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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. C12 ) or because it is cold (e.g. CH4 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 understanding of why the results of these 
models are so diverse. 

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: 

(a) Ambient temperature releases. 

(b) Cold gas releases where all heating occurs by mixing with the atmosphere and where 
the molar specific heat of the contaminant is equal to that of the air. 

In some models a further slight-approximation is needed; we shall discuss this in detail below. 

Case (a) embraces the experimental releases of Picknett (19781(1) 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 (19801(2)) 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 p 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) rj, the mass fraction c, the mass of 
the cloud m, and the mass of the air in the cloud ma. The total mass of contaminant in the cloud, 
m9' is constant. The intrinsic density of the contaminant gas depends on 

A ----E 1 — 
Ma
Mg

... (2.1) 

where Ma, Mg 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 — Ac)QT = Qa Ta ... (2.2) 

where ea and Ta 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, Q, n, c, 
m, and ma are found as functions of these and the constants mg, Qa, Ta, A using the cylindrical 
geometry, the equation of state, and the definitions (below) of rl, c, m, and ma. 

The results are: 

and 

h - 
V 

(rr IR2) 

mg
rl = V 

ea 
Ta

-T 

c = mg = 
Q ea 

mgA 

V 

r VTa

L T 

Ta
m =-- QV = Q a v T_ + mgA 

mgA 

ea 

-1 

ma m - Mg = Qa V T + mg (A 1) 

We also define density variables 

.- (2.3) 

... (2.4) 

... (2.5) 

... (2.6) 

... (2.7) 

(2.8) 

A' = Q Qa (2.9) 
Qa

e ea 

and a buoyancy variable 

b = 1 - gVA' 
- n 

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

= 1 — g 
it E

T ) V + 
ea 

For the isothermal case T is equal to 1-, and hence (b) is conserved. 

_ 2.2 The heat capacity of the cloud and enthalpy conservation 

The heat capacity of the cloud is 

m_ cp = Mg Cpg + ma caa

which in terms of the independent variables becomes 

mc 
T 

= cps [ —.F. a V - mg (1 - A - C8 
J pa 

(2.10) 

... (2.11) 

... (2.12) 

... (2.13) 

The enthalpy conservation law balances the enthalpy change in the cloud with that brought 
in by entrainment. 

SRD R243 4 



d m, 

dt 
= cp, Ta(mcP11 dt 

which integrates to the conservation law 

(=I -a — 1) V + mg Cnn (1 — A — ) 
T 

= constant 
Qa Cpa Ta 

... (2.14) 

... (2.15) 

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 longer holds and so (2.15) is invalid — we shall discuss this 
later). 

If the molar specific heats of the contaminant gas and air are identical (as predicted by the 
Kinetic Theory of Gases for molecules of the same structure) then 

Cpg Ma = = 

cpa Mg 
1 — A ... (2.16) 

and (2.15) becomes 

(—f-ra — 1) V = constant (2.17) 

and so (b) is again conserved. This buoyancy conservation simplifies the models considerably (see 
also Fay (1980),(2) Raj (1982)(31 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 

dV 
dt = In" UT + (2nRh) UE ... (2.18) 

where UT and UE 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 
= Udt f

... (2.19) 

where Uf 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: 

and 

Uf = K,g1•T ... (2.20a) 

Uf = Krgrict (2.20b) 

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 (e — 
Qa )h/2, across the front with a resistance pressure (2K2)-1 Qa Uf 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 

Uf = K _X R -1  (2.21a) 

or 

Uf K sli; 

V 
_ bn 
v + — 

(2.21b) 

The merits of our choice (a) are manifest. Conservation of buoyancy allows 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 Ro, Vo and ho. The time scale is defined in terms 
of the initial slumping velocity to be 

t 
Ro 

0 — 2 Uf (0) 2 K,TE 

The dimensionless variables are then 

t =  — 
t o

? 
=R

R0

V 
v = 

h 
" no

and the equations governing the behaviour of the cloud are 

and 

dP _ 1 
dt 2P 

d'' 
dt 

UT t o  20 UE t o
rz [ 

hp 
- + T 

 Ro 
[ j 

These can be solved most conveniently as follows. FirstlY (2.24) integrates t-ci: 

... (2.22) 

... -(2.23) 

... (2.24) 

(225) 

