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} A review is presented of simple, bulk-property models of instantaneous heavy gas cloud
" ‘releases. Using a common framework, analytic solutions to the models are derived for a class of
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scaling properties inherent in each case.
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1. INTRODUCTION

Widespread storage and transport of toxic or inflammable heavy gases has led to considerable
scientific interest in the way that heavy gas clouds disperse in the atmosphere. A gas cloud may
be denser than air intrinsically (e.g. Cl,) or because it is cold (e.g. CH, at its boiling point). Models
for the dispersal of such gas clouds range from simple ‘box’ models, which we shall define and
review here, to more complicated (but not necessarily more accurate) three dimensional codes.

We shall restrict our attention here to box models of instantaneous releases. There is a con-
siderable number of such models available, and our primary aim is to achieve some form of clear
comparison of the physical processes modelled and an understandlng of why the results of these
models are so diverse. - - S .

The models are not in general soluble analytically. We regard this as a major obstacle to at-
taining a physical understanding and so we shall focus entirely on buoyancy conserving flows where,
as we shall show, explicit analytic solutions can be found. Buoyancy is conserved in two cases:

(al  Ambient temperature releases.

{b) Cold gas releases w'h'er'e all heating occurs by mixing with the atmosphere and where
the molar specnflc heat of the contaminant is equal to that of the air.

In some models a further shght approxnmatlon is.needed; we shall discuss this in detail below.

Case (a) embraces thre experlmental releases of Picknett (1978} and the current Health and
Safety Executive (HSE) trials at Thorney Island.

Case (b) involves neglecting ground heating.

All but the most recent models make the assumption that the cloud may be approximated
by a ‘slumping” phase followed (after an instantaneous transition) by a ‘passive’ phase. The dif-
ferences between models are primarily in the treatment of gravity slumping and so we shall concen-
trate almost entirely on this aspect.

Our procedure (which follows that of Fay (1980}%') will be to construct a framework con-
taining the common elements of the models, into which each model will fit naturally by specifying
an entrainment model.

2. A GENERIC MODEL
2.1 Variables

We consider a cylindrical cloud of radius R, height h, volume V, uniform density ¢ and uniform
temperature T. All these quantities are functions of time t. Other useful time dependent quantities
are the concentration {mass of contaminant per unit volume) n, the mass fraction c, the mass of
the cloud m, and the mass of the air in the cloud m,. The total mass of contaminant in the cloud,
mg, is constant. The intrinsic density of the contaminant gas depends on

A=1 ~ — e (2.7)
where M, M are the molecular weights of air and contaminant gas. For intrinsically heavy gases

A is positive.

Taking the gas to be effectively incompressible (as is appropriate at low mach number) we
write the equation of state as

(1 — AcleT = o,T . {2.2)

a

where o, and T, are the density and temperature of the ambient air.
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We shall take independent variables to be R, V, and T. The dependent variables h, g, n. ¢,
m, and m, are found as functions of these and the constants Mg Q4 T, A using the cylindrical

geometry, the equation of state, and the definitions (below) of n, ¢, m, and m,.

The results are:

v
h = —
(nR?)
m
= 9
Y
T A

CEE==m_ VTa+mgA]-1
e e, T Ca
Ta
mEQV=QaV?+mg/\
. Ta
maE”_‘_mg=QaV?+mg(A—1)

We also define density variables

and

and a buoyancy variable

b = + gva’
R | 4

where g is the acceleration due to gravity. In terms of the independent variables

SRR S DU AL S Mg
;;‘P:»—_.—;Tg [(7 RAM ea

Forthe iiécher-maI case T is equal to T, and hence (b) is conserved.
2.2 ,The heat capacity of the cloud and enthalpy conservation

. The heat capacity of the cloud is

_Mcp = MgCpg + MyCps

which in terms of the independent variables becomes

_ CaTa Cpg
mc, = Cp, [—T—V—mg (1-4A- C_p;)]

" The enthalpy conservation law balances the enthalpy change in the cloud with that brought

in by entrainment.
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T——

T .

e

dm,

s (mepT) = ¢, T, 5 . (2.14)
which integrates to the conservation law
T
2 -1)vs 2 (1 —A- L = constant ... (2.15)
T cpa T,

This can be used to express T as a function of V leaving two independent variables, R and V. (If
ground heating is important (2. 14) no Ionger holds and SO (2 15) is mvalnd — we shall discuss thls
later). . - e

If the molar specific heats of the contaminant gaé an_d Aair afe jdéntiéal {(as predicted by the
Kinetic Theory of Gases for molecules of the same structure) then

P9 _ 2 _ g _p ' ... (2.16)

and (2.15) becomes
(—T— - 1) V = constant - - . ... (2.17)

and so (b) is again conserved. This buoyancy conservation simplifies the models considerably (see
also Fay (1980), Raj (1982)‘®) and so we shall look -almost exclusively at this case.

2.3 Air entrainment

The above conservation law removes T from our list of independent variables leaving V and
R. The evolution of the volume is modelled by

% = (nR?) Uy + (2nRh) Ug e (2.18)

where Uy and Ug are top, and edge entrainment velocities, which.each model prescribes as func-
tion of the independent variables R and V. This prescription lies at the heart of the difference bet-
ween models.

