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Abstract

A model is presented for the transport of a denser-than-air gas cloud on a slope. We discuss the
structure of the model and derive detailed model equations for the special case in which the wind
is directly uphill or downhill. The model was designed as a hazard analysis tool, and its computer
implementation can be used as a subprogram in heavy gas dispersion models. We have compared
model predictions with results of the Thorney Island phase I field experiments. Although these
trials were conducted on flat terrain, the comparison is useful for understanding the cloud trans-
port processes. We have also analysed numerical calculations of heavy gas cloud dispersion on a
slope.

1. Introduction

Considerable quantities of toxic and flammable gases are commonly used in
many kinds of industrial installations. Many hazardous gases are stored and
transported in bulk in liquid form, under pressure at atmospheric temperature,
or refrigerated at their boiling point. Serious hazard may be caused to the pub-
lic in the event of accidental releases of these substances.

In many cases of interest a denser-than-air gas cloud will be formed. This
may be due to the low temperature of the gas cloud, the high molecular weight
of the substance, or both. The atmospheric dispersion of heavy gas clouds is
substantially different from the dispersion of trace contaminants, which follow
the atmospheric flow passively.

The currently available heavy gas dispersion models are valid for homoge-
neous or flat terrain only. However, in safety analysis studies the terrain struc-
ture is often highly variable. Field and laboratory experiments have demon-
strated that the influence of terrain variability and obstacles on heavy gas
dispersion may be substantial (for instance, [1,2]). Recently, Brighton et al.
[3] have presented a comprehensive review of the empirical evidence of obsta-
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cle effects in heavy gas dispersion. The influence of obstructions is more pro-
nounced for heavy gas clouds compared to trace contaminants, as the former
may be dispersed near ground level over a wide area.

Generally, obstacles and other structures may have either mitigating or ag-
gravating effects. Obstacles and terrain features change the ambient flow field.
The presence of buildings causes increased turbulence, which enhances dis-
persion; on the other hand, the presence of barriers can restrict the spreading
process, decreasing the rate of dilution of the gas cloud [3,4].

We address here the transport of a heavier-than-air gas cloud on an inclined
plane. In many heavy gas dispersion models the gas cloud is assumed to be
transported downwind at the undisturbed ambient wind speed, reduced to a
specified height. For instance, the DENZ [5] and CRUNCH [6] models assume
a cloud speed equal to the wind velocity at the cloud half-height. Experimental
evidence shows that this assumption gives cloud speeds which are too large
[7,8].

The most profound modelling approach to the behaviour of clouds on slopes
is the shallow-water theory (for instance, {9]). Jones et al. [10] present nu-
merical solutions of the shallow-water equations for instantaneous releases of
(non-entraining, two-dimensional) clouds in still air. They also present ana-
lytical results, in particular for the limiting motion of a cloud down a slope.

The present authors adopt a simpler procedure; our starting point is the
complete equation of motion of the gas cloud. Bradley et al. [11] have modelled
heavy gas cloud transport on flat terrain based on this approach. de Nevers
[12] has estimated the transport of a heavy gas cloud downhill in calm air.
Deaves and Hall [13] have also developed a model for heavy gas cloud trans-
port. However, their model does not include the influence on cloud transport
of the buoyancy of the ambient air. Part of our work is based on the above
papers.

All of these models address only the one-dimensional case, in which the wind
is directly downhill or uphill. We shall first derive model equations for the
three-dimensional case, allowing for any wind direction with respect to the
slope. Second, detailed model equations are written for the one-dimensional
case. The dependency of the drag force on wind shear has been explicitly taken
into account in the model. Third, it is shown that under certain simplifying
assumptions about this dependency, we can derive analytical solutions to the
one-dimensional model equations.

The presently available experimental data is insufficient for validating the
model in the presence of a slope. However, useful information on the factors
affecting cloud transport was obtained by comparing model predictions with
results of the Thorney Island field experiments [14-16]. We have also pre-
sented numerical results for selected example cases. For a more detailed ac-
count of this study, the reader is referred to a previous report by the present
authors [17].



J. Kukkonen and J. Nikmo/J. Hazardous Mater. 31 (1992) 155-176 157

2. The mathematical model

Only instantaneous releases are considered, and the shape of the gas cloud
is assumed to be cylindrical. We neglect the influence of the sloping ground on
the spreading and dilution of the gas cloud, and discuss only its transport. The
plane is assumed to be substantially larger than the dimensions of the gas
cloud, i.e. the model does not allow for varying transport velocities in different
parts of the gas cloud.

