to gravity, s is a “shape factor” (see below), and F embodies the
effect of friction (shear flow) over the whole bottom area of the pool.
It is convenient to split the second order equation for d2R/dt2 into the two first order equations
above, both for numerical purposes and to clarify the model.
The friction factor F is crucial: neglecting it results in the (unrealistic) energy‐conserving, gravity‐
inertia régime discussed by Webber et al. (2008) in the section on “state of the art”. F is taken to
be of the form
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FL = C L

νU
h2

U2
FT = CT
h

for laminar (L) and turbulent (T) flow respectively. ν is the kinetic viscosity of the liquid. Webber
and Jones (1987) provide the default values of the dimensionless constant coefficients CL, CT.
For smooth ground the default shape factor is s=0. However the option exists to take s=b/h for
some constant b, which can cause the pool to come to rest at a mean depth h=b. This option in
GASP can model the effects of surface tension in forming globules of liquid at the end of the spread
(which is unlikely on dirty ground) or, more plausibly, a ground roughness which allows the
formation of puddles with an average “retained liquid volume per unit ground surface area” equal to
b.
The depth h is defined as

h =

V
πR 2

where the pool volume V decreases (from its initial instantaneous release value) as the pool
vaporises.
3.2.1.2 Instantaneous spills into a bunded area
The pool can be treated as spreading according to the above equations and then stopped when it
achieves a prescribed bund radius, by replacing the spreading equations with U=0, dU/dt=0. (The
bund/dike is considered circular and concentric with the circular pool release for this purpose.)
Bund overtopping is not considered.
The pool can alternatively be initialised with the same area as the bund, thus ignoring the spreading
phase before the bund/dike is encountered. In this case the assumption of a concentric bund is not
crucial, as its area is the only important parameter.
3.2.1.3 Continuous liquid spills on land
The same spreading equations apply to continuous spills on land as are given for instantaneous
spills. But now the equation for the volume V has an extra contribution:
dV/dt = S ‐ vaporisation terms
where S is the source spill rate. A shortcoming of this approach is that there is no embodiment of
the idea that the source is localized at one position, whereas vaporisation occurs over the whole
pool surface.
3.2.1.4 Continuous spills into a bunded area
The same considerations apply, as for instantaneous spills into a bunded area.
3.2.2 Heat transfer to pools on land
The heat flux Q into the pool is computed as a sum of contributions: conduction from the ground,
convection from the air, and solar radiation. We take these in reverse order as follows.
Solar radiation
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The solar radiation term is a constant heat flux, which can be chosen by the user. It is often taken to
be zero for LNG pools as heat from contact with the substrate is expected to dominate.
Convection from the air
The heat transfer from the air is modelled in a way which exactly parallels Brighton’s (1985) mass
transfer model, but with changes appropriate to the different scalar quantity being transferred (heat
rather than mass). Thus the driving factor is the difference between the temperature of the air and
the pool (replacing concentration at the surface) and for the laminar boundary layer the Schmidt
number Sc is replaced with the Prandtl number Pr. This mechanism is always included, though for
cryogens it remains much smaller than heat transfer from the substrate for some period of time.
Eventually, however, the heat transfer from the ground to a bunded pool will decrease enough that
the convection from the air becomes important. At that point, the question of whether or not
enough LNG vapour has already been released that the later behaviour becomes of minor
importance, will depend on the scenario under consideration.
Heat transfer from the ground to pools on land
For pools on land the heat transfer from the ground is given by solutions of the conduction equation
in the ground beneath the pool. What might be considered the “base case” is simply assuming a
semi‐infinite solid initially at ambient temperature, but with its surface (the ground surface) set to
the boiling point of the pool. This leads to a fairly standard model in which the heat flux in the
ground is vertical, and the heat flux into the pool decreases as 1/√t. The singularity at t=0 is an
idealisation but it is “soft”, which is to say that the “total amount of heat transferred” at time t is
found by integrating to be well behaved, going as √t , and so there is no numerical problem as long
as appropriate techniques are used in the numerical solution of the equations.
Such a simple solution is not considered realistic for pools which are spreading or whose
temperature is changing. The conduction in the ground is therefore treated in more detail (Webber
1987).
In particular the earth continues to be described as a semi‐infinite solid initially at a uniform ambient
temperature Ta except on the surface. But the surface boundary condition is now defined as
follows:
•

within a given time‐dependent area A(t) the surface is set to be at a time‐dependent
temperature T(t)

•

outside that area the temperature is Ta.

The approximation of vertical conduction was found to be reasonable. (More complicated
alternatives were explored – Webber 1987 ‐ which are only significant close to the edge of the pool
and so may be negligible for large pools.) In the vertical conduction approximation the area‐
averaged heat flux density through the surface to the pool was found from a Greens function
solution of the Fourier conduction equation to be
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ql (t) = −

KΦ(t)

παt

−

A(t)

t

∫ dt'(t − t ′) [Φ(t) A(t) − Φ(t ′) A(t ′)]
4πα

K

−3 / 2

0

where A(t)=πR2(t) is the area over which the surface temperature is T(t) and Φ(t) is the temperature
difference

Φ (t ) = T (t ) − Ta
K and α are the thermal conductivity and thermal diffusivity, respectively, of the ground. The
second term in the heat transfer expression is zero for a non‐spreading pool at constant
temperature, but otherwise must be evaluated at each step of the differential equation solver.
This model thus allows for the fact that an LNG pool will be encountering new warm ground as it
spreads, and may therefore continue to boil faster for longer than a confined pool. For LNG pools
spreading within a large open area, it is not a small effect. (At sufficiently small time, the second
term also goes as 1/√t, as can be seen by expanding AΦ in a Taylor series and the evaluation of the
integral requires care. At later time it will in general result in a different time dependence.)
3.2.3 The vaporisation model for pools on land
The temperature equation
GASP is designed to model not only cryogens such as LNG but also less volatile liquids such as petrol
(gasoline). To this effect it uses the general vaporisation equation described in the section on
“state‐of‐the‐art” of Webber et al. (2008), but enhanced (for continuous liquid releases) with a term
to model liquid discharging into the pool at a temperature different to that of the pool (which will be
expected if evaporative cooling has taken place while the liquid is still being discharged). This is
written by Webber (1990), in the form:

dT πR 2
(q − ρwL ) + S (Ts − T )
=
dt cρV
V
with
c

[J kg‐1 K‐1]

the specific heat capacity of the pool

L

[J kg‐1 ]

the latent heat of vaporisation

m

[kg]

the mass of the pool [kg]

q

[W/m2]

the area‐averaged heat flux density into the pool

R

[m]

the radius of the pool

S

[m3/s]

the rate of liquid discharge into the pool

T

[K]

the temperature of the pool

Ts

[K]

the temperature of liquid discharging into the pool

t

[s]

time
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V

[m3]

the volume of liquid in the pool

w

[m/s]

the regression rate due to vaporisation

The vaporisation rate
The vaporisation rate W is given by Brighton’s (1985) model as described above, and is converted to
a regression rate w by

w =

W
ρπR 2

where ρ is the liquid density, and then the volume V=πR2h of the pool obeys

dV
= S − D − πR 2 w
dt
where S is the volumetric source rate at which liquid is being added and D is a drainage rate which
can be used to model run‐off into a tank. For instantaneous liquid releases with no drainage S=D=0.
3.2.4 The effect of a bund on the vapour source
The vapour emission source rate for a dispersion model is as given by the vaporisation rate
calculation. If allowance is to be made for the effect of the bund wall on the dispersion of the
vapour, then that is left to the subsequent dispersion model, though many such models will neglect
it, and be content that this is a mildly conservative assumption.
.

3.3 Pools on water
3.3.1

Pool spread on water

3.3.1.1 Instantaneous liquid spills on water
GASP’s spreading model for a pool on water is similar in overall structure to the spreading model on
land, but with significant differences in detail. Again it is derived from self‐similar inviscid solutions
of the Shallow Water Equations as given by Webber and Brighton (1986a, 1986b). Again, the pool is
considered circular of radius R, and the spreading equation is of the form

dR
= U
dt
dU
(1 − s )h
− F
= 4g ′
dt
R

where g’ is now the acceleration due to gravity reduced by the relative density difference of the pool
and water. F again embodies the effect of friction (shear flow) over the whole area of the pool.
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The first term on the right combines the gravity force (the “1” in 1‐s) and the front resistance, which
is embodied in the shape factor “s”.
For spreading on water the shape factor s is modelled as

s =

U2
K 2 g' h

and at large time (neglecting F for the moment), dU/dt→0 and s→1, the latter implying the standard
dR/dt=K√g’h spreading law. For spills on water this front resistance term cannot be neglected, and
may dominate the area friction terms embodied in F.
The “area friction” term F was crucial to obtain realistic spreading on land. It is also expected for
spreading on water, but is slightly different as the water immediately beneath the pool is expected
to move out radially as the pool spreads, and the shear flow will be slightly different. F is again of
the form

FL = C L

νU
h2

FT = CT

U2
h

for laminar (L) and turbulent (T) flow respectively, and Webber and Jones (1987) provide the
dimensionless coefficients C for spreading on water.
The depth h is defined as

h =

V
πR 2

where the pool volume V decreases (from its initial instantaneous release value) as the pool
vaporises.
3.3.1.2 Confinement of instantaneous liquid spills on water

Liquid confinement may be defined on water as on land.
3.3.1.3 Continuous liquid spills on water
The same spreading equations apply to continuous spills on water as are given for instantaneous
spills. But now the equation for the volume V has an extra contribution:
dV/dt = S ‐ vaporisation terms
where S is the source spill rate. As noted for spills on land, shortcoming of this approach is that
there is no embodiment of the idea that the source is localized at one position, whereas vaporisation
occurs over the whole pool surface.
3.3.1.4 Confinement of continuous liquid spills on water
Liquid confinement may be defined on water as on land.
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3.3.2 Heat transfer to pools on water
The heat flux Q into the pool is computed as a sum of contributions: from the water, convection
from the air, and solar radiation. We take these in reverse order as follows.

Solar radiation
The solar radiation is modelled as for pools on land (see above).
Convection from the air
The heat transfer from the air is modelled as for pools on land (see above).

Heat transfer from the water to floating pools
The heat transfer from beneath the pool is the primary source for cryogens.
For pools spreading on water, the heat flux density is modelled by GASP in the form

q w = hw (Ta − T )
where Ta is the ambient water surface temperature and hw is a heat transfer coefficient. The water
temperature is assumed to be maintained as constant by convection within the water, and the heat
transfer coefficient is also taken as constant. A default value of hw=500 W/m2K is supplied, in the
absence of film‐boiling, which was taken from experimental evidence (Reid and Smith 1978) on
butane pools. The user may select from three film boiling options: “never”, “always”, or “as
determined by the program”. The default is “never”. When used, the film boiling heat transfer is
computed from the model of Klimenko (1981).
3.3.3 The vaporisation model for pools on water
This is treated identically as for pools on land – see above – but with the heat transfer rate
appropriate on water.
3.3.4 The effect of a confinement on the vapour source
Not applicable.