2.4 Gravity slumping

Coupled to (2.18) is the gravity front equation

dR
—_— = saa 2.19

where U is the front velocity, which again must be specified as a function of the independent
variables. Models do not, however, differ widely in this; there are just two popular choices:

Uy = Kjgha’ ... {2.20a)

and
K JghA ... {2.20b)

3

Us

where K is a constant. These do not differ by much unless the cloud is very dense. We shall adopt
(2.20a) which can be derived most simply by balancing the height averaged pressure drop, g (o —
25)h/2, across the front with a resistance pressure (2K2)-* g, U from the ambient air. (The cloud is
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assumed to have reached its ‘terminal’ velocity). For those who prefer (2.20b) then (2.20a) may

be regarded as an approximation — especially as much of the difference may be absorbed into a
renormalisation of K,

In terms of the independent variables, we find

Uy = Kb R ... (2.21a)

or

U; = KjbR? ... (2.21b)

The merits of our choice (a) are manifest. Conservation of buoyancy aliows one to integrate
(2.19) immediately. Before doing this, however, we shall write the resultant equations (2.18, 2.19
and 2.21a) in dimensionless form.

2.5 Dimensionless equations

We scale R, V and h by their initial values Ry, Vy and h,. The time scale is defined in terms
of the initial slumping velocity to be

Ro R3
= = e (2,22
© T 200 T kB fsedl
The dimensionless variables are then
it
t =L
L1}
p=FR
Ro
... (2.23)
v =Y
Vo
- h
h = —
ho -

and the equations governing the behaviour of the cloud are

dr 1

- = — ... (2.24

dt 2 ke
and

@ _ UTto] L 2 [UEto]

dt ho r Ro

These can be solved most conveniently as follows. FirStIy'(2;2;i] -lntegra:te.;:' to
P = ,/1 +t ... (2.26)

Secondly v is found as a function of r by dividing (2.25) by (2.24) giving

= 2a0 [U:(Eo)] + 2B [%{%}»] . (2.27)
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T

where the effective edge and top entrainment coefficients are given by

‘ ‘Ug (o) 2t Ug (o) -z 'l . S
* = Gt R ' ... (2.28)

Uf (+)] RO
o5 Danigpdo o doetiy
and Uz (o) ' uT (o) R
-[3 =" [ ] [ ] coometos poro o B tgar ston al(2.28)
Uf ‘0] g g - '-_:{:' ya,r # Iﬁ-‘ i \.. 12 a8

26 Analytlc models ] : ;.: 3

- To complete the specnflcatlon of the model we need the entramment veloc:tles Ur and UE

as a function of the state of the cloud and some constants. @ and f§ are then easily calculated in =~ - =

terms of these constants and the initial cloud parameters. In terms of the mdependent dimensaonless
vanables we write ' =

Ue

Up(oy ~ e ? e
UT . o r ;
U0 = Gp {7, V) | _ 2 ?2_31,, ]

and thus to each model there will be a corresponding characteristic ordinary differential equatlon' -‘
{2.27) for v (f). This may or may not be soluble analytically. Fortunately in a Wlde set of models
it is. We shall examine just two possible classes of model here. ’ - s

Class I:
g () and Oy (7} are independent of V.

In this case {2.27) is linear and the solution is

P F }
V() = F () + 2 £ g ... (2.32
vm = F 0+ pj: dw [F,,tw}] w? Gy (w) (2.32)
where
f
F () = exp (22 | dw Gg(w) ... (2.33)
(22 f aw agw)
Class I:

Gg is independent of ¥ and O takes the form
Oy = V14 fr(7) .. (2.34)

where u is a constant. In this case {2.27) becomes

o
<

d—“ = 0 [200:(M] + [28Pf @] 01w ... (2.35)

-

This is a non-linear equation for ¥ (f) but the general solution can be found by noticing that
it can be written in the form

% (W) = [2padg(®] ™ + [2up (7] ... {2.36)

whence
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f F . (f) T
. . ua 3
v o= {Fw(r) + 2;4[3_[ dw [F i ] w fT(w)} . (2.37)

e {

where F“a is obtained from (2.33) by replacing ¢ by pa.

We note that Class | is actually a subset of Class Il with u = 1, but we regard the two classes
as sufficiently different physically and we shall distinguish them throughout. There may be more
general analytically soluble models but we have not sought them because, at least for the iso-
thermal case, with the proviso that (2.20a) is taken as the slumping formula, ALL the simple box
models which we have found fall into one or other of these classes.

This Section comprises essentially a ‘do-it-yourself heavy gas model kit’: one merely has to
plug in the desired entrainment model for Ug and Ut and, provided the non-dimensional equivalents
fall into Classes | or ll, the answer may be read off from (2.32) or (2.37). In the following Section
we shall use these results to give solutions to assorted heavy gas slumping models. More detailed
discussion is contained in Section 4.

3. MODELS

To compare the various models we shall give the results in the dimensionless form given in
the previous Section. We shall use f as the independent variable, which is related to time through
{2.26). In each case we shall give the height function.

A = = e (3.1)
f
Other variables such as density and concentration are simple functions of v
A = @ ... (3.2)
v
=M 3.3
n o .. {3.3)

where A; and n, are the initial values.

