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SUMMARY

A simple model for the dispersion of heavy and cold gas clouds
is developed. The horizontal dimension of the cloud is assumed
to increase due to the gravity fall of the cloud. The cold

cloud is heated from below and from air entrainment. The ini-
tial entrainment velocity is assumed to be linearly proportio-
nal to the front wvelocity and decay as the square of it. The
entrainment at the upper surface is estimated as for atmospheric
inversions and density interfaces in laboratory flows. The model
predictions are shown not to be critically dependent on coeffi-
cient variations. Experimental data on heavy gas dispersion are

predicted accurately.

The hazard of heavy gas clouds is predicted to be dependent on
environmental conditions, particularly the roughness of the
underlying surface and the mean wind speed. Under unfavourable
conditions a heavy gas cloud from a major "instantaneous" re-
lease may be hazardous for hours several kilometers from the

source.
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A MODEL FOR HEAVY GAS DISPERSION
IN THE ATMOSPHERE

il INTRODUCTION

1.1 The Problem

The production, transportation and storage of large quantities
of heavy, explosive or poisonous gases may present serious
hazards to the public. A cloud of methane, propane or butane
may be flammable if the mean volume concentration is higher
than approximately 1%. A cloud of chlorine may be poisonous

at concentrations of approximately 10~°%. If accidental re-
lease occurs in unfavourable atmospheric flows, the resulting
cloud could be hazardous far away from the source. Several
investigations have been done towards estimating the spread

of such clouds, (Fay (1), van Ulden (2), te Riele (3), Germeles
and Drake (4),(5), Eidsvik (6) and Kaiser and Walker (7)).
Experiments involving the release of heavy gas clouds are de-
scribed by Burges et al. (8), Feldbauer et al. (9),(10) and

in (2). Resent experiments at Porton, described by Picknett (11)
have contributed substantially to additonal relevant data. Most
of the proposed models are very simple and all involve uncertain
ad hoc assumptions. Although the authors may claim that their
models fit the data, the fit could easily be caused by the in-
complete, sparse and stochastic data, and the number of coeffi-
cient used for curve fitting. We will show that our model, (6),
can predict important aspects of heavy gas spreading as revealed
by the Porton data, with adjustment of only one coefficient for

initial entrainment.

1.2 Outline of the process

The gas if often stored in liquified form. When this liquid is
exposed to normal environments, the gas may boil off from a lig-
uid pool at a boiling temperature that may be much lower than
the environmental temperature. A significant fraction of the
liquid may be thrown into the air-gas cloud as droplets to eva-

porate there. If the characteristic time required to release



most of the gas is tr, and the characteristic radial gas cloud
speed during the release is Ug’ the cross wind dimension of the
cloud at the time tr is rz(tr)2 Ugtr' With a transport velo-
cityy, Ua’ which may be somewhat less than the atmospheric wind
speed, the alongwind dimension of the cloud at time tr become
rl(tr)z (Ug+ Ua)tr. When Ua << Ug’ the cloud is approximately
cylindrical at tr' In this case ("instantaneous source"), the
subsequent spread will be reasonably isotropic in the horizontal
plane. For a given tr’ this idealisation is most realistic under
weak mean wind conditions. When Ua >> Ug, the cloud has much
larger longitudinal than transverse dimension at tr’ In this
case ("continuous source") the most important horizontal spread
direction will be the transverse. For a given tr' this ideali-
zation is most realistic for high mean wind conditions. Unless
otherwise stated in what follows, the source is assumed to be
instantaneous. Experimental evidence suggests that the spread
from an instantaneous heavy gas source may conveniently be
discussed in terms of a rapid phase of initial slumping, an
intermediate phase of less vigorous development, and finally

a phase of passive scalar diffusion.

