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SUMMARY

The report consists of two parts. The first is an introduction to the atmospheric dispersion of
vapours that are denser-than-air. together with reasons why this subject is of interest. The remainder
of the report consists of the development of a model with which calculations of the consequences of
'puff releases of chemically toxic or flammable gases may be made and gives a description of a
computer code. DENZ. in which the model has been programmed.

Some of the work reponed in this paper was performed in connection with a contractfor the
Health and Safety Executive. The views expressed are those of the authors and do not necessarily
reflect the views or the policy of the Health and Safety Executive.
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1. INTRODUCTION

The purpose of this report is to describe a recently written computer code. DENZ, which is
intended for the study of the consequences of accidentally reieasing large quantities of 'heavy' - that
is, denser-than-air - chemically toxic or f1ammabie gases to the atmosphere. It also contains a dis­
cussion of the reasons why the study of such materials is necessary and describes the characteristic
features of their behaviour. The first three sections can be regarded as an introduction for those
unfamiliar with the topic.

1.1 Reasons for studying dense gases

There is an ever increasing interest and concern among the public about the risks incurred by
the activities associated with the manufacture. storage and transport of potentially hazardous chem­
icals. This concern has been fueled by a number of incidents that have taken place during the past few
years. For example, in the UK, there was a devastating explosion at the Nypro plant at Flixboroughl11

in 1974. Recently, a lorry carrying propylene crashed into a camp site in Spainl21 releasing a cloud of
vapour which, on being ignited, killed over a hundred and fifty people. In November 1977 40 tonnes
(Te) of anhydrous ammonia was accidentally released from a pressurised tank car after a train derail­
ment at Pensacola, Florida.131 killing two people and injuring forty six.

In these, and other, incidents, the risk to the public arose because there was an accidental
release of toxic or flammable gases to the atmosphere. It is often the case that the most likely way in
which the public can be harmed during the manufacture, storage and transport of chemicals is by the
accidental escape of such materials and the recent study of the complex of industrial installations at
Canvey Isiand l4) confirms this observation. The understanding of the atmospheric dispersion of toxic
and explosive vapours is, therefore. an essential element in the study of the safety of chemical plant.
One of the most important properties of such vapours is that many of them are denser-than-air and, as
is shown in the following, there are some surprising examples of denser-than-air behaviour for gases
that. at first sight. should be buoyant.

To begin with, there is a host of gases that are dense because their molecular weight exceeds
that of air. Chlorine is an example of a dense toxic vapour, while the petrochemical industry produces
and transports a range of flammable dense hydrocarbons such as propane, butane, and propylene.
Next, methane (or natural gas consisting largely of methanel is a gas which has a molecular weight
smaller than that of air. but which is dense if released at its boiling point of -161°C. Natural gas is
often stored or transported as a liquid and a cold, dense vapour can be generated if LNG should be
spilled onto land or water.

A superficially surprising example of a gas that can at times form part of a denser-than-air mix­
ture is ammonia, which is chemically toxic. This has a molecular weight of only seventeen and, at its
boiling point of - 33°C, the pure vapour is less-dense-than-air at 20°C. Nonetheless, there are several
examples of accidental releases of ammonia from pressurised containers in which the resulting gas
cloud was denser-than-air,13.5-9.311 or at least non-buoyant. The reason for this is as follows. If
ammonia is kept as a liquid at ambient temperature, it is under considerable pressure. If the vessel
containing the ammonia should fail - as happened in the USA in May 1976 when a road tanker drove
off an elevated section of freeway near Houston and burst on falling to the groundl51 - there is
immediate bulk boiling of the liquid. The heat made available by cooling the ammonia to its boiling
point is usually sufficient to vapourise about twenty percent of its mass. The vigour of the bulk boiling
process is such that most. if not all. of the remaining liquid may be thrown into the air as a fine aerosol.
At the same time, air is entrained and supplies heat with which to evaporate the ammonia droplets so
that a mixture of air and ammonia, possibly at the boiling point of ammonia, is formed. This can be
denser than the surrounding air. 1101 ' This is not to say that such a mixture is always denser-than-air. It
is only if the circumstances favour the release of a substantial percentage of the ammonia as fine liquid
droplets. that the formation of a dense vapour is to be expected.

Finally. hydrogen fluoride. a toxic gas used by the nuclear industry during the fuel manufacturing
process and by the chemical industry as a catalyst in alkylation plants. is an interesting curiosity. Its
molecular weight is nominally twenty but. as a pure vapour, it is highly associated and consists of a
mixture of hexamer and monomer with an effective molecular weight of about seventy. Disassociation
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takes place as the hydrogen fluoride is diluted with air, but the heat required to do this is extracted
from the mixture and tends to keep it denser than the surrounding air. It is fair to point out, however.
that in contrast to the case of the ammonia described above, there is no known example of a large
scale accidental release in which this density effect has been observed.

From the foregoing list of examples - which is far from complete - it is apparent that a
knowledge of the way in which 'heavy' toxic and flammable vapours disperse in the atmosphere is an
essential part of any analysis of the risk incurred as the result of the activities of the chemical industry.

1,2 Plan of the report

Section 2 contains a qualitative discussion of the characteristic features of the atmospheric
dispersion of 'heavy' vapours. The concept of gravitational slumping is introduced and illustrated by
referring to experiments and to accounts of actual accidental releases. The suppression of the entrain­
ment of air in the presence of a density gradient" is also discussed.

Section 3 is devoted to a discussion of the influence of the source on the subsequent atmos­
pheric dispersion. It is always necessary to ask a number of questions. Is the material kept as a refrig­
erated liquid, or pressurised at ambient temperature? What is the size and position of the hole through
which it emerges? Does the emerging jet impinge onto a surface? Does refrigerated liquid fall onto
land or water? Is the emerging jet single-phase or two-phase? These questions reveal that there is a
considerable variety of potential source terms. Section 3 explains how these can have greatly differing
effects on the subsequent atmospheric dispersion and discusses the uncertainties that exist and, at
present, make it impossible to model the release of 'heavy' vapours in all conceivable circumstances.

Section 4 contains a description of a mathematical model for the 'puff' release of dense gases.
This model incorporates gravitational slumping, the heating of the cloud by the ground and a pre­
scription for the entrainment of air in the presence of a density gradient. The way in which the model
may be used to calculate hazard ranges for toxic and explosive gases is described, and its use as the
basis for consequence calculations whence f-N lines' can be generated for toxic gases outlined.
Finally, the validity of the model is discussed. Section 5 describes the calculations actually carried out
by DENZ and Section 6 describes the necessary control cards and input. Appendix 1 contains a flow
chart for DENZ. Appendix 2 consists of a brief description of necessary details of computer language,
.lOre required and so on. Appendix 3 contains a summary of notation. Appendix 4 consists of a list of
sub-programs and a brief description of their purpose. Examples of the type of input required are given
in Appendix 5.

2. CHARACTERISTIC FEATURES OF THE ATMOSPHERIC DISPERSION
OF 'HEAVY'VAPOURS

The most interesting characteristic of the dispersion of these gases is the phenomenon of
gravity driven slumping, which may best be illustrated by reference to experiments and actual incidents.

Recently, the Dutch Ministry of Social Affairs has sponsored an experiment in which 1 Te of
refrigerated Freon-12 was poured onto water. (12.13) The subsequent vigorous boiling process lasted for
about five seconds during which a mixture of Freon and air was formed in the approximate shape of a
cylinder some 5-6 metres in height and 12 metres in radius, as shown in Fig. 1a. This implies that the
vigour of the boiling was such that the Freon entrained some ten times its own volume of air and that
the average density of this initial cylinder was 1·25 times that of the adjacent atmosphere. Immediately,
the 'puff' began to slump in all directions, (see Fig. 1b) until eventually its height decreased to a small
fraction of a metre, as shown in Fig. 1c.

The United Kingdom's Health and Safety Executive has also sponsored a series of experiments
in which quantities of Refrigerant-12, pre-mixed with air, were released to the atmosphere as ·PUffS·,(I.)
The releases took place from a 'tent' which is basically a box with concertina-Iike sides (see Fig, 2), into
which about 100 kg of Refrigerant-12 can be pumped. The sides of the tent were allowed to collapse
by remote control and Figs 3a and 3b, which are photographs of an experiment which took place when

<If An f-N line for a toxic gas is 8 plot of the frequency, " with which 8 release may occur and put N or more people at risk,

where the risk can be that of death or illness or any other consequence chosen by the user.

.. Wherever the words 'density gradient' appear in this report, a stabilising density gradient is implied.

I

I
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there was no wind, well illustrate the phenomenon of slumping. Wind tunnel experiments carried out
at the Warren Spring Laboratory, using the gas BCF, also demonstrate slumping.I'"

As far as accidental releases are concerned, it is notoriously difficult to extract useful information
from eye-witness accounts; however, on February 1. 1961 there was a train derailment in Louisiana
which caused the puncture of a tank car and allowed 30 Te of chlorine to escape. This incident is
reported in Reference 51 which includes a map indicating the 'approximate maximum limits' of the
chlorine cloud, These limits are about a quarter of a mile upwind and a quarter of a mile to each side of
the source. Three miles downwind the cloud was about three miles across. These numbers are indica­
tive of the broad clouds caused by gravitational slumping. There are records of several other accidental
chlorine releases, descriptions of which have been obtained from the Chlorine Institute,l521 but there are
no eye-witness accounts of the way in which the escaping gas spread. Ironically, perhaps, it is
ammonia that provides the best-documented evidence for the occurrence of gravitational slumping
in large scale releases of dense vapours.

The recent crash at Houston of a road tanker carrying 19 Te of anhydrous ammonia under
pressure l5} has already been mentioned and Fig, 4 is a photograph taken about one minute after the
accident from a building north of the release point. The wind direction is from right to left on the
photograph and the 'tongue' of vapour shown travelling towards the left of the picture can readily be
explained if the mixture is dellser-than-air. Figure 5, taken from a helicopter a few days later, shows
the area of grass burnt by the ammonia, and demonstrates that the vapour slumped in all directions.
The sharp edges seen in some directions are characteristic of 'heavy" vapour clouds.

Another accidental escape of anhydrous ammonia occurred at Potchefstroom, South Africa in
,1976161 when a pressurised vessel failed spontaneously and some 30 Te of ammonia was released.
Eye witness accounts speak of an 'immediately resulting' visible cloud some 150 m in diameter and
20 m in height. If all of the ammonia was contained in this 'puff', the mass of air 'immediately'
entrained was about ten times that of the ammonia. The cloud remained at ground level, drifted
slowly towards a nearby town and increased in width to about 350 m.

A remarkable example of a release of ammonia from a pressurised container took place at
Pensacolal3} in November 1977, Some 40 Te escaped rapidly from a tank car and was picked up on
the radar at the nearby airport, which was directly upwind. After about five minutes, the vapour cloud
was observed to be 'about a mile across'.