3.4 Pool formation
3.4.1 Vaporisation before the pool is formed
GASP includes no model for pool formation, and therefore no model of any vaporisation which may
occur prior to pool formation.
3.4.2 Liquid impacting on the ground
GASP includes no explicit model for liquid impacting on the ground.
However, liquid released
continuously may be assumed to spread from a small radius, and the heat conduction model in the
ground allows explicitly for an increasing area of contact.
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3.4.3 Liquid impacting on a water surface
GASP includes no explicit model for liquid impacting on a water surface, and in particular no model
of a liquid jet penetrating the water.
3.4.4 Underwater releases
Underwater releases are not considered.

3.5 Rapid phase transitions
Rapid phase transitions are not considered.

3.6 Rollover
Roll‐over is not modelled.

3.7 Solution technique
GASP’s equations are more complicated than those of most pool spread and vaporisation models.
They comprise a set of up to six ordinary differential equations for pool radius, spreading velocity,
released volume, pool volume, vaporised volume, and pool temperature. On the right hand side of
the temperature (heat balance) equation, there is in many cases an integral to be performed (the
Greens function solution of the conduction equation in the ground). The equations are also very stiff
in the case of cryogens, mainly because of the transition from boiling (where heat input balances
vaporisation rate) to evaporation as the conducted heat flux into the pool decreases. The method
used is therefore a commercial stiff simultaneous differential equation solver, and even this can only
be made to work correctly through the transition if a smoothing function is carefully applied
(Webber 1988, 1989). This approach has the advantage that the solution algorithm is close enough
to the state of the art, controls errors in a well defined way, and has been well tried and tested by its
authors. (The original ICL mainframe and MS‐DOS microcomputer 16‐bit versions used Gears or
Adams methods from the NaG library developed by the Numerical Algorithms Group –
http://www.nag.co.uk. The most recent version uses numerical algorithms of similar or improved
sophistication from a 32‐bit numerical maths library. The module in use with GASP 4.0.2 is a Gears
method: the module DDRIV3 from the CMLIB package written in the USA by the National Bureau of
Standards and the Los Alamos National Laboratory which is available in open source form.)
Under MS‐DOS in the 1980s, speed of operation was an issue with a single run sometimes taking half
an hour or more; for the 32bit current version on modern desktop computers this is no longer a
problem.
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3.8 Sources of model uncertainty
3.8.1 Stochastic processes
The most significant apparently random process – a rapid phase transition ‐ is not covered by the
model. Whether or not it should be included probably qualifies as a source of uncertainty.
3.8.2 Modelling assumptions
The assumption that a pool forms on water in a relatively well‐defined, gentle way, may be hiding
considerable uncertainty in the way real pools form, if the liquid is dropped onto water from a
height.
There is some uncertainty in the best values of the frontal Froude number for spreading on water as
different experiments need slightly different values to optimise the fit. See Webber and Jones
(1987) for a discussion of this.
Sometimes for continuous spills of cryogens on water, the pool spread overshoots the area where
vaporisation balances the discharge rate. In some cases the pool as modelled “has difficulty”
shrinking back to the equilibrium area, and the whole pool can vaporise while the discharge is still
going on. At this point the run stops. If this happens the user is advised to define a small capillary
depth. This is enough to allow the pool to shrink back, but the mathematical model is underdamped
and the pool oscillates about its equilibrium radius. It is possible that the model is indicating that
the often‐assumed scenario where vaporisation balances discharge in a pool of fixed radius (if the
discharge is steady) is not a stable solution of the pool spread and vaporisation problem, or it may
just be an artefact of the model. In the absence of further research, the capillary depth work‐
around is considered adequate.
3.8.3 Numerical method
The numerical method is sophisticated and robust (see above). It introduces no significant
uncertainty.
3.8.4 Sensitivity to input
Because the vaporisation equation is more general than a simple balance between heat input and
heat taken as heat of vaporisation, the user can choose the initial temperature of the pool. This
must technically be below the boiling point because the vaporisation rate is singular at the boiling
point (and actual boiling in the model takes place at a temperature imperceptibly below the boiling
point). If the input temperature is very close to the boiling point (a small fraction of a degree below)
then the model behaves as expected with boiling of LNG commencing immediately. However, a
pool initialized as filling a bund to a significant depth, and a couple of degrees below its boiling point,
can have a large enough heat capacity that, in the time it takes to rise in temperature and start
boiling, the ground beneath it can cool enough to give a very much reduced heat flux, and a lower
boiling rate than would otherwise be expected. This is a strength, in that this situation can be
modelled, but also a weakness in as far as an inexperienced user can fairly easily create this situation
where it is not intended.
As in all such models, the results are also sensitive to how much liquid is assumed to spill.
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3.9 Limits of applicability
Within the general pool‐formation scenario GASP does not consider vaporisation before a pool is
formed, RPTs, underwater releases, or immersion of a liquid jet striking the water. (By contrast a
pool formed from liquid jet striking a solid surface can be modelled in as far as GASP calculates the
heat conducted from the surface into the liquid allowing for the fact that it spreads onto warmer
ground.) Bund overtopping is not considered.

3.10 Special features
In contrast with many other models, GASP allows for pool spreading when calculating the conducted
heat flux, and it has a smooth, gradual transition from boiling to slower evaporation where this may
be expected to occur.
GASP has a more rigorous spreading model than many earlier and
contemporary models, but that is now finding its way into some newer models, often via the 1997
edition of the TNO Yellow Book in which it is described.

3.11 Planned scientific developments
There are no planned scientific developments of the model. However, the model could be used or
extended to investigate some of the areas of modeling uncertainty identified in Webber et al.
(2008). For example, its scope could be extended to include the impact of liquid jets on water, rather
than assuming a rather “gentle” pool formation. It would also be interesting to see the code used
to investigate Fay’s recent ideas about the spreading of bubbly pools – which would appear to be
possible as the code is now, simply by setting an artificially small liquid density. But these
developments are not currently planned, as far as is known..
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4 User oriented aspects
4.1 User oriented documentation and help
4.1.1

Written documentation

; User Manual
4.1.2

; On‐screen help

; Other

User support

; Telephone support

; E‐mail

 Training courses

 Other

4.2 User interface
4.2.1

Provision of input

; Edit files directly

; Guided input

 Other

(XML input files are edited with GASP’s menus and dialogue boxes. Extensive help is available from the
program throughout.)
4.2.2

Information when model running

; Numerical values ; Error/warning messages ; Status of calculation
4.2.3

; Other

Examining output

Graphical display of output

; Integral graphical display facilities

 Separate graphical display program

Examining numerical values

; Integral numerical display facilities

 Separate numerical display facility

; Output files

 Other

4.3 Internal databases
; Internal databases available
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 Other

4.3.1

Databases available

; Material properties
4.3.2

 Scenarios

 Other

Access by user

; Access from model

; Access outside model

 Other

(Access outside the model is available via “MySQL” but is not recommended.)
4.3.3

Modification

 General users

 Administrators only

; No users

 Other

4.4 Guidance in selecting model options
4.4.1

Main choices required

; Source configuration
; Substance released

; Properties of substance released

; Atmospheric conditions

; Terrain

; Bund/dike

 Boundary conditions

; Initial conditions

 Computational domain

 Computational mesh

 Discretisation

 Convergence criterion/a

; Output required

 Other

(There is a large choice of output, but the program has a default set of graphs and tables. The terrain
choice is one of ground roughness for puddle retention. Properties of a substance may be entered,
particularly if it is not in the substance database, but this is not necessary for LNG.)
4.4.2 Guidance in choices available
Sources

; User documentation

; Within interface

 Pre‐existing input files

Type
 Worked examples  Explicit advice  Pre‐set lists of values ; Defaults  Other
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 Other

4.5 Assistance in the inputting of data
4.5.1

Facilities available

Checks

; Valid range

; Valid type

; Entry has been made

 Other

Mesh and surface generation (CFD only)
 Import file formats

 Built‐in facility

 Automatic

 User‐defined

 Other

4.6 Error messages and checks on use of model beyond its scope
4.6.1

Facilities to trap inappropriate use

; Facilities available
 Checks on intermediate results

; Warning messages given
4.6.2

 Other action taken

Error/warning Messages

Occurrence

; During input

; During model run ; During output examination  Other

Type

; Self‐explanatory  Look up online

; Look up in documentation

23

 Other

4.7 Computational aspects
4.7.1

Programming languages

Simulation engine

; Fortran 77

 Fortran 90  C

; C++  BASIC  Pascal  Other

4.8 Clarity and flexibility of output results
4.8.1

Facilities for display of results

; Graphical output
Additional software required?
{ Necessary

{ Optional

~ Not needed

; Numerical output
; Tabulated output

; User interrogation

 Other

4.9 Suitability to users and usage
Users should have a background in hazards analysis and understand the properties of LNG.

4.10 Planned useroriented developments
The current Microsoft Windows interface has been developed relatively recently in the life‐span of
the program. The only known planned development is in the improvement of the interface
between GASP and the dispersion code DRIFT.
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5 Summary of scientific assessment
; Key details of the model available for scientific assessment

; Model based on good science.

; Numerical methods are based on accepted/published good practice

The model, if used within its scope, and with care and a certain amount of expertise (there are many
input options) is reasonable. As far as is known currently, it is probably fair to say that most of the
known shortcomings are to do with the limitations of its scope.