3.1 The model of Van Ulden (1974)

Van Ulden (1_974)“,’.u$g's the's]umping formula'(2.20b). Our approach (2.20a) must be thought
of as an approximation to this. In.this model there is no top entrainment and the edge entrainment
is taken as proportional to the front velocity: .

U = 0. . ... (3.4)

Ug = al; | ... (3.5)
Thus

0r = 0. A : ... (3.6)

0 = % | . (3.7)

(using 2.20a; 2.21a), and so this model falls into the first of the two classes. Equations (2.32),
(2.33) give

V() = F () = f2 ... (3.8)

a
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and hence

R = p201-a ‘ . ... (3.9)

From his experiment, Van Ulden was led to believe that a was close to zero. For this case
his slumping formula (2.20b) yields an exact solution of the form (2.26) except that the time scale
toin (2.23) must be replaced by t, Jo/0,. (This effectively means a reformalisation of K). For non-zero
entrainment the situation is not so simple but we regard this evidence as encouraging the belief
that the choice between (2.20a) and (2.20b) is not crucial.

Van Ulden considers the slumping phase to terminate when % dR/dt decreases to the fric-
tion velocity u.. This is when

R
° ... (3.10)

Po=
4u.t,

3.2 The model of Germeles and Drake (1975)

By contrast with Van Ulden, Germeles and Drake (1975)*® consider the edge entrainment
to be zero and top entrainment to be proportional to the front velocity, for which they use equation
(2.20a). That is

U = 0 .. {3.11)
Ur = % ag.p. Ut - (3.12)
and so
OE = 0 onn (313)
dr = % .. (3.14)
and
1 Ro
B = 3 agp. [—] ... {3.15)
3 G.D ho

The model is again in Class | of the previous section with

F, () = 1 ... {3.16)

- 2 .

i) = 1 + 3 B~ 1) .. (3.17)
from (2.32) and (2.33). The height function is

h(f) = -2 -2 2

Al = (1 3/3) F2 e 2 pi .. (3.18)

This model considers the slumping phase to terminate when U; is equal to the wind velocity
u,. That is when

RO
-.- (3.19)
2t,u,
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3.3 The model of Fay (1980)®

In reviewing different models Fay (1980) considers a model having both top and edge en-
trainment velocities proportional to U;. That is

G = 0 = 1 ... (3.20)

This again fits Class | of our scheme with

F (7 = 2@ ... (3.21)
and

0= (1 — y)f2e + yf3 .. (3.22)

h o= (1 — y)i2i-a 4 y3 .. (3.23)
with

Y =3 3’82& ... {3.24)

where f3 takes a form similar to (3.15). This model is very close to that of Germeles and Drake for
small edge entrainment coefficient a.

3.4 The model of Fryer and Kaiser (1979)®

This model incorporates edge entrainment in the same way as those above, and uses the
slumping velocity (2.20a). The top entrainment velocity is modelled in the form

Up = £ ... (3.25)

Ri = gﬁ%f .. (3.26)

where the turbulence length scale { is taken from Taylor et al. (1970}” to be
u
h
f = (_.) .. (3.27
"\t (3.27)

with a reference height h, = 30-2 m and u = 0-48. Thus the entrainment model is

Ug = alg ... (3.28)

u
- 5on ()

Uy wbh, \n A (?._29) B
or

- 1

0 = 7 .. {3.30)

Oy = o1-uf ... (3.31)
with
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p — ;Kab,::z (nhr)u—1 Vo-}l R;H-zu [ (3-32)

The constant 8 depends on weather conditions through u;, which is defined as a multiple
of u. according to the weather category by :

Weather AB | CD | EF .. 3.33)

[l
uy H 3-0u. 2:4u. 1-6u.

e o TR {E.'c-ma'tibds:(_3.30) and (3.31) place this model in the second class discussed in Section 2 and
so we have

Folf = 2 ... (3.34)
and

0= {(1 = yp2He 4 ppR2Hapt ... (3.35)
or

= {(1 =y p2et=a 4 : ... (3.36)
with

y = Pu .. (3.37)

2 + ull - a

The condition for the cloud to become passive is more complicated in this model as there
are a number of criteria. If both of the conditions

do
Up < 2-14 4, (-2-) - ... (3.38)
and
a’
2> ... (3.39)

hold then the cioud is a considered passive. Irrespective of this if
A’ < 8-16 104 ... (3.40)

the cloud is considered passive. (o, (x} is the usual phenomenological gaussian plume function for
passive dispersion and u,, (z) is the wind velocity as a function of height).

3.5 The model of Cox and Carpenter (1979)®

For the purposes of this study, the model of Cox and Carpenter (1979) does not differ
significantly from that of Fryer and Kaiser (and both owe much to that of Cox and Roe (1 977)).®
Most of the differences of detail in these models (such as phase changes in the cloud and effects

of water vapour) are outside the scope of this review. We note, however, that the passive transi-
tion criterion is simpler

Us = u, — ... (3.41)

— c.f. (3.38).
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3.6 The model of Picknett {(1978)1

In the Appendix to the report on the 1978 Porton Down experiments, Picknett (1978), presents
the following analytic mode!.