The wind profile on the inclined plane is generally different from the wind
profile on level ground. However, the model equations can be written in a gen-
eral form, irrespective of the form of the modified wind profile.

To obtain numerical results, the transport model presented has to be incor-
porated into a heavy gas dispersion program. The derivation of the model equa-
tions is nevertheless possible without reference to any specific dispersion model.

2.1 Equation of motion of the gas cloud

Figure 1 shows the forces acting on an instantaneously released heavy gas
cloud on an inclined plane. D is the aerodynamic drag due to the ambient wind
flow, F' is the friction force between the cloud and ground, and F,_, is the
gravity minus buoyancy force (the support of the ground is neglected in the
figure).

The x and y-axes are parallel to the inclined plane and the z-axis is perpen-
dicular to it. The x-axis is in the uphill direction. We denote by @(z’') the
undisturbed wind profile far from the slope, and by @i, (z) the wind profile on
the slope. The inclination angle of the inclined plane is @ and its orientation
angle with respect to the wind vector is ¢. The inclination angle ranges from
0° to 20° and the orientation angle from 0° to 360°.

Fig. 1. A schematic figure of an instantaneously released heavy gas cloud on an inclined plane.
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The equation of motion of the gas cloud can be written in the vector form:
d d = = = . .
d—t[mcﬁ] =&[ (m.+mc+m)ol=D+F+F,_,+mu,,+mJi,(h) (1)

where U is the velocity of the cloud, m, is the total mass of the cloud, m, and
m, are the masses of entrained air through the cloud edge and top surfaces,
respectively, and m, is the mass of the released gas. Deposition is neglected in
eq. (1), and therefore the mass of the released gas is constant.

The right-hand side of eq. (1) also includes the change of momentum due to
air entrainment at the edge and top surfaces of the cloud. &, ,, is the average
wind velocity at the edge surface of the gas cloud. Its computation will be dis-
cussed later. @, (h) is the wind velocity at the height of the gas cloud, k. In the
following we shall discuss the modelling of the forces D, Fand F,_,.

For a cylindrical gas cloud, allowing for the wind shear, the drag force can
be written in the form

h
ﬁ:jC(Re)Réalﬁ(z)lﬁ(z)dz where U(2)=u_(2)—0 (2)
0

where C(Re) is the drag coefficient, R is the radius of the cloud, &, is the density
of the ambient air and U is the velocity of the ambient flow with respect to the
velocity of the cloud. The drag coefficient is a function of the shape of the body
and the Reynolds number, Re.

The application of eq. (2) requires that the gas cloud is sufficiently coherent
with respect to the ambient flow field. This should be a reasonable assumption
for gas clouds which are substantially heavier than ambient air. Further, ex-
perimental data for drag coefficients have been determined for a homogeneous
flow field, with the object submerged in the flow. For releases into the atmo-
sphere near ground level, the flow profile is logarithmic and the ground pre-
vents flow on one side of the gas cloud. Some inaccuracy is therefore to be
expected in applying these results for heavy gas dispersion.

The measured drag coefficient of a circular cylinder normal to the stream as
a function of Re ranges from about 0.3 to 1.2, in the regime Re=10°—10" [18].
These results are valid for large aspect ratios h/d (h is the height and d is the
diameter of the cylinder ). Hughes and Brighton [19] have presented drag coef-
ficients for a circular cylinder normal to the stream, in the regime 10° < Re < 10°,
for different aspect ratios. For instance, C=0.63 for h/d=1, and C=1.2 for

The Reynolds number for a gas cloud can be defined as Re=4d,ulL/u, where
Lis acharacteristic length of the body (L =2R), u is the velocity of the ambient
flow with respect to the gas cloud (u=u.(z) —v) and u is the dynamic viscosity
of air. Numerical computations with the present model for the gas clouds of
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the Thorney Island experiments show that the Reynolds numbers range from
approximately 10° to 107. The initial aspect ratio #/d in the experiments was
about 1.0, and the computed minimum values of the aspect ratio were typically
a few per cent.