25

6 Verification
6.1 Passive verification
A good deal of verification was done during the development of the program. However, a large
amount of this was not formally published (as is the case for many other models). This was due to
the fact that the need for publishing verification had not really been established (GASP predated the
MEG (1994a,b)).
Nevertheless some of the verification tests of GASP were written up and are available.
Webber and Brighton (1987) show a graph of radius versus time for a non‐volatile instantaneous
release on land, chosen large enough (irrespective of envisaged accident scales) to demonstrate
various regimes of spread. These include an acceleration phase, a (true) gravity inertia phase in
which (almost) all potential energy has been converted to kinetic so that R~t, a phase where
turbulent resistance approximately balances gravity with R~t2/7 and a late‐time regime where
laminar viscous resistance balances gravity so that R~t1/8. The model is seen to evolve smoothly
between these regimes and within each one is seen to follow the power law derived analytically
from the equations in regimes where certain terms dominate. (Note that this is a pure verification
test: the dimensionless quantity (gV)/(πν2) formed from the acceleration g due to gravity, the
volume V of liquid, and the kinematic viscosity ν of the liquid, was taken as 3.1 1018 in order to see
the individual regimes clearly separated on a log‐log plot. In reality this would be a very large spill
of a very inviscid liquid! And the radius of the pool is followed out to 1010(V/π)1/3. Even though
these numbers might be outlandish as far as hazards go, they are extremely useful for verification
tests.
A similar plot is shown for spreading on water, again displaying an effectively inviscid regime turning
into a viscosity dominated regime, this time with R~t1/4 because of the radial flow of the water
beneath the pool.
These plots give some idea of the rigour with which verification was performed more generally.
Webber and Brighton (1987) also show graphs demonstrating the sensitivity of results to the
vaporisation rate and to the ground roughness. The former is not a verification test, except in as far
as the results are qualitatively reasonable, but the latter demonstrates that the pool does stop
spreading when puddles are filled to the expected depth.
Webber (1987) shows results from the heat flux model, showing agreement with the simple 1/√t
model for a period, but an expected divergence from it (according to which conduction model is
chosen) at small times and at large times. Again, for the purposes of verification, “large” time in this
case means 108s (3.2 years!).
Webber (1990) also gives a number of qualitative plots confirming that the model results conform to
expectations, including one of liquid methane initially in a bund well below its boiling point, showing
its temperature rising close to the boiling point and then decreasing again as the heat transfer from
the ground is unable to sustain boiling.
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6.2 Active verification
This should be possible to some extent, as there are switches in the program’s interface which can
do things like switching off vaporisation, and switching off various components of the heat transfer.
Some model parameters (for example the frontal Froude number for spreading on water) cannot,
however, be changed by the user. However, active verification is outside the scope of this review.
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7 Validation and model performance
7.1 Passive validation
Webber and Jones (1987) have discussed the validation of GASP in some detail, and here we give a
synopsis.
Webber and Jones (1987) quote an otherwise unpublished fit to a channel flow experiment on a
solid surface with a model using GASP’s spreading equations but in a channel (rather than
axisymmetric) context, showing a good fit to distance vs time with a turbulent friction coefficient of
1.6 10‐3 , confirming the expected order of magnitude of this quantity. (The laminar friction
coefficient is estimated by comparing with Huppert’s (1982) work on lubrication theory.)
Fits to Chang and Reid’s (1982) data (on heavier hydrocarbons than LNG) spreading on water govern
the choice of Froude number K which arises because displaced water has to be pushed away at the
front. However a slightly different value is needed to optimse the fit to the data of Dodge et al
(1983) (taken using Naptha).
The (time varying) boiling rate has been compared with the data of Reid and Wang (1978) (LNG on
“insulating concrete”) and of Reid and Smith (1978) (LPG on ice). The √t dependence of the mass
vaporised is given accurately for the duration of the experiments.
A heat transfer coefficient of 500W/m2/K is extracted from Reid and Smith’s (1978) data for butane
pools on water. This is then the value recommended by GASP for non‐film‐boiling pools on water.
(Used for LNG it will of course result in a much higher boiling rate than the butane experiments,
because of the larger temperature difference.)
Webber and Jones (1987) give fits to a series of butane experiments by Hankinson and Murphy
(1987) showing depth vs time. The initial fits are described as ‘encouraging’ but better fits are
obtained if the “insulating floor” of the bund is assumed to have a small, but non‐zero, conductivity.
For simultaneous spreading and vaporisation, GASP is compared with the date of Moorhouse and
Carpenter (1986). The fit is good, as long as it is assumed that the pool stops when it achieves a
depth of 1cm. Webber and Jones (1987) profess lack of understanding of this but note that
Moorhouse and Carpenter also require exactly that assumption to ft the data with their model.
In summary, the validation exercises follow a scientific path of attempting to isolate the spreading
and vaporising aspects from one another (and therefore the data used cover a variety of substances
and not just LNG), determining free parameters for each aspect, and then go on to compare with
data on spreading vaporising pools.
It should be noted that the model was regarded as “finished” in the late 1980s, and that there may
be more recent data against which validation could be attempted. A recent revival of interest in the
subject has resulted in the user interface being updated, but not in any further modelling or
validation work. One more recent empirical fact which can be taken into account is that it now
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appears (eg Bøe 1998) that film boiling of real LNG (ie not pure methane) on water should not occur.
GASP offers a choice of whether to assume film boiling or not, and that choice can now be
influenced by data not available at the time it was produced (though the default is not to allow film
boiling as we would recommend from current knowledge).
More recently ABS Consulting (2004) have done an independent model comparison of GASP’s
spreading equation with the earlier one of Briscoe and Shaw, for spreading on water. This highlights
the surface friction effects (as opposed to front resistance) which are absent from the Briscoe and
Shaw model. The result is that it makes a significant difference, leading to smaller pools in some
cases, though not in all.

7.2 Active validation
Active validation is outside the scope of this review.

7.3 Conclusions
GASP has been compared with a variety of data, and best values of its various free parameters
deduced. The fits are all very reasonable but in most cases there are small caveats (such as
“assuming the conductivity of the insulating floor is...”). The development of GASP payed a lot of
attention to the physics of spread and vaporisation, in order to have as much confidence as possible
that its predictions would scale appropriately. It is designed to cope with slowly evaporating
substances as well as cryogens, and so can be (and has been) compared with a wide variety of data.
Small scale experiments, however (of the kind used for validation here), often embody a large
number of competing factors, and so the experiments used in the validation studies were selected to
give the clearest indication of individual features, for deducing the optimum values of specific free
parameters. Some of the other data available at the time (as reviewed by Webber et al. (2008)) was
considered to contain too many unknowns for a fit to give much meaningful information – as one
can almost always tune assumptions about unmeasured (or poorly measured) quantities to obtain a
good fit.
With a resurgence of interest in LNG source terms, it would be appropriate to revisit some of that
data, and to examine later data, to see what more might be learned about GASP’s performance. It
would also be extremely interesting to see larger scale data produced particularly for both spreading
of both boiling and non‐vaporising pools, as larger scale experiments can often highlight the most
relevant physical processes, and can be used to gain more confidence in those aspects of the model.
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8 Considerations arising in the literature
GASP was constructed in the late 1980s specifically to overcome the shortcomings of earlier models.
Most of the modeling was published in “grey literature” (in the form of HSE reports and most
prominently as a 1987 AIChE conference paper) and it was not widely referenced, until the 1997
edition of the TNO yellow book described the model in some detail – superseding earlier versions of
the Yellow Book which had recommended earlier models.
The recent resurgence of interest in LNG source terms (in particular) has led to the adoption of
GASP’s spreading model for pools on water by a number of other authors, among whom it is gaining
some support – not only from the TNO Yellow Book (C.J.H. van den Bosch, R.A.P.M. Weterings
(1997)), but also from Qiao et al (2006), Johnson and Cornwell (2007) (who miscredit it to van den
Bosch & Weterings, 1997), and ABS Consulting (2004) reporting to the FERC.
(Other “novel”
features of GASP including its vaporisation models and heat conduction calculations for spreading
pools have received far less attention, possibly because they are most important for spills on land,
and the prime current interest is in spills on water.)
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9 Conclusions
9.1 General model description
GASP is an integral model of spreading vaporising pools comprising ordinary differential equations
for radius, spreading velocity, temperature, pool volume, released volume, and vaporised volume.
The temperature equation for a pool spreading on land involves evaluating an integral – a Greens
function solution of the conduction equation in the ground – which embodies the way the heat
transfer to the pool changes as it advances over new, warm ground. The vaporisation equation is
designed to handle both boiling and slowly vaporising pools, and handles transitions between these
regimes. GASP does not consider how the pool forms, or any penetration when liquid is spilled on
water. It predicts the temperature , concentration, area and mass flux of the gas plume emanating
from the pool.
The model is fully documented but largely in a series of HSE/UKAEA reports which were available via
Her Majesty’s Stationery Office (HMSO), though we have not investigated their current ease of
availability.

9.2 Scientific basis of model
GASP’s equations are defined from clear scientific principles. Integral equations for spread embody
gravity driving force, and various forms of resistance, and are designed to duplicate the results from
self‐similar solutions of the shallow water theory in the appropriate limits. Heat transfer is modelled
via all the usual mechanisms: conduction, convection, and radiation. Film boiling is an option for
pools on water and the choice of whether to assume it, or alternatively use an empirical heat
transfer coefficient, is the user’s. Conduction from land is computed from the Fourier equation
using a boundary condition which allows for pool spreading. The vaporisation model is designed to
cover both boiling governed by heat input, and slow evaporation governed by vapour removal. LNG
pools in a bund/dike can cool well below the boiling point if the vapour removal mechanism
dominates conduction at late time. LNG is treated as pure methane, but with the proviso that the
user can select whether pools on water undergo film boiling or not. The default is “not”. (There is
some recent evidence that pure methane may undergo film boiling but that LNG, with even a small
admixture of higher hydrocarbons, does not.)

9.3 Limits of applicability
GASP considers only circular pools. It does not account for how the pool is formed. In particular it
does not account for penetration of a water surface at the spill. It does not consider Rapid Phase
Transitions. According to its formulation, GASP can account for drain off, but only as a term
removing liquid at a given rate: it does not consider an actual flow. And there appears to be no way
in the current user interface to set drainage to be non‐zero. Bund overtopping is not considered.

9.4 Useroriented aspects of model
The user has considerable freedom to specify the input, and this demands some expertise. The
input is defined via Microsoft Windows dialogue boxes, and can be saved as a GASP input file for
later use or modification.
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9.5 Verification
According to its developers, the code has been very thoroughly verified. Some of the verification
(both quantitative and qualitative) has been published, showing spreading regimes and heat
conduction corresponding exactly with approximate analytic solutions in the appropriate limits, as
well as expected qualitative behaviour of assorted properties in a variety of cases.

9.6 Validation
Validation has been done against data, selected in the first instance to give a handle on individual
free parameters of the model: for example Froude number for spreading on water, skin friction
coefficient for spreading on land, heat transfer coefficient for boiling on water.
These are
determined by optimum fit to data sets for highlighting processes which depend most sensitively on
each. Subsequent runs have been done to compare with data with no further adjustment of these
parameters.
Validation was not done against all of the data available at the time of GASP’s production (the late
1980s). The reason for this (in the memory of its authors) was that the data were not either
complete or precise enough (or both) to provide a critical test. It is recommended that this be
revisited, and that the model be compared if possible with more recent data. In particular it is
recommended that the recent idea of Fay (2007), that bubbly pools might spread on water as a
liquid effectively much lighter than pure methane, be explored to see if it really does make a
difference and, if so, whether there are any data which support it.
Some more recent validation has been done independently by ABS Consulting (2004) in the form of a
model comparison of GASP’s spreading equation with the earlier one of Briscoe and Shaw for
spreading on water. This highlights the surface friction effects (as opposed to front resistance)
which are absent from the Briscoe and Shaw model. Their conclusion is that it makes a significant
difference leading to smaller pools in some cases, though not in all.

9.7 Advantages and disadvantages of model
The model is based on sound scientific principles (see above). We believe it can be used with as
much confidence as any (and more than some) for pools spreading and vaporising on land or water.
It can handle both cryogens and slowly vaporising pools and the possibility that cryogens become
slowly vaporising pools as the heat supply is exhausted. The main disadvantage is its scope:
restriction to circular pools on flat (solid or liquid) surfaces, lack of consideration of mechanisms
important in pool formation.