The above examples serve to illustrate that the phenomenon of gravitational slumping is a
powerful one that can lead to the rapid formation of broad clouds which may affect people standing to
one side or even upwind. Figure 5, for example, shows that the visible cloud from about 20 Te of
ammonia, suddenly released from pressurised containment, can become several hundred metres in
breadth. In Section 4.2 it is shown that this slumping can readily be explained by a liquid column
analogy.

The second characteristic feature of dense gas dispersion is that, once slumping has terminated,
the action of atmospheric turbulence dilutes the cloud in such a way that the rate of growth of the
cloud height is considerably smaller than that expected for a passive plume. That is, the entrainment
of air is suppressed in the presence of a density gradient. This phenomenon is illustrated by the
releases carried out at Porton.1141 In Section 4.4 this effect is modelled using entrainment criteria
derived from water tunnel experiments in which liquids of differing density were allowed to flow
relative to each other.

As the entrainment of air proceeds, the 'heavy' vapour is heated by turbulent natural convection
and by forced convection. if it is cooler than its surroundings. It may also be directly heated by the rays
of the sun and there may be chemicai reactions within the cloud Ifor example, ammonia dissolved in
droplets reacting with atmospheric CO,) which liberate heat. The evaporation or condensation of
droplets may also provide sources or sinks of heat. In principle, all of these ways of heating or cooling
the plume should be taken into account, The model developed in this report, however, concentrates on
turbulent natural convection.

As the cloud is diluted and becomes warmer, its density approaches that of the surrounding air.
It becomes increasingly like a passive gas, and, in due course, may be treated as a 'conventional'
plume using standard models of atmospheric dispersion.115}
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A mathematical model of the atmospheric dispersion of cold, 'heavy' vapours is given in
Section 4; this incorporates the features described in the foregoing, Before it is possible to describe
this model, however, it is necessary to add one further characteristic feature of dense gas dispersion,
which is that the nature of the source has a profound effect on the subsequent behaviour of the'puff' or
plume. Two possible sources have already been mentioned. In one, the boiling of Freon-12 on water
caused the vigorous entrainment of about ten times its volume of air and the formation of a cylinder.112!

In another. the catastrophic failure of a vessel containing anhydrous ammonia under pressure also
caused the entrainment of about ten parts by volume of air, and the formation of a 'heavy' cylinder.IS!

In surveying the whole range of ways in which chemically toxic or explosive materials are manu­
factured, stored and transported it becomes clear that there is a large number of possible sources.
These may occur because of the spillage of refrigerated liquid onto land, or onto water; or from a variety
of ways in which a pressurised container might fail, or for other reasons, A brief survey of some of the
possible modes of release is given in the following section.

3. SOURCE TERM FOR THE ATMOSPHERIC DISPERSION MODEL

As has been discussed in the foregoing, one of the most difficult problems encountered when
studying the release of chemically toxic or flammable vapours is to determine what effect, if any, the
way in which the material escapes has on the subsequent atmospheric dispersion. This is best illus­
trated by considering some examples.

Suppose that there is a tank containing pressurised liquefied gas at ambient temperature (see
Fig. 6) and that this tank is pierced by a missile. or a valve is accidentally sheared off, or a connecting
pipe fractured. or a hole appears because of the spontaneous failure of the tank.

3.1 Pressurised tank - small hole in vepour space

If the orifice through which the vapour emerges is in the vepour space (V in Fig. 6A) and has an
area a' which is small compared with that of the liquid surface, As, pure vapour is emitted at a rate
which can be calculated making use of the pressure inside the tank, the area of the hole and a know­
ledge of the thermodynamic properties of the gas in questlon.116,17) It will emerge as a jet of vapour
alone into which air is entrained and its dilution and subsequent dispersion can be estimated by
methods such as those described by Ooms.IIB! Because the hole is, by definition, small, the rate of
release is small compared to that which can be envisaged for some of the other release mechanisms to
be discussed in this section.

3.2 Pressurised tank - large hole in vapour space (catastrophic failure)

If the area a' is large, that is, a significant fraction of As, a different picture emerges, see Fig, 6B.
The pressure is relieved suddenly and bulk boiling of the liquid occurs. The fraction of the liquid that
boils can be calculated from simple considerations of heat balance.(19) The vigour of the bulk boiling
process is such that much if not all of the remaining liquid, now at its boiling point, can be expected to
be thrown into !,he air in finely fragmented form.12D.211 At the same time, considerable turbulence is
generated and air is entrained. This air is cooled while evaporating the liquid droplets, which can be
shown to be so small that most if not all of them fall out of the vapour cloud over a time scale that is
long compared with that required for their evaporation.IID! This particular mechanism of release, there­
fore, has a significant influence on the input to a subsequent atmospheric dispersion calculation. It
affects the total amount of material thrown into the air, making the difference between just the vapour
fraction (which is 10-20% fora range of pressurised gases) and the total contents of the tank. It causes
the rapid entrainment of considerable quantities of air so that there is an initial and presumably
advantageous dilution which, as has already been seen, can be about a factor of ten by volume. The
entrained air is cooled by evaporation of the liquid droplets and this affects the density of the cloud.
Indeed, for the particular case of ammonia this effect can make the difference between the ammonia
being buoyant or denser-than-air, Finally, depending on how much air has been entrained and on the
latent heat of the liquid, there may be a fine aerosol of suspended liquid droplets contained in the cloud.

I

I
I
I

/

I
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3.3 Pressurised tank - hole of intermediate size in vapour spaca (Fig. 6C)

The phenomena described in the foregoing have been verified by experiments with anhydrous
ammonia described in Reference 20 and by experiments with propylene described in Reference 21.
The experiments in Reference 20 have also been filmed and show that a slow rate of escape through a
pipe leading from the top of a small dewar flask of ammonia container causes little or no liquid droplet
entrainment. When the lid of the flask is suddenly released, however, the whole contents become air­
borne and there is no evidence that any of ttie ammonia falls to the ground.

Between these two extremes there must be some critical value of a' / As below which there is
essentially no liquid droplet entrainment and another, higher, critical value above which there is
complete entrainment. Between these figures the airborne liquid fraction fa should be some function of
a' / As; the function should also contain some dependence on the temperature and the latent and
specific heats of the material in question. To the authors' knowledge, however, the experiments with
which it should be possible to determine fa have not been done, although some experiments have been
carried out in which water at high temperature (> 100°C) and pressure was allowed to escape from a
container through a pipe the diameter of which could be changed from experiment to experiment.IZZI

Figure 7· shows a typical set of results giving the fraction of the original mass of water remaining in the
vessel as a function of diameter d =2 Va'/". it is apparent that, for water under these conditions, a' / As
> 0·01 defines a 'Iarge' hole since a considerable percentage of water escapes to the atmosphere as
liquid droplets through such a hole.

I \ Meanwhile, a general scheme of calculation with which it is possible accurately to calculate the
\. rate and composition of a release through a hole of arbitrary shape, size and position from a vessel

containing a gas liquefied under pressure does not exist t . Since the airborne liquid fraction must in turn
have an important effect on the density of the source term for the atmospheric dispersion model ­
with ammonia, for example, it can make the difference between a buoyant mixture and a denser-than­
air mixture - it is concluded that the atmospheric dispersion of vapours escaping through a hole of
intermediate size in a pressure vessel cannot yet be calculated: indeed, it is not possible to define the
range of hole sizes which qualify as intermediate.

3.4 Pressurised vessel - hole in liquid space

1

If I

I

The analysis of the escape of a liquefied gas through a hole in the liquid space introduces a
number of interesting problems. If the hole is in the wall of the vessel itself (Jet 1 on Fig. 60) it is
reasonable to expect that, at least at first, the jet consists of 'unflashed' liquid which is released at a rate
that may be calculated by standard methods. I•71 The liquid will then flash, causing the jet to expand
rapidly - blowdown experiments with pressurised steam have shown that the half-angle can exceed
900lZ51 although it is not always necessarily so. The jet will then presumably continue to expand,
entraining air in jet-like fashion but expanding more rapidly than is the wont of pure vapour jets (in
which the half-angle is of the order of 60)IZ61 because this entrained air evaporates the liquid droplets
that remain after the flashing process has taken place. Once the evaporation process has been com­
pleted, the jet may be treated in conventional fashion. IZ61 There appear to be little data or theoretical
work on the entrainment of air into unflashed or two-phase jets, so that this remains an area within
which further research is needed. If the jet emerges from a long pipe (Jet 2 on Fig. 60) there is the
possibility that the vapour will flash within the pipe so that a two-phase mixture emerges into the
atmosphere. Similar considerations apply to a vertical pipe such as the one leading to Jet 3. FauskelZ71

has studied the methods available with which to predict whether flashing occurs within the pipe or not,
For pressurised steam, it appears that flashing will occur inside the pipe if I/d (the length to diameter
ratio) exceeds ten. This critical ratio depends on the thermodynamic properties of the gas in question,

• Reproduced from Reference 23.

t At present (October' 9 78) a programme of research is just beginning at SRD in which expertise accumulated as a result of
many years stud~1 of the blowdown of pressurised water reactors is (0 be applied to the general case of the rate of release of
vapour from vessels containing gas liquefied under pressure. See work by S. F. HalJ,t24J in which homogeneous two-phase
O( multiwcomponent mixtures discharge through a pipe.
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however, and is not the same for (say) ammonia and steamt. Whether or not flashing occurs in turn
affects the rate of release and, in any case, does not circumvent the lack of knowledge about the way !
that air is subsequently entrained into either an unflashed or two-phase jet.

Finally, a jet may emerge in such a way as to impinge on the ground or other surface (see Jet 4)
and this has an important effect on the airborne liquid fraction. Resplandyl19! has shown that, for
ammonia escaping from a pressurised container, allowing the jets to play onto a surface leads to the
recovery of a significant part of the mass of liquid droplets that are initially airborne (he quotes 77%
efficiency for a jet impinging onto the ground). There is no general prescription for calculating how the
airborne liquid fraction varies with the position and orientation of the surface.

3.5 Spillage of refrigerated liquid

3.5,1 Onto land

If a tank containing refrigerated liquid should be pierced as shown in Fig. 6E, the liquid will spill
into the surrounding bund and will evaporate because it is picking up heat from the ground and/or from
the sun. For liquids with boiling points near or above the temperature of the ground, the influence of
the wind is also important. The calculation of the rate of evaporation as a function of time is described
in Reference 28, which describes the SPILL code developed at SRD. In practice, the boiling, or mass
transfer processes are likely to be relatively gentle and it can be assumed that pure vapour escapes. In
this case, therefore, the source for the atmospheric dispersion model is well defined. If the escaping
vapour is passive. a conventional Gaussian dispersion model can be used,IIS) whereas if the vapour is
'heavy' a gravitational slumping model can be coupled with the atmospheric dispersion model. as
described in Section 4, or by Cox and Roe.129J

If the spillage of refrigerated liquid is not confined by a bund. the boiling pool of liquid has a
radius that increases with time (the rate of growth of radius is described by a gravitational slumping
formula similar to that used for the gravitational slumping of a dense vapour, as described In Section 4)
and the rate of evaporation can again be modelled using the SPILL code.128! The source is, therefore.
well defined again. For large spillages of Isay) LNG this initial spread of the boiling pool means that the
source for the atmospheric dispersion model may be very broad even before any subsequent vapour
slumping effects are taken into account.