We conclude that the drag coefficient ranges from about 0.5 to 1.0. In the
numerical computations, we used the value C=0.5, which is valid in the highly
turbulent region, for gas clouds having a small aspect ratio. Bradley et al. [11]
and de Nevers [12] in their computations have used the value C=1.0. The
sensitivity of the model results to C is discussed later.

The friction force between the gas cloud and the ground can be written in
the form [11]

2
F=r7zR2=50|:uu1'0):| vinR2 (3)

where 7 is the turbulent shear stress, J, is the density of the cloud, w, is the
friction velocity and u(10) is the wind velocity at 10 m height. As the direction
of the friction force F is opposite to the direction of the velocity of the gas
cloud, F,=Fv,/vand F,=Fuv, /uv.

The gravity minus buoyant force acting on the cloud is given by

2 I:éc — 58 :'g 2 ’
F, ,=nR*ho, 5 =nR*hd,g (4)
a

where g =g (Jd.—3d,) /9, is the reduced acceleration of gravity.

As the mass of the released gas is constant, m, (=dm,/d¢) = 0. Expanding
eq. (1) in scalar form yields

mcv'x =Dx —Fx +rhe [as,av.éx_vx] +’ht[as(h) 'éx_ Ux] _Fg—bSin 0 (5&)
and
mp,=D,—F, +m.[& .. é—v,]|+m][d,(h)-é —v,] (5b)

where €, and &, are the unit vectors in the x and y-directions, and the signs of
the different terms have been chosen according to the notation in Fig. 1. m,
and m, are the rates of air entrainment at the cloud edge and cloud top surfaces,
respectively. If the wind profile on the slope @, (z) is known, the velocity of the
gas cloud (0¥) can be solved numerically from eqs. (5a,b), with the forces given
in eqs. (2)-(4).

For sufficiently small slope inclination angles, the influence of slope on the
direction of the wind is negligible. Neglecting also the influence of the gas cloud
on the wind field, one obtains

as,av. éx = us,avcos¢ (6a)
tu.(h)-é,=u,(h)cos¢ (6b)
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as,av iy éy = us,avSin¢ (GC )
and
a,(h)-é,=u,(h)sing (6d)

Equations (5a,b) reduce to a simpler form with the help of these relations.

2.2 The one-dimensional case

The above model is applicable for any direction of the wind with respect to
the slope. In the following we shall derive model equations for the case in which
the wind is directly uphill or downhill. The orientation angle of the inclined
plane ¢ is therefore taken to be equal to 0° or 180°.

We assume also that the gas cloud is initially moving in the direction of the
wind, or opposite to that direction. Under these assumptions the gas cloud is
transported along the x-axis. For simplicity, we shall omit the subscript x in
this chapter (denoting v, with v, F, with F and D, with D). We shall also denote
U, .y With u,, and v, (h) with u(h).

Equations 5(a) and (b) reduce to a one-dimensional form

mo=D—F+m,[u,cos p—v]+m,[u(h)cos p—v] —F,_,sin 8 (7)

Neglecting the dependence of the drag coefficient on height, the drag force eq.
{2) reduces to

h
D=CR56I[u(z)—u]|u(z)—v|dz (8)
[¢)
We use a simple logarithmic wind profile
u(z) === 1n [3] (9)
k 2o

where z, is the roughness length and k is Von Karman’s constant. The zero-
plane displacement of the wind profile and the correction factors due to at-
mospheric stability have been neglected in eq. (9) (for instance, [20]). By
definition, u(z) =0 when z2<z,.

2.2.1 Computation of the drag force

The expression for the drag force (8) can be integrated analytically. The
form of the solution depends on the initial value of the cloud speed. As an
example, we shall consider the case when the initial cloud velocity v is positive
and its value is less than the wind speed at the top of the cloud, u(h).

The cloud speed and the wind speed are equal at some height, i.e. u(hy) =v.
Using eq. (9) yields hy=2, exp(kv/u. ). The drag force integral (8) can now
be separated into three terms
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20

ho h
D=CR58[—jvzdz—J[u(z)—v]zdz-i—j[u(z)—v]zdz] (10)
20 ho

[}

This equation has a clear physical interpretation. Up to the height h,, the wind
velocity is smaller than the velocity of the cloud, and the first and second terms
on the right-hand side of eq. (10) therefore correspond to resisting (negative)
forces. Above height h,, the wind velocity is larger than the velocity of the
cloud, and therefore the third term corresponds to a driving (positive) force.