9.8 Suitability of assessment methodology for this model
This assessment procedure has worked well for this model. We believe it has exposed the model’s
strengths and limitations, in a way which will inform users.
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0 Assessment information
0.1 Assessor
Dr David Webber,
Health and Safety Laboratory (HSL)

0.2 Date
November 2008

0.3 Documentation
0.3.1 Primary documentation
The section entitled “SOURCE 5 Overview” of the BREEZE software user guide (Trinity Consultants
2004), hereinafter “[BRZ]”.
An undated Microsoft Word document entitled “SOURCE5”, hereinafter [SRC5]. (It is not clear
whether or not this document has any current “official” status and so we regard it as secondary to
[BRZ], though it is useful where it contains information missing from [BRZ].)
0.3.2 Secondary documentation
Atallah et al (1993) (The description of a predecessor, SOURCE1, of SOURCE5 sponsored by Gas
Research Institute) hereinafter “[GRI]”.
TNO (1980) The 1980 edition of the TNO Yellow Book whence some of the material in SOURCE5 is
taken – hereinafter [TNO].
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1 The Model
1.1 Name, version number, and release date
1.1.1

Name

SOURCE5
1.1.2

Version
Version 5 revision 1

1.1.3

Release date
2004

This version and release information is taken from the manual: Trinity Consultants (2004).

1.2 Short description of model
SOURCE 5 is a suite of 5 different models, each for a slightly different scenario:
•

Unconfined instantaneous spills on land

•

Confined continuous spills on land

•

Confined instantaneous spills on land

•

Unconfined instantaneous spills on water (with and without ice formation)

•

Continuous spills on water

The models are expressed in terms of algebraic equations, mainly explicit ones, which are in some
cases analytic solutions of ordinary differential equations.

1.3 Model type
{ Screening tool

~ Integral model

{ Shallow layer model { CFD model

{ 1‐D

{ 2‐D

{ 3‐D
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1.4 Route of model into assessment project
1.4.1

Model supplier

; Developer

 Licensee

 Other

[BRZ] Documentation supplied by the current developer.
[GRI] Documentation supplied by Ted Williams, American Gas Association.

1.4.2

Model developer

Trinity Consultants
12770 Merit Drive
Suite 900
Dallas, TX 75251
USA

Tel: +1 972‐661‐8881
Fax: +1 972‐385‐9203
breeze@trinityconsultants.com
support@trinityconsultants.com

1.5 History of model
SOURCE5, described in [SRC5], derives very directly from SOURCE1, published in [GRI], and is
attributed originally to “Risk & Industrial Safety Consultants (RISC)” in 1993 who undertook a
contract for the Gas Research Institute. [SRC5] notes that the original program has been “corrected,
refined, and enhanced several times” in the production of SOURCE5.
The code reviewed here was originally designed for MS‐DOS. However, Trinity Consultants’ BREEZE
web site (http://www.breeze‐software.com , 26 November 2008) states that “The Gas Research
Institute (GRI) awarded Trinity a project to modernize the LFGRISK and DEGADIS dense gas
dispersion models and integrate the models into an off site consequence (OCA) modeling system.”
Chapter 6 of [BRZ] describes a Windows version of the code, and so we accept the BREEZE
documentation [BRZ] of the model as being definitive. (Information in [SRC5] about the Windows
version appears to be outdated.)
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1.6 Quality assurance standards adopted
1.6.1

Model development

 MEG guidelines ; Other
1.6.2

Software development

 National

 International

 Organisation

 ISO 9000

; Other

1.6.3 Comments
The number of misprints in the equations in both [SRC5] and [BRZ] are indicative of poor quality
assurance.

1.7 Relationship with other models
1.7.1

Status of model being evaluated

~ Self‐contained

{ Can be used as one part of suite

{ Inextricably bound to other models

{ General‐purpose, specific application

{ Other

1.7.2 Interfacing with other models
Output from SOURCE5 may be used as the input to the DEGADIS dispersion code.

1.8 Current model usage
The model has been used very extensively for LNG hazard assessments in the USA.

1.9 Hardware and software requirements
1.9.1
PC

Computer platforms on which the program will run

1.9.2 Operating systems required
MS‐DOS or in a command prompt Window in Microsoft Windows.
1.9.3 Any additional software which may be required or helpful
None known.
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1.10 Availability and costs
Available as part of the breeze software suite: www.breeze‐software.com (accessed 26 November
2008). At one point, the DOS version of the program was available free of charge from GRI – contact
Trinity Consultants for details.
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2 Scope of the model
Nature of model:

; Integral

(models bulk quantities as a function of time)

 1D Shallow water

(models quantities as a function of time and one horizontal space
coordinate)

 2D Shallow water

(models quantities as a function of time and two horizontal space
coordinates)

 3D CFD

Dynamics of LNG pools on land:

; Spreading of liquid on land

; Liquid on land confined by a bund/dike

; Instantaneous releases

; Continuous releases

; Smooth ground

 Rough ground

; Permeable ground

 Sloping ground

; Drainage

 Bund overtopping

Geometry of LNG pools on land:

; Circular pools

 Semicircular pools

 Channelled flow

 Pools confined by a dike of arbitrary shape

 Other

; Pools confined by a dike of simple shape

Heat transfer to LNG pools on land:

; Conduction from the ground

 Convection from the air

 Solar radiation

 From fire

 Film boiling heat transfer

 Other
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Dynamics of LNG pools on water:

; Spreading of liquid on water

 Liquid confined on water

; Instantaneous releases

; Continuous releases

 Effect of waves

 Effect of currents

 Underwater releases

Geometry of LNG pools on water:

; Circular pools

 Semicircular pools

 Other

Liquid discharge into pool

; Calculated (eg from a given orifice and head of liquid) ; User input to the model
 Vaporisation from jet before pool formation ( Liquid;  Spray;  Two‐phase.)
 Liquid jet penetrates water surface
(In some cases the discharge rate is calculated from a modified liquid discharge formula.)

Heat transfer to LNG pools on water:

; Transfer from contact with the water

 Film‐boiling heat transfer

 Convection from the air

 From fire

 Solar radiation

 Other

Composition of LNG:

; LNG treated as methane

; LNG treated as a fixed hydrocarbon mixture

 LNG treated as a time‐varying hydrocarbon mixture
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Vaporisation of LNG pools on land or water:

; Boiling (vaporisation at constant temperature driven by the heat flux to the pool)
 Evaporation (vaporisation driven by removal of vapour from above the pool surface)
 General heat balance allowing for changing temperature
 Rapid Phase Transitions
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3 Review of the scientific basis of the model
3.1 Introductory remarks
This review was carried out as part of the project that developed this framework for source term
model assessment, Webber et al. (2008).

3.2 Pools on land
3.2.1

Pool spread on land

3.2.1.1 Instantaneous liquid spills on land
For an instantaneous release of an unconfined pool spreading on land, SOURCE5 adopts a spreading
law of the form ([BRZ]) – in their notation:

drp
dt

=

[C ′′g(δ l − δ l min )]

Where rp(t) is the radius of the spreading pool, δl is its depth, δlmin is a constant minimum depth
defined by the roughness properties of the ground, and C” is a constant defined as approximately 2.
This equation is an adaptation of a fairly standard model for spreading on water. However, it has
been known since the mid 1980s to have no justification at all for spreading on land, as reviewed by
Webber et al. (2008) (A prominent clue to its unsuitability is that, although the flow decelerates –
i.e. the spreading velocity decreases as the depth decreases ‐ there is no mention of viscosity. In this
model molasses and water spread at the same rate.)
The δlmin term ensures that spreading stops when the depth decreases to this value. The referenced
source is the 1992 edition of the TNO “Yellow Book”.
It appears to have come directly from
SOURCE1 as described by [GRI], who take it from the 1980 edition of the TNO “Yellow Book”. (This
latter work was produced in the same period as the early models discussed by Webber et al. (2008)
and clearly reflects the misconceptions of those models.) 1
[BRZ] then goes on to define

Vl 0 = π rp2δ l min
and describes Vl0 as “the volume of the LNG pool prior to evaporation”. This too comes directly
from [GRI]. This equation must surely contain a misprint (despite its appearance three times in the
two documents), as for an instantaneous release Vl0 and δlmin are both constant, and therefore it
implies rp to be constant in contradiction with the spreading equation. With some mathematical
experimentation we deduced that the equation

1

Note that by the third edition of the TNO Yellow Book (van den Bosch and Weterings, 1997), its recommendations on
modelling pools spreading on land followed the model of Webber and Jones (1987) which it reproduced in some detail, and
that the 1980 Yellow Book reference of BRZ (2004) is therefore obsolete.
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Vl 0 = π rp2δ l
was probably intended. In the process it also became clear that the following equation

[

rp2 = 4C ′′gVl 0 t 2 / π

]

1/ 2

− C ′′δ l min t 2

of [BRZ] is also clearly wrong as it stands. (For example, the dimensions of the second term on the
right are wrong.) However this is resolved with reference to [GRI] and [SRC5] in which the equation
is given as

[

rp2 = 4C ′′gVl 0 t 2 / π

]

1/ 2

− C ′′gδ l min t 2

This equation can indeed be obtained from the corrected volume equation as follows.
Substituting

δl =

Vl 0
π rp2

Into the assumed spreading equation, we obtain

rp

drp
dt

=

[C ′′g(V

l0

/ π − δ l min rp2 )

]

which is integrable straightforwardly to give

rp2 =

Vl 0

πδ l min

− C ′′gδ l min (t1 − t) 2

where the constant of integration t1 is the time at which the depth δlmin is achieved, and the
equation is valid only for t<t1. To make this agree with the published solution we take t1 such that
rp(0)=0 (although, as noted, this implies an infinitely deep pool of zero radius at t=0). For this value