3.5.2 Onto or into water, Fig. 6F

For a liquid such as LNG that has no chemical interaction with the water, there is the rapid
formation of a boiling pool that spreads in much the same way as it would on land. The most signifi­
cant difference between this and the land case is that the rate of supply of heat per unit area to the
liquid remains essentially constant since convective currents are continually bringing warm water to the
surface. Here again, then, the dimensions of the source and the rate of evaporation are, in principle,
well defined. If the refrigerated liquid in question is one that reacts with water. such as ammonia. some
of the material will dissolve in the water. For ammonia, about 65% will dissolve if the spill occurs onto
the water. 1301 If the spill takes place at a distance D below the surface through a pipe of diameter d.
most if not all of the ammonia dissolves if d/D";; 1O.

Some uncertainties remain unresolved, however. The boiling process can be vigorous and made
even more vigorous by the heat of reaction or solution for a material such as ammonia - so that
turbulence is generated. This will entrain air (note the account of Van Ulden's experiment in Section 2)
and may well cause the entrainment of droplets of both water and liquefied gas, This means that it is
not always possible accurately to define the source term for the atmospheric dispersion model; for
example, the density could be affected in an unknown way.

3.6 Refrigerated containment - high velocity jet

If there is a small hole in a refrigerated vessel some way below the liquid surface, so that the
static head is high, a jet of high velocity may emerge (see Fig. 6GI. In a large ammonia-cooled

t A. R. Edwards. private communiation

!
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refrigerator, for example, some of the ammonia may be both refrigerated and under pressure, so that
puncturing the part of the circuit containing this ammonia will also lead to the emergence of a high
velocity jet. Such a jet may well fragment; experiments with water below its boiling point. however, in
circumstances in which the water was driven through holes of diameter 0·02-0·08 inches by pressures
of order 80-100 psig (a static head of 100 feet of ammonia, for example, corresponds to a pressure of
- 30 psig) shows that, while fragmentation occurs, the mean droplet diameter is 100 J.!.(25) The droplet
size distribution is also very sensitive to the area of the orifice, its shape and its roughness. It appears
that this is another case where quantitative prediction is not yet possibie.

3.7 Summary of source term discussion

In the foregoing a brief survey of a number of conceivable release modes has been given for
chemically toxic and explosive gases. It should be obvious that to develop a comprehensive model,
applicable to all of the circumstances in which releases may occur, is a formidable task. Certain source
terms, however, have been identified as being manageable. Among these is the catastrophic failure of
a pressurised vessel; interest in this sort of source has developed within SRD because one of the first
tasks undertaken by the organisation in the non-nuclear field was to give state-of-the-art advice to the
Health and Safety Executive's Advisory Committee on Major Hazards; the catastrophic failure of a
pressurised vessel is one obvious potential major hazard. The rest of this report is devoted to a
description of how to model these releases. The modelling of spillages of refrigerated liquid onto water
or land is under way, as is a study of the continuous release of 'heavy'; cold vapours. These will be
described in forthcoming publications.

4, MATHEMATICAL MODEL FOR THE DISPERSION OF HEAVY VAPOURS

As has already been explained, there is a considerable number of mechanisms by which dense
vapours can be released to the atmosphere. Consequently, there are many potential source terms, each
of which affects the subsequent atmospheric dispersion of the vapour. The work described in this
report, however, has been developed in the context of the study of major hazards and has, therefore,
been concerned in the main with rapid releases of large quantities of toxic or explosive gases to the
atmosphere. As a result, the work described in the following is intended to model 'puff' releases.

4.1 Source term

It is assumed that the vapour is at first in the form of a cylinder. The reason for making this
assumption is that it is consistent with eye-witness accounts of the Potchesfstroom incident,16)
referred to in Section 2, in which some 30 Te of ammonia escaped to the atmosphere and formed an
'immediately resulting' visible cylinder some 150 m in diameter and 20 m in height. The same
phenomenon was observed during an experiment, carried out in Holland, in which 1 Te of Freon-12 was
poured onto water. (12 ) Vigorous boiling occurred, after which the mixture was roughiy cylindrical in
shape, of height 5-6 m and volume 2400 m'.

It is apparent that this cylindrical source is appropriate for sudden releases from pressurised
containers or when refrigerated liquid boils rapidly (e.g. LNG poured onto water). It is assumed that it
is possible to specify the following parameterst:

(j) the quantity of air entrained during the formation of the cylinder

(iil the density of the mixture in the cylinder

(iil) the initial velocity of the cylinder

(iv) the initial height and radius of the cylinder

In Reference 32, for example, the determination of the first two quantities is illustrated for
catastrophic releases of ammonia from pressurised containers. Since these 'puff' releases in generai
generate a good deal of turbulence much air is usually entrained so that it is reasonable to assume that

t The method of Harde8 and Lee/50) is one example of a way in Which the very early development of the 'puff' can be
described by taking account of the pressure energy stored in the vessel.
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the 'puff' moves with the mean windspeed at its half height. The initial height may be arbitrarily
assumed to equal the radius - the rapidity with which gravitational slumping occurs means that this
is not a critical assumption, (see Reference 32).

The velocity u(t) of the 'puff' at time t is given by

·.. (1)

making use of the standard logarithmic formula for windspeed.1331 Here Uw (10) is the mean windspeed
measured at a height of 10 m, Zo is the meteorological roughness length and h is the vertical depth of
the cloud.

4.2 Slumping

Once formed, the source cylinder begins to slump as would a column of liquid, Isee Reference
12). The velocity of the edge of the cloud is adequately described by the liquid column analogy.

I
I.

I
dR
dt = K V(p - Pal gh/Pa ... (2)

Here R is the radius, t is the time after slumping has started, P is the density of the mixture,
Pa is the density of the surrounding air, g is the acc~eration due to gravity and h is the height; K is a
constant which has a value between unity and V2. Proof of Equation (2) by the application of
Bernouilli's theorem l34) gives K = v"i while the observations in Van Ulden's experiment give K = 1.
Unless otherwise stated, K is taken to be unity, although the user of DENZ may choose a different
value. The volume V (which is not necessarily constant) is related to the radius and height by the
elementary equation

V = ltR'h ... (3)

4.3 Cloud heating

Since there may be a temperature difference between the ground and the airborne vapour, it is
necessary to consider the mechanisms by which the cloud can absorb heat.

4.3.1 Natural convect;on(351

i

If the convection is laminar, the rate at which heat is picked up from the ground is

K'f [L' Pf'g PfdTg C 11 ] .."
Qc = A (_P-) d T Wm-'L J.lf' K' f g

K'
AZ* dTglWm-'

f
= L

...(4)

... (5)

!

I

Here Cp is the specific heat of the mixture at constant pressure,

d Tg is the temperature difference Tg - T where T is the cloud temperature and Tg is the
ground temperature

f

L

P
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is a subscript denoting quantities evaluated at the film
(T + Tg)/2

is a typical dimension of the cloud

is the volumetric coefficient of expansion of the cloud

is the viscosity and

10

temperature which is given by
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K' is the thermal conductivity of the cloud

A is a constant taking a value of 0·4175. if the cloud is colder than the ground and 10' <
Z!l.Tg < 2 x 10'.

If the convection is turbulent and the cloud is colder than the ground. the heating rate is given by

K'
Qc = 0·1457 T zltHglwm-'

The convection is turbulent if

3 X 1010 > Z!l.Tg > 2 x 10'

4.3.2 Forced convection

... (6)

... (7)

If the local velocity difference between the cloud and the ground is Vr ms-I the local rate of
heating by forced convection is(36)

... (8)

where fr is a friction factor. This contribution has been neglected in this report.

4.3.3 Heating by the Sun

In principle, the cloud may be heated by the Sun, assuming that it is daytime. The rate at which
heat is absorbed depends on what the cloud consists of and whether it absorbs radiation strongly. A
dry ammonia-air mixture, for example, is virtually transparent to the spectrum of the sun's radiation.

The simple model described in this report, therefore, incorporates heating by the ground due to
turbulent natural convection and neglects any other source of heat, The rate of increase of temperature
is given by

l
dT
dt

= ... 19)

'}

where those symbols not already defined are as follows:

u is the coefficientof !l.Tgl in Equation (6), and

m is the mass and Cp the specific heat at constant pressure of air (a) or the toxic or explosive
gas (g).

4.4 Entrainment of air

In practice, air will be entrained both at the edges of the cloud and at the top. For edge entrain­
ment during slumping,

dR
= 2Pa 11 Rh u* dt ... (101

I where u* is a constant to be determined empirically. Van Ulden,1121 for example. claims that his results
are consistent with u* = 0; recent experiments carried out at Porton,11.) in which about 100 kg 'puffs' of
Refrigerant-12 were released, suggest that u* * O. The magnitude of u* for large scale releases
remains uncertain, therefore. A default value of zero is assumed for u* in the program DENZ, though
the user may specify another value if desired.
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The calculation of the rate of entrainment over the top surface is not yet possible. given the
present state of theoretical knowledge; there are, however, suggestions current in the literature,
Germeles and Drakel361 define an entrainment velocity which is proportional to the local velocity
difference over the top surface. The presence of this velocity difference means that mechanical
turbulence is generated. This mechanism is clearly important when there are large local velocity
differences. If. however, the velocity difference is small, the ambient turbulence assumeS a dominant
role. The entrainment velocity Ue should then be dependent on some form of the Richardson number
Ri. Cox and Roe,1291 for example, suggest that

I

where

U - a' U Ri-'e - , ... (11)

... (12)

Equation (11) is valid when Ue « U,. U, is the longitudinal turbulence velocity which is pro­
portional to the friction velocity u. with the constant of proportionality being 3·0 (very unstable, cate­
gory A-S weatherl, 2-4 (neutral. category CoD weatherl or '·6 (very stable, category E-F weatherl.1291

These values are used in DENZ. a' is an entrainment constant which has a default value of 0·5. The
choice of a characteristic length Is is not certain. but here Is is the turbulence length scale which is a
function of the height above the ground of the stability. An expression for Is as a function of h is given
by Taylor et a11371 (very roughly, Is (hi cc h1 in neutral stability). If the model of Cox and Roe is assumed,
the rate at which air is entrained into the cloud is given by