Using the wind profile (9), the integrals in eq. (10) can be solved in closed
form. The integration can also be performed for cases in which the initial cloud
velocity is larger than the wind velocity at the top of the cloud, and when the
initial cloud velocity is negative [17].

2.2.2 Equation of motion
The average wind speed over the cloud height u,, is needed for the compu-
tation of momentum entrained from the edge surface of the gas cloud. The
average wind speed is, by definition,
h

ua‘,:}l—l u(z)dz

which yields

u, 2o
1-=2 11
S (1)
Clearly, as h> 2z, u,,<u(h).
The equation of motion (7) can now be written in a form which is better

suited for numerical computations, using the integrated form of the drag force

and eqgs. (3), (4), (9) and (11). A straightforward but lengthy computation
gives as the final result

mb=av?+ fv—oexp(kv/u,)+e—B (12)

uav=u(h)_

Equation (12) has been written in terms of the descending powers of v. The
factor B is given by

B=nR2hé, [@5;5_3

The form of factors «, £, o and ¢ is dependent on the value of the cloud speed:

ilgsin&? (13)

(i) The solution for 0<v <u(h).
a=[Coh—3.[u./u(10)]*nR]R (14a)



162 J. Kukkonen and J. Nikmo/J. Hazardous Mater. 31 (1992) 155-176

p=2CRo,[u,.(h+z,)/k—hu(h)]—m.—m, (14b)
0=42,CR3,(u./k)? (14¢)
and

e=u(h)[CROh[u(h)~2u, [R]+ (Mm.+m,)cosgp] (14d)

+2CRS, (u./R)*(h+20) —m.(u./k) (1—2,/h)cosgp

(i) The solution for v> u(h).

a=[—Céh—0.[u./u(10)1>nR]R (15a)
p=2CRS,[u.(2 —h)/k+hu(h)] —m.,—m, (15b)
o=0 (15¢)
and

e=—u(h)[CRSh[u(h) —-2u,/k]— (M. +m.)cosp]
—2CR6, (u./k)*(h—20) —m.(u./k) (1—2o/h)cosp (15d)

(iii) The solution for v < 0.

oa=[Co,(h—22,)—6.[u./u(10)1’zR]IR (16a)
B=2CRS, [u,(h—2z0)/k—hu(h)]—m.—m, (16b)
o=0 (16¢)
and

e=u(h)[CROh[u(h)—2u,/R]+ (Mm.+m)cosp] + (16d)

2CR3.(u./k)*(h—20) —m.(u./k) (1—2o/h)cose

The velocity of the gas cloud can now be solved from the differential equa-
tion (12), where the various terms have been defined in eqs. (13)-(16). It can
be shown that the resulting solution of v is continuous, i.e. solutions (i) and
(i1) yield equal results at v=wu(h), and (i) and (iii) yield equal results at v=0.
In the numerical model, the solution appropriate for each grid intervals has
been used.

2.2.3 A simplified model
A simplified form of the drag force and the equation of motion can be derived
making the approximation

D=x~CRJS,(u,,—v)*h (17)
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Clearly, this approximation always produces a positive drag force, while the
more general equation (10) allows for both the resisting (negative) and driv-
ing (positive ) forces. The limits of validity of eq. (17) are therefore more strict,
compared to eq. (10).

Using eq. (17) yields the following differential equation for the velocity of
the gas cloud (the derivation is similar to the previous computations):

mo=1ITv?2—Qu+X—B (18)
where

I'=[Cé.h—0.[u,/u(10)]*nR]R (19a)
Q=2CRS,h[u(h)— (u,/R)(1—2z5/R)]+m.+m, (19b)
and

E=CRI,h[u(h)— (u./k) (1—20/h) 1>+ m.[u(h)
—(u./k) (1—20/h) | +mu(h) (19c)

The variables can be separated in the differential equation (18), and the
resulting integrals can be solved analytically. The full solution is presented in
the following. This solution will later be used to evaluate the accuracy of the
simplified model.

We use the following notation:
a=T/m, b=-—-Q/m, c=(X—B)/m. and K=b%?—4ac (20)

The form of solution is dependent on the value of K. In the following equations,

1,dY,d5, dY, ds and d4 are integration constants, determined by the initial
velocity and position of the gas cloud.