t1 =

Vl 0
π gC ′′δ l2min

and we obtain the [GRI] version of the equation for rp2.
After having performed this calculation, we located a 1980 edition of the TNO Yellow Book, and it
was possible to verify that the “correct” forms of both equations appear there, and that these
particular misprints must have arisen as transcription errors at different stages in the journey from
[TNO] to [GRI] to [BRZ].
The calculation raises other questions however. For example, the quadratic form of the spreading
equation seems to imply that the pool will first expand radially and then shrink at large time,
whereas the original spreading formula has only a positive spreading velocity. The fact that there is
a requirement t < t1 means that the apparent shrinking phase is not part of the solution.
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In summary, once allowance has been made for misprints, it appears that the model uses a
spreading law which is known to be inappropriate even for non‐vaporising pools (and in particular to
scale wrongly) and which is integrated assuming that no liquid vaporises during spreading, until the
pool has reached a minimum depth defined by the ground roughness. The final spreading equation,
once corrected, must only be used within certain time limits, which are not stated (either by [GRI] or
[BRZ]), but of which the upper one at least is very specific.
In fact the pool is considered to stop spreading when its depth becomes δlmin. If we take the
advertised spreading rate this should happen at the time given above.
However, in order to
evaluate this time, [BRZ] writes down a “complex” polynomial in √t (including coefficients
dependent upon those introduced for the vaporisation rate), which they solve numerically. This
would appear to be at odds with the spreading model, which completely decoupled spreading from
vaporisation. It is not entirely clear, therefore, what is meant here. The vaporisation formula is
discussed further in the appropriate section below.
3.2.1.2 Instantaneous spills into a bunded area
In this case, the spill is assumed to fill the dike instantly, but the liquid dynamics are not considered,
and so liquid is assumed not to overtop the dike. In this case, then, there is no spreading model.
3.2.1.3 Continuous liquid spills on land
Continuous spills on land are only considered in the presence of a dike/bund which are discussed in
the following section.
3.2.1.4 Continuous spills into a bunded area
For a continuous liquid release into a bund or dike, the liquid is first considered to spread until it
reaches the dike. During this period the vaporisation rate is apparently defined to be equal to the
release rate (“Until the liquid reaches the outer walls, all of the spilled liquid boils essentially
instantaneously, generating LNG vapour at a constant rate.”) and so it is unclear how the liquid can
reach the outer walls. Again there appears to be no scientific basis for this formulation.
However, the modelled liquid is considered to reach the dike wall, despite the statement “all of the
spilled liquid boils essentially instantaneously”. After this, the vaporisation rate is assumed to be
controlled by conduction from the dike floor, which now starts to cool.
The rate at which liquid escapes its initial confinement in a tank or pipe is given by a fairly standard
liquid release model, but modified by a “two phase flux coefficient” which is defined as a function of
the ratio of the exit pressure (atmospheric + liquid head) to atmospheric pressure. The origin of this
is unknown.
3.2.2 Heat transfer to pools on land
The heat transfer from the ground is modelled as proportional to 1/√t – again taken from TNO
(1980, 1992). Heat transfer can decrease like this for a confined pool, as a direct result of the (one‐
dimensional) Fourier conduction equation in the ground with the boundary condition that the
surface temperature is held constant. Effectively, as the ground cools heat has to be obtained from
further and further below the surface; this becomes more and more difficult and the heat transfer at
the surface therefore decreases. This is a reasonable assumption for a pool confined by a bund,
which is not spreading.
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However, it may significantly underestimate the heat transfer to a spreading pool. As the pool
spreads it will cover warm ground and extract heat much more efficiently than it can from the cold
ground under the centre of the pool. (And even for a confined pool it may underestimate the heat
transfer at larger times when other heat transfer processes may take over, and the pool may depart
from the boiling régime where vaporisation rate is proportional to heat transfer.)
For dry permeable ground the heat transfer is modelled as 8 times larger than for impermeable
ground. For moist permeable ground a further modification is introduced depending on how moist
it is. All of this is entirely phenomenological and the evidence for it is not presented explicitly by
[BRZ]. Our own inclination would be to treat moist permeable ground as impermeable, given that
the water will be expected to freeze at the surface, (and possibly modify the conductivity, as in fact
is also done here, depending on the conductivities of dry ground and ice). The mass vaporization
rate is taken as the pool area derived above multiplied by the modelled heat transfer rate
proportional to 1/√t.
3.2.3 The vaporisation model for pools on land
While the pool is spreading or confined by a bund, the vaporisation rate is modelled as the ratio of
the heat transfer to the latent heat Q/L. This, then, is a model of boiling where all heat transfer to
the pool is taken up by the latent heat of vaporisation of the liquid, and the temperature remains
constant.
However the model for the mass vaporisation rate at time t is quoted [BRZ], [SRC5] as

m& p =

2e
t

π ⎜⎜ [4 C ′′gVl 0 t 2 / π ]
⎛

1/ 2

⎝

⎡4
⎤⎞
− ⎢ C ′′gδ l min t 2 ⎥ ⎟⎟
⎣3
⎦⎠

where the constant e is related to the thermal properties of the ground. In quoting this equation,
we have brought the factor out at the front in an attempt to understand it as πrp2 multiplied by an
evaporation rate per unit area (2e/√t). Comparing with the expression for rp2 quoted in our section
on spreading, it appears that the factor 4/3 should not be present in the second term. But given the
difficulty we experienced trying to reproduce the spreading argument, and that the calculation of
the radius appears to be based on an assumption of zero vaporisation, we shall not try here to
reproduce the 4/3 factor. (The argument makes reference to an edition of the TNO Yellow Book
which had long been superseded at the date of the [BRZ] document.)
Another vaporization model is used after an unconfined, instantaneously released pool has reached
its minimum depth δlmin, as follows.
The pool is defined to shrink with the radius decreasing exponentially with √t. Specifically a
constant is defined by

e* =

dm
dt

*

te

(r )

* 2
p

where te is the time at which the minimum depth is achieved and * indicates evaluation at this time.
The pool shrinking and mass evaporation rate are then defined by
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⎡
⎤
2e *
( t − t e )⎥
rp2 = (rp* ) 2 exp ⎢−
⎣ ρ l δ l min
⎦
and

dm
e* 2
=
rp
dt
t
This last equation represents boiling with a heat‐transfer rate going like t‐1/2, but the reasoning
behind the equation for the radius is less clear. It implies that dm/dt is exactly proportional to
d(rp2)/dt and therefore the mass of liquid varies linearly with the pool area. If the constants of
integration are assumed to be such that the mass is proportional to the pool area, then this implies it
is assumed to shrink radially at constant depth, (with a vaporisation rate proportional to t‐1/2)
indefinitely. The mechanism for holding it at constant depth is not clear, and the vaporisation
model assumes implicitly that it cannot drop below its boiling point due to removal of vapour by the
wind.
3.2.4 The effect of a bund on the vapour source
The model defines the source of vapour (to any subsequent dispersion model) to be precisely zero
until the liquid depth, plus the depth of vaporised (but undiluted) LNG, becomes equal to the height
of the dike wall. This may be reasonable if there is no wind, but in reality even in relatively low wind
speeds a significant amount of LNG vapour will be expected to surmount the downstream wall of the
dike, long before this.
If there is any wind at all, the assumption is not credible. It is equivalent to the assumption that if
you stand in the centre of the empty dike, however large in area and whatever the wind conditions,
you will be completely sheltered from all effects of that wind. This may result in truly gross
underestimates of the hazard, essentially as follows: if the dike is fairly deep, and the ground not
especially conductive, it may take a very long time to fill with vapour, during which time the model
predicts zero flammable gas outside of the dike, no matter what the area of the dike and no matter
what the wind speed.
By the time the dike has filled with vapour (allowing it to disperse in this
model), the conducted heat flux, and hence the vaporisation rate, may have dropped to a value very
much smaller than the initial rate, resulting not only in a long delay in vapour production, but also in
a very significant underestimate of the vapour generation rate at the source.
Havens and Spicer (2007) have already discussed this shortcoming of SOURCE5 in some detail (see
Section 8 below).

3.3 Pools on water
3.3.1

Pool spread on water

3.3.1.1 Instantaneous liquid spills on water
SOURCE5 contains two alternative models for LNG spreading on water: one assumes ice forms; the
other assumes it doesn’t.
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If ice does not form:
For this case [BRZ] adopts the model of Raj and Kalelkar (1974) discussed in detail by Webber et al.
(2008). The pool is considered to spread radially. The spreading is (erroneously – see Webber et al.
2008) considered to be represented by a “gravity‐inertia” régime and is discussed explicitly with a
gravity force

Fg = πρ l g (1 − ρ l / ρ water ) Rδ l2
for a floating pool of radius R, depth δl, and density ρl. This is set equal to a negative “inertia”

(

Fi = − C πR 2δ l ρ l

) ddt R
2

2

and the resulting spreading law is written in the form

⎡

R

⎤ d 2R

δl = − C⎢
⎥ 2
⎣ g (1 − ρ l / ρ water ) ⎦ dt

The effective gravity driving force is thus defined to be outwards, but the radial acceleration is
inwards.
The role of the constant C is unclear; to quote [BRZ]: “The term C in the expression for Fi is treated
as a constant and represents the notion that the pool‐spreading rate is controlled by the leading
edge of the pool, and that the leading edge has the characteristics of a film. Hence, the leading edge
of the film consists of a very small fraction of the total mass of the spilled LNG. Since the mass of the
leading edge is very small, the leading edge inertia is a small fraction of the total inertia of the
released LNG.”.
The misconception on which this is based, and its consequences, are discussed in detail by Webber
et al. (2008) In fact one has to be very careful to start the pool spreading outwards fast enough to
prevent these equations describing a pool which piles up (in a finite time) to an infinitely high spike
of zero radius.
It appears from the discussion of the model that the unphysical nature of the general solution has
gone unnoticed, since there is no discussion at all of the initial spreading velocity in [BRZ], who
neither specify what it is, nor how it comes about, if not by gravity.
The spreading solution (allowing for vaporisation at a constant rate per unit area – see below) is
quoted as

X =[0.442Δτ 3 + 1.3τ ]1/ 2
wherein all quantities are dimensionless with X proportional to R,
proportional to the rate of heat transfer.
In fact [BRZ] set X = R /V01/ 3 and τ = [g (1 − ρ l / ρ water )]

1/ 2

τ proportional to t, and ∆

t / V01/ 6 and ∆ to be the heat flux

normalised by the latent heat, density, initial volume and reduced gravity to make it dimensionless.
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If one “switches off” heat transfer by setting ∆ = 0 then the popular spreading result R~√t is
recovered, which is one solution of the “gravity‐inertia” equation (as [BRZ] erroneously present it)
but a very specific one with an infinite spreading rate and zero radius at time t=0, which, as Webber
et al. (2008) has noted, is far from characteristic of the general solution of the spreading equation.
Even more unintuitively, (and one has to note that neither X nor τ depend on the heat flux) it
appears that allowing the pool to vaporise – i.e. setting ∆>0 – causes the pool to spread more rapidly
than it would otherwise. [BRZ] makes no comment on this. The origin of this unphysical
dependence is explained in detail by Webber et al. (2008).
If ice does form:
[BRZ], also following Raj and Kalelkar (1974), allow for the possibility that ice may form in a solid
surface beneath the pool. These days this is generally believed not to happen for pools on deep
water in the open, and it may be that the model is more often used assuming no ice formation. But
we review the ice formation model here briefly.
A solid layer of ice is assumed to form beneath the pool and expand radially with the pool, having
zero thickness (at any instant) at the front, and growing in thickness beneath the centre.
The spreading law with ice formation is written

δl = − C r

d 2r
dt 2

This is the same as the case with ice formation except that the gravity/buoyancy factor is omitted,
leaving the equation dimensionally unsound. (This appears to be another misprint, as the combined
gravity and relative density difference appear again later folded into various constants. ) It may thus
be that ice formation is assumed not to affect the spreading directly. However conduction through
the ice is considered to affect the heat transfer, and the overall spreading rate is now quoted as