If the gas release is sufficiently rapid, the initial phase

is characterized by a vortex ring at the pheriperial cloud bound-
ary. In the Porton experiments it is estimated that a significant
fraction of the gas mass is contained in this vortex ring (11).
The characteristic duration of this phase is tI‘ Both the charac-
teristic time for the duration of a realistic gas release, tr’
(1,2,4,5) and time for the slumping and heating of a cold cloud,
tyr
or initial air entrainment has been estimated as significant in

are probably of the same order of magnitude. The release

various experiments (2,7,11). A physically realistic modelling
of the initial phase would be extremely difficult because it
involves nonequilibrium boiling and nonequilibrium thermal
interaction between two complicated turbulent flows. A reason-
ably realistic model for the gas flow alone would probably re-
guire a very complicated turbulence model of the type discussed
by Donaldson and Bilanin (12) or Deardorff (13). As the initial
mean gas flow is definitely three-dimensional and of small scale,

a very small grid size would be necessary along all spatial di-



rections over a large spatial domain. With todays computers

such a model would not be feasible. In addition the model

would be uncertain due to uncertain closure schemes. It is in-
gtead hoped Ehat a simple ad hoc model ¢amn predict the approxi-—
mate bulk properties of the cloud at the end of the initial phase.

For the intermediate stage, t 2 O(tI), the gas mixture is still
denser than air and continues to spread radially due to gravity.
Because of surface stress and heat transfer, it is probably a
well developed turbulent flow. The turbulence is likely to give
a reasonably homogeneous air-gas mixture inside the cloud. The
horizontal dimension of the cloud, r, is much larger than the
height, h. Assumed representative properties of a vertical cross
section of the flow are shown in Figure 2.1. The assumed mean

profiles at the upper cloud boundary suggest that the flow may
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Figure 2.1: Assumed, representative vertical profiles of the "intermediate"
heavy gas flow.
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be subject to Kelvin Helmolz instability. This instability would
Inply an effective dilution of the gas clouwd. Fer £ » tI it is
assumed that the flow adjusts its gradient Richardson number

over the interface so that Kelvin Helmholz instability is almost
always avoided. If the above concepts of the flow are realistic,
the dispersion can not be realistically estimated by using K-
theories of turbulence as done in references (3) and (5). In

the bulk cloud there will be large vertical turbulent transports
in spite of negligible mean gradients, and across the large mean
gradients ("interface") the turbulent transport may be small.

It would also be difficult to use numerical models of the Reynolds
equations for mean flow computations as done in reference (13),
because the resolution of the grid would have to be very small

in the neighbourhood of the cloud boundaries. Our model is mainly
meant to be applicable for this intermediate stage of cloud

development.

As the density difference between the cloud and atmosphere vanishes,
the dispersion must approach that of a passive scalar cloud. At
this stage the gas concentration has decreased considerably

so that the dispersion may not need to be estimated accurately.
Sufficient accuracy may be achieved by designing the heavy gas
model to have an approximately correct limiting behaviour as

the density difference vanishes.

2 A DISPERSION MODEL FOR A HEAVY GAS CLOUD

2:1 Mass of gas mixture

With the assumption of a reasonably well defined boundary

of the gas mixture, the mass of the cylindrical cloud is :
mp(t)exr?(t) h(t) = My ¥ M (t) (2.1a)

Here Mg is the mass of the released gas and Ma(t) is the mass of

entrained air.
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For a continuous source, the corresponding equation is obtained
by considering the flux of gas mixture at a distance x = Ua't

from the source

dMg dMa
Ua p(x) 2r{x)h(x) = 3t + 3 (2.1b)
daMm
Here 2r is the transverse dimension of the plume EEE is the source
dMa
strength, and Ic is the entrained air over the distance x.

As the density difference becomes small and the "interface"
vanishes, h and r may still be identified as characteristic cloud

dimensions.