(1) The case K< 0.
(—K)"?tan[}(t+d})(—K)"?]—b

U(t): (21&)
2a
_ ¢ 1/2 ’ 1
x(t) = In|cos[3( K)a (t+di) ]| zbt+d,1, (21b)

This solution is given for completeness, but it is actually non-physical (v(t) »co
as t—oo).

(ii) The case K=0.
v(t)=—(1/a)[(1/(t+d5))+4ib] (22a)
x(t)=—1/a)[(In|t+d5|)+ibt] +d5 (22b)
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(tit) The case K> 0.
+exp(f(t))(b+KY2?)—b+ K2

T T exp (1)) ] (232)
—(b+K'?)In|1Fexp(f(t))| — (K"*—b)In|exp(—f(¢))F1I

x(t) = SaK /2 +dj

(23b)

where the function f(¢) has been defined as

f(&)=(¢+d3) K" (24)

We define the variable @ as follows

D= (2av+b—K'?)/(2av+ b+ K'/?) (25)

Equations (23a,b) contain the notations F and *; the upper signs are selected
if @> 0, while the lower signs are selected if @ <0 (@ =0 is not possible).

3. Comparison of model predictions with experimental data on level ground

A computer program has been written for solving the gas cloud transport
model discussed in the previous chapters. The velocity of the gas cloud is com-
puted from eq. (12), where the various terms have been defined in eqs. (13)-
(16a-d). The numerical model was introduced into a modified version of the
heavy gas dispersion model DENz [5]. For details of the numerical procedures
and model parameters see our previous report [17].

We have compared model predictions for cloud transport with experimental
data from the Thorney Island phase I field experiments [14-16, 21]. These

TABLE 1

Some parameters in the Thorney Island trials selected for the comparison of model and experi-
ments (compiled from [9]). Notation: u=wind speed at 10 m height, T,,,,=ambient tempera-
ture, m,=mass of the released material, i, =1initial height of the cloud

Trial Pasquill U Tornb mg hg
No. stability (m/s) (°C) (kg) (m)
class
5 B 4.6 22.2 2610 8.6
7 E 3.2 17.1 4260 13.0
8 D 2.4 17.1 3970 13.0
9 F 1.7 18.6 3880 13.0
13 D 7.5 13.2 4810 12.7
19 E 6.4 13.3 5490 13.6
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Fig. 2. Experimental results and model predictions on the distance of the cloud centroid from
source as a function of time for some Thorney Island trials.

trials were conducted in flat terrain. The presently available experimental data
is insufficient for validating the model in the presence of a slope.

Table 1 shows some of the most important parameters in the six trials which
we selected for the comparison. Trials No. 7, 8, 9, 13 and 19 were selected
because of the good quality of the experimental results and Trial No. 5 was
included in order to better cover the range of stability classes. However, in
Trial 5 the gas container dropped in two stages and the lid failed to retract
[14]. The ground temperatures in the selected trials were assumed to be equal
to the ambient temperatures.

Figure 2 shows the results of the comparison. We have computed the solid
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Fig. 3. A compilation of model predictions and experimental data for some Thorney Island field
trials. The computed and measured cloud speeds have been shown as a function of the measured
wind speed at 10 m height. The trial numbers are also shown in the figure.

curves with the model of the present study and with the model DENZ. The
experimental data were taken from Prince et al. [21]. For each trial, the Pas-
quill class and the wind speed at 10 m height have been indicated.

The predictions of the present model are clearly better compatible with the
data, compared to the original DENZ predictions (computed in this work).
However, the predicted cloud speeds (dx/dt) are somewhat larger than exper-
imental results for all trials except No. 5.

The experimental results show a delay in the cloud transport at the begin-
ning of each trial, the delay times ranging from about 2 to 10 seconds. This
effect may be due to the experimental arrangements, and it is not taken into
account in the model computations. A major part of the differences between
model results and experiments seems to be caused by this delay.

Prince et al. [21] have made linear regressions of the experimental data for
the distance of the cloud centroid against time. The cloud centroid is defined
as the centre of mass of the cloud, and its position was determined from still
photographs. We have computed the predicted cloud speeds by fitting a line to
the predicted distance against time curve for each trial, in the same time in-
terval as in the above study. Clearly, this procedure produces an average cloud
speed which is dependent on the specified time interval.