X =[0.442ατ 5 + 1.3τ ]1/ 2
where α is proportional to the square root of the conductivity of ice.
The 5th power of τ is
interesting in comparison with the 3rd power in the no‐ice case. Whereas heat transfer direct
from the water increased the spreading rate over the result for no heat transfer, it looks as if the
heat transfer from the ice, which one might think would be smaller, increases the spreading rate
even more. It may be, (allowing for the different coefficients) that one cannot find a pool
dimension for which this comparison applies so simply, but on the face of it, it looks as if one should
be able to find a case where τ becomes large enough to give this very unintuitive result.
3.3.1.2 Confinement of instantaneous liquid spills on water
Liquid spills on water are considered unconfined.
3.3.1.3 Continuous liquid spills on water
SOURCE5 bases its model of continuous spills on water on an “extension” of the work of Raj and
O’Farrel, but unfortunately there is no indication in the reference list of [BRZ] of where that work is
to be found. Later we found it quoted in [SRC5]. The model balances evaporation from a circular
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pool having reached its maximum radius Rmax with the rate of flow into the pool. The first equation
in [BRZ] which claims to express this is

πRmax = Q' ρ l
where ρl = LNG density (kg/m3), Q’ = the volumetric flow rate of the LNG as it leaves the storage tank
(m3/s). The left hand side of this equation has the dimensions of length, and the right those of mass
over time. It may be another misprint. Fortunately an alternative is given in the form

Rmax = [Q' / π y']1/ 2
where y’ is the liquid regression rate (m/s), which is both more intuitive and dimensionally correct.
This version is also quoted in [SRC5].
The radius of the pool is quoted in [BRZ] and [SRC5], and appears to increase broadly as √t . The
brackets don’t match in [BRZ], and so we take [SRC5] to be the definitive version. This quotes
1/ 2
1/ 2
⎛
Fa E ⎤ ⎟⎞
⎡ 2 ⎤ ⎡ t
⎜
R(t) = a 1 + ⎢
⎥
⎢ −
⎜
(1 − 2E) ⎥⎦ ⎣ t ch (1 − 2E )2 ⎦ ⎟
⎣
⎝
⎠

in which E is “determined from LNG experiments” to be 0.408 implying
1/ 2
⎞
⎛
⎡
⎤
t
R(t) = a⎜1 + 3.30 ⎢ − 12.1 Fa ⎥ ⎟
⎜
⎣ t ch
⎦ ⎠⎟
⎝

In which a is the radius of the nozzle from which the pool spreads and Fa is a function of a
densimetric Froude number based on the radius of the jet when it strikes the water, and the vertical
velocity with which it strikes. The constant tch is a “characteristic time” which [SRC5] does not
specify. But [BRZ], which quotes t/tch as the characteristic time (we assume this is a misprint),
implies

t ch

⎡
⎤
a4
=⎢
⎥
⎣ g(1 − ρ / ρ w )Q' ⎦

1/ 3

The
so that the pool area increases linearly with time with R2 ~ (g’Q’a2)1/3t at large time.
dependence on the radius of the nozzle when the pool is much larger than the nozzle is interesting
and far from intuitive. We note that other continuous release models result in a dependence
broadly of the form R2 ~ (g’Q’)1/2t3/2 . This is also obtainable from dimensional arguments if one
believes that the spreading should become independent of the nozzle size. The difference is, in
principle, experimentally testable.
3.3.1.4 Confinement of continuous liquid spills on water
Liquid spills on water are considered unconfined.
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3.3.2 Heat transfer to pools on water
The heat transfer, per unit pool area, from the water to the pool is taken as constant. This is
reasonable for deep water where convection in the water is likely to keep it at more or less uniform
temperature. The heat transfer is set at a rate sufficient to cause a pool regression rate of 1inch per
minute (4.2 10‐4 m/s ).
3.3.3 The vaporisation model for pools on water
As in the case of spills on land, the vaporisation model is one of boiling at constant temperature: all
heat transfer to the pool is taken up as latent heat of vaporisation.
3.3.4 The effect of a confinement on the vapour source
Not applicable: liquid spills on water are considered unconfined.

3.4 Pool formation
3.4.1 Vaporisation before the pool is formed
In the case of continuous liquid spills into a bunded area on land, some vaporisation is considered to
occur before the pool forms. A certain fraction is assumed to “flash” on release, but the fraction
(claimed to be “derived from thermodynamic data”) is given in [BRZ] and [SRC5] by a dimensionally
unsound formula

F = 0.078(PTV − 1) − 0.0203(PTV − 1) 2
as a function of a pressure PTV quoted as the vapour pressure in the tank measured in bar‐gauge.
The pressure PTL at the outlet is defined to be higher than this by an amount equal to the static head
of liquid:

PTL = PTV + ρ L gH L
with ρL being the density of the liquid in kg/m3, g being the acceleration due to gravity in m/s2 and
HL the liquid head above the centre of the pipe in m. This would be reasonable had not units been
quoted explicitly. As it is, with PTL and PTL being defined in bar‐gauge, there is a missing conversion
factor of 105 between Pascal and bar missing. We have not investigated whether this error has
found its way into the coding.
Coming back to the flash fraction, one might guess that something of the form

F = 0.078(

PTV
P
− 1) − 0.0203( TV − 1) 2
Pa
Pa

might be intended with Pa being atmospheric pressure and PTV being the absolute, rather than
gauge, pressure in the tank. This would mean that F could never become negative (as allowed by a
straightforward reading of [BRZ] and [SRC5] for a gauge pressure of less than 1 bar), and F would be
zero for unpressurised storage at the boiling point, where the vapour pressure is the same as
atmospheric pressure.
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This is speculation, but it fits qualitatively to some extent with what might intuitively assume about
flashing. If the liquid in its containment is below its ambient pressure boiling point (112 K) then
there is no reason why any of it should “flash” at all. It may boil at a rate governed by the rate at
which heat gets into it, but before (say) an airborne stream of liquid hits the dike floor, this will be
rather small. When it comes into contact with an ambient temperature solid surface it will boil
rapidly, at a rate governed by conduction in the solid (and not by the release pressure).
If the
liquid is under pressure, and the liquid temperature is above the ambient pressure boiling point,
then there may be some flashing (as seen, for example, under those circumstances with LPG). But
[BRZ] and [SRC5] do not discuss the temperature of the liquid release. (Rather they define a
modification to a typical pure liquid release rate by a “two‐phase flux coefficient” dependent on
PTL/Pa ‐ which again only appears to make any kind of sense at all if PTL is an absolute, rather than
the stated gauge, pressure.) There may be an implicit assumption of thermodynamic equilibrium in
the tank, but this is not mentioned and is far from clear.
Two phase jet models can predict the flashing, and indeed the cooling as the heat of vaporisation is
extracted from the jet. But SOURCE5 itself does not present a two phase jet model. In any event,
the assumed release pressure of 1.5bar is rather less than that usually considered in two phase jet
models, which would have to be examined for validity at that pressure. SOURCE5 says nothing
about the thermodynamic state of the LNG being released, and so it is difficult to discern what the
model is describing.
( [SRC5] also states that the model can allow for the presence of a sump, but does not say how it
does this, nor is it mentioned in [BRZ]. )
3.4.2 Liquid impacting on the ground
There is no explicit consideration of this. The pool is simply assumed to spread from the source but
initially with a very high implied velocity as discussed in the description of the spreading model.
3.4.3 Liquid impacting on a water surface
SOURCE5 presents some consideration of what happens when a liquid jet impinges on a water
surface, following work ascribed to Raj and O’Farrel in [BRZ] and [SRC5] and referenced in [SRC5].
These authors are quoted as considering that an LNG liquid jet impinging on the water surface will
spread in such a way that a hydraulic jump forms. This is a familiar phenomenon to anyone running
a tap into an empty wash basin: the water spreads rapidly in a very shallow stream (“supercritical
flow”) until at some distance from the point of impact there is a jump to a deeper slower
(“subcritical”) flow 2 . Raj and O’Farrel are quoted as considering that the hydraulic jump will occur
at the radius of the jet, as the jet hits the water surface. In this case it probably isn’t really a
hydraulic jump in the usual sense, as there is no supercritical flow region; rather it is a model in
which the radial flow outward from the jet is always subcritical. The energy which needs to be
dispersed will be lost at the point of impact.

2

Hydraulic jumps are most easily understood in terms of inviscid Shallow Water theory where mass and momentum fluxes
are conserved across the jump but there is a loss of energy at the discontinuity. This is somewhat idealised: in reality there
is a small region of strong turbulence at the jump which dissipates the energy. They can be created, for example, in
channels when upstream conditions produce a rapid shallow flow (with Froude number greater than 1), but downstream
conditions demand a deeper, slower flow (with Froude number less than 1).
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However, if a vertical jet hits a horizontal water surface it may be expected to penetrate the surface
to some extent. If the jet is LNG, this will give a greatly enhanced scope for heat transfer from the
water to the LNG, which will cause boiling so rapid that one might expect the resultant flow to be
very different from what would happen in the case of a non volatile liquid.
In either case – a cryogen or a non‐volatile liquid – the simple idea of a subcritical flow emerging
along the surface would appear to be an uncertain approach.
3.4.4 Underwater releases
Underwater releases are not considered by SOURCE5.

3.5 Rapid phase transitions
Rapid phase transitions are not considered by SOURCE5.

3.6 Rollover
Roll‐over is not considered by SOURCE5.

3.7 Solution technique
SOURCE5’s equations are essentially algebraic and explicit, so that no sophisticated solution
methods are required.

3.8 Sources of model uncertainty
3.8.1 Stochastic processes
The most significant apparently random process – a rapid phase transition ‐ is not covered by the
model. Whether or not it should be included probably qualifies as a source of uncertainty.
3.8.2 Modelling assumptions
Some of the modelling assumptions are untenable – including negative inertia for spreading on
water, that spreading on land is essentially the same as spreading on water, that vapour in a dike
does not disperse until it achieves the height of the dike. The adverse consequences of the
spreading assumptions are mitigated to some extent by a further untenable assumption – that
spreading on land always starts with a very high radial velocity. (This is discussed in detail by
Webber et al 2008.) These modelling assumptions are therefore clearly incorrect. However, it is
possible that in some cases the errors cancel out to give coincidentally good predictions. This may
be possible for LNG released in a certain way, at a certain rate, but it seems unlikely that this can
happen at all scales for liquids of different volatility released in different ways. Therefore there is
no expectation that the model should accurately extrapolate results at laboratory scale to the scale
of a large accident.
Apart from that there is considerable uncertainty in the model equations themselves, due to
apparent misprints in the documentation. We have spent considerable effort trying to resolve these
to our satisfaction, but cannot claim complete success. An analysis of the program’s source code
would be the only approach which could resolve this, and that is outside the scope of this review.
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3.8.3 Numerical method
No sophisticated numerical methods are needed, and so in principle there should be no
uncertainties introduced.
However, where implicit algebraic equations are quoted (for example the equation for the “critical
time” for instantaneous spills on water with no ice formation given in [SRC5], which is equivalent to
solving an eighth order polynomial and selecting the correct root) a numerical solution method is
not described, and so this is not clear.
3.8.4 Sensitivity to input
This review is unable to answer this question definitively in all respects. The counter‐intuitive nature
of model makes it difficult.
However, to give an example: the local vaporisation rate on water is an input to the model (though a
default value is offered) and spills on water are documented as spreading faster for a higher (local)
vaporisation rate. This means that choosing a larger local vaporisation rate will give a pool with a
larger area, and therefore increase the total vaporisation rate by a much larger factor. This can be
contrasted with other models where a larger vaporisation rate will reduce the pool thickness faster,
thus reducing the gravity head for spreading, and result in a smaller pool area, meaning that the
total vaporisation rate increases more slowly.
Also, by choosing to model a high dike wall, and an insulating dike floor, it may be possible to
prevent the LNG reaching the top of the dike for some considerable time. By that time cooling of
the ground may have resulted in a very low heat flux. As this is assumed to be the only heat flux into
the pool, and defines its vaporisation rate irrespective of atmospheric conditions, the resultant
source term for a dispersion model may be tiny. We thus expect a strong sensitivity to assumptions
about the dike, based on the other assumptions the model makes.
The results are also likely to be sensitive to the assumption of how much liquid escapes.