2.2 Gravity induced velocity

The frontal speed of a frictionless heavy gas flow has been

estimated by several authors (1,2,4), to be

dr _ - 8oy %
e Ug = a1 {(gh —p') (2.2)
Here a; = 1.3 is a coefficient, g is the acceleration of gravity,

and Ap=p—pa with pa=pa(z) the density of the atmosphere. When
there are no horizontal variations of h and p, the gravity
induced radial horizontal speed will vary linearly with the
distance from the centre of a circular cloud. The average
gravity speed over the area of a circular cloud then becomes

3 Ug. The average gravity speed across a plume is % Ug

This spatial distribution of wvelocity inside the cloud, some

’

vertical momentum exchange and continuity, suggest that there
should be a tendency for a vortex ring of the correct circu-
lation direction to form above the cloud front. With momentum
exchange, there would also have to be a mass exchange. However,
neither need probably be large for the spectacular vortex ring

to be visible.
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With negligible heat transfer. Equations (2.la) and (2.2)

give the same horizontal spreading for the two extreme situations:
no entrainment, and Ap/p ~ Ap/pa + 0. This indicates what is later
shown by numerical integrations; that the increase of the hori-
zontal cloud dimension is almost independent of the entrainment
process. The limit Ap/p = Ap/pa + 0 occurs when t >> ts and

is of most interest here. As Ap/pa + 0 there will be negligible
temperature differences so that the increase in cloud volume,
V(t), is only caused by entrainment. Equation (2.la) may then

be written as:

V(E)p(t) = V(t )e(t,) + (V(t) - V(E D)o, (2.3)

with tO a reference time. Rearrangements give:

Bp(t) . Bpltg) Vi(tg) _ Apltn) Vity) A i
2 3

B Pa v(t) oy trZh

Introducing (2.4) into Equation (2.2), gives the following

simple relation:

d W (& Ap(t
ra—E—=Ct1 (g'n_(JL) g( O) );5
a
_ dr _ o d et _
= (r IE )to = (-_EE——)to = const. (2=:5i)

It is easily seen that the same type of equation would have
been obtained if cloud volume and density were conserved (2).

Integration of Equation (2.5) gives:

dr

.CE)to (t—to) (Z-6)

8] = ot g ) e
When t >> tos the horizontal gravity spread does therefore
approach the same type of law as that of a large passive sca-
lar cloud. The dispersion of a passive scalar cloud is discussed
by for instance Monin and Yaglom (14). Its horizontal dimension,
characterized by the variance, increases with the time approxi-

mately as:



= o) v

ou(UaL)'l/3 t?, for (Erz)% <<(U_L)

R

(2 7)

L
4 ouzL s For (Bre)* >>(U,L)

Here 9, is the standard deviation of an atmospheric horizontal
velocity component, and L is the Lagrangian integral scale. If
the gravity flow and the effects of atmospheric turbulence can
be considered to be independent, the gravity effect dominate

the diffusion as long as

; i ou(UaL)‘1/3t2 for r(t)<<UL
g% - (i’é_)t B (2.8]
e 1 @ *5 fer it )>>0. L
u O a

For the most hazardous, large clouds, this give

dr UaL
(af)t > 2 [FTE_J A for r(to)>>UaL £2159)
o o
Since Ou is usually much less than Ua’ the turbulent dispersion
is predicted not to dominate unless 9, is significant larger
than the gravity velocity at to. In reality the turbulent (and
laminar) friction will probably reduce the effectiveness of
the organized gravity flow. Lacking a theory for this inter-
action, it is assumed that Equation (2.2) describes the hori-
zontal spread without explieit modifications for atmospheric
turbulence. As shown, it has at least the correct limiting

shape for large clouds as the density difference vanishes.
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2.3 Entrainment of air

From experiments (2,11) it appears that for times t . 0(t
and € > @i

)
I) the entrainment is dominated by two differeit
laws. The initial gas flow may be very complicated and highly
dependent upon the details of the release process. The vortex
ring near the cloud front seems to be important, implying that
the entrainment at this stage occurs over an area of the same

order of magnitude as the frontal area. The entrainment velocity

is (drd).
dt
dMa drd
. el 2ﬂrh(aE—), for t < 0 (tI) (2.10)

Later, as the vortex is dissipated, entrainment is expected
to be most important at the large upper surface of the cloud.

ah
The entrainment velocity is (EE_)

dMa dhd
. 2
3t ¥ T (EE_)’ for t = O(tI) (2.11)
The total air entrainment is the sum of the two.
aM, o fahy g g
dt a it E dit
- 2 (dh D)
= p,Tr (dt . (2.12a)
dr

It is assumed that ( ) decreases fast enough so that Equation

diE
(2.12a) approaches Eguation (2.11) as t >0(tI)’

For the continuous source case, the corresponding equation 1is

obtained by considering the entrainment flux.