The entrainment velocities are

Ug = als ... (3.42)
[3p T
Ur = o ... {3.43)

where f3; is a dimensionless, constant coefficient and the Richardson number is defined as

ght

Ri =
u

... (3.44)

Comparing with Fryer and Kaiser® (Sub-section 3.4) we see that the models are the same
except that here u. replaces the turbulance velocity u;, and the Richardson number goes at height
rather than h%4%, Thus

Qe = 1? ... (3.45)
Oy = #© ... {3.46)
nf,. ud Ré ' :
B = o ; —2 ... (3.47)
2K bp3/2 V0
and
0 = (1 -y 2@ + yi .. (3.48)
A= (1-yi2it-a 4 ,p ... (3.49)
where
v =3 f - ... (3.50)

The criterion for passive dispersion demands -~ . -

Zgh'h <€ 3-75u. e w - .. (3.51)

so that the transition takes place when

m .. (3-52)

3.7 The model of Eidsvik (1980)3® - .- - ..

The model of Eidsvik differs from all the above in @ number of ways. Turbulence due to con-
vection caused by the temperature difference between the cloud and the ground is considered to
be of major importance. We thus regard the neglect of all ground heating effects as a more serious
omission in the context of this model. In this case, then, the following is considered to apply only
to ambient temperature releases.

The edge entrainment velocity is taken to be
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a U}

U, (o) ... (3.63)

UE=

This form is entirely ad hoc and is an attempt to reconcile the model with the data of Van
Ulden (1974)“ as well as with that of Picknett (1978)® — something which previous models had
been unable to do.

The top entrainment velocity is modelled in terms of a turbulence velocity vg as

Upem ey .. (3.54)
To5 ag + R D
where a, and-a¢ are constants and the Richardson number Ri is defined by
- _ gha
RL < s ... (3.55)
VE

Note that this goes linearly with the height (c.f. Picknett). The turbulence velocity is defined by

Ve =a \[c:’,lf Uz + w2 (3.56)
E _ 3 2 9 f Yw - 5

for ambient temperature releases, where a, and c; are constants and u,, is the wind speed. The

- turbulence velocity is thus determined both by ambient atmospheric turbulence (uw) and mechanical

turbulence caused by the cloud (U;).

Note that Eidsvik takes A rather than A’ both in the slumping formula and in the Richardson
number (3.55). To make further analytic progress we shall use A’ in both places. This should not
change the essential features of the model.

To express the entrainment velocity concisely we define the following dimensionless groups

U¢ (o)
_ 2%l 2k .. (3.57)
3 | uy 3R, uy,
9 o adcyt
2 = =2
2= 5 (——) .. (3.58)
and
A Ro] ag a3 C: (1 + 5-2}312
= 1= - ... (3.59
4 [ho 3ac N2 (1 +2+ 87 (359

The- entrainment velocities are then

AP = & ... (3.60)

F213/2

E) (3.61)

?(1+x2+£) o
éz

(1 +

S 1+ x* + &2
it [ (1 + £33/2 ]

From (3.57) we see that the parameters £ measures the relative strengths of mechanical and
atmospheric turbulence. The parameter y measures the strength of the density interface suppres-
sion, for which the relevant quantity is
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.. (3.62)

Equations (3.60, 3.61) put this model in Class | defined in Section 2 whence we have

- _1
Fo0 = exp (22 (1-3)) ... (3.63)
and
2a 1_1 P 2a_2a
o = o) 28 [ dw ST o w) ... (3.64)

1

Owing to the form of (3.61) this integral must be done numerically.

Eidsvik’s model is formulated to be valid asymptotically as t = o (f = o) without the need
for a sudden transition to passive behaviour. The asymptotic passive behaviour is

V i3 [[3“ + 52)-3/2 1+ + £2) E—i] P4 ... {3.65)

for non-zero wind, and in zero wind conditions (§ = o} it is

p 3 ... (3.66)

y —
V 15w

wIiN

3.8 The model of Fay and Ranck (1981)1V

Fay and Ranck (1981) consider an analytic model with no edge entrainment (Ug = O) but
which is otherwise similar in spirit to that of Eidsvik. The model is designed to have no sudden tran-
sition to passive behaviour. In this case the top entrainment velocity is

Cy C; Ue
Up = —— ... (3.67)
' c} + ¢ Ri

-~ where c,, and c, are constants and the Richardson number is defined as

ghA’

Ri = =— .. (3.68)
E u‘
- Note that A’ is preferred here over A, and also in the slumping formula.
.- We define the dimensionless constant
$ = /E! Rilo) = .\}& b .. (3.69)
c; c; Ui R}
so that
] g - f2
or = T+ (== ) .. (3.70)
T ¢ i
with
u. R R
p =2 [ °] [—3] e (3.71)
'- 2K 1T + ¢ b h,
and
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R

& Ri = g - .. (3.72)
2

This model again falls into Class | defined in Section 2 with the solution

F, () = 1 ... (3.73)

owing to the absence of top entrainment and

B (X o ] . (3.74)
Tipee

O =1+y [r! FFF < T+F = §n
where |

2= gm s X .y ... (3.75)
Asymptotically we have :

VT Y S _ ... (3.76)

in the same way as in Eidsvik’s model. (Equation 3.65)..

In zero wind conditions (u. = 0) there is no entrainment giving a constant volume.