3.9 Limits of applicability
The model is limited to circular pools in the five situations summarized in Sect 1.2 above.

3.10 Special features
The assumption that there is no dispersion before the dike fills with vapour may be considered a
“special feature” in that a source term model would normally predict the rate of vapour generation
at the surface of the pool, and allow a subsequent dispersion model either to model the effect of the
dike wall on the dispersion of the vapour or to neglect it.

3.11 Planned scientific developments
None are known.
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4 User oriented aspects
4.1 User oriented documentation and help
4.1.1

Written documentation

; User Manual

; On‐screen help

 Other

[SRC5] concludes with three pages of “user’s guide” to the MS‐DOS version of the code. Chapter 6
of [BRZ] describes the use of the Windows version of the code.
4.1.2

User support

; Telephone support ; E‐mail

; Training courses

 Other

4.2 User interface
4.2.1

Provision of input

 Edit files directly
4.2.2

; Guided input

 Other

Information when model running

 Numerical values  Error/warning messages

4.2.3

 Status of calculation  Other

Examining output

Graphical display of output
 Integral graphical display facilities

 Separate graphical display program

Examining numerical values

; Integral numerical display facilities

 Separate numerical display facility

 Output files

 Other

4.3 Internal databases
 Internal databases available
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 Other

4.3.1

Databases available

; Material properties

 Scenarios

 Other

Default values of methane properties and dike floor materials are included.
4.3.2

Access by user

; Access from model

 Access outside model

 Other

The above default values may be overridden in the input.
4.3.3

Modification

 General users

 Administrators only

 No users

 Other

See 4.3.2.

4.4 Guidance in selecting model options
4.4.1

Main choices required

; Source configuration
 Substance released

; Properties of substance released

 Atmospheric conditions

 Terrain

; Bund/dike

 Boundary conditions

; Initial conditions

 Computational domain

 Computational mesh

 Discretisation

 Convergence criterion/a

 Output required

 Other

Guidance in choices available
Sources

; User documentation

; Within interface

 Pre‐existing input files

Type
 Worked examples  Explicit advice  Pre‐set lists of values  Defaults  Other
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 Other

4.5 Assistance in the inputting of data
4.5.1

Facilities available

Checks
 Valid range

 Valid type

 Entry has been made  Other

Mesh and surface generation (CFD only)
 Import file formats

 Built‐in facility

 Automatic

 User‐defined

 Other

4.6 Error messages and checks on use of model beyond its scope
4.6.1

Facilities to trap inappropriate use

 Facilities available
 Checks on intermediate results
 Warning messages given
4.6.2

 Other action taken

Error/warning Messages

Occurrence
 During input

 During model run  During output examination  Other

Type
 Self‐explanatory  Look up online

 Look up in documentation

4.7 Computational aspects
4.7.1

Programming languages

Simulation engine
 Fortran 77

 Fortran 90  C

 C++
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; BASIC  Pascal  Other

 Other

4.8 Clarity and flexibility of output results
4.8.1

Facilities for display of results

 Graphical output
Additional software required?
{ Necessary

{ Optional

{ Not needed

 Numerical output
 Tabulated output

 User interrogation

 Other

4.9 Suitability to users and usage
Users should have a background in hazards analysis and understand the properties of LNG.

4.10 Planned useroriented developments
None known
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5 Summary of scientific assessment
; Key details of the model available for scientific assessment
(With the proviso that the documentation contains many misprints, some of which are very difficult to
disentangle.)



Model based on good science.

The science is not well founded.



Numerical methods are based on accepted/published good practice

Numerical methods (in the usual sense) are not required as the equations are algebraic and explicit.
Where algebraic equation are not explicit (rarely) the solution method is not documented.
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6 Verification
6.1 Passive verification
The equations of the model are very simple, and so verification that they are well represented by the
computer code should not be difficult. On the other hand it is difficult to believe that this has been
done in any depth because of the number of misprints in the documentation, which would surely
have been corrected in the process. In strict technical terms any verification is completely
inadequate, since if the code represents the published equations (complete with misprints) then it
does not represent the model, and if the code does not represent the published equations, then it
has not been verified.

6.2 Active verification
Active verification is outside the scope of this review, though we have gone to some trouble to find
our way past misprints in the equations within the review of the scientific basis of the model.

7 Validation and model performance
7.1 Passive validation
No validation, as such, is documented, though “LNG experiments” are occasionally mentioned. It is
possible that SOURCE5 has been used as part of the process of validating the dispersion code
DEGADIS but this is not clear from the material studied in this review.

7.2 Active validation
Active validation is outside the scope of this review.

7.3 Conclusions
It is not clear that any validation has been done and therefore the state of validation is by definition
unsatisfactory.
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8 Considerations arising in the literature
Havens and Spicer (2007) have reviewed aspects of SOURCE5 in some detail. They identify the
assumption of no dispersion from within a bund as being severely over conservative as we have also
noted. The assumption that the dike wall confines the liquid but has little effect on the vapour may
be a better (more conservative) procedure for assessing concentrations at a distance than that
embodied in SOURCE5. This issue is also addressed in the paper by Gavelli et al., 2008.
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9 Conclusions
9.1 General model description
SOURCE5 is a suite of 5 integral models covering
•

Unconfined instantaneous spills on land

•

Confined continuous spills on land

•

Confined instantaneous spills on land

•

Unconfined instantaneous spills on water (with and without ice formation)

•

Continuous spills on water

The models are expressed in terms of algebraic equations which are in some cases analytic solutions
of ordinary differential equations.

9.2 Scientific basis of model
For unconfined pools spreading on land, the spreading equation used has no scientific basis. The
heat transfer from the ground to the pool does not allow for the fact that the spreading pool
continually encounters warm ground.
For confined continuous spills on land, the model of the flow before it reaches the dike is unclear.
The assumption that the vapour within the dike remains unaffected (undiluted) by the atmosphere
until it is as deep as the dike wall, is very unphysical and may result in gross optimism about hazards.
Consideration is given to the way in which the pool may form and how much of any liquid jet may
“flash”, but the relation between this and the thermodynamic state of the escaping liquid, which will
surely be crucial in this respect, is unclear.
For confined instantaneous spills on land, bund overtopping by the liquid is not considered. The
same optimism for vapour confinement by the dike is present as in the case of continuous spills.
Models are presented for unconfined instantaneous spill on water assuming that both a layer of ice
forms under the pool, or not. The spreading model is that of Raj and Kalelkar (1974) which, as we
have seen (Webber et al. (2008)), is flawed by the introduction of “negative inertia”. Whilst it can
be forced into providing a result similar to front resistance for non‐vaporising spread by assuming a
rapid enough initial spread, it predicts that the pool will spread faster, the more rapidly it vaporizes.
A brief comparison of the models with and without ice formation (which differ in the heat transfer
from the water to the pool) also reveals some problems. The model thus appears to have no sound
physical basis.
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The model for continuous spills on water is based on the work of Raj and O’Farrel. A liquid jet
impinging upon the water is considered explicitly, but it appears not to be considered to penetrate
the surface, and any rapid boiling caused by it doing so is therefore neglected.
In summary we find that the suite of models embodied in SOURCE5 do not have a sound physical
basis. In fact it is doubtful that one can get an accurate picture of a scenario as complicated as
those considered here if one restricts oneself to simple algebraic equations such as those considered
by SOURCE5. Some of the predictions of the model, especially lack of dilution of the vapour before
it achieves the bund wall height, are expected to result in markedly optimistic predictions of hazards
The SOURCE5 model is also, in essence, very old. Which is to say that, although the description
([BRZ]) is dated 2004, the sub‐models it adopts are mainly three decades older. The [GRI] document
(from where most of this was taken) makes it clear that the source of this model comes from work
done by A D Little in 1974 and 1978. Looked at from a modern perspective, given that the
intervening period has seen intensive programs of research into hazardous releases, both in Europe
and in the USA, there is no real justification for the adoption of such old models.

9.3 Limits of applicability
The limits of applicability are essentially defined by the 5 models listed above in Sect. 9.1. Pools are
assumed circular. There is some limited consideration of how a pool is formed, in that jet
vaporisation is considered in some cases before a pool is formed. The concept of a sump exists in
the user interface, but its effect is not documented in the model description. The user interface
implies a considerable choice of dike shapes, but the effect of this choice is not documented in the
model description. Bund overtopping (by the liquid) is not considered.

9.4 Useroriented aspects of model
Input to the MS_DOS version is by a question and answer session. In the Windows version it is
defined by fields in a tabbed dialogue box. The dispersion code DEGADIS can be run directly from
the output in the Windows version.

9.5 Verification
No verification is published. The number of misprints in the documentation indicates that none may
have been done.

9.6 Validation
No validation is published.

9.7 Advantages and disadvantages of model
An advantage is that it is quick and easy to use. The disadvantage is that it appears to have a poor
scientific basis, no clear verification or validation, and that it can clearly result in very optimistic
(non‐conservative) predictions in some cases.
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9.8 Suitability of assessment methodology for this model
This assessment procedure has worked well for this model. We believe it has exposed the model’s
strengths and limitations, in a way which will inform users.
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SOURCE TERM MODEL ASSESSMENT FOR LNG POOLS
To complete: delete this paragraph and replace other italic text with the text of your review. Replace
empty boxes  with ticked boxes ; as appropriate.
In choices of one of many use ~ to indicate the choice; leave { for others.

Model Assessment Report
on
<MODEL> Version <No.>

Ref. No. <ReportRef>
Version <MAR_RefNo>
<Date>

Prepared by
<Organisation>
<Address>

0 Assessment information
0.1 Assessor
Name and affiliation of the reviewer

0.2 Date
Date of this review

0.3 Documentation
0.3.1 Primary documentation
Reference to, and comments on, the documents which define the model – usually by its authors.
Comments on any notable omissions or uncertainties.

0.3.2 Secondary documentation
[Optional] Reference to, and comments on, other documents which may describe the model, or part
of it, including third party reviews of the model.