X X

am dh dr

EEE | 8 j (2r)(aE§) dx + J (2h)(aE9) ax (2.13)
0 0
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Differentiation with respect to x gives

d (dMa) R dh 4 b dr 4
dx ‘at Par | 3t r dat
dhy
=2 px (a1, (2.12b)

2.3.1 Initial

The "traditional" ad hoc peripheral entrainment velocity is

= = @ U (2.14)

For models to fit different data it is necessary that the
magnitude of o, varies considerably. With the large initial
entratfiment required to satlisfy the Porton data, a, € (0.5,1),
it is found that Equation (2.14) results in the following unde-
sirable properties: a) The result depend critically on the choice
of o.. b) Peripheral entrainment does normally dominate at

all stages of the cloud development. The former implies that an
uncertain result is estimated by means of a complicated method,
while the latter at best makes the model inconsistent. These
unwanted properties are, to a large extent, avoided if the
initial entrainment velocity is assumed to be proportional to
ng, with p > 1. Choosing the simplest, quadratic alternative,

p = 23

i A5y 2(g) (2.15)
ar Ug(O) g §

Numerical simulations show that the objectionable properties
a, and b, are now removed. Our initial entrainment velocity
is thus equal to the "traditional" peripheral entrainment
velocity. However, as the time goes on, it is reduced by a
factor of Ug(t)/Ug(O).
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3.2.2 Vertical

Provided that the velocity shear near the upper boundary of

the cloud does not have a decisive effect on the entrainment,
the entrainment at the upper boundary may be estimated from
models on "density interface" flows as for instance discussed
by Kato and Phillips (15), Crapper and Linden (16), Wu (17),
Tennekes (18), Heidt (19), Zeman and Tennekes (20) and Long
(21,22). The estimated velocity entrainment may differ some-
what from one author to another. With the uncertainties associ-
ated with heavy gas flow, we seek a simple relation with
parsimonious use of experimental coefficients. It is also
desirable that the entrainment approaches the approximately
correct value for a passive scalar cloud as the density differ-
ence vanishes. The Zeman-Tennekes type of entrainment equation

fulfils these requirements.

dhd ol
_dt - -——.”,—aG T Ri w (2.16)

Here w is a characteristic vertical turbulent velocity and Ri

is the Richardson number

R, = ——t— 02:17)

The coefficient ay is chosen so that the entrainment velocity
becomes equal to the Kato and Phillips law (15) for large
Richardson numbers and a? = ay/0s, so that the entrainment
approaches the approximately correct limiting value as the

effect of the density difference vanishes, i.e. as R; =+ O:

dhd
Yo ™ % W as R. & O (218}
According to Tennekes and Lumley (23), this equation describes
the approximate growth rate of a neutral boundary layer when
ae = 0.3. The entrainment equation for the heavy gas flow does,

therefore, contain only one independent coefficient.
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It seems physically reasonable that the convective and
mechanical turbulence Wi and L respectively should affect
the entrainment differently (6,13). We choose what seems to

be a simple alternative for estimating the combined entrain-

ment effect:

w? = (az wp)® + (as wp)® (2.19)

The convective and mechanical velocities are well established

as

o 178
wp = (B, &2) d (2.20)
Wo = us = (% cf)%U (d+21)

respectively, where Ce is the "surface drag coefficient". In
connection with heavy gas dispersion, Cg is considered as an
environemental variable rather than as a coefficient.
Kitaigorodskii (24) has estimated Cg = 2¢10"% to be a repre-
sentative value over water. Over a smooth land surface it is
significantly larger. U is a representative "free stream" velo-
city for the cloud approximated as the quadratic mean of the

average gravity flow and wind speed-

(% 6 i "instantanuous"

2 9 a

U = (22120
(l o % g2 "continuous"
3 g ay

When Equation (2.19) is substituted into Equation (2.16) the
coefficient a3 (or a:2) may be included into ay so that only
one new independent coefficient is introduced. This coefficient
characterizes the difference between convective and mechanical

entrainment.