3.9 The downwind progress of the cloud

All the above models assume that the cloud moves downwind with the speed of the wind.
Thus the downwind distance is given by

t
X = f u,, dt .. (3.77)

o]

Some models assume-a constant wind- speed so that

X = u,t ... (3.78)

but others take a given wind profile and use the value at the half height of the cloud as the velocity
u,. In this case ' ‘

[T Y S
= R f df ... {3.79)
X o j; U, (o] f df (

where we have gone back to using f as the time evolution parameter. This integral is not in general
doable analytically. One exception to this is the model of Van Ulden (1974)* with a logarithmic
wind profile

fn (i)
u, (2 = uy,(10) ——1‘5— ... (3.80)
fn ——)
Zy
which gives
he
uy ()t
X o [w = °] [(?2—1)—L;—}[1+F2fnfz—f1]] ... (3.81)
" i tn (52)
Zg
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The first term is just what one would obtain with a fixed wind speed of u,, (he/2).

3.10 The passive dispersion phase

All but the last two of the models considered have a sudden transition to a passive phase
which is based on the standard Gaussion plume approach. The main differences must come,
therefore, from the slumping phase, and in particular from the entrainment models. We shall not
discuss the passive phase in detail here, but rather concentrate on the slumping phase as that which
provides a ‘‘source term’’ for passive dispersion.

4. A COMPARISON OF MODELS
4.1 Common features

The slumping formula is common to all the models — we do not regard the choice between
A’ and A {(2.20a) or {2.20b)) as a significant difference.

The edge entrainment mechanism (in those models which have it) is always one of mechanical
turbulence, being dependent on U;. Its effect is always most crucial in the initial stages of the slum-
ping process.

4.2 Top entrainment

The models can be classified by their top entrainment mechanism as follows:

No top entrainment: Van Ulden (1974)@

Top entrainment due to Germeles and Drake {1975)®
mechanical turbulence: Fay (1980)2

Top entrainment due to ambient Picknett (1978)®
atmospheric turbulence: Cox and Carpenter (1979)® .

Fryer and Kaiser (1979)®
Fay and Ranck (1981)ab -

Top entrainment due to both Eidsvik (1980)10
mechanical and ambient
turbulence:

Each class has its own distinctive features. Fay (1982)/2 has drawn attention to: the fact
that the models including top entrainment due to mechanical turbulence give- ‘an- mcreasmg cloud
height even in windless conditions, violating energy conservation. We see clearly how this comes
about from Equation (2.32). Neglecting edge entrainment (i.e. taking F, (f) = 1) we see.that Vv 2
f2if 0 2 72, In these circumstances the height will increase with time. If UT ~ Up~i? these con-
ditions are clearly fulfilled and energy conservation is violated. (This is not the case for the ambient
turbulence models where Gy vanishes in the limit of zero wind). It may be, then, that the mechanical
turbulence models over-estimate entrainment even in relatively wmdy condmons

Some further comments are in order on the top entramment i the model of Eldswkﬂ 980) ‘1°’_
In this model the two turbulent mechanisms are both present. The most interesting situation is when
&> 1: a high, dense cloud in a low wind. In this case there is a region (f < £ where mechanical
turbulence dominates and another (f » &) where ambient atmospheric turbulence dominates. This
situation, though, may be rare. In zero wind the first mechanism is the only one. For the more usual
releases & = O(1) (c.f. Van Ulden’s release where £~ 0-9) and the ambient turbulence dominates
the entrainment for most of the expansion.
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4.3 Transition criteria

All the models compare the front velocity U; with a velocity characteristic of the ambient,
atmospheric flow to establish a transition criterion for passive behaviour. This is true even of the
more sophisticated models where the transition is gradual. This ‘atmospheric’ velocity is either the
wind speed u,, or the friction velocity u..

The models which take u,, tend to have a much earlier transition than the others. For example,
in the model of Germeles and Drake (1975)% the slumping barely begins before the transition to
passive behaviour is assumed. Thus in this model the height increase in the context of gravity
spreading will only be seen in very low or zero wind 'conditions = adistinctly odd result as we have
remarked above. The model of Eidsvik (1980)%? also uses Ufa’u to deflne the transition criterion

(at ? =~ é.f — 1, see Equation (3.62)).

All the other models compare U; with u. to establish the transition criterion. This is also true
in the smooth transition of the model of Fay and Ranck (1981)¢® which occurs around f ~ ¢ =
Ug/u. — (see Equation (3.72)). : iy s

We regard the last two models considered in Section 3,§Wiih:théi} smooth transition to passive
behaviour as a significant advance on earlier models. However, we note that a_ choice is still made
as to when the asymptotic, ‘passive’ behaviour set.in. This is clear when one-compares the two
models. RS e, ST ’

4.4 Turbulence suppression

Van Ulden’s model® with no top entrainment, if one extrapolates the gravity spreading phase,
predicts

B ~ 2(1-a) . (41

The models with mechanical top entrainment without the Richardson number, density interface sup-
pression of turbulence give

R~ ¢ ST e (4.2)