= ... (2.26) 

Secondly 0 is found as a function of i by dividing (2.25) by (2.24) giving 

d0 r UE U 

"vdP = 
o + 2p P 

UE (o) UT (0) 
... (2.27) 
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where the effective edge and top entrainment coefficients are given by 

and 

UE (0) 2to UE (0) 
a =  

Uf (0) R0

r uT (0)1
L uf (0) J 

2.6 Analytic models 

to UT (0) 

ho

... (2.28) 

(2.29) 
' - 

To complete the specification of the model we need the entrainment velocities UT and UE
as a function of the state of the cloud and some constants. a and f3 are then easily calculated in 
terms of these constants and the initial cloud parameters. In terms of the independent dimensionless 
variables we write 

UE

UE (0) 

UT

UT (0) 

= UE (P, ‘')) 

= UT (1, CI)

... (2.30) 

... (2.31) 

and thus to each model there will be a corresponding characteristic ordinary differential equation 
(2.27) for 0 (P). This may or may not be soluble analytically. Fortunately in a wide set of models 
it is. We shall examine just two possible classes of model here. 

Class I: 

0E (P) and Cll. (P) are independent of 0. 

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

where 

Fa (P) 
(P) = Fa (P) + 2(3 dw [ 

Fa (w) J 
  w3 OT 1w) 

Fa (P) = exp (2a f r dw OE (W)) 
1 

Class II: 

0E is independent of 9 and UT takes the form 

UT = 7̀1-° fT (?) 

where ji is a constant. In this case (2.27) becomes 

d0 
= v [2a OE (1)] + [2f3P3 fT Q1-11 

dr 

... (2.32) 

... (2.33) 

... (2.34) 

... (2.35) 

This is a non-linear equation for 9'  (?) but the general solution can be found by noticing that 
it can be written in the form 

dP 
(Q) = [2i2a OE M] vu + [2,213P3 fT (?)] 

whence 
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= [F,,„(i) + 4r3 f dw [ (1) w3 f-r(w) Faa (w) 

} 1/µ 
... (2.37) 

where Faa is obtained from (2.33) by replacing a by µa. 

We note that Class I is actually a subset of Class II with µ = 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 UE and UT and, provided the non-dimensional equivalents 
fall into Classes I or II, 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 P as the independent variable, which is related to time through 
(2.26). In each case we shall give the height function. 

h = 2 

Other variables such as density and concentration are simple functions of 

A' 
A' = -1

where 4; and no are the initial values. 

3.1 The model of Van Ulden (1974) 

... (3.1) 

... (3.2) 

... (3.3) 

Van Ulden (1974)<  uses the slumping formula-(2.20b). Our approach (2.20a) must be thought 
of as an approximation to this. ln this model there is no top entrainment and the edge entrainment 
is taken as proportional to the front _velocity: 

UT = 

UE = aUf

Thus 

CIT 

1 
CIE = 7 

... (3.4) 

... (3.5) 

... (3.6) 

... (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 

Q (11) = Fa (?) = F2a ... (3.8) 
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and hence 

r 2(1 — cr) ... (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 
to in (2.23) must be replaced by to 1673 —/Q-o. (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 1/2 dR/dt decreases to the fric-
tion velocity u.. This is when 

Ro
? = 

4u. to

3.2 The model of Germeles and Drake (1975) 

... (3.10) 

By contrast with Van Ulden, Germeles and Drake (1975)(5) 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 

and so 

and 

UE = 0 ... (3.11) 

2 
UT = —3 aG.D. Uf 

0E = 

UT = 

13 = 
1 rR 

aG.D. [ ho J 

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

... (3.12) 

... (3.13) 

... (3.14) 

... (3.15) 

Far (1) = 1 ... (3.16) 

2 
Q (I) = 1 + —

3 
p (r3 — 1) 

from (2.32) and (2.33). The height function is 

... (3.17) 

ii(?) = (1 — /3) p? ... (3.18) 

This model considers the slumping phase to terminate when Uf is equal to the wind velocity 
uW. That is when 

Ro
? =   ... (3.19) 

2to uw

SRD R243 9 



3.3 The model of Fay (1980)(2)

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

1 
7UE = UT = r

This again fits Class I of our scheme with 

and 

with 

F0 (F.) = tI2a 

= (1 - y) 1.2° + yf3

li = (1 - y) f-2(1 — a) ± y p 

213 
r = 3 - 2a 

... (3.20) 

... (3.21) 

(3.22) 

... (3.23) 

... (3.24) 

where (3 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 (1979P6) 

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 

UT - 
RI 

where u1 is a longitudinal turbulence velocity. The Richardson number Ri is defined as 

Ri = g 
uf 

where the turbulence length scale f is taken from Taylor et al. (1970)(7) to be 

= hr ( 1-1 ) 
hr

with a reference height hr = 30.2 m and pi = 0.48. Thus the entrainment model is 

or 

with 

UE = a Uf

UT a'ui 
) V 

nb hr hr

uT = P2P
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... (3.30) 

... (3.31) 



Tr a' u3 
P — w-p 04+4 (n hr )P v  ..0

2K b3/2
... (3.32) 

The constant p depends on weather conditions through u1, which is defined as a multiple 
of u. according to the weather category by 

Weather A,B C,D E,F 

ul 3 Ou. 2 4u. 1.6u. 

... (3.33) 

Equations (3.30) and (3.31) place this model in the second class discussed in Section 2 and 
so we have 

and 

or 

with 

F (?) = ?21̀a 

{(1 - y) i 2Fla y 112(2 + ti)} 1 4.1 

{(1 - y) r2µ( 1 -a) + y

PP Y 2 + µ (1 — a) 
(3.37) = 

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 

... (3.34) 

h day
Uf < 2.14 uw 

dx 

and 

hold then the cloud is a considered passive. Irrespective of this if 

... (3.35) 

... (3.36) 

(3.38) 

... (3.39) 

A' < 8.16 10-4 ... (3.40) 

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

3.5 The model of Cox and Carpenter (1979)(8)

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 (1977)).(9)
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 

day
Uf = uw

dx 

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

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

The entrainment velocities are 

UE = Cr Uf 

Pp U. 
UT = 

Ri 

... (3.42) 

... (3.43) 

where 13 is a dimensionless, constant coefficient and the Richardson number is defined as 

Ri = 
ghA' 

U.2
(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°A8. Thus 

and 

where 

GE = 7 

UT = 

n 13p u3. R80
13 =  

2 K b3/2 vo 

= (1 — y) ?2a y 1-6

h = (1 - y) r.-2(1 —a) + y

r - 3  a 

The criterion for passive dispersion demands 

.i2gA'h < 3.75u. 

so that the transition takes place when 

... (3.45) 

... (3.46) 

... (3.47) 

... (3.48) 

... (3.49) 

... (3.50) 

... (3.51) 

? —   .. 
3.75 u. Ro 

. (3.52)

3.7 The model of Eidsvik (1980)("' 

The model of Eidsvik differs from all the above in a 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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UE = 
a 14 

Uf (0) 
... (3.53) 

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)(1) — something which previous models had 
been unable to do. 

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

a4 
- . 

(a6 + Ri) 

where a4 and a: are constants and the Richardson number Ri is defined by 

- Ri g hA_ 

... (3.54) 

... (3.55) 

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

a3 — — U2 + u2
2 9 f w 

... (3.56) 

for ambient temperature releases, where a3 and cf are constants and uw is the wind speed. The 
turbulence velocity is thus determined both by ambient atmospheric turbulence (uw ) and mechanical 
turbulence caused by the cloud (Uf ). 

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. 

and 

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

4 

= 

13 = 

2 Uf (0) 2K .16   = 
3 uW 3 Ro uW

9 
4K2

[h0

6.2 nf  -1 _ 

2 

•
a4 a3  + 44)3/2 

2 (1 + X' + 4-2) 3 a5

The- entrainment velocities are then 

CIO ) = 

11-r (P) = 
1 

+x2 
-1- 4-2 1 

L (1 + 1-2)3/2

(1 + 12 )3/242 
F2 

(1 ÷ X2 -
2

) 

... (3.57) 

... (3.58) 

... (3.59) 

... (3.60) 

... (3.61) 

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

Ri 
-2 

a6 (1 + 2 

... (3.62) 

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

Fa (f) = exp (2a (1 — ... (3.63) 

-2a(1 1 (krAE) 

(?) = e + 2(3 dw e w r W3 UT (W) 
1 

(3.64) 

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

Eidsvik's model is formulated to be valid asymptotically as t 00 (1 00) without the need 
for a sudden transition to passive behaviour. The asymptotic passive behaviour is 

P-.00 [R (1 + 0-3/2 (1 + x 2 + 1-2) z-1] 

for non-zero wind, and in zero wind conditions (/ 03) it is 

2 
- —co — 13 f33

3.8 The model of Fay and Ranck (1981)(11)

... (3.65) 

... (3.66) 

Fay and Ranck (1981) consider an analytic model with no edge entrainment (UE = 0) 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 

Ci C2 U. 

... (3.67) 
4c1 + cl Ri2

where c1, and c2 are constants and the Richardson number is defined as 

Ri g h 
... (3.68) 

Note that A' is preferred here over A, and also in the slumping formula. 

We define the dimensionless constant 

Ri(o) = 
Ic1 b 

... (3.69) 
C2 u2. C2 

so that 

F2 

... (3.70) 
.1f4 + 44

with 

Cl r u. Ro
[

Ro
... (3.71) 

2K 

and 

L fi3 
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Ri
c2 1.2

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

Fa (?) = 1 

owing to the absence of top entrainment and 

where 

[= 1 + y F2 J-1 44 — '— 44 en 

y  ,J1 ++4 
2 

Asymptotically we have 

‘') ?_7:,,3 y14

P2 + P4 }$41]1- + ,r 7F 44

... (3.72) 

... (3.73) 

... (3.74) 

... (3.75) 

... (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 = I u dt 
0 

Some models assume- a constant wind- speed so that 

X = Uw t 

... (3.77) 

... (3.78) 

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

uw

) 
x = Ro Uf 

(o 
d? ... (3.79) 

where we have gone back to using P as the time evolution parameter. This integral is not in general 
doable analytically. One exception to this is the model of Van Ulden (1974)(4) with a logarithmic 
wind profile 

uw (z) = u, (10) 

which gives 

x = 
Ro

en (1—) 
zo 

en 1101 
zo

u (11111 to

w R: 
[ (12 1) 

(1 — a) {1 + 12 -en?2 — 
en (111 ) 

2z0
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The first term is just what one would obtain with a fixed wind speed of uw (h0/2). 

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 Uf. 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: 

Top entrainment due to 
mechanical turbulence: 

Top entrainment due to ambient 
atmospheric turbulence: 

Top entrainment due to both 
mechanical and ambient 
turbulence: 

Van Ulden (1974)(4)

Germeles and Drake (1975)(5) 
Fay (19801(2)

Picknett (19781(2)
Cox and Carpenter (1979)(8) 
Fryer and Kaiser (1979)(6) 
Fay and Ranck (1981)(11) 

Eidsvik (19801')

Each class has its own distinctive features. Fay (1982)(12) has drawn attention to the fact 
that the models including top entrainment due to mechanical turbulence give ̀ an-increasing 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 Fa (1) = 1) we see that 0 
12 if OT In these circumstances the height will increase with time. If UT Uf-- ?-1 these con-
ditions are clearly fulfilled and energy conservation is violated. (This is not the case for the ambient 
turbulence models where OT vanishes in the limit of zero wind). It may be, then, that the_mechaniaal 
turbulence models over-estimate entrainment even in relatively windy conditions. 

- - • - - 
Some further comments are in order on the top entrainment-in the-model of Eidsvik(1980).(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 (1 4 /1 where mechanical 

turbulence dominates and another (1 > 1) 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 I = 0 (1 ) (c.f. Van Ulden's release where I - 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 Uf 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 uw or the friction velocity u.. 

The models which take uw tend to have a much earlier transition than the others. For example, 
in the model of Germeles and Drake (1975)(5) 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 — a distinctly odd result as we have 
remarked above. The model of Eidsvik (1980)," ) also uses Uf/uw to define the transition criterion 

(at ? ,he — 1, see Equation (3.62)). 

All the other models compare Uf 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 ? 
Uf/u. — (see Equation (3.72)). 

We regard the last two models considered in Section 3,_with their smooth transition to passive 
behaviour as a significant advance on earlier models. FlOwever, 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. 

4.4 Turbulence suppression 

Van Ulden's model") with no top entrainment, if one extrapolates the gravity spreading phase, 
predicts 

F-2(1 -a) ... (4.1) 

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

h ... (4.2) 

Those with turbulence suppression give 

h — (Picknett) ... (4.3) 

or 

h ?8.33 (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" 8 instead of 
h1. 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 5. 
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5. SCALING 

5.1 The time scale 

The slumping time scale is given in (2.22) and is 

to =  1 (4110 )-14 Ro
2K ,jg 

The slumping velocity scale is 

RoUf (o) = —2t0 = (t4 .- (5.2) 

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 to increases as the height and radius are increased in proportion, as also does 
Uf (o); increasing the scale 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)(11) the non-dimensional height variable h behaves as 

= [(1 — y) a y ft] 11C ._ (5.3) 

Of the constants a, b, c and y, only y depends on the initial release values Ro ho eo. Values 
of a, b and c and the behaviour of y in terms of Ro, h0 and A; are given below for the various models 

Model 

Van Ulden (1974) 

a 

2 (1 — a) 

b c 

1 

y — 

= 0 

Germeles & Drake (1975) 2 1 1 R0 he 

Fay (1980) 2 (1 — a) 1 1 R0 he 
Fryer & Kaiser (1979) }. 
Cox & Carpenter (1979) 201 — a) 4 4-3/2 R0 N(o+ 3/2) 

Picknett (1978)1 2 (1 — a) 4 1 Ao-3/2 R0 hi 5/ 2 

*p_ = -0.48 in these models 

Thus these models scale lh (1) and hence h (t), v (f) etc. are invariant) if the initial conditions 
Ro, ho, Qo are 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)(") and of Fay and Ranck (1981)(" ) are more complicated. In 
Eidsvik's model two constants have scaling behaviour. These are 13 (Ro/ho, A; h0) and 4 (A,; h0) defined 
in -(3.57) and (3.59). The same is true in the model of Fay and Ranck where the relevant constants 
are ft (Ro/ho, A; ho) and cl) h0) defined in (3.69) and (3.71). Thus both these models predict that 
R0, h0 and Qo may be varied such that both R0/h0 and A; h0 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 R0/h0 and the initial front velocity and Richardson 
number must be kept constant. The tabulated models either scale simply with the aspect ratio, or 
with [R0/h0] [Ri (o)-1] [Uf (o)-1] . The differences between Picknett(11 and Fryer and Kaisero) 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 for y 
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),(4 ' Picknett (1978)).(1' 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 „13 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 = 0 86 is the best value. 
For Picknett's experiment K = 1 0 is 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-

-periments which will have sib - 80 m2 s-1. 

The scaling of (?) is perhaps harder to measure. Here the interest lies in the fact that it 
-distinguishes 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 R0, hc, and Ela (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 Renck, all three of R0, ha and ea 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;"312 ho° 98 or as A0-312 h-03/2

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 103 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) could, 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 small parameter 
(1 - A - Cpg/Cpa ) for the specific heat problem. 

Heating from the ground at temperature Tg involves introducing a term it R2 f (Tg - T) to the 
right hand side of (2.14) and mathematically changes the entire character of the problem. Analytic 
progress looks unlikely 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 model of Fryer and Kaiser (1979), (6' 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 models 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. 
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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 

Van Ulden (1974) 

Germeles and Drake (1976) 

Fryer and Kaiser (1979) 

Picknett (1978) 

Fay and Ranck (1981) 

Edge entrainment Top entrainment 

a = 0 

a = 0.6 

a = 0.82 

crG.D. = 0.1
a' = 0.15 

pp = 0.15 

= 2.5 

c2 = 0.5 

The parameters for various models are given in the above table. Eidsvik's mode/ has rather 
more parameters which take the values 

a = 0 • 5; a4 = 3 • 5; a: = 1 1 • 67; a3 = 1 • 3 

and cf is given for different roughness lengths as 

zo 2 mm 10-20 mm 150 mm 

cf 7 10-3 1.4 10-2 5 10-2

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. 

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 ail the models. If the safety 
criterion is taken to be A' < A. then the hazard range L is given by 

L - yo 1/2a 

Ro / 

in the "ambient turbulence" models and by 

L

Ro

+ 0.022 [—R°

Ro o
0 022 [ 

ha 
] 

1 
I 1/3

... (8.2.1) 

... (8.2.2) 

in the model of Germeles and Drake. Equation (8.2.2) becomes arbitrarily large for large ho/Ro. On 

the other hand the hazard range (at ground level) becomes technically infinite from (8.2.1) in the 
no entrainment limit (a o). (This exposes the models' inadequacies in considering conditions near 
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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 (19741'4 ) 

To model this experiment we set uw = 3 m/s, u. = 0.25 m/s with category D weather. 
The initial cloud parameters are Ro = 12 m, Vo = 2400 m3 and AO = 0.25. 

Van Ulden (1974) compares his model, in detail, with the data; we shall merely compare the 
models with each other. We shall follow the cloud, 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 = uw 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 42 = 0.8 and )(2 = 4.6. This means that mechanical turbulence is never the dominant factor 
for this release, and that the asymptotic "passive" behaviour (P > Ix) 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 Ro/ho and t ho are held constant while Ro ho and Ai, 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 h (P) for these models as one changes Ro h0 and AO by two orders of magnitude keeping the 
above combinations fixed. The relevant constant, y differs (as h°0 52) 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°, Ro and A'o keeping two combinations fixed in such a way that 
different sets of models exhibit the scaling property. (For example, if ho and R0 .6,,;-3" 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 

a refers to ambient air 

g refers to contaminant gas 

o refers to initial values (except to and zo) 

refers to dimensionless variables 

(ii) Common quantities 

A top area of cloud 

b negative buoyancy: V A' ghr 

c mass fraction 

Cp (Cpa, Cpg) specific heat 

g acceleration due to gravity 

h height of cloud 

= h/ho dimensionless height variable 

K parameter in the front velocity 

turbulence length scale 

m (ma, mg ) mass of cloud (air, gas) 

Ma, Mg molecular weights 

R radius of cloud 

P = R/Ro dimensionless radius variable 

Ri Richardson number 

t time 

to time scale 

i = t/to dimensionless time variable 

T (Ta ) temperature of cloud (air) 

Uf front velocity 

UE edge entrainment velocity 

UT top entrainment velocity 

wind velocity 

u. friction velocity 

CIE non-dimensionalised edge entrainment velocity 

UT non-dimensionalised top entrainment velocity 

V Volume of cloud 

= V/Vo dimensionless volume variable 

x downwind distance 

z vertical co-ordinate 

zo roughness length 
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a edge entrainment coefficient 

13 top entrainment parameter 

y effective top entrainment parameter 

A (e — ea 1/e 
A' (Q — ea 1/ea 

concentration 

A 1 — Ma/Mg

Q (ea ) density of cloud (air) 

(iii) 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 as above 

aG.D. (a) top entrainment coefficient 

Fay (1980) 

K (a) as above 

a (c-rla) as above 

Fryer and Kaiser (1979) 

hi. (30. 17 m) reference height in defining turbulent length scale 

I (Is) as above

u1 turbulence velocity 

a (a«) as above 

a' top entrainment coefficient 

ti (0.48) parameter in turbulent length scale 

.ay _ Gaussian plume width function 

Picknett (1978) 

a 

i3p ((3) 

K (y) 

Eidsvik (1980) 

Cf 

K (al ) 

vE (v)

a (as) 

a3

SRD R243 

as above 

top entrainment coefficient 

as above 

"surface drag coefficient" 

as above 

turbulence velocity 

as above 

turbulence velocity coefficient 

24 



a4
. 

a6

4 

X 

Fay and 

Cl C2 

K (a) 

+ 

top entrainment coefficient 

density interface turbulence suppression parameter 

initial front velocity/wind velocity parameter 

effective turbulence suppression parameter 

Ranck (1982) 

top entrainment parameters 

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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and release conditions of Fig. 2. This, together with Fig. 2, highlights the effect 
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model of Germeles and Drake (not shown) goes passive with (R, Q) = (14 m, 1 • 24 
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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 *here the velocity is ub,,- "(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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(Because of the large density difference the transition to passive behaviour in the 
model of Fryer and Kaiser occurs at very different t.) 



DISTRIBUTION 

SAFETY ADVISER NNC (RISLEY) LTD. (Via Library NNC) 

Mr G. H. Kinchin Dr E. C. Cobb 
Building A32 
Winfrith NNC (WHETSTONE) LTD 

SRD The Manager of Engineering 
NNC, Whetstone 

Mr J. G. Collier Leicester LE8 3LH 
Mr F. Abbey 
Mr K. Beck CEGB 
Dr P. W. M. Brighton 

Mr J. Brown (Barnett Way, -Barnwood) Mr J. T. Daniels 
Mr P. Bolt ( " Mr A. R. Edwards 

Dr S. F. Hall Mr J. R. Harrison (Courtenay House) 

Dr M. R. Hayns Mr R. R. Matthews ( " ) 

Dr S. F. Jagger Library (Sudbury House) 

Mr I. Johnstone Library (BNL) (2) 

Dr R. S. Peckover 
SSEB Miss A. J. Prince 

Dr B. Y. Underwood Mr J. N. Tweedy 
Dr D. M. Webber (50) SSEB-
Dr C. J. Wheatley (3) Cathcart House 
Editorial Section (25) Inverlair Avenue

Glasgow G44 4BE 
CEC 

Mr J. Vilain (15) 
Commission of the European Communities The Library 
Directorate General for Research, Science Nil 

and Education Room 244(a) 
Rue de la Loi 200 Thames House North 
81049 Brussels, Belgium Millbank 

London SW1 
HARWELL 

Safety Secretariat (2) 
Library 

WINFRITH HEATH 

Dr C. Farmer 
Safety Group 
Library R&S Division 

BNFL 

Mr M. Baron 
Health & Safety Directorate 
R102, Rutherford House 
BNFL, Risley 

Mr P. W. Mummery 
Director of Health & Safety 
BNFL, Risley 

SRD R243 

DEPT. OF EMPLOYMENT — H&SE 

Miss D. Stewart - (4) 
Library Services 
HSE, Nil 
Branch 3 
Silkhouse Court 
Tithebarn Street 
Liverpool L2 2LZ 

Dr K. Duncan 
Deputy Director-General & Director of Nuclear 

Safety 
H&SE 
Regina House 
259/269 Old Marylebone Road 
London SW6 

Dr J. M. McQuaid 
Safety Engineering Laboratory 
HSE/SMRE 
Redhill 
Sheffield S3 7HQ 



DISTRIBUTION (Cont'd) 

MOD 

The Chairman 
CNNST 
Office of Naval Nuclear Technological Safety 

Panel 
Room 1512 
Ship Dept. MOD 
Empress State Building 
Earls Court 
London SW6 

Head of Dept. 3 (3) 
Ministry of Defence 
Foxhill 
Bath 
Somerset BA1 5AB 

RR&A 

Mr C. P. Woodcock (2) 
Director R&D 
Rolls Royce & Associates Ltd 
PO Box 31 
Derby DE2 8BJ 

THE INSTITUTE OF MECHANICAL ENGINEERS 
1 Birdcage Walk 
Westminster 
London SW1 

UNIVERSITIES 

Dr J. R. C. Hunt 
Department of Applied Maths 

and Theoretical Physics 
University of Cambridge 

Dr R. Britter 
Department of Engineering 
University of Cambridge 

Dr P. C. Chatwin 
Department of Applied Maths 

and Theoretical Physics 
University of Liverpool 
PO Box 147 
Liverpool L69 3BX 

Dr J. Cleaver 
Department of Mechanical Engineering 
University of Liverpool 

Dr A. Millward 
Department of Mechanical Engineering 
University of Liverpool 

Dr B. W. Boreham 
Department of Aeronautics 
Imperial College of Science & Technology 
Prince Consort Road 
London SW7 2AD 

Dr R. A. Cox 
Cremer and Warner 
1140 Buckingham Palace Road 
London SW1 

Dr D. M. Deaves 
Atkins Research & Development 
Woodcote Grove 
Ashley Road 
Epsom, Surrey 

BRITISH GAS CORPORATION 

Dr R. J. Carpenter 
British Gas Corporation 
Midlands Research Station 
5 Wharf lane 
Solihull 
West Midlands 

Dr J. Thomas 
British Gas Corporation 
Midlands Research Station 

UK 

Dr D. Hall 
Warren Spring Laboratory 
PO Box 20 
Gunnels Wood Road 
Stevenage 
Herts 

Mr N. C. Harris 
Imperial Chemical Industries 
PO Box 13 
Runcorn 
Cheshire 

Dr F. B. Smith 
Met 0 14 
Meteorological Office 
Bracknell, Berks 

Dr R. G. Picknett and Dr C. Jones 
Physical Protection Division 
Chemical Defence Establishment 
Porton Down 
Salisbury 
Wilts SP4 OJQ 

OVERSEAS 

BELGIUM 

Dr M Riethmuller 
Institute Von Karman de Dynamique des 

Fluides 
Chaussee de Waterloo 72 
B1640 Rhode St Gen\ese 
Belgium 

SRD R243 



DISTRIBUTION (Cont'd) 

OVERSEAS (Cont'd) 

DENMARK Dr C. Koch 

Mr S. Andersen 
Kraftwerk Union Aktiengesellschaft 

RISO National Laboratory 
D-8520 Erlangen 

DK-4000 Roskilde 
Germany

Denmark Mr H. Willms 

Prof L. Bjoenoe 
Institut fur Allgemeine Mechanik, RWTH 

The Acoustics Laboratory 
D-5100 Aachen 

DK-2800 Lingby 
Germany

Denmark Dr Schulte 

Dr N. 0. Jensen 
GHT Gesellschaft fur 

RISO National Laboratory 
Hochtemperaturreaktortechnik 

DK-4000 Roskilde 
Bergisch Gladback I (Bensberg) 

Denmark 
NETHERLANDS 

FRANCE Dr A. C. Vanden Berg and Dr J. P. Zeeuwen 

Mr C. Berriand 
TNO Prins Maurits Laboratorium 

CEN de Saclay 
NL-2280 AA Rijswijk 

F-91191 Gif-Sur-Yvette Cedex 
Netherlands 

France Dr A. P. Van Ulden 

Mr J. L. Gamier
Royal Netherlands Meteorological Institute 

CEA — IPSN 
De BiIt 

F-92260 Fontenay-aux-Roses 
Netherlands 

France Dr G. W. Colenbrander 

Mr Hendricks 
Koninklijke/Shell Laboratorium 

EDF Septen 
Badhuisweg 3 

F-92080 Paris-la-Defense 
1031 CM Amsterdam 

France 
Netherlands 

Mr Hauguel NORWAY 
Laborateire National d'Hydraulique Prof T. Fannelop 
F-78400 Chatou 
France 

Division of Aero- and Gas-dynamic 
Norwegian Institute of Technology 

Prof Leyer N-7034 NTH-Trondheim 
Ecole Nationale Superieure de Mechanique et Norway 

d'Aerodynamique 
Poitiers 

Dr K. J. Eidsvik 

France 
Norwegian Institute for Air Research 
PO Box 130 

GERMANY 
N2001 Lillestrom 
Norway 

Dr S. Hartwig 
Battelle Institut SWITZERLAND 
Am Romerhof 35 
D-6000 Frankfurt am Main 

Dr G. Resele 

Germany 
Gruppe Umwelttechnik 
Abteilung Nukleare Dienste 

Dr G. Schnatz Motor Columbus 
Battelle Institut CH-5401 Baden 
Am ROmerhof 35 Parkstrasse 27 
D-6000 Frankfurt am Main Switzerland 
Germany 

SRD R243 



DISTRIBUTION (Cont'd) 

OVERSEAS (Cont'd) 

USA 

Dr J. Havens 
University of Arkansas 
Dept of Chemical Engineering 
Fayetteville AR 72701 
USA 

Dr P. K. Raj 
Technology and Management Systems Inc. 
279 Cambridge St. 
Suite 102 
Burlington, Mass 01803 
USA 

Prof J. A. Fay 
Department of Mechanical Engineering 
Massachusetts Institute of Technology 
Cambridge, Mass 02139 
USA 

Dr E. M. Drake 
A D Little Inc. 
Acorn Park 
Cambridge, Mass 02140 
USA 

Dr 0 Zeman 
Dept. of Earth and Planetary Science 
John Hopkins University 
Baltimore, MA 21218 
USA 

SRD Overseas Standard Distribution List 

LIBRARIES 

Aldermaston (1) 
Dounreay (2) 
Harwell (2) 
Risley (4) 
Springfields (2) 
Windscale (2) 
Winfrith (3) 

Standard Distribution List 'B' 
Standard Distribution List 'C' 

SRD R243 