In the limit as t >> tI, the heat transfer must be small and
the governing parameter for the entrainment, the Richardson number,
is obtained by substituting from Equations (2.2), (2.21) and (2.22)

into Equation (2.17):
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= g9
R. = (2:23)
2
= Sl ((§ Ug)2+ Uaz)

This expression approaches two simple limiting values

By = 02249

Q
N
Nf
(@]
Hh
|
(==
o5
)
(o]
=
(&
A
A
S

The cloud height variation may then be approximated from

Eqguation (2.16) as

alzau(% cg) Ug , for Ug 2 U,
dh glgd N (2.25)
O (% cf) 3 e for Ug €8 W

In the limit as t >> tI’

lower of these limits is almost always the most realistic.

Ug will aproach zero so that the

Integration gives

R

h(t) as(% cf)%Ua(t—to) (2.26)

>~ Qg wm (t-to)

The prediction inaccuracy for vertical diffusion of passive
scalar clouds is,as summarized by Hanna et al. (26), large.
The simple law above is, therefore, judged to be accurate

enough as an asympthotic limit for heavy gas dispersion.



Equation (2.26), combined with Equation (2.6) for r(t),

results in a limiting concentration decrease:

g2 , for instantaneous source
P (2.27)

x~3/? , for continuous source

2.4 Thermodynamics

It is expected (6) that the most important heat transfer takes
place in the initial stages of the cloud development. Our model
for this stage is incomplete, so that a complicated description
of the thermodynamics is not consistent. Although the gas mix-
ture is in motion and may be far from beeing im thermodynamic

equilibrium, the static pressure, p, is assumed to be constant

and the ideal gas law assumed to be wvalid
p = = (227

When the universal gas constant is R, the "gas constant" for
a gas with molecular weight m, is Ri = R/mi. The specific heat
at constant pressure is roughly estimated as cpi = 7/2-Ri.

For a mixture of two ideal gasses:

MgRg + Ma (£) Ra
R(t) = M+ M (T (2.28)
a a
M_c + M_c
- _9 P9 a pa
cp(t)— Mg - Ma(t) {2.29)

For the continuous source case, the corresponding equations

are obtained by replacing the Mi's by dMi/dt.
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2.4.1 Enthalpy equation

The fraction of the liquid mass thrown into the air-gas mixture

as droplets during the release, §, is evaporated there. Depending

upon the type of gas and release, this fraction may vary from

almost zero to close to one (7). The temperature of the cloud

will not rise much until enough warm air has been entrained to
evaporate the droplets. The necessary amount of entrained air

Mad’ is

Mad [%pa(Ta-Tg) + Lw Xw] = § . Mg . Lg (230}

Here Xy is the mass mixing ratio of water wvapour, Lw the latent
heat of evaporation or sublimation of water, and Lg the latent
heat of the gas. When the droplets are evaporated, the tempera-
ture of the cold cloud rises. As there is disagreements

on the enthalphy equation to be used (4,6,7), we will

present arguments for our (simple) choice (6). We assume that
the entrained air mass AMa, over the time interval At, is mixed
instantaneously into the homogeneous gas cloud. The enthalpy , H,

before and after the mixing is then

H(t) = M(t)cp(t)T(t) + cpa Ta AMa (2 .20
H(t+At) = M(t+At)cp(t+At)T(t+At)

= M(t)cp(t) + cpa AMa T(t+At)

= M(t)cp(t)T(t+At) - cpaT(t) AMa (F.22)

The enthalpy increase is equal to the heat transfer

H{thiE) = H{E)
At

2

= T (2..33)

=18
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Substitution from Equations (2.31) and (2.32) into (2.33)

gives, in the limit as At - 0:

at aMm

5 -7y 2 =, 99
M(tle (£} FE + ¢ (T-T) ¢ = r g (2.34)