The experimental correlation for Trial No. 5 is based only on three data
points, and the cloud speed value is therefore not statistically valid. We shall
neglect this data point in the following. These results are summarised in Fig.
3. The straight lines have been drawn as a visual guide only.

The predicted cloud speed values are from 0 to 38% higher than experimen-
tal results. The difference is largest for Trials No. 9 and 19. For Trial No. 9,
this is due to the substantial delay time of the initial cloud transport (about
10 seconds). For Trial No. 19, the difference may be due to the fact that ex-
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perimental data was available only for a short time interval (from 5 to 11
seconds).

4. Numerical results

Numerical computations were made for a moderate release of chlorine (1,000
kg) and a large release of ammonia (40,000 kg). Two kinds of weather condi-
tions were included for the ammonia release (Table 2). The transport of the
gas cloud was computed in flat terrain, and for an upslope and a downslope
wind on an inclined plane with an inclination angle of 25°.

Initially the substance was assumed to be in liquid form in a pressurized
container, at the temperature of the ambient air. We used a simple computer
model developed in-house for evaluating the source term of an instantaneous
release. This model assumes initial adiabatic depressurisation and subsequent
isenthalpic mixing of the two-phase mixture with ambient air.

The amount of entrained air can be specified as input data in the model. We
selected the minimum amount of air which is needed to vaporise the liquid
phase completely. The cloud is therefore assumed to consist of pure vapour
after the source term evolution, and the possible evaporation and spread of
liquid on the slope need not then be considered.

The initial cloud speed was assumed to be negligible, and the wind profile
on the slope was assumed to be identical to the undisturbed wind profile far
from the slope. The roughness length was taken to be 0.10 m.

4.1 The influence of the slope on the cloud speed

Figure 4 shows the influence of an inclined plane on the transport of the gas
clouds. Clearly, substantial differences exist between the downslope, upslope
and flat terrain cases. For an upslope wind, the gas cloud is first driven down
the slope by gravity (the cloud speed is negative ), and then forced back up the
slope by the wind. For a downslope wind, the cloud speed first increases rapidly

TABLE 2

Accident cases selected for the numerical computations, Notation: T, ,,, =the temperature of the
ambient air; wind speed refers to that at 10 m height

Case Released Mass of Meteorological conditions
No. species released
material Toro Pasquill Wind
(kg) (°C) stability speed
class (m/s)
1 Chlorine 1 000 15 D 4
2 Ammonia 40 000 15 D 4

3 Ammonia 40 000 15 E 2
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Fig. 4. The speed of the gas cloud as a function of time for the selected accident cases. The results
show dispersion in flat terrain and for a downslope and an upslope wind.

due to the combined effect of gravity and the wind, and then decreases slowly
due to the decreasing influence of gravity (caused by increasing cloud dilution).
Generally, the influence of the slope is more pronounced for large releases,
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for heavy gas clouds, in stable atmospheric conditions and light wind speeds.
For instance, the minimum values (for upslope wind ) and the maximum values
(for downslope wind) of the cloud speed are clearly larger for the large am-
monia release compared to the more moderate chlorine release.

The relative significance of all the forces (gravity minus buoyancy, drag and
friction) decreases with dilution of the gas cloud and with time. For a suffi-
ciently large dilution, the transport process is governed by the momentum of
the entrained air. At sufficiently large distances, the cloud speed curves there-
fore tend to the same value irrespective of the slope.

4.2 The influence of the slope on the contaminant concentration

Figure 5 shows the variation of the normalised contaminant concentration
by mass as a function of the position of the cloud centroid. Positive position
values correspond to transport downwind, and negative values transport
upwind.

For the upslope wind, the initial transport of the cloud down the slope can
be seen for all cases. The distances travelled down the slope are substantially
larger for the ammonia release, compared to the chlorine release. The concen-
trations for the upslope and downslope cases at some fixed position may vary
by up to about two orders of magnitude.

Figure 6 shows the same concentration values as Fig. 5, as a function of the
distance travelled by the cloud centroid. The concentration values are lowest
in an upslope wind for Cases No. 1 and 2, and in flat terrain for Case No. 3.
The explanation for this behaviour can be found from Fig. 4, which show that
the absolute values of the cloud speed are on average also smallest in the above-
mentioned cases. A slowly-moving cloud has more time to disperse, and the
concentrations against distance travelled are therefore lower.