At the same time. Equation (g) must be modified so that

... (13) I

dT
dt

= ... (14) f

where ~Tg' the difference in temperature between the ground and the cloud, does not necessarily
equal ~Ta' the temperature difference between the air and the cloud. The rate of growth of the radius
is still given by

(which is merely Equation (2) rewritten).

dR'
dt

= 2K
vg (p- Pa)V

n Pa
... (15)

I
Two additional equations are required

and

P ._. (16)

... (17)

It follows that ma• T and R' are the only independent variables in the three coupled linear I
differential Equations (13) - (15), which may be solved numerically. I
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4.5 Transition to a passive plume

The computer program DENZ uses two alternative tests to determine whether the plume may be
deemed to be passive. It first tests to see whether both of the following conditions are satisfied
(I) The gravitational slumping must cause a rate of increase of radius not exceeding that to be
expected by the atmospheric turbulence alone. that is. it asks the question, is

dR do (xl
dt = K y(p- Pal gh/Pa < 2·14 ~t ... (1 S)

(making the conventional assumption that the radius is at the 10% edge of a Gaussian profile). Con­
ventional parameterisations of the rate of lateral spread of a plumel381 give

doy (x)
=

dt
C. dx = C.u

dt
... (19)

where C· depends on the stability category and u is the velocity of the ·puff. C· takes on the values
0·22. 0·16. 0·11, 0·08. 0·06 and 0·04 in Category A, B. C, D, E and F weather, respectively. (ii) As
Ri _ 0, Ve should become equal to V" although the functional form of the way In which Ve approaches
V, is not known. The computer program assumes that Equation (11) holds and tests for

... (201

If Equations (1 S) and (201 are both valid, transition is made to a passive plume model.

Meanwhile, the density difference ap is also calculated and if ap< 1·0x 10-) kgm-l it is
assumed that the plume becomes passive even if Equations (18) and (20) are not satisfied. The critical
value ofap can be varied by the user.

It is frankly admitted that the above prescriptions are purely artificial; however, there appears to
be no well established method for determining when the transition should occur. It is to be hoped :hat
large scale experimental releases of Refrigerant-12 in the open air (for which a feasibility study is under
way at Porton)I-O} will throw light onto this probiem.

Suppose that the transition OCcurs at a point Xt downwind of the source and that the height and
radius are then ht and Rt respectively. It is assumed that the concentration distribution within the
'puff' is Gaussian so that effective longitudinal, lateral and vertical standard deviations may be defined
as follows

... 121)

and

At greater distances downwind, the variances become

0z' (x) = 0zt' + 0zh' (x - xl) = (h/2·14)'

0y'(x) = 0x'(x) = 0yt'+Oyh'(x-xt) = IR/2·14I'

... (22)

... (23)

... (241

where 0Zh and 0vh depend on the weather category and are calculated according to the prescription
gven by Hosker .1381 .

4.6 Concentrations within the 'puff'

If a total quantity mg of toxic or explosive material is released. the assumption is made in DENZ
that the material is distributed in a Gaussian fashion across the 'puff' (this is not logically consistent

SRD R152 13



with the use of the slumping formula, Equation (2), but to within the accuracv expected of the model
it is not an unreasonable assumption; see Reference 32). At anv point (x, V, z) and at time t the air­
borne concentration is given bV

where

X (x,y,z,t) =
mg G Ix,v.z,t)

v'2 nl "v' "z
... (25)

G lx, v, z. t) = exp (- (V' + (x - x (t))')/2"v' - z'/2"z,)

and x (t) is the position of the 'puff' centre point at time I.

x (t) = r u(t') dt'
o

.., 126)

... (27) I
The standard deviations are given bV "V = R/2·14 and "z = h/2·14 for all values of x,

Equations (1) - (27) form the basis of the model programmed into DENZ; the caiculations that it
carries out are described in the next section,

4.7 Validity of the model

The simpie model discussed in the foregoing suffers from the same drawback as the models of
other authors, whether these attempts to condense the relevant phvsics into a few simple equations
similar to Equations (13) - (17)124,361 or whether thev attempt a more sophisticated numerical
analvsis.14 ',421 This is that the models are intended for the prediction of the spillage of large (1-1,000
Te +) quantities of hazardous gases, vet unfortunate IV there are no experimentai data available in this
mass range with which to compare the model. As a result, the predictions given bV different authors
can vary considerablV. Havens, for exampie, has revi,ewed methods for calculating the consequences of
the spillage of 25,000 m' of LNG onto water and finds that predictions of the hazard range Ithat is, the
distance within which the cloud could be ignited bV a spark or flame) vary from 0,75 miles to 50
miles,I431 There are several reasons whV this is so, but the single most important difference between
the various models lies in the choice of the mechanism for entrainment of air analagous to Equation
(13), It seems likelV that the correct choice of entrainment mechanism will not be settled until large
scale experiments have been carried oul. Plans for at least two such series of experiments are being
made, It is proposed to release up to 80 Te of ammonia from pressurised tanks at a site in the USAI441
and a feasibilitv studv for 'puff' releases of 5 -1 0 Te of Refrigerant-12 is being carried out at Porton in
the UK.1401 The US Department of Energv has also prepared a comprehensive review of the theoretical
and experimental work necessary for the development of methods for predicting the consequences of
large scale releases of LNG.1451

Meanwhile, what confidence can the user have in the simple model described in the foregoing?
This question has alreadv been thoroughlv discussed in References 32 and 46. It appears that the use
of the slumping formula in Equation (2) is well proved, It has been used as a successful element of a
model for the release of about 100 kg 'puff' mixtures of air and Freon,1141 and describes the evolution of
the 1 Te Freon-12 release carried out bV Van Ulden.1l2} Furthermore, in Reference 46 it is compared
with the observed consequences of four accidental releases of ammonia from pressurised containers.
The quantities released were 19 Te,151 38 Te,lBI ~ 40 Tel31 and 76 Te17} and each of these incidents
provides evidence for the validitv of Equation 12), For example, the 40 Te release which took place at
Pensacola in November 1977131 was observed to form a vapour cloud that, after four minutes or so,
was 'about a mile across', This is in good agreement with the predictions of the model.

The prediction for the rate of cloud heating bV the ground, given in Equation (61. is a well
established correlation,135) There do not exist detailed temperature measurements within a large, cold,
'heavv' vapour cloud against which the model can be checked but it is anticipated that this will not
prove to be a prediction on which the vallditv of the model depends cruciallv,

I

I
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As has already been mentioned, it is the prediction for the rate of entrainment of air, Equation
(13). that gives rise to the greatest uncertainties. Reference 29 reviews the reasons for the choice of
Equation (13). which is based On experiments in which a lighter fluid was injected over a denser one.
Reference 29 also explains how a model incorporating Equation (13) is in good agreement with the
observed results of tests by the American Gas Associationl'1) in which LNG vapour was evolved at rates
up to about 20 kgs- 1.

Once slumping has terminated and the 'ambient atmospheric turbulence starts to work on the
cloud, predictions of the height. h, are extremely sensitive to the assumed rates of entrainment of air.
For the 40 Te release of ammonia, mentioned above, which took place at Pensacola, the observed
height of the cloud when it was about a mile across was 40 m. Reference 46 explains that this is in
good agreement with the model predictions. It is concluded that, given the present scanty state of
experimental knowledge, the model can be deemed to be successful. In view of the uncertainties
identified at various stages in the previous sections of this report, however, it is apparent that the work
reported here is by no means the last word upon the subject. It should merely be regarded as a
promising step towards the development of a 'complete' model.

The program DENZ has been written in such a way that it will be easy to incorporate future
prescriptions for cloud heating and the entrainment of air. In principle, extra differential equations
taking account of other phenomena, such as the occurrence of chemical reactions within the plume,
may easily be added. In addition, work is under way at SRD in which some of the other source terms
identified in Section 2 are to be studied. The possibility of embarking on a programme of more detailed
numerical modelling is also being examined.

4.8 Simplified model

To digress somewhat from the main considerations of this report, in the early stages of the
development of the model it became apparent that the atmospheric dispersion of a 'puff' containing
cold, 'heavy' vapour could conveniently be divided into four stages; these have been deduced by
reference to Van Ulden's experiment.(12)

4.8.1 Stage 1

This corresponds to the formation of the source cylinder, as described in Section 4.1.

4.8.2 Stage 2 'Slumping'

Once the source cylinder has stabilised it begins to slump with very little entrainment of air (see
Reference 12). The growth of the radius is described by Equation (2). In time, however, the entrain­
ment of air must become important and slumping must cease. Van Ulden's requirement for the
termination of slumping is that buoyancy induced velocities (which, from Equation (2) are proportional
toytlph)should be comparable to the rate of spread of the cloud due to the action of atmospheric
turbulence, i.e. should be proportional to u., the friction velocity. u. is given by the equation

"w(10) = u. In (Z10)
k 0 ... (28)

where k is Von Karman's constant Ik - 0·4) and Van Ulden's criterion for termination of slumping is

tlpgh = 4
1Pa U.

... (29)

Sometimes this prediction can lead to ridiculously small heights of slumping (fractions of a
centimetre) and it is convenient to introduce the concept that slumping terminates at a height com­
parable to that of the roughness elements on the surface - this height can be chosen by the user of
DENZ.
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4.8.3 Stage 3 'Ground hugging'

In this simplified approach, entrainment of air begins once slumping has terminated. The rate
of increase in height is much smaller than that expected from the action of the ambient turbulence - it
is only about a third of that to be expected in Pasquill Class F (highly stable) weather conditions,
whereas the category actually observed during the Freon-12 experiment was D to E, In SRD's original
simplified model it was assumed that this rate of increase in height is valid. irrespective of the weather
conditions. The radius meanwhile continues to grow as predicted by Equation (2).

The existence of these three stages is illustrated in Figs, 8 and 9, which are taken from Van
Ulden's work. (12 )

4.8.4 Stage 4

When the density difference Llp is small enough. all density driven effects disappear and the
rate of growth of the 'puff' is determined by the ambient atmospheric turbulence alone. A conventional
Gaussian dispersion model can then be used,(15) Llp - 0·001 kg m-' (or a value set by the user! defines
the transition point between Stage 3 and Stage 4.

This simple four stage model is still programmed into DENZ and can be chosen by the user if he/
she wishes. It has been left there because it is believed that this qualitative picture of four stages is a
useful one. Some of the terminology used in the output of DENZ is only meaningful when seen against
this background of the program's development.

5. CALCULATIONS CARRIED OUT BY DENZ

This section is devoted to a description of the way in which Equations (1) - (27) are made use of
in DENZ. and the calculations that it carries out.