Those with turbulence suppression give

h ~ (Picknett) ... (4.3)

or

h ~ 833 (Fryer and Kaiser/ .. (4.4)
Cox and Carpenter)©-®

(All these models are truncated in favour of a passive model before this asymptotic behaviour
sets in!) These more rapid increases are to do with the dependence of the Richardson number on
height as well as on density. The Richardson number decreases as the density of the cloud decreases
giving an increase in the entrainment rate. Partly counteracting this effect is the tendency of the
Richardson number to increase with the height of the cloud. This latter effect is less prominent in
the models of Fryer and Kaiser and of Cox and Carpenter where the behaviour is h®*® instead of
hi. Thus, in these models the density decrease does more to increase the entrainment rate as time
goes on, explaining (4.4). The dependence of the turbulence suppression factor on height is thus
crucial to the entrainment mechanism, a feature which has been little discussed in the past. This
dependence also affects the scaling properties of the model significantly as we shall see in Section B.
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5. SCALING
5.1 The time scale
The slumping time scale is given in (2.22) and is

t, = —— (Ajhy)* R, ... (5.1)

2K g

The slumping velocity scale is

Uslo) = = KJg (& hg) ... (6.2)

R
21,

The time scale decreases with increasing density as expected. There are numerous ways to
express the variation with the cloud’s initial dimensions in terms of height, radius, volume, aspect
ratio, etc. interestingly t, increases as the height and radius are increased in proportion, as also does
U; (0); increasing the scaie in this straightforward way means faster slumping for a longer time. This
emphasises the importance of mechanical turbulence in large scale releases, and, in view of the
possibility of large scale accidental releases, motivates further study of the slumping phenomenon.

5.2 Entrainment

Let us consider how the results of the various models of entrainment vary with the initial
size and density of the cloud. In all the models considered except those of Eidsvik (1980}1® and
of Fay and Ranck {1981)1 the non-dimensional height variable h behaves as

h = [(1 —y)ta + yib]lle ... (.3)

Of the constants a, b, c and y, only y depends on the initial release values R, h, gy. Values
of a, b and ¢ and the behaviour of y in terms of R, hy and A, are given below for the various models

Model a b c y ~
Van Ulden (1974) 2(1-a - 1 =0
Germeles & Drake {1975) ) 11 R, h;!
Fay (1980) 2(1-a 1 1 R, hit

Fryer & Kaiser (1979) }.
Cox & Carpenter (1979) )

Picknett (1978) = = 21 -a 4 1 A;3/2 Ry h;5/2

2u(1 — a) 4 u A;3/2 Ry hylu+3/2)

* 4. ="0-48 in these models

Thus these models scale (h {f) and hence h (t), ¥ (t) etc. are invariant) if the initial conditions
Ro. hy, o aré varied such that the groups in the right hand column do not change. This scaling, of
course, only applies to the slumping phase.

The models of Eidsvik {1980)1% and of Fay and Ranck (1981)?" are more complicated. In
Eidsvik's model two constants have scaling behaviour. These are 8 (Ry/hy, Ag hg) and & (Ag h,) defined
in'(3.57).and (3.59), The same is true in the model of Fay and Ranck where the relevant constants

“are ff (Ro/hy, Agho) and ¢ (A hy) defined in (3.69) and (3.71). Thus both these models predict that
R,. hy and g, may be varied such that both Ry/hy and Ag hy are constant and the physics will be scale
invariant. There is one fewer degree of freedom here but the scaling is appropriate to the whole
of the expansion — not just where gravity effects dominate. )

. In these two models the initial aspect ratio Ry/h, and the initial front velocity and Richardson
number must be kept constant. The tabulated models either scale simply with the aspect ratio, or
with [Ry/hy] [Ri(0)2] [U;(0)t]. The differences between Picknett'® and Fryer and Kaiser® in this
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“*aspect ratio — Richardson number ~ front velocity’’ scaling law lie in the definition of the Richardson
number.

Finally let us remark that the scaling laws can be generalised to allow for alterations in the
wind speed (or friction velocity). The relevant factors are easily found from the expression fory
for the various models.

5.3 Testing model scaling laws

There is some evidence that the area A of the cloud does increase linearly with time as

_predicted by (2.26). (Van Ulden (1974), Picknett (1978))." This is particularly good in the case
--where a cloud was released in calm atmospheric conditions. In Figure 1 we have shown the best

slope dA/dt against J_ for each experiment of Picknett and that of Van Ulden. The expected linear

- behaviour implicit in (2.21a) is also shown. For Van Ulden’s experiment K = O- 86 is the best value.
For Picknett’s experiment K = 1-0is on average better. We do not regard this discrepancy as large

(given the scatter on the data) and await with interest the outcome of the HSE Thorney Island ex-

3 ~per|ments which will have b ~ 80 m?2s-1.

The scallng of- A (f) is perhaps harder to measure. Here the interest lies in the fact that it

;dlstmgunshes between models. We emphasise that it distinguishes between the physical assump-
- tions of the models not merely between different values of free parameters. An experiment with
: "< :a good range of Ry, hy and A; (and fixed weather conditions!!) would be of enormous value in testing
;these models. These conditions would seem to point to wind tunnel tests as the most practical ap-
- proach. Note that to test Eidsvik’s model, or that of Fay and Ranck, all three of Ry, h, and g, must

~.. be varied.