We also studied the relative importance of the forces and the momentum
entrainment terms on cloud transport (eq. (7)) [17]. For the Thorney Island
trials, momentum entrainment and friction against the ground were found to
be the most important factors. For a large release on a slope (example cases
No. 2 and 3), the gravity minus buoyancy force is the most important term up
to substantial downwind distances, and the drag force is also important. For
sufficiently large distances, the momentum entrainment terms become domi-
nant for all conceivable releases.

The discontinuities of the first derivative in some of the curves of Figs. 4-6
are due to the inaccuracies of the numerical solution.

4.3 The validity of the simplified model

Three kinds of computational procedures were applied: (1) a numerical so-
lution of the general model, which is based on eqgs. (12)-(16a-d); (2) a nu-
merical solution of the simplified model, which is based on eqs. (18) and (19a-
c); and (3) the analytical solution of the simplified model, which is based on
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Fig. 5. The dimensionless mass concentration as a function of the position of the gas cloud for the
selected accident cases.

eqgs. (21a,b)-(23a,b). The numerical solutions (1) and (2) are based on the
Runge-Kutta—Merson method [22].

First, to study the accuracy of the adopted numerical procedures, we com-



J. Kukkonen and J. Nikmo/J. Hazardous Mater. 31 (1992) 1565-176

Dimensionless mass concentration Dimensionless mass concentration

Dimensionless mass concentration

0.1

0.01

0.001

0.1

0.01

0.001

0.1

o

0.001

Cly
r\ Moon. = 1000 kg
‘.\ .
y " ‘\Downslope wind,s =25° Pasquill D
[RRCHN u=4ms
N
[ AN
\ : .
‘ ) )(Ha' terrain, e = 0°
\ .
N . S
E N N
[ by te—
[ S Ll T~ .——
-~ - -\-
it T~ - - \~\
Upslope wind, s =25 ° S~ ~——
P L L 1 ] 1o ~
0 200 400 600 800 1,000
Distance travelled {(m)
NH3
N Meom = 40 000 kg
-\ .Downslope wind,e = 25° Pasquill D
R \"._ \~\ u=-4ms
N T R
L T N
1 s, "\~
' . ~. Flat terrain, e = 0
' ~
L z . /\
S R \-___\.
—— e ] —_]
Upsiopa wind, s =25° " ==~ TTTreeod
A A ' -
0 1,000 2,000 3,000 4,000
Distance travelled (m)
NH,
5 Meone = 40 000 kg
. _Downslope wind,e =25° Pasquill E
LT U=2nvs
., ST
- ~ ~ \-
- ~ . N °
-, o ~. Upslope wind,e = 25
. N ~
- ~
._..- \\ \‘
Sl S~ N~
i a‘- _____ adr \_\
L Flattemain,e =0~ """+ T~ -
1 'l L |' ........
0 2,000 4,000 6,000 8,000 10,000

Distance travelled (m)

171

Fig. 6. The dimensionless mass concentration as a function of the distance travelled by the gas
cloud for the selected accident cases.

pared the solutions of the simplified model, (2) and (3). The difference in
cloud speed computed by these two methods was smaller than 3% in the nu-
merical example cases defined above and for the Thorney Island trials consid-
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TABLE 3

The percentage difference in cloud speed predictions, as computed by the general numerical model
and by the simplified analytic solution (egs. {21-23). The dimensionless time is defined as ¢/¢,,
where £, is the transition time into passive dispersion

Case Dimensionless time
1/4 2/4 3/4
Case 1
upslope 7 7 1
flat terrain 12 2 1
downslope 24 13 7
Case 2
upslope 3 10 30
flat terrain 4 2 0
downslope 19 16 8
Case 3
upslope 0 0 0
flat terrain 1 0 0
downslope 28 15 10

ered. As the numerical schemes in (1) and (2) were identical, this comparison
also gives an estimate of the numerical accuracy of the general model.

Second, we studied the limits of validity of the simplified model, by compar-
ing solutions (1) and (3). Table 3 shows the deviation of the analytical solu-
tion of the simplified model from the general model, defined as |v;,-v(3) | /v 1)
(%). The differences of the two models were less than or equal to 30% in all
the cases considered. The differences are in general larger for the downslope
cases, and for small times. The analytical solution tends to overpredict cloud
speeds for a downslope wind, as the resisting drag forces are particularly im-
portant in that case.