As with any other computer program. the user must provide certain input information and the
control cards necessary for this are described in Section 6, The calculation starts with the source
cylinder. The user must provide the mass of gas and the mass of air within the cylinder together with
its initial density and temperature. The ratio of height ho to radius Ro must also be specified (a default
value of unity is assumed). Finally. the value of the windspeed Uw (101 must also be given. In practice
the user must specify how many different weather conditions he/she wishes to consider, where a
weather condition is defined by a knowledge of the weather category and the windspeed. By default,
Ihe whole spectrum of possible weather is divided into seven conditions as described in Table 1. but
the user may define up to twenty four category-windspeed pairs.

The definition of the characteristics of the source cylinder and of the weather enables DENZ to
begin its calculations. These differ slightly depending on whether a gas is toxic or explosive.

5.1 Toxic gases

5,1.1 Approximate calculations

The average concentration Cf (tl required to kill a person is in general a complicated function of
the exposure time t. The same is true of the average levels of concentration required to produce other
effects such as serious illness or irritation. Figure 10, for example, which has been taken from
Reference 48, shows how the lethal exposure time t for chlorine varies with average concentration
C (tl. Figure 10 may roughly be described by the equation(49)

I
i

I

I

!
)
"

'\

... (30)

In DENZ, the user is required to provide the C (t) vs. t curve as an array of numbers for interpola-
tion.

If u and cry do ~ot change very much as a cloud passes by a fixed point at ground level. Ix, y. ol.
the quantities t and C (t) are easily calculated to be

t (x) = 4·28 cry (x)/u
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with

C(t (x). y)
mg exp (- y'/2 ay')

= 4·282< a 'ay z
... (32)

It is these quantities that DENZ calculates as a function of distance downwind. In order to limit
the number of calculations required, they are performed at a limited number of 'grid points' defined as
follows. Suppose that the maximum range in which the user is interested is rd (which he either pro­
vides himself or takes to have a default value of 10 Km), then the range rd is divided into 48 intervals
equally spaced in Inx with an interval given by

... (33)

where the factor 1·5 is chosen arbitrarily to ensure that the one dimensional computational grid so
established extends comfortably beyond rd. The position of the jth point on the grid is

with

Xi = exp ((j - 1) int} metres

X, = 1 metre

... (34)

... (35)

Jhe program then calculates and prints out the following quantities for each value of j; Xj, R,
t (xi). C (t (xi). 0). and t (xi) where t (xi) is the time taken to reach Xj' It also prints out the cloud tem­
perature T. the average density p, the density difference ,;p, the rate at which heat is being supplied
through the base of the cloud, the mass of air in the 'puff' ma' the entrainment velocity Ue, and the
Richardson number Ri from Equations (11) and (12).

At eac.b grid point the calculated value of C (t (xi). 0) is compared with the input information on
the value of C actually required to cause death. or whatever other consequence is being considered,
Cf (t (Xj))' When C (t (Xj), 0) falls below Cf (t (Xj)), values of the C's are linearly interpolated between that
and the previous grid point to obtain an approximate estimate of the hazard range xh'

If this value xh lies just beyond xn' then for all grid points closer to the origin the quantity Yj is
calculated by solving the equation

... (36)

An estimate of the area above which concentrations of gas above the given level are to be found
is given by

n-l

= \'Ah .::.-J (Xj+ 1 - Xj) (Yi+ 1 + Yi) + Yn (xh - xn)

j~1

... (37)

If these estimates are considered to be sufficiently accurate, the calculation may be terminated
at this point and will prove to be most economical in terms of computer time. If greater accuracy is
required (in particular. a consideration of slumping behind the source) DENZ goes on to carry out a more
sophisticated numerical calculation.

5.1.2 Accurate calculation of ranges and areas

DENZ computes C(tjl and C (t (Xj). 0) numerically at each downwind grid point without assum­
ing (as in Equation 32) that ay_and udo not change ~ the cloud passes by, and hence determines the
smallest value of Xi at which C It (Xj) 0) is less than Cf It (Xj))' The hazard range. xh. is then found by
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calculating C(t (x'), 0) at points between xi and Xj_t. and determining the value of x'. (Xj_l ~ x' ~ Xj I.
such that.

and

I

I

... (38)

I.e. the value of xh is determined to within 10 m.

Values of C(t (x'l. 0) are found using a logarithmic interpolation between the values of con­
centration and cloud radius at the jth and (j-1Ith grid point.

A similar calculation is performed to determine the upwind hazard range.

The downwind area within which hazardous concentrations may occur is found by first deter­
mining the crosswind distance. Yj' at each grid point, at which the following expressions are valid.

and

!

... (39)

where Ct (t (Xj. Yj)) is the average concentration considered hazardous if inhaled over a time period
greater than or equal to the duration of cloud passage at point (xi' Yj)' The value of this duration is
found by estimating the difference between the time of arrival of the leading 10% edge of the cloud
and the time of the departure of the trailing 10% edge, again making no assumptions about the con­
stancy of cry or uduring the passage of the cloud. Thus. the duration of the cloud passage off-axis is
not the same as on the axis so that the method described here is a refinement of that used in Equation
(36).

The downwind hazard area Is then calculated using Equation (37).

A similar calculation is performed for the upwind hazard area.

5.1.3 Interaction with the population

The scheme described so far enables the user to determine, for a number of weather conditions.
whether or not the hazard level under consideration is exceeded at any point. In order to calculate the
effect on the surrounding population it is necessary to provide simplified popuiation data and weather
data as described in Fig. 11.

Twelve sectors are defined; the first from 0 - 030°, the second from 030 - 060° and so on. If
the wind blows into one of these sectors it is assumed to do so along the centre-line; that is. it is
supposed that there are twelve discrete wind directions along the lines labelled 1. 2. ''', 12. From
weather statistics available from Meteorological Stations it is possible to compile a table of joint
probability "distributions pO. CAT, u) where i specifies the sector into which the wind is blowing, CAT
labels the weather category, and u = Uw (10).

The population data are then simplified as follows. The user chooses radii ri. r,', r,' ... out to
some maximum rm'. For each of the twelve thirty degree sectors, all the people living between ri and
r,' are assigned to a radius r, = (ri + r,')/2; those between r,' and r,' to r, = (r,' + r,')/2 and so on out
to a maximum radius (already encountered) rd = (rm-t' + rm'I/2. The people assigned 10 a given
radius and sector are then spread uniformly across an arc; or more precisely are assigned to seven
points spread across the thirty degree sector. This is shown on Fig. 11 where there are 12 x 7 = 84
equally spaced dots on the r, circle. All other circles r" r, ... rd are similarly divided.

Suppose now that the wind blows into Sector 1. DENZ begins with r, and moves around all 84
population points, determining for each one whether it is inside or outside the part of the cloud within
which airborne dosages are above the hazard level. For small radii and a large slumping cloud, all of

I
'I
I
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the circle could, in principle. be so affected. The process is repeated for succeeding radii and the
number of people at risk from the specified release summed.

The calculation can be repeated for the other sectors, and for all the weather conditions defined
as input to the program. 'In other words. associated with each conditional probability pO, CAT, uwl
there is a number NO. CAT, uwl of people at risk of death, or of illness. or of whatever other conse­
quence is being considered. DENZ sorts these numbers into ascending values of N and cumulative
probabilities to give Pc - N lines, that is. plots.of the probability Pc' conditional on the release taking
place. with which N or more people are put at risk. If the frequency. f. with which the release takes
place has been estimated, the Pc-N lines can be converted into so-called f-N lines which are a
convenient way of summarising the societal risk.

5.2 Explosive gases

The user of DENZ must supply certain hazard levels (e.g. the LFL. Lfl. These refer to hazardous
levels of instantaneous concentration rather than dosage. so that DENZ cannot treat explosive gases
in the same way as it does toxic ones.

5.2.1 Approximate calculations

At any time t the centre of the 'puff' is at position x (t). moving with velocity u (t). The cloud
centre line concentration is

". (41)

". (40)x(x (t), 0, 0, t) =
y2 nl cry' crz

DENZ works out X(x (t). o. o. tl and. if the nth grid point is the one at which this first falls below
Lf. it interpolates linearly between xn and "n-1 to solve the equation for the hazard range xh'

\

For each grid point closer to the origin, the equation.

". (421

is also solved for Yi' the radius of the hazardous cloud.

Equation (371 may then be used to give an approximate estimate of the area Ah within which
an ignition SOurce could set the cloud on fire.

5,2.2 Accurate calculation of ranges and areas

The hazard range and area are found more accurately by first solving Equation (42) in order to
find the cloud radius. Yj. within which Lf is exceeded when the cloud centre is at Xj' The crosswind dis­
tance. Yi. to Lf is then determined at each downwind grid point. Xi from,

... (43)

and the downwind hazard range. xh. from

i = 1 .. , 48. Yj > 0 ...(44)

The downwind hazard area is then calculated using Equation (37) and performing the sum­
mation over i instead of j.

A similar calculation is performed to find the upwind hazard range and area.
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5.2.3 Interaction with the population

For flammable gases, the program does not go on to calculate how many people might be
within Ah since these are not the only people who would be at risk from combustion, detonation. or
deflagration of the 'puff' - pressure waves or radiant energy could affect people outside this area.
The extension of the DENZ methodology to cover the consequences of igniting the cloud is a project
for the future.

6. INPUT AND CONTROL CARDS AND DEFAULT VALUES

The input and control cards necessary to run DENZ are described in this section under the
following headings:-

(i) Title cards

(iil Compulsory input cards

(iii) Optional control cards

(iv) Cards ending a run of DENZ

The user of DENZ is able to select from a great many different types of calculations. This
selection is made by means of instructions to the program via key words, Unless otherwise stated all
key words are in AB format and are left justified, all numbers are in E1 0,3 format and are right justified,
Columns 9 and 10 are blank on most control cards.

Throughout this section the following symbols will be used:

to indicate a blank column

( ) to indicate a group of ten blank columns

11 to enclose a group of ten columns

6.1 Title cards

, -

I
•

Each new run of DENZ must start with one or more title cards, The first four columns of each I
card must not be left blank; anything appearing in these columns will be ignored. All characters '(
appearing in the remaining 76 columns will be treated as part of the title and reproduced, verbatim, at
the beginning of the output.

After the last title card there must be one blank card.

6.2 Compulsory input cards

The following cards are compulsory, They may appear in any order,

6.2.1 The AIR card

I

AIR Pa ( ) ( ) ( I ( ) ( )

This card specifies the mass of air, mao kg, initially mixed with the released gas to form the
source cylinder, and the density of air, Pa kgm-', at ambient temperature.