Use of the Equations (2.la) and (2.12a) gives

fa “pa (an, (2.35)

- o cp dt‘

The heat transfer is in the form of sensible heat from the warm
underlying surface, and as latent heat from the condensed water
vapour. Since there is an imposed gravity flow field, Ug’ we
assume that the sensible heat transfer from the surface may be
approximated by forced convection heat transfer, as described
by for instance Welty et al. (27). The heat transfer per unit
area is proportional to the difference between the surface

temperature Ta(O), and the gas temperature, T:

G = steorc, VT, (0)-T) (2.36)

It is assumed that the conductivity of the surface is suffi-
ciently high to keep Ta(O) approximately constant. The Reynolds
analogy, stating that the coefficients of heat and momentum
transfer are approximately equal, is used to approximate the

Stanton number, St.
st <« % Ce (2-:37)

The heat transfer from the surface must be equal to the turbu-

lent enthalpy flux near the surface so that
(ew)0 =% Ce U(Ta(O) = T) (2387

The latent heat transfer is
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d = dh N
(5%)L = Ly Xy Pa (EE)*H(Tda T) (2«39)

Here H(Tda-T) is the Heavyside generalized unit function, and
Tda is the dew point temperature. The mixing ratio of water
vapour is obtained from the Clausius-Clapeyron equation

Lw 1 1
I 3.7¢1073% exp 5= lyipw = g== (2.40)
A da

Although Xy is normally very small, the moisture term cannot
generally be neglected in Equation (2.35). The enthalphy equation

may then be written as:

ol
=}

b T
-4 [<ew)o (ew)h] (2.41)

with

(2,42)

)
*

(§W) = (e _T)+_EE H(T -T) EQSEE (gh
h a cpa Xw da o cp dt

If the air necessary to evaporate the droplets, Mad’ is not
entrained during the release process, the enthalphy equation

(2.41) is modified by a Heavyside weight function

%% ® % [}6&)0— (Eﬁ)h] H(M, (£)-M_,) (2.43)

Lacking a realistic release model, it is assumed here that the
amount of air necessary to evaporate the droplets is available,

Ma(o)= Mad
is now closed. The equations are ordinary, nonlinear differential

. The set of equations to describe the heavy gas flow

equations expected to be integrable as long as p(t)>pa. We have
not been able to find analytical solutions and have used the
Runge-Kutta-Mersion method for integration (Skjeldestad (27)).

The following variables are kept constant: g=10 ns~?%; m, = 29 g/mol;
Ry= 8.3 J/mol-deg; L = 2.5+10%3/kg; g 1.3 Ky m3; T_= 283,

Ta—Tda = 5.



2.5 Sensitivity analysis

It is essential that model predictions do not vary too much
when the coefficients are varied over their normal range of
uncertainty. As we have seen, the coefficient variations may

be contained in o1, a2, as, a5, and ag. As both a; and as

affect the cloud development in a simple way, the most interest-
ing variability may be discussed in terms of the three coeffi-
glaite @y2(0,2; L0} s 8ue(0:,2,5.0) and asel(h.l);

Figure 2.1 illustrates a representative variation of cloud state
for two different values of the initial entrainment coefficient,
as. It is indicated that the entrainment equation (2.15) affects
the dispersion significantly only in the initial stages. The
prediction of the cloud state at the end of the slumping stage

is not critically dependent on the entrainment coefficient as.

r{m)
} him)

1024

10'4

107"
&
Fiaure 2.1: Variusion of itnitiai cnulvatiment,
y Dectn cuvpas: os = 048, Thin cueves: s =1 1085, 0)
Rufc&nu o; Vel = £ m> f&c’n—air‘m{x ure i
p(o)/!ufﬁ ,ﬁgo)/r(a)_: 1.64 75”: 2% R Ua," 2 mf .
By = 1. 30707%, gy € Iid, Qs = 697, a3 = 1.3, ay = 2.5,

ae = 0.3,



Figure 2.2 illustrates a representative variation of cloud state
for two different values of the entrainment coefficient, as.