2

1 The Model
1.1 Name, version number, and release date
1.1.1

Name

The name of the model
1.1.2

Version
The version reviewed here

1.1.3

Release date
Date of release of the above version

1.2 Short description of model
A very brief summary and scope of the model. Detailed description can be added in the sections
below.

1.3 Model type
{ Screening tool

{ Integral model

{ Shallow layer model { CFD model

{ 1‐D

{ 2‐D

{ 3‐D

1.4 Route of model into assessment project
1.4.1

Model supplier

 Developer

 Licensee

 Other

Contact details of model supplier
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1.4.2 Model developer
Contact details of model developer

1.5 History of model
History of the model including any ancestors and features inherited:
description and comments.

1.6 Quality assurance standards adopted
1.6.1

Model development

 MEG guidelines  Other
1.6.2

Software development

 National

 International

 Organisation

 ISO 9000

 Other

1.6.3 Comments
[Optional]

1.7 Relationship with other models
1.7.1

Status of model being evaluated

{ Self‐contained

{ Can be used as one part of suite

{ Inextricably bound to other models

{ General‐purpose, specific application

{ Other

1.7.2 Interfacing with other models
Incident models whose output can be used as input to the model under consideration ;
Dispersion models for which the output of this model provides automated input.

1.8 Current model usage
A broad indication of how widely the model is used.
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1.9 Hardware and software requirements
1.9.1 Computer platforms on which the program will run
Eg PC, MAC, Mainframe...
1.9.2 Operating systems required
Eg MS‐DOS, Windows 98, Windows XP, MAC‐OS, Linux, VMS,....
1.9.3 Any additional software which may be required or helpful
Eg graphics packages, compilers,..

1.10 Availability and costs
Availability:

description and comments.
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2 Scope of the model
Definition of the scope of the model with the tick‐boxes

; = feature addressed by the model
 = feature not addressed by the model
and (if necessary) very brief comments (as detailed descriptions belong in the following section).

Nature of model:

 Integral

(models bulk quantities as a function of time)

 1D Shallow water

(models quantities as a function of time and one horizontal space
coordinate)

 2D Shallow water

(models quantities as a function of time and two horizontal space
coordinates)

 3D CFD

Dynamics of LNG pools on land:

 Spreading of liquid on land

 Liquid on land confined by a bund/dike

 Instantaneous releases

 Continuous releases

 Smooth ground

 Rough ground

 Permeable ground

 Sloping ground

 Drainage

 Bund overtopping

Geometry of LNG pools on land:

 Circular pools

 Semicircular pools

 Channelled flow

 Pools confined by a dike of arbitrary shape

 Other

 Pools confined by a dike of simple shape

Heat transfer to LNG pools on land:

 Conduction from the ground

 Convection from the air

 Solar radiation

 From fire
6

 Film boiling heat transfer

 Other

Dynamics of LNG pools on water:

 Spreading of liquid on water

 Liquid confined on water

 Instantaneous releases

 Continuous releases

 Effect of waves

 Effect of currents

 Underwater releases

Geometry of LNG pools on water:

 Circular pools

 Semicircular pools

 Other

Liquid discharge into pool

 Calculated (eg from a given orifice and head of liquid)  User input to the model
 Vaporisation from jet before pool formation ( Liquid;  Spray;  Two‐phase.)
 Liquid jet penetrates water surface

Heat transfer to LNG pools on water:

 Transfer from contact with the water

 Film‐boiling heat transfer

 Convection from the air

 From fire

 Solar radiation

 Other

Composition of LNG:

 LNG treated as methane

 LNG treated as a fixed hydrocarbon mixture

 LNG treated as a time‐varying hydrocarbon mixture

Vaporisation of LNG pools on land or water:

 Boiling (vaporisation at constant temperature driven by the heat flux to the pool)
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 Evaporation (vaporisation driven by removal of vapour from above the pool surface)
 General heat balance allowing for changing temperature
 Rapid Phase Transitions
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3 Review of the scientific basis of the model
3.1 Introductory remarks
[Optional] Any overall comments which will assist the reader with the following review sections.

3.2 Pools on land
3.2.1

Pool spread on land

3.2.1.1 Instantaneous liquid spills on land
The model for spreading of unconfined liquid released instantaneously on land:
description and comments.
3.2.1.2 Instantaneous spills into a bunded area
The model for the effect of a bund/dike on liquid released instantaneously on land:
description and comments.
3.2.1.3 Continuous liquid spills on land
The model for spreading of unconfined liquid released over a period of time on land:
description and comments.
3.2.1.4 Continuous spills into a bunded area
The model for the effect of a bund/dike on liquid released over a period of time on land:
description and comments.
3.2.2 Heat transfer to pools on land
The model for heat transfer to a pool on land:

description and comments.

3.2.3 The vaporisation model for pools on land
The model for vaporisation of a pool on land (including RPTs, if modelled, and possible changes in
LNG composition):
description and comments.
3.2.4 The effect of a bund on the vapour source
The model for the effect of a bund/dike on the vapour source:
description and comments.

3.3 Pools on water
3.3.1

Pool spread on water

3.3.1.1 Instantaneous liquid spills on water
The model for spreading of unconfined liquid released instantaneously on water:
description and comments.
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3.3.1.2 Confinement of instantaneous liquid spills on water
The model for the effect of any confinement (eg a boom) of liquid released instantaneously on water:
description and comments.
3.3.1.3 Continuous liquid spills on water
The model for spreading of unconfined liquid released over a period of time on water:
description and comments.
3.3.1.4 Confinement of continuous liquid spills on water
The model for the effect of any confinement (eg a boom) of liquid released over a period of time on
water:
description and comments.
3.3.2 Heat transfer to pools on water
The model for heat transfer to a pool on water:

description and comments.

3.3.3 The vaporisation model for pools on water
The model for vaporisation of a pool on water land (including, if modelled, film boiling and possible
changes in LNG composition):
description and comments.
3.3.4 The effect of a confinement on the vapour source
The model for the effect of liquid confinement on the vapour source:
description and comments.

3.4 Pool formation
3.4.1 Vaporisation before the pool is formed
The model for vaporisation of the liquid release before a pool is formed:
description and comments.
3.4.2 Liquid impacting on the ground
The model for the impact of a liquid release on the ground surface before a pool is formed:
description and comments.
3.4.3 Liquid impacting on a water surface
The model for the impact of a liquid release on a water surface before a pool is formed:
description and comments.
3.4.4 Underwater releases
The model for underwater releases (eg a ship holed below the water line):
description and comments.

3.5 Rapid phase transitions
The model for rapid phase transitions, if included:
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description and comments.

3.6 Rollover
The model for roll‐over if included:

description and comments.

3.7 Solutiontechnique
The methods by which the model equations are solved:

description and comments.

.

3.8 Sources of model uncertainty
3.8.1

Stochastic processes

3.8.2

Modelling assumptions

3.8.3

Numerical method

3.8.4 Sensitivity to input
Are there any areas of the model where results could be particularly sensitive to input choices made
by the user?
description and comments.

3.9 Limits of applicability
Are there any specific limits of applicability of the model with the general pool‐formation scenario?
description and comments.

3.10 Special features
Are there any features of the model which deserve special mention?

3.11 Planned scientific developments
Any planned future developments of the model:

description and comments.
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4 User oriented aspects
4.1 User oriented documentation and help
4.1.1

Written documentation

 User Manual
4.1.2

 On‐screen help

 Other

User support

 Telephone support  E‐mail

 Training courses

 Other

4.2 User interface
4.2.1

Provision of input

 Edit files directly
4.2.2

 Guided input

 Other

Information when model running

 Numerical values  Error/warning messages

4.2.3

 Status of calculation  Other

Examining output

Graphical display of output
 Integral graphical display facilities

 Separate graphical display program

Examining numerical values
 Integral numerical display facilities

 Separate numerical display facility

 Output files

 Other

4.3 Internal databases
 Internal databases available
4.3.1

Databases available

 Material properties

 Scenarios

 Other
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 Other

4.3.2

Access by user

 Access from model
4.3.3

 Access outside model

 Other

Modification

 General users

 Administrators only

 No users

 Other

4.4 Guidance in selecting model options
4.4.1

Main choices required

 Source configuration
 Substance released

 Properties of substance released

 Atmospheric conditions

 Terrain

 Bund/dike

 Boundary conditions

 Initial conditions

 Computational domain

 Computational mesh

 Discretisation

 Convergence criterion/a

 Output required

 Other

4.4.2 Guidance in choices available
Sources
 User documentation

 Within interface

 Pre‐existing input files

Type
 Worked examples  Explicit advice  Pre‐set lists of values  Defaults  Other

4.5 Assistance in the inputting of data
4.5.1

Facilities available

Checks
 Valid range

 Valid type

 Entry has been made  Other

Mesh and surface generation (CFD only)
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 Other

 Import file formats

 Built‐in facility

 Automatic

 User‐defined

 Other

4.6 Error messages and checks on use of model beyond its scope
4.6.1

Facilities to trap inappropriate use

 Facilities available
 Checks on intermediate results
 Warning messages given
4.6.2

 Other action taken

Error/warning Messages

Occurrence
 During input

 During model run  During output examination  Other

Type
 Self‐explanatory  Look up online

 Look up in documentation

4.7 Computational aspects
4.7.1

Programming languages

Simulation engine
 Fortran 77

 Fortran 90  C

 C++

4.8 Clarity and flexibility of output results
4.8.1

Facilities for display of results

 Graphical output
Additional software required?
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 BASIC  Pascal  Other

 Other

{ Necessary

{ Optional

{ Not needed

 Numerical output
 Tabulated output

 User interrogation

 Other

4.9 Suitability to users and usage
A summary of the background expertise expected of users of this model.

4.10 Planned useroriented developments
Any planned developments in the user interface:

description and comments.
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5 Summary of scientific assessment



Key details of the model available for scientific assessment



Model based on good science.



Numerical methods are based on accepted/published good practice
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6 Verification
6.1 Passive verification
What model verification has been published? (Demonstration that the model results are solutions of
the published equations.)
description and comments.

6.2 Active verification
Optional: any verification exercises conducted as a part of this review:
description and comments.
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7 Validation and model performance
7.1 Passive validation
What model validation has been published?
description and comments.

7.2 Active validation
Any validation exercises conducted as a part of this review:
description and comments.

7.3 Conclusions
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8 [Optional] Considerations arising in the literature
Questions and/or discussion of the model published in the literature:
description and comments.
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9 Conclusions
Conclusions and summary of the model review.

9.1 General model description
9.2 Scientific basis of model
9.3 Limits of applicability
9.4 Useroriented aspects of model
9.5 Verification
9.6 Validation
9.7 Advantages and disadvantages of model
9.8 Suitability of assessment methodology for this model
Give modifications proposed and/or implemented to the model assessment template, together with
details of resulting version number/date change
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10 References
10.1 Primary documentation
List of references summarized in sect. 1.3.1

10.2 Secondary documentation
List of references summarized in sect. 1.3.2

10.3 Other work cited by this review
Other references cited by this review
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