6.2.2 The GAS card

GAS Po, ( I ( I ( ) ( )

mg is the mass of gas released, in kg, and Po is the initial density of the air-gas mixture, in
kgm-' (i.e. the density of the source cylinder), Similarly, To is the initial temperature (K) of the air-gas
mixture.
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6.2.3 The HAZARD card

HAZARD nhaz ntype ( ) ( ) ( ) ( ) ( )

\

This card specifies the nature of the hazard presented by the released material. nhaz (<;; 3) is the
number of different hazard levels to be considered, e.g. death or illness for toxic gases and U.F.L. or
L.F.L. for flammable material etc. ntype is a control index determining the type of hazard, it should be
set to one for toxic gases and two for flammable gases. The cards described below are then required:

ntype = 1

nhaz groups of cards as follows:

(j) one card, in 13 format, giving the number of times, nt 1<;; 50), at which the hazardous con­
centration of gas and corresponding exposure time are to be specified in order to provide
DENZ with information such as is contained in the chlorine exposure plot on Fig. 10.

(i1) A card, or cards, in BE 10.3 format, containing nt hazardous concentration levels (kg/m')
in descending order.

(Iill A card, or cards. in BE 10.3 format, containing nt exposure times, in seconds. The ith of
these exposures times must correspond to the ith hazardous concentration level given on
the previous card.

ntyp8 = 2 ,
One card, in 8E 10.3 format, containing nhaz values of the hazard level, In kg/m'; e.g. upper and

lower flammable limits.

6.3 Optional control cards

The following cards are optional and may appear in any order. The effect of omitting any of
these cards is described in Section 6.5.

6,3.1 The ALL card

ALL ( ) 1 ) 1 ) 1 ) ( ) ( ) 1 )

If this card is used then output is produced for all weather categories/velocity subdivisions.

6.3.2 The AREA card

AREA a ( I ( ) ( I ( I ( ) ( )

This card specifies the base area, a metres', of the source cylinder.

6.3.3 The CUT_OFF card

1 ) 1 ) ( ) ( ) ( ) ( )

hc is the height, in metres, of the cloud at the termination of the slumping phase, assuming that
the simpiified model of Section 4.8 is being used. It may be considered as the height of typical rough­
ness elements on the ground.

6.3.4 The ENTRAIN card

ENTRAIN ent u* u' ( I ( ) ( I

ent is an entrainment index which should be set to one for selection of the Cox and Roe model
(Equations (13) - 114)). The temperature of the air, in Kelvin, is specified as Ta' u* and u' are the pro­
portionality constants governing edge and top entrainment, respectively (see Equations 1101 and (11)).
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If ent is set to zero then it is assumed that there is no entrainment of air during the slumping
process; the rate of growth of the cloud radius is then given by Equation (2). Columns 20-80 of the
card should be left blank.

6.3.5 The F-NLlNES card

F-NLlNES ( ) ( ) ( ) ( ) ( ) ( ) ( )

I
!

For toxic gases only, cumulative probability/number of casualty tables for each of the nhaz
hazard levels specified by the HAZARD card will be produced if this card is used; see Section 5.1.3.

6.3.6 The HEAT card

HEAT a Pg ( )

This card specifies that cloud heating by the various mechanisms described in Section 4.3 is to
be considered. i is a control index which should be set to one if the user wishes to suppiy values for the
ground temperature in the various weather categories/velocity subdivisions. If i is set to one then this
card must have been preceded by the WEATHER card, if that card is to be used, and must be followed
by further cards containing data on ground temperatures, in Kelvin, where the ith number on the jth
card refers to the temperature of the ground in the ith velocity SUb-division of the jth Pasquill stability
category (A = 1,8 = 2 ... F = 6), as defined either by the WEATHER card or by the default weather data
(Table cl).

" a is the constant in the equation for heating by turbulent naturai convection (Equation (9)), Ca
and Cg are the average specific heat capacities (Jkg- I K-') of air and the released material, respectively,
Ta is ambient temperature (KI, and Pg is the density (kgm-') of the released material at ambient
temperature.

I
r

6.3.7 The HEIGHT card

HEIGHT zr ( ) ( ) ( ) ( ) ( ) ( )

Wind speeds given either by the WEATHER card or by the default weather data are assumed
to be measured at a height of zr metres.

6.3.8 The RANGE card

RANGE ( ) ( ) ( ) ( ) ( ) ( ) ( )

If this card is used then the range and corresponding area within which the concentration
exceeds the levels specified on the HAZARD card are calculated by the method described in Section
5.1.2.

•

6,3.9 The ROUGHNESS card I
ROUGHNESS 20 ( I ( ) ( ) ( ) ( ) I )

The surface roughness length is.20 metres.

6.3.10 The SITE card

I SITE nr ns ( ) ( ) ( ) ( ) ( )

This card is used to define the population distribution around the site. It is necessary to define
the number of radii, nr (.;; 20), and the number of sectors, ns, (1 < ns';; 12), in the distribution; the
following data are then required.

(a) A card, or cards, giving nr values for the radii, in metres, at which calculations are to be
performed. The radii should be in order of increasing magnitude.
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(b) nr x ns numbers giving the number of people at each radius in each sector. The order in
which these numbers appear is important - starting at the smallest radius specify the
number of people. n. in each sector. i.e. n (1. i) for i = 1. ns' Repeat this process for each
successive radius. i.e. define n li. i) for i = 1. ns and for j = 1. nr• by altering first i and then j.

6.3.11 The STAGE_3 card

( ) I () ( ) ( ) ( ) ( )

This card defines the centre line concentration density difference. ~p. kgm-'. at which Stage 3
of the cloud's dispersion is assumed to be complete; that is. the density difference for which transition
to passivity takes place.

6.3.12 The VAN ULDEN card

K ( ) ( ) ( ) ( ) ( ) ( )

K is the value of the constant in Van Ulden's formula for the rate of growth of the cloud radius
(Equation (2)).

6.3.13 The WEA THER card

I WEATHER n, n, n, n, n. ( )

1

r

This card defines the weather conditions around the site. The number of velocity subdivisions
in each Pasquill stability category are specified by n, to n•• (ni .;; 4), where n, refers to Category A. n, to
Category B .... n. to Category F. The following data are then required.

(a) On a new card. n, numbers corresponding to the velocity subdiVisions. in m/so appropriate
to the 1st weather category (A). Repeat for each weather category for which ni > O.

(b) For weather category A and the first velocity subdivision. ns numbers are required. The
kth number is the probability that the wind blows into the kth sector of the population
distribution with that wind velocity and in that weather category. Starting on a new card
each time repeat for the remaining weather category/velocity pairs. i.e.

(A.2) .. (A,n,).(B.1 1.. (B.n,).... (F.n.).

Note that these probabilities are normalised by DENZ.

6.4 Cards ending a run of DENZ

The following cards are compulsory.

6.4.1 The CONTINUE card

CONTINUE ( ) ( ) ( ) ( ) ( I ( ) ( )

Further runs of DENZ may be initiated by this card. It should be followed by the title and control
cards described in earlier sections. Any new data following this card will overwrite all values set on
previous similar data cards.

6.4.2 The END card

END ( ) ( ) ( ) ( ) ( I I ) ( )

This card is used to define the end of a data block. If further runs are required then it should be
followed by the CONTINUE card. otherwise it should be followed by another END card (i.e. the complete
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set of data is terminated by two END cards). in which case control within DENZ jumps to the STOP
instruction.

A summary of the control cards appears in Table 2.

6.5 Default values

The effect of omitting each optional control card is described in this section.

6.5.1 ALL

Output is produced for Pasquill stability Category A - first velocity subdivision, Pasquill
stability Category B - first velocity subdivision. Pasquill stability Category D - second velocity sub­
division, and Pasquill stability Category F - first velocity subdivision, The numbering of the velocity
subdivision is either that given in the data following the WEATHER card (if present) or is taken from the
default weather data described later in this section.

6.5,2 AREA

The initial base area of the cloud is calculated from the assumption that the base is circular and
of radius equal to the height of the cloud. The initial volume of the cloud is determined from knowledge
of its initial mass and density,

6,5.3 CONTINUE

No further runs are performed,

Stage 2 is terminated when the height of the cloud either falls below 0,5 metres or Van Ulden's
limit, see Equation 129), whichever is the greater.

6,5,5 ENTRAIN

Cox and Roe entrainment model is used, The temperature of the air is taken as 293 K, u*
(Equation (10)) is assumed to be zero, i.e. there is no edge entrainment. and u' (Equation 111)) is 0·5.
The ground temperature is equal to the air temperature.

6,5,6 F-NLlNES

The probability/number of casualty calculations are not performed,

6.5.7 HEAT

The heating of the cloud by any of the methods described in Section 4.3 is not considered,

6.5,8 HEIGHT

Input wind speeds are assumed to be measured at a height of 10 metres.

6,5,9 RANGE

The range and corresponding area within which the concentration exceeds the levels specified
on the HAZARD card by the user of DENZ are only calculated approximately,

6.5,10 ROUGHNESS

A surface roughness length of 10 cm is assumed,

I

I

r
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6.5.11 SITE

A 12 sector population distribution is used which consists of 1 person ill each sector and at
each of the radial points given by,

radius = 500 x n - 250 metres where n = 1 to 20.

Stage 3 of the dispersion process is assumed to be terminated when the centre-line density
difference, dp, falls to 0·001 kg/m',

Constant, K, in Equation (2) is assumed to be 1.

6.5.14 WEATHER

Meteorological data given in Table 1 are used. A 12 sector popUlation distribution is assumed,
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8. APPENDIX 1 - FLOW CHART FOR DENZ
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9. APPENDIX 2

Program structure

9.1 Program language

DENZ is written in FORTRAN for the ICL 2980 computer at Risley.

The input instructions given in Section 6 have been written for users submitting data via cards;
however, data may also be input via VDU's or other devices provided that they are presented to the
program in the f.ixed format notation described in Section 6.