It is indicated that the entrainment equation (2.16) affects

the dispersion significantly only after the initial stages.

The predicted state of the cloud is not critically dependent

on the coefficient ay.

Figure 2.2: Varialion cf eventual entrainment.

Heavy curves: o, = 5.0.. Thin curves: oy = 0.2.
Release of V(o) = 40 m® freon—air mizture. p(0)oq = 2,2
hiol/rlo) = 184 ; T, =2 3 U = 3 sl g LBk~
g = T4, o= LE Tas = 1.8, @y = 0;8, w4 = 0s3.



Pigure 2.3 illustrates the variation of cloud state for twoO
different values of the coefficient o, to characterize the
importance of the convective turbulence in relation to mechan-
ical turbulence. The gas chosen is methane to maximize the
effect of heat transfer. The predicted state of the cloud is

dependent, but not critically dependent on a:.
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It is therefore concluded that if reasonably chosen coefficient
enable the model to explain interesting aspects of experimental
data on heavy gas dispersion, there is reason to believe that
the model is physically realistic. The traditionally accepted
coefficients are: o7 = 1.3, a2 = 0.7, a3 = 1.3, oy = 3.5, and
ag = 0.3, The ad hwe coefficient sz = 0.5 I chogen $¢ as not

to give too large initial entrainment.

3 DATA COMPARISON

The Porton experiments (11) contain the bulk of the quantitative
experimental data on the spreading of heavy gases in the atmosphere.
The field experiments were carried out with an instantaneous source
of 40 m® volume of gas mixture, which had densities in the range

of 1.03 to 4.2 relative to air. The gas temperature was equal to
the atmospheric temperature. Orange smoke was used to make the
cloud visible. The cloud dispersion was monitored by side-view

and plan-view photographs, by gas dosage measurements and by con-

tinuous measurements of gas concentration.

We use the data from the flat sites only. Using the friction
velocity and mean wind speed for each experiment, the estimated
friction coefficient at the different flat sites are as follows:
z, = 2mm+c, = 7-107%; (z =10 mm, z_ = 20 mm) > c = 1.4316™%
and zO = 150 mm - Cg = 5+10~2%. These groups contain 10, 18 and

3 experiments respectively. Neither Picknet (11) nor we have
discovered, from the data, any significant dependence between
dispersion variables and surface roughness. In the following,

we will therefore only use gg = 1.4:10"2? for model predictions.

The variables used to characterize the cloud were its height,
downwind and crosswind cloud dimensions, and the average volume
concentration (11). The difference between the downwind and
crosswind cloud dimensions, caused by the combined effect of
turbulence and mean wind shear, is not too large and cannot be

discribed by our model. The observed crosswind cloud size is



associated with the predicted 2r. As most of the gas mass may
be contained in a intense vortex ring (11) it must be difficult
to estimate a representative cloud height. The observed height
hyx,could be more representative for the ring than for the whole
cloud. Redistribution of the mass from the circumferential ring
of radius (hx/2) evenly over the cylindrical cloud of radius r
gives a cloud height of 20/4 <Yy’ /o) . X6 Ehe neighbourhood of
its minimum, hy% is observed to be of the order 1/10 r, so that
a representative height could sometimes have been overestimated
by a factor of 10. This difference is illustrated in Figure 3.1.
The ambiguity will affect the concentration curves linearly so
that a representative concentration may sometimes have been

underestimated by a factor of about 10.

The predicted cloud development resembles very much the observed
one, are illustrated in Figures 2.1, 2.2 and 3.1l. The largest
discrepancy is apparently between the observed and predicted
cloud height, illustrated in Figure 3.1. This apparent discre-
pancy could easily been made much smaller, without large increase

of other types of errors, by using a larger initial entrainment

Figure 3.1: Mean ohservad and "corrccted" height variaiion jor the
Paptew experimsyte wos (18,30,28,387), and gredrated
variation Ffor ws = 0.6 and s = 1.0. oleifp = 2.18

U = B e v &= B 0%
J



coefficient, as. However, because the discrepancy may not be
real, or also because the initial entrainment in the Porton
experiments could be nonrepresentative due to the particular
gas release mechanism as is not chosen to minimize this

(apparent?)error.