The importance of the scaling law can be seen by considering releases with a given aspect
ratio but different initial heights. In this case y is constant, varies as A;3/2 h;%% or as A;3/2 h3/2
depending on which of the tabulated models one accepts. Between wind tunnel experiments and
field tests y can be invariant or vary through a factor 10° or so depending on the model.

6. DISCUSSION AND SUMMARY
6.1 Cold clouds

We regard-most of this review as being on relatively safe ground for ambient temperature

'releases For cold clouds the effects of specific heats (i.e. a ratio other than that in Equation (2.16})

and of ground heating should be considered. Experimentally the conservation law (2.15) couid, in
principle, be tested. The size of any violation would indicate the importance of ground heating (or
other non-entrainment heating) effects. The effect of such heating in the models can of course be

‘evaluated by implementation of the respective computer codes. * The effect of different molar specific
-heats and of ground heating on the scaling laws would also be of considerable interest. The only

analytic progress in these directions, which we can envisage is to do an expansion in a smail parameter
(1 - A - Cpg/Cpal for the specific heat problem.

Heating from the ground at temperature Tg involves introducing a term n R2f (T_ — T) to the
right hand side of (2.14) and mathematically changes the entire character of the problem. Analytic
progress looks unlikeiy here.

6.2 Summary and conclusions

We have reviewed simple box models of the dispersion of an ‘instantaneously’ released heavy
gas cloud. The emphasis has been firmly on the physics of the entrainment process during gravity
spreading. The models were presented in the context of a unified framework and analytic solutions
to each were developed. Some, but not all, of these have already been given in the literature. The

*Indications, in the mode! of Fryer and Kaiser {1979), 9 are that the effect is small in general.
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different physical assumptions in the models give rise to very diverse predictions. These are not
merely due to disagreements about the value of certain parameters, but rather are qualitative dif-
ferences in the scaling properties of the models. The hazard ranges predicted by the modeis would
be even less in mutual accord than is the case, if it were not for the fact that the slumping models
are truncated before they can diverge too much. We thus identify lack of definite knowledge of
the entrainment process during the slumping phase as a major contribution to the uncertainty in
the hazards associated with heavy gas dispersion.

10.

11.

12.
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8. APPENDIX A
Some examples

To give a more concrete idea of some of the models reviewed we append here a discussion
of some specific cases.

8.1 Model parameters

Model Edge entrainment Top entrainment
Van Ulden (1974) a=0 -
Germeles and Drake (1976) - agp. =01
Fryer and Kaiser {1979) a=0-6 a’' = 0-15
Picknett (1978) a = 0-82 By = 0-15
Fay and Ranck (1981} - ¢y = 2.5
c; =05

The parameters for various modeis are given in the above table. Etdswk s mode} has rather'
more parameters which take the values : '

a = 0:5;, ay = 3'5; a = 11:67; a3y = 1-3
and c; is given for different roughness lengths as

Z 2 mm 10-20 mm 150 mm

Ct 71073 1-4 102 5 102

We take K = 1 for all the models to give a common starting point.

8.2 Dispersion in calm conditions

The distinction between atmospheric turbulence models and mechanical turbulence models
is clearest in calm conditions where there is no atmospheric turbulence. IR

Thus the models of Picknett, Fryer and Kaiser, and of Fay and Ranck have no top entrain-
ment in this case and reduce to the same behaviour as in Van Ulden’s model. The models of Germeles
and Drake and of Eidsvik, on the other hand, give an increasing height function as we have discussed
in Section 4.2. The slumping behaviour is taken to continue indefinitely in all the models. If the safety
criterion is taken to be A’ < A then the hazard range L is given by

fy 1/2 '
.;_ - KAg) y .. (8.2.1)
9 c

in the “"ambient turbulence’ models and by

L
Ro

in the model of Germeles and Drake. Equation {8.2.2) becomes arbitrarily large for large h¢/R.. On
the other hand the hazard range (at ground level) becomes technically infinite from (8.2.1) in the
no entrainment limit (@ — o). {This exposes the modeils’ inadequacies in considering conditions near

o)

A,
[A—é] + 0-022 [h—:] =1,

- } .. (8.2.2)
o]
0-022 [h_o]
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the ground rather than anything else). The model of Eidsvik is qualitatively similar to that of Germeles
and Drake.

8.3 The experiment of Van Ulden (1974}

To model this experiment we set u,, = 3 m/s, u« = 0-25 m/s with category D weather.
The initial cloud parameters are R, = 12m, V, = 2400 m3 and Aq = O:25.

Van Ulden (1974) compares his model, in detail, with the data; we shall merely compare the
models with each other. We shall follow the cioud, in each case, as far as the transition to passive
behaviour.

The height and density of the cloud as a function of radius are given in Figures 2, 3, and
the downwind motion is shown in Figure 4.

Some comments are in order. The lack of entrainment in Van Ulden’s model gives a very dense
low cloud some two hundred metres downwind when the transition to passive dispersions takes
place. By contrast both Picknett and Fryer and Kaiser predict that the cloud has diluted by more
than a factor of ten before the onset of passive dispersion. These will thus give rather lower hazard
ranges. The model of Germeles and Drake in this case is almost entirely a passive one: the criterion
dR/dt = u,, used for the transition means that the slumping has barely begun before it is terminated
in favour of a passive model. With reference to the previous discussion of Eidsvik's model we note
that & = 0-8 and ¥ = 4-6. This means that mechanical turbulence is never the dominant factor
for this release, and that the asymptotic ‘‘passive’’ behaviour (f > &) sets in relatively early. (c.f.
Germeles and Drake).