9.2 Program size

The code requires about 40 kb and the data a further 70 kb of store. depending to some extent
on the calculations to be performed. DENZ requires no disc files or magnetic tapes and has no overlay.
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Symbol

a

a'

Ct (t)

ent

k

K'

K

mg

nhaz

ntype

N
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10. APPENDIX 3

Summary of notation

Meaning

Area of base of 'puH'

Area of hole in pressurised container

Hazard area

Area of liquid surface in vessel containing liquified gas

Specific heat of mixture at temperature T

Specific heat of air at temperature Ta

Specific heat of flammable or toxic gas at temperature Ta

CoeHicient in parametrization of cry, Equation (19)

Averaga concentration of toxic vapour required to cause death in
time t

Calculated average concentration over time t

Diameter of hole in vessel or of pipe

Entrainment criterion index

Subscript denoting quantities evaluated at the film temperature

Airborne liquid fraction

Friction factor, Equation (8)

Acceleration due to gravity

Height of 'puH'

Height at termination of slumping

Initial height of 'puH'

Height of 'puH' at transition to passivity

Interval in Inx for calculational grid

Von Karman's constant (- 0,4)

Thermal conductivity of 'puH'

Proportionality constant in Van Ulden's formula (Equation (2))

Length of pipe

Turbulence length scale

Typical dimension of cloud

Lower flammable limit of an explosive gas

Mass of air in 'puH'

Mass of air initially in 'puH'

Mass of toxic or flammable gas in 'puH'

Number of hazard levels

Index defining type of hazard

Number of people at risk

31

Units

m'

m'

m'

m'

Jkg-'K-'

Jkg-'K-'

Jkg-'K-'

J kg-' K-'

kg m- l

m

m

m

m

m

m

m

m

kgm- l

kg

kg

kg



Symbol

"r
ns

ni

fj, rj'

R

Ro
Ri

I (x)

T

To

Ta

Tf

Tg

tHg

'"Ta
U, U (t)

uw' Uw 110)

v

x

Xj

x (tl
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Meaning

Number of times for which concentration/exposure time pairs are
given as input

Number of radii in population distribution

Number of sectors

Number of velocity subdivisions chosen for weather category i

Probability that wind will blow into sector j with windspeed Uw (10)
in weather category i

Conditional probability

Rate of cloud heating by the ground

Maximum radius of interest in the calculation

Radii used in defining the population distribution

Radius of the 'puff'

Initial radius of 'puff'

Richardson number

Radius of 'puff' when transition to passivity takes place

Time after slumping begins

Time taken for 'puff' centre to reach point x

Temperature of 'puff'

Initial temperature of 'puff'

Temperature of the atmosphere

Film temperature = (Ta + T)/2

Temperature of the ground

Tg-T

Ta - T

Velocity of 'puff'

Mean windspeed at a height of 10m

Friction veiocity

Entrainment velocity

Longitudinal turbulence velocity

Volume of 'puff'

Initial volume of 'puff'

Local velocity difference

Distance downwind

Distance at which transition to passivity occurs

Hazard range

Position of jth grid point

Position of centre of 'puff' at time t
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Units

I

Wm-'

m

rm

m

m

m

s

s

K

K

K

K

K

K

K

ms-I

rns- 1

ms- 1

ms· t

ms-I

m'

m'

ms-I

m

m

m

m

m



Symbol

y

Yj

z

zr

Zo

Z

",,*
,,'

P

Po

Pa

Pg

t!..p

"x' "x (x)

0y' 0y (x)

0z' 0z (x)

0xt, 0yt' 0zt

"yh (x), 0zh (x)

t

«x)

t (x, y)

11

X, X (x, y, z)
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Meaning

Distanca across the wind

Half crosswind extent of hazardous 'puff' at jth grid point

Height about the ground

Height of reference wind

Meteorological roughness length

Ouantity defined in Equation (5)

Coefficient of (t!..Tg)! in Equation (6)

Empirical constant in formula for edge entrainment, Equation (10)

Empirical constant in formula for entrainment of air over the 'puffs'
top surface

Volumetric coefficient of expansion

Density 0/ 'puff'

Initial density of 'puff'

Density of air at ambient temperature

Density of toxic or explosive gas at ambient temperature

P- Pa

Longitudinal standard deviation in Gaussian formula

Lateral standard deviation in Gaussian formula

Vertical standard deviation in Gaussian formula

Values of ox. 0Y' 0z at transition to passivity

Values of 0y and 0z calculated as given by Hosker381

Exposure time

Exposure time at point (x, 0, 0)

Exposure time at point (x, y, 0)

Viscosity of cloud

Airborne concentration (instantaneous or average according to con­
text) at point (x, y, z)
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Units

m

m

m

m

m

kgm-J

kgm- l

kgm- J

kgm- l

kgm- l

m

m

m

m

m

s

s

s

Pas

kgm- J



Name

AREA

CASNO

CENCAL

DEFOLT

DENSE

FANDG

GRAPH

HAIR

HAlO

HSTAG2

ORDER

QUAD

READIN

ROOT

SIMRAD

SRTDM

STAGE2

STAGE3

STAGE4

TERP

TRANS

XAREA

SRD R152

11. APPENDIX 4

List of subprograms

Purpose

Calculates the approximate downwind area within which potentially hazardous con­
centrations of gas are found.

Determines the number of casualties in each weather condition.

Calculates the average concentration and duration of cloud passage at any point.

Supplies default values for some control cards.

Main program

Calculates the vertical standard deviation of the Gaussian distribution.

Interpolates between values of hazardous concentrations/exposure times given by the
user. in order to determine hazardous average concentrations for a given duration of
cloud passage.

Risley library subroutine for solving differential equations.

Determines whether or not a given average concentration and duration of cloud passage
are hazardous.

Calculates the effect of heating and/or entrainment during the slumping phase.

Calculates cumulative probability curves.

Risley library integration subroutine.

Input routine.

Risley library subroutine for finding the roots of an equation.

Calculates the radius and standard deviation of a non-passively diffusing cloud.

Risley library subroutine for sorting numbers into descending order of magnitude.

Calculates cloud parameters during Stage 2 of the simple dispersion model.

Calculates cloud parameters during Stage 3 of the simple dispersion model.

Calculates parameters of a passively diffusing cloud.

Performs logarithmic interpolations.

Calculates the transition point between Stages 3 and 4 of the simple dispersion model.

Performs an accurate calculation of hazard areas and ranges.
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12. APPENDIX 5

Examples

The user of DENZ has such a wide choice of input and output that it is not practicable to give
examples of them all. The following examples are. therefore. provided to illustrate just two of the
possible uses of the program.

12.1 Example one

The input.required for a series of runs to investigate the effect of various assumptions about the
dispersion of a 'puff release of 40 Te of ammonia is shown on Table 3. The parameters used are as
follows:

(j) Run 1: One hazard level with a concentration vs. exposure time curve expressed as four
values of hazardous concentration (7 x 10-' to 5 x 10-' kg m-') and four corresponding
exposure times (300 to 3,600 seconds).

A hypothetical population distribution consisting of two sectors sub-divided into ten radii
(50, 100, 150, 200, 300, 400 ... 800 metres) with one person at each distance in each
sector.

Hypothetical meteorological data specifying two velocity subdivisions (3 ms-I and 9 ms-I)
in Pasquill stability Category D, and one (2 ms-I) in Category F. The probability of
occurrence of each weather condition in each sector of the population distribution is
assumed to be the same (values given as input will be normalised by DENZ). Output is
required for all weather conditions.

40 Te of gas is assumed to be mixed with 800 Te of air at a density of 1·2 kgm-', in order
to form a SOurce cylinder of density 1·42 Kgm-' at 240 k.

The simple 4-stage model is to be used and area/range calculations are ·required.

Default values are taken for all other parameters.

(iil Run 2: As Run 1 except that the Cox and Roe model for entrainment of air through the top
of the cloud and the heating effect of the entrained air are to be considered.

(iii) Run 3: As Run 1 except that heating of the cloud by the ground is to be considered.

(iv) Run 4: As Run 1 except that the Cox and Roe modei for entrainment of air through the top
of the cloud and the heating effect of both the entrained air and the ground are to be
considered. The ground temperature is arbitrarily taken to be 293 k and 295 k in stability
categories D and F, respectively.

The predicted growth in the radius of the air-ammonia cloud during the slumping phase is shown
on Fig. 12. It is apparent that a much broader plume than that indicated by passive diffusion is formed,
implying that the region within which potentially hazardous concentrations of ammonia occur is
broader than a similar region for a passively diffusing gas of comparable toxicity.

Further discussion of the dispersion of ammonia may be found in Reference 32.

12.2 Example two

The input required for a run to predict the region within which the LFL (- 5% by volume) is
exceeded when 25.000 m' of LNG is spilled onto water is shown on Table 4. The principle features of
this example are:

(i) It is assumed that as the LNG pool boils it forms a flat cylinder of pure. cold methane.

(iil The initial radius of the cloud is equal to the estimated maximum liquid pool radius.

(iii) The effect of entrainment through the upper surface and heating of the cloud by the water
are to be considered. The air and water temperatures are taken to be 293 k and 283 k.
respectively.
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(iv) Output is required for all default weather conditions.

This example is presented in view of the publication by Havensl431 containing a review of
methods for predicting the hazard range for a spill of 25,000 m' of LNG onto water, in which he shows
that calculated distances to the LFL in neutral conditions vary from - 1 mile to - 5 miles, and in stable
conditions from - 11 miles to - 50 miles. The corresponding downwind distances predicted by
DENZ are - 3 km in Pasquill stability Category D, windspeed 3 ms· ' , and - 11 km in Category F, wind·
speed 2 ms·'.

The results from some of the models reviewed by Havens are presented for neutral conditions
only; however, since 'the results obtained are not affected strongly by the specification of different
atmospheric stability conditions'1431 for at least one model, it may be argued that the lower end of the
hazard range given in stable conditions should be extended downwards to inciude some of the results
given for neutral conditions. Havens also expresses reservations concerning the modelling required to
produced hazard ranges of several tens of miles. Thus, although the results from DENZ tend towards
the lower end of the hazard ranges given by Havens and noting that there is considerable uncertainty
about the choice of many modelling parameters - particularly those affecting entrainment and cloud
heating - it would seem that the predictions made by DENZ are not inconsistent with those of other
models.

SRD R152 36



13. REFERENCES

1. Report of the Court of Inquiry into the Flixborough Disaster. Her Majesty's Stationery Office,
London (1975)

2. BRISCOE, F. 'Preliminary analysis of the fire and explosion incident at the Los Alfraques Camp
Site on 11 July 1978'. SRD Internal Note (197B)

3, 'Railroad Accident Report: Louisville and Nashville Railroad Company freight train derailment
and puncture of anhydrous ammonia tank cars at Pensacola, Florida, 9 November 1977'. US
National Transportation Safety Board Report Number NTSB-RAR-78-4 (1978)

4. 'Canvey: An investigation of potential hazards from operations in the Canvey IslandfThurrock
Area'. Her Majesty's Stationery Office, London (1975)

5. McMULLEN, G. 'A review of the 11th May ammonia truck accident'. City of Houston Health
Department Report (unnumbered), (1976)

6. LONSDALE, H. 'Ammonia tank failure - South Africa', Ammonia Plant Safety, 17, (1975).
pp.126-131

7. 'Railroad Accident Report: Chicago, Burlington and Quincy Railroad Company Train 64 and
Train 824 derailment and collision with tank car explosion, Crete, Nebraska, February 1B, 1969'.
US National Transportation Safety Board Report Number NTSB-RAR-71-2 (1971)

B. 'Pipeline Accident Report: Mid America pipeline system anhydrous ammonia leak, Conway,
Kansas, December 6, 1973'. US National Transportation Safety Board, Report Number NTSB­
PAR-74-6 (1974)

9. GRIFFITHS, R. F, 'Observations of non-buoyant behaviour of ammonia following accidental dis­
charges to the atmosphere'. Published as an annex (entitled 'Ammonia Release Incidents') to
Appendix 4 of Reference (4)