With a general agreement between the actual and predicted cloud
development, the data may be represented in terms of a few vari-
ables instead of functions. We choose: time to minimum cloud

height t(hm transverse cloud dimension, 2r{(t=10 sec), and

in) ’
volume concentration c(t=10 sec).

Most of the Porton experiments were associated with reasonably
high winds. As illustrated in Figure 2.1, the spreading will

then occur at reasonably small Richardson numbers, and therefore
approach passive scalar dispersion when t > 0 (10 sec). The

most dominant variations of the three dispersion variables are
shown in the Figures 3.2, 3.3 and 3.4. Predicted isolines are
also shown. Considering the simplicity of the model, the complex-
ity of the heavy gas process, the uncertainty of the coefficients
and the randomness and possible bias associated with the data,
the similarity between the predicted and actual values is judged

to be remarkable.
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4 PREDICTED SPREAD

The simple model has been found to be well conditioned and to
explain important aspects of the very sparce experimental data
on heavy gas dispersion. The experimental data cover only
"points" in the phase space spanned by probable release and
environmental conditions. It is of interest to discuss the
model prediction over a portion of this space of more rele-

vance to hazard.

Figure 4.1 illustrates the variation of the "hazard" variables,
t(c=1%) and r(c=1%) with released mass of propane. The approxi-
mate relations, obtained from Figure 4.1, show that the vari-

ations with the released mass are slow.
tlosle) & M. 1/8 (4.1)
g
r(c=1%) « Mg2/5+ (4.2)

Figure 4.2 illustrates the variation of the variables t(c=1%)
and r(c=1%) with the ammount of liquid evaporated initially

in the air-propane mixture. There is practically no dependence.
The variation with initial cloud shape, h(o)/r (o), was also
found to be small. As illustrated in Figure 4.2, the spread of
a methane cloud is somewhat more dependent upon the ammount of
liquid evaporated in the air. However, for the small, most

realistic values of §, the dependence is not decisive.

Environmental variations are illustrated in Figure 4.3. There
is a large variation of the variables t(c=1%) and r(c=1%) with
both wind speed and the roughness of the underlying surface.

The maximum "hazard" distance, x(c=1%), of the order
X (c=1%) = Ua t(c=1%) + r(c=1%) (4.3)

shows a remarkably small variation with the wind speed. With
other conditions kept constant, the hazard from a heavy gas
release is more serious in calm wind conditions, mainly because

t(c=1%) is high.
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For temperatures in the neighbourhood of lOoC, there are only
small predicted variations of the dispersion with the water
vapour content. Even for the spreading and dilution of clorine
to small concentrations, as shown in Figure 4.3, the predicted
variations with the stratification of the atmosphere, aTa/az
are negligible. However, it should be noted that the variation
of atmospheric stratification has only been included in the

Ap and (T—Ta) terms. The associated change of atmospheric

turbulence has not been taken into account.

5 CONCLUDING REMARKS

We have tried to describe the dynamics of the most essential
state variables of a heavy gas cloud as simply as possible.
Possible refinements of some approximations are obvious, but
the design of a consistent and significantly more realistic
model seem to introduce complications. The complications are
accociated with for instance: The coupling between the release
and entrainment processes, the coupling between the atmo-
spheric flow and the gravity indused flow, and the spatial

variations of the gas cloud characteristica.

The present model is attractive in that the results do not depend
critically upon uncertainties about numerical coefficients.

With an ad hoc initial entrainment equation, the model gives

a remarkably accurate prediction of the Porton experimental

data, which constitute the bulk of the existing data on heavy

gas dispersion.

The potential hazard of a large (accidental) gas release is

predicted to vary significantly with the state of the under-
lying surface and atmosphere, especially so in the neighbour-
hood of the potentially most hazardous conditions; small wind
speed. The statistics of hazard is therefore closely related

to the statistics of environmental states.
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