We also studied the sensitivity of the present model on the drag coefficient,
using the values C=0.5 and C=1.0. For the example Case No. 3 in an upslope
wind, the cloud speed computed with C=1.0 and C=0.5 differs for most of the
time by 10-20%. The same sensitivity test was also made for the Thorney
Island Trial No. 8. The cloud speed values computed using the values C=0.5
and 1.0 varied less than 2% [17].

5. Conclusions

A model has been presented for analysing the transport of an instanta-
neously released heavy gas cloud on a slope. Continuous releases have not been
discussed. We have first presented the general model, which allows for an ar-
bitrary wind direction, and then derived the detailed model equations for an
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upslope or downslope wind. The computer implementation of the model can
be used as a subprogram in heavy gas dispersion models.

It was shown that under certain simplifying assumptions, analytical solu-
tions of the one-dimensional model equations can be derived. The limits of
validity of the analytic solution were studied by comparing it to the more gen-
eral numerical model. In the numerical cases considered, the maximum differ-
ences in cloud speed predictions between the two models were about 30%.

The model only addresses the transport processes. Clearly, sloping ground
may also have a direct influence on the spreading and dilution of the gas cloud.
For instance, the combined effect of wind shear and gravity may change the
shape of the gas cloud. The spreading process is also dependent on the direction
of the wind with respect to the slope.

The orientation and inclination angles of the plane have been assumed con-
stant. The model equations could also be solved numerically for spatially vary-
ing inclinations and orientation angles, i.e. the model could be generalised for
more complex geometrical situations. However, this procedure requires that
the plane structure does not change too rapidly.

An estimate of the wind profile on the slope is needed to solve the model
equations. The evaluation of the ambient flow pattern may be problematic
even for fairly simple situations (for instance, [23]). In general, the change of
both the wind speed and direction with height are different from the undis-
turbed wind profile far from the slope.

Model predictions were compared with the results of the Thorney Island
field experiments. The predictions of the present model were clearly more com-
patible with the data, compared to results obtained with simpler assumptions
on cloud transport. However, the predicted cloud speeds were in general larger
than the experimental results. Most of the difference between the model re-
sults and the experiments is caused by a delay in cloud transport at the begin-
ning of each trial. This effect may be due to the experimental arrangements;
and it was not possible to take these into account in the computations.

The currently available experimental data is insufficient for validating the
model in the presence of a slope. Some experiments on heavy gas cloud disper-
sion on a slope were conducted in the Porton Down experiments [24], but the
results are only qualitative. Britter and Snyder [25] studied dense gas disper-
sion over a ramp in a wind tunnel, but these results are not directly applicable
for validating the present model.

Numerical computations were made for a moderate release of chlorine and
a large release of ammonia, in stable and neutral atmospheric stabilities. The
transport of gas clouds was analysed in flat terrain, and for an upslope and a
downslope wind on a slope with an inclination of 25°.

Substantial differences were found between the downslope, upslope and flat
terrain cases. The concentrations for upslope and downslope cases at a fixed
position varied by up to about two orders of magnitude. The influence of the
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slope is more pronounced for large releases, for heavy gas clouds, in stable
atmospheric conditions and light wind speeds.

Numerical results also showed that for upslope wind, the gas cloud may first
be driven substantial distances down the slope by gravity, and then forced back
up the slope by the wind. The same phenomenon was recorded qualitatively in
the Porton Down experiments.
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Notation

A area of cross-section (m?)

C drag coefficient (—)

D aerodynamic drag force (N)

F friction force (N)

F,, gravity minus buoyancy force (N)
g acceleration due to gravity (m/s?)
h height of the gas cloud (m)

k Von Karman constant (—)

L length scale (m)

m mass (kg)

R radius of the gas cloud (m)

Re Reynolds number (—)

u, U wind velocity (m/s)

Ugy average wind velocity (m/s)

u, friction velocity (m/s)

v cloud speed (m/s)
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z height above the ground level (m)

20 roughness level (m)

Greek

o density (kg/m?)

u dynamic viscosity (kg/(ms))

T turbulent shear stress (N/m?)

7] inclination angle of the slope (degrees)
(1) orientation angle of the slope (degrees)
Subscripts

a ambient air

av average value

c gas cloud

e edge of the gas cloud

g released substance (gas)

g—b gravity minus buoyancy

) slope

t top of the gas cloud

x,y coordinates
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