10. HADDOCK, S, R. and WILLlAMS, R. J, 'The density of an ammonia cloud in the early stages of
its atmospheric dispersion', UKAEA Report SRD R103 (197B)

11. HALL, D, J. 'Further experiments on a model of an escape of heavy gas', Warren Spring
Laboratory Report CR 1314 (AP) (1977)

12. VAN ULDEN, A. P. 'On the spreading of a heavy gas released near the ground', Loss Prevention
Symposium, The Netherlands, May 1974. Elsevier, Editor C. H. Buschmann, pp.221-226

13. 'Experiments with chlorine'. Booklet published by the Directorate-General of Labour of the
Ministry of Social Affairs, PO Box 69, Voorburg, The Netherlands (1975)

14. PICKNETT, R. G. et ai, 'Field experiments on the behaviour of dense clouds'. Report Ptn IL
1154/7B/1. (1978). Chemical Defence Establishment. Porton Downs, Wilts, Contract to the
Health and Safety Executive, Sheffield, 197B

15. GIFFORD, F. A. 'A review of turbulent diffusion typing schemes'. Nuclear Safety, 17, (1976)
pp,68-86

16. ARTINGSTALL, G. 'Displacement of gas from a ruptured container and its dispersal in the
atmosphere', Safety in Mines Research Establishment (Sheffield). Paper presented at Fourth
Symposium on Chemical Process Hazards with special reference to plant design

17. RAJ, P. P. K, and KALELKAR, A. S, 'Assessment models in support of the hazard assessment
handbook'. Arthur D. Little Inc. Report AD-776617 (1974)

18, OOMS, G" MAHIEU, A. P. and ZELlS, F. 'The plume path of vent gases heavier than air'. The
Institute of Chemical Engineers, Symposium Series 47 (Process Industry Hazards). (1976).
pp.211-219

19. RESPLANDY, A. 'Etude experimentale des proprietes de I'ammoniac'. Chimie et Industrie
- Genie Chimique, 102, (1969). pp.691 et seq

SRD R152 37



20. REED. J. D. 'Containment of leaks from vassels containing liquefied gases with particular
reference to ammonia'. Loss Prevention Symposium, The Netherlands. May 1974. Elsevier.
Editor C. H. Buschmann. pp.191-195

21. MAURER. Bo, HESS. Ko, GIESBRECHT, H. and LEUCKEL, W. 'Modelling of vapour cloud dis­
persion and deflagration after bursting of tanks filled with liquefied gas'. 2nd International
Symposium on Loss Prevention and Safety Promotion in the Process Industries. Heidelburg.
(1977). pp.305 et seq

22. DIETZ, K. A. (Editor). STEP Project Quarterly Report. October-December 1966, 100 17214.
(1967)

23. EDWARDS. A. R. 'Water reactor containment'. Lecture No. 39. United Kingdom Atomic Energy
Authority Safety and Reliability Directorate, Reactor Safety Course, Harwell (1978)

24. HALL. S. F. 'A simple homogeneous equilibrium critical discharge model applied to multi­
component two-phase systems - the computer program CRITS and CRITIER'. UKAEA Report
SRD R127 (1978)

25. BROWN. R. and YORK, J. L 'Sprays formed by flashing liquid jets'. A.I.Ch.E. Journal 8 (1962)
pp.149 et seq

26. 8RIGGS. G. A. 'Plume rise predictions', Air Resources, Atmospheric Turbulence and Diffusion
Laboratory. Oak Ridge, Preprint. ATDL Contribution File No. 75/15 (1975)

27. FAUSKE. H, K. The discharge of saturated water through tubes'. CEP Symposium Series 59
(19651, pp,210 et seq

28. SHAW. P. and BRISCOE. F. 'Evaporation from spills of hazardous liquids on land and water'.
UKAEA Report SRD Rloo (19781

29. COX, R. A. and ROE. D. R. 'A model of the dispersion of dense vapour clouds'. 2nd International
Symposium on Loss Prevention and Safety Promotion in the Process Industries. Heidelberg
(1977). pp.359 et seq

30. RAJ. P. Ko, HAGOPIAN. J. and KALELKAR, A. S, 'Predictions of hazards of spills of anhydrous
ammonia onto water'. Report to US Coast Guard, January 1974. US National Technical
Information Service Report No. AD 779400

31. MacARTHUR, J. G, 'Ammonia storage tank repair'. Ammonia Plant Safety, 1971. Symposium
1-3

32. KAISER. G. D. and WALKER, 8. C. 'Releases of anhydrous ammonia from pressurised containers
- the importance of denser-than-air mixtures'. Atmospheric Environment. 12 (1978). pp,2289­
2300

33. . SLADE. D. H, (Editor). 'Meteorology and atomic energy'. US Atomic Ener9Y Commission!
Division of Technical Information Report TID-24190 (1968)

34. YIH. C, 'Dynamics of non-homogeneous fluids'. MacMillan. New York (1965)

35. McADAMS, W. H, 'Heat transmission', M6Graw-HiII, New York (1954)

36, GERMELES. A, E. and DRAKE, E. M. 'Gravity spreading and atmospheric dispersion of LNG
vapour clouds'. Fourth Symposium on the Transport of Hazardous Cargoes by Sea and Inland
Waterways, Jacksonville, Florida (1975), pp,519 et seq

37. TAYLOR. R. J., WARNER, J. and BACON. N. E. 'Scale length in atmospheric turbulence as
measured from an aircraft'. Quart. J. R. Met. Soc. 96 (19701. pp.750 et seq

38. HOSKER, R. P. 'Estimates of dry deposition and plume depletion over forests and grassland'in
'Physical Behaviour of Radioactive Contaminants in the Atmosphere'. IAEA STI/PUB/354
(1974). pp.291 et seq

39, PASQUILL. F, ,.he estimation of the dispersion of windborne material'. Mel. Mag. 90 (19611,
. pp.33 et seq

SRD R152 38



40. ROBERTS. A. F. UK Health and Safety Executive. Private Communication (197B)

41. ENGLAND, W. G.. TEUSCHER, L. H.. HAUSER, L. E. and FREEMAN, B. 'Atmospheric dispersion
of liquefied natural gas vapour clouds using sigmel, a three-dimensional time-dependent hydro­
dynamic computer model'. Science Applications Inc. Report Presented at 1978 Heat Transfer
and Fluid Mechanics Institute, Washington State University, Pullman, Washington June 1978

42. RIELE, P. H. M. te. 'Atmospheric dispersion of heavy gases emitted at or near ground level'.
2nd International Symposium on Loss Prevention and Safety Promotion in the Process
Industries. Heidelberg (1 977), pp.347 et seq

43. HAVENS,. J. A. 'Predictability of LNG vapour dispersion from catastrophic spills onto water'.
University of Arkansas Report AD-A040-525 (1977)

44. 'Experimental investigation of the dispersion of ammonia vapours generated by the spills of
liquid anhydrous ammonia on water and on land'. A Technical Proposal prepared by Arthur D.
Little, Inc.. Cambridge, Massachussetts (1978)

45. 'An approach to Liquefied Natural Gas (LNG) safety and environmental control research'.
US Department of Energy Report DOE/EV-0002 (1978)

46. KAISER, G. D. 'Examples of the successful application of a simple model for the atmospheric
dispersion of dense, cold vapours to the accidental release of anhydrous ammonia from
pressurised containers'. UKAEA Report SRD R150 (1979)

47. American Gas Association project IS-3-1. 'LNG Safety Program-Interim Report on Phase 11
Work'. Battelle Columbus Laboratory Report (1974)

48. BEATIlE, J. R. 'A quantitative study of factors tending to reduce the hazard from airborne toxic
ciouds·. Appendix 3 of Canvey Island Report. Reference 4

49. BOWEN, J. H. 'Graphical calculation of toxic ranges for a release of 1OOOt of ammonia vapour'.
Appendix 15 of Canvey Island Report. Reference 4

50. HARDEE, H. C. and LEE. D. O. 'Expansion of ciouds from pressurised liquids'. Accid. Anal. and
Prev. 7 (1975), pp.91 et seq

51. SEGALOFF, L. 'TASK SIROCCO - Community reaction to an accidental chlorine exposure'.
The Institute for Co-operative Research, University of Pennsylvania Report No. DA-18-064­
Cml-2757 (1961)

52. The Chlorine Institute, 342 Madison Avenue. New York NY 10013. USA.

SRD R152 39



TABLE 1

Default meteorological data

Wlndlpeed
m/I

Palquill ltablllty
category

A

B

C

o

E

F

{

1·5

3·0

3·0

6·0
3·0

3·0

2·0

Probability of wind blowing
Into eech lector

1·67 x 10-'

5·83 X 10-'

1·25 x 10-'

2·67 X 10-'
2·67 x 10-'

5·0 X 10-'

5·0 X 10-'

TABLE 2

Index of control cards

Name of card

AIR+

ALL

AREA

CONTINUE

CUT_OFF

ENO+

ENTRAIN

F-NLINES

GAS+

HAZARD +

HEAT

HEIGHT

RANGE

ROUGHNESS

SITE

STAGE_3

VAN_ULOEN

WEATHER

Comments

Initial mass and density of air

Output for all weathar conditions

8ase area of cloud

Anothar run required

Cut-off height for slumping

End of a run

Entrainment criterion index

Probability/no. of casualty calculations required

Initial mass and density of released material

Information on nature of the hazard

Cloud heating calculations required

Height at which input wind speed measured

Area/range calculations required

Surface roughness length

Population data

Density difference determining termination of stage 3

Constant in Van Ulden's formula

Mateorological data

Card number

6.2.1

6.3.1

6.3.2

6.4.1

6.3.3

6.4.2

6.3.4

6.3.5

6.2.2

6.2.3

6.3.6

6.3.7

6.3.8

6.3.9

6.3.10

6.3.11

6.3.12

6.3.13

+ Compulsory control cards - no default value
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FIGURE' The release of' Te of Freon-12 by pouring refrigerated
liquid onto water.

(a) An approximately cylindrical cloud forms within the first few
seconds.

(b) The puff subsequently collapses under the influence of
gravity.

(c) Slumping continues until the cloud has a height of only a fraction
ota metre.
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(b)

~
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(c)



FIGURE 2

The source 'tent' for the releases of Freon-12 at Porton,as it begins to
collapse. The gas 'is made visible with a smoke grenade.
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FIGURE 3(a) Collapse of Freon-12'puff' when there is little wind.

FIGURE 3(b) The same release viewed from above after a few seconds
using a 'fisheye lens. Note the'f1an-case configuration.
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FIGURE 5 Houston; Photographs of grass burnt by the escaping
ammonia, taken four days later from a helicopter.

Above: looking eastwards.
Below: looking westwards.
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