8.4 Scaling behaviour

in Figure 5 we give just one possible illustration of the scaling behaviour discussed in Section
5. We observe if Ry/h, and A h, are held constant while Ry hy and A are varied then all the models
scale except those of Fryer and Kaiser and of Cox and Carpenter. (This is entirely due to the non-
linear behaviour of Richardson number with height in these models). Figure 5, then, shows the varia-
tion of R (7) for these models as one changes R, hy and Aj by two orders of magnitude keeping the
above combinations fixed. The relevant constant, y differs (as h}) by just over one order of magnitude
between the two cases (which correspond roughly to wind tunnel dimensions and large field trials).

More generally one can vary h,, Ry and Aj keeping two combinations fixed in such a way that
different sets of models exhibit the scaling property. {For example, if hy -and Ry A;~3/2 are held fixed
the models of Fryer and Kaiser, Cox and Carpenter, Picknett, and Van Ulden scale but the others

do not).
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9. APPENDIX B
Notation

(i) Subscripts and superscripts

refers to ambient air
refers to contaminant gas
refers to initial values {except t, and z,)

refers to dimensionless variables

(ii) Common quantities

Cp (c
g

h
h = hih,

par Cpg)

A

SRD R243

top area of cloud

negative buoyancy: VA’ g/n
mass fraction

specific heat

acceleration due to gravity
height of cloud

dimensionless height variable
parameter in the front velocity
turbulence length scale

mass of cloud (air, gas)
molecular weights

radius of cloud

dimensionless radius variable
Richardson number

time

time scale

dimensionless time variable
temperature of cloud (air)
front velocity

edge entrainment velocity

top entrainment velocity

wind velocity

friction velocity
non-dimensionalised edge entrainment velocity
non-dimensionalised top entrainment velocity
Volume of cloud
dimensionless volume variable
downwind distance

vertical co-ordinate

roughness length
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a edge entrainment coefficient

B top entrainment parameter

Y effective top entrainment parameter
A e - Qa Ve

A’ le ~ e5)/e,

n concentration

A 1 - MalMg

e lea) density of cloud (air)

(iiiy  Parameters of individual models

The letter given in brackets is the original authors designation where it differs from ours.
Van Ulden (1974)
K {c) as above

a as above

Germeles and Drake {1975)

K (Jk) as above

agp. (@) top entrainment coefficient
Fay {1980)

K {a) as above

a (cy/a) as above

Fryer and Kaiser (1979)

h, (30:17 m) reference height in defining turbulent length scale
Fg) - - as above
Uy turbulence velocity
T a(as) as above
- top entrainment coefficient
-:- u(0-48) parameter in turbulent length scale
S0y e Gaussian plume width function

- Picknett (1978)

a as above
By B) . top entrainment coefficient
K () as above

'~ Eidsvik (1980)

Cs ’surface drag coefficient’

K {a;) as above

Vg (V) turbulence velocity

a (as) as above

a; turbulence velocity coefficient
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a, top entrainment coefficient

ag density interface turbulence suppression parameter
3 initial front velocity/wind velocity parameter
X : effective turbulence suppression parameter

Fay and Ranck (1982)

c; C; top entrainment parameters
K (a) as above
$ - - - _effective turbulence suppression parameter
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FIG. 1: The rate of change of the area of the cloud against the buoyancy variable. The
K = 1 prediction is shown. The circles are the experiments of Picknett (1978);
the square is that of Van Ulden {1974).
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FIG 2 The height of the cloud as a function of radius (time) for the conditions described
in Section A3, as predicted by the models of Van Ulden (V), Picknett (P), Fryer
and Kaiser (F.K.), Eidsvik (E), and Fay and Ranck (F.R.). The models with a separate
passive phase are followed up to the transition. The model of Germeles and Drake
(not shown) goes passive at (R, h) = (14 m, 4-1 m).
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FIG 4 The downwind distance of the cloud illustrated in Flgs 2, 3 as a function of time.
The upper and lower straight lines correspond to assuming a constant velocity given
by the wind speed at a height of 10 m and at half the initial height of the cloud

" respectively. {A'logarithmic wind profile is assumed). Also shown are the predic-
tions of the model of Fryer and Kaiser where the velocity is u,, (0- 5 h) and of that
of Fay and Ranck where the velocity is u,, (0-4 h). The effect of the slumping on

the velocity is clearly seen, especially in the model of Fay and Ranck where the
cloud becomes very low for a considerable period.
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13 cm, 6¢,). The combinations (Ry/h,) and (h, Aj) are each the same for the two
releases. Accordingly the only models which do not scale are those of Cox and
Carpenter and of Fryer and Kaiser (F.K.) for which the two curves are shown. The
models of Eidsvik (E) and of Fay and Ranck (F.R.) are shown for comparison.
(Because of the large density difference the transition to passive behaviour in the
model of Fryer and Kaiser occurs at very different t.)
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