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THE S| ZE OF FLAMVABLE CLOUDS ARI SI NG FROM CONTI NUCUS RELEASES | NTO THE
ATMOSPHERE

J. G Marshall
Dr. J. H Burgoyne & Partners

The relationships defining the axial length and concentration
distribution in jets and plunmes and the effect of atnospheric
| apse rate are revi ewed. Formul ae for estimating the size of
flammabl e clouds and the quantity of material between the
flammability linits are given for continuous em ssions under
still air conditions, when the largest clouds will be forned.
Some calculated results for em ssions of |ow nol ecul ar wei ght
hydr ocarbons are reported.

| NTRODUCTI ON

I n assessing the possible consequences of an unconfined vapour cloud expl osion
that might result fromplant failure or emergency venting, one step is the
estimation of the size of the cloud of flammable concentrations and the
quantity of material therein. I n considering such situations, one has a
particul ar, although not exclusive, interest in the "worst case" that can arise

The purpose of this paper is to briefly review the relationshi ps concerning the
various nodes of dilution of the release with air, to consider how they may be
applied to calculate the size and content of the largest clouds that may arise
and to illustrate the matter with the results of calculations for a selection
of | ow nol ecul ar wei ght hydrocarbons. The largest clouds will arise when the
fewest nodes of dilution are operative, but it nust be recognised that the

| argest cloud may not be the nmost readily ignited. Conti nuous rel eases only
are considered and it will be seen that the times required for the realisation
of a steady state can be very short.

There is a considerable literature on the dispersion and dilution of materia
rel eased into the atnosphere. Much of this, however, is concerned with the
occurrence of conparatively dilute concentrations at considerable distances and
with cases where atnospheric conditions play a more inportant role in dilution
than the characteristics of the discharge itself. The nost useful genera
survey of dispersion of continuous releases known to the author is that of

Long (1).

In this paper only the dispersion process and the size of the resulting cloud
are discussed; the cause or nature of the release and the consequences of
ignition are not considered. Appr oxi mat e nmet hods have to be used but are
usual Iy adequate in view of the many uncertainties in predicting explosion
damage fromplant failure.
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REVI EW OF RELATI ONSH PS ASSOCI ATED W TH MODES OF DI SPERSI ON

Jets

To formclouds |arge enough to cause pressure danmage on ignition, emssions of
high mass flowrate will be required and the initial velocity is likely to be

hi gh, even sonic. Unless this velocity is very rapidly lost by, say,
interaction with structures, the prinary dilution mechanismwi |l be entrai nment
of air into the jet because of its nonentum Such a jet will persist
i ndefinitely unl ess buoyancy forces are present, or until it becomes negligible
and unidentifiable with respect to atnospheric turbul ence. The behavi our of
such jets is well established (2). The rel ationship describing the dilution
in space is :-
i (H’ A
c..= K'“"("’{" 1(“ )c,' _%) (1)
z,r~ z M. Te M,

wher e Cq X is the volume (or molar) fraction of the emitted material at an

axi al di stance 2z and radial distance  fromthe effective point of em ssion.
d, is the effective diameter of the jet after it has expanded to atmospheric
pressure but before any entrai nment has occurred. For a vent this will be the
dianeter of the vent while for a plant failure it will be related to the effective
"hol e" size and the internal pressure. It will be seen that the size and shape
of the cloud will, for a given nolecul ar weight and tenperature, depend only on
do

Pl unes

When the material emtted has a different density to that of the anbient air,
arising fromdifferences in nolecular weight and/or tenperature, the resulting
positive or negative buoyancy forces will lead to acceleration and the resulting
nmovenent will also cause dilution by entrainnent. In the extrenme case of
negligible initial velocity the emission will behave as a buoyant plune from
the start. In the nore usual case a jet will translate into a plume after a
certain distance. If the jet is noving upwards and the buoyancy forces are
negative, then there will be a reversal of direction of flowat this point.

In true zero wind conditions the plune would be of annular section surrounding
the jet. The behavi our of plunes is well established (3,4,5). The

rel ationship descri bi ng the dilution in space is :-

. Uy V3 [ MT, —(KF)

%0 " A oF \MoT,-MT

(2)

Jet persistence

Studies of the distance to which a jet will persist before beconing a plune
indicate that the change will occur at an axial distance fromthe point of

em ssion determned by the original effective jet diameter and the appropriate
i nternal Froude nunber, Fe (6,7),

W co, ot
= K Frd, = ——t—t (3)
(gdo)‘i
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—-H T
where g.' = 9 %f = q P.%;_“-‘_“-

Ef fect of atnospheric stability

Three separate but related characteristics of the atnmospheric conditions affect
di sper si on. The first is the degree of turbulence, and the second is nean w nd
vel ocity. The conbi ned effect of these can be estinated using data for the
standard deviation of concentration, in both horizontal and vertical directions,
for various categories of atnospheric stability (8,9). The third is the |apse
rate or vertical tenperature profile. If this is anything other than the

adi abatic lapse rate, found in neutral conditions, then there will be changing
buoyancy effects w th height. As already nmentioned, the three factors are not
i ndependent of each other. I nversions in which tenperatures increase with
height, i.e. lapse rates considerably in excess of the adiabatic |apse rate,

wi Il occur nore frequently in conditions of high stability (low |evel of

turbul ence) and low w nd speed, i.e. the least effective conditions for

di spersion by atnospheric turbul ence.

Wiile it may be considered self-evident that cloud size will be increased if
one of the possible nechanisms of dispersion is not operative, there is
experinmental evidence which supports this concl usion. Studies of vertical jets

in cross winds produced in wind tunnels have been carried out by Hoehne and
Luce (10), Pratte and Baines (11), and Keffer and Baines (12). These

i nvestigations, and particularly (10), show that the axial distance to the |ower
limt of flammability, and the radial spread, for jets of a variety of
hydrocarbons is greatest when the wind speed is zero. It therefore follows

that the cloud will be greatest in size and content of flammable naterial under
conditions of no wind; the inportant atnospheric characteristic will then be the
| apse rate.

The paraneter used will be G given by

T \ A2 (4)

wher e r is the adiabatic lapse rate (= 0.0098 C/'m

The effect of a stably stratified atnosphere, i.e. an atnosphere with a | apse
rate greater than that of a neutral adiabatic atnosphere(G>» © ) on the height
to which a plume will rise has been determned (3). The equation for the
maxi numvertical rise is

1 L
v b4 by
K‘ Vo Mo Te— L

T G,-"é o W

Tur bulent fl anes

As turbul ent nonentumcontrolled flanes are a particular exanple of ajet, it is
interesting to conpare their lengths with those of jets where no conbustion occurs.
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For nomentumcontrolled flames the well known equation of Hawthorne et al (13)
is used :-
-+
. M) ®
F S Jo, o

A simlar conparison between buoyancy controlled flames and plunes is not
appropriate since the former will always have considerabl e positive buoyancy
whereas the plunes being considered here may have | ow and negative buoyancy.

METHCDS AND ASSUMPTI ONS USED | N ESTI MATES

In order to use the basic equations (1) and (2) for jet and plune, it is necessary
to assign values to the constants K;, K;, K; and K,. For estimating the
dimensions of a flanmable cloud it is the instantaneous rather than the tinme-
mean val ues that are required. (1) recomrends that the values giving the
maxi mum spread are used, corresponding to the greatest value of k; (=9) and

the smallest value of K, (= 2) found. However the two constants are not

i ndependent and it can be shown for a jet that, if the radial spread of velocity
and concentration were the sane, then K, = 1r5K1. The val ues have been chosen
on this basis. For the plume again the value recomended in (1) for Kz has

been taken and K, estimated, assuming that the KuKs ratio is the same as for the
ti me mean val ues. The val ues used are :-

K1 = 9 K3 = 17

Kz = 12.7 K4 = 13

The height or axial distance fromthe source to- a concentration |level of interest,
such as the lower flammability limt, can readily be cal culated, know ng the
characteristics of the discharge, fromequations (1) and (2). The vol une of the
envel ope between the upper and lower flammable linmts, and the quantity of the
material that will fall within these concentration limts in the steady state

can be determned by integration of these equations. To sinplify this
integration in the case of equation (1), the assunption is nade thatt =™

The effect of this, for gases of |ower nolecular weight than air, will be to
overestimate the axial distances at which the upper and lower linmt concentrations
are reached, the former nore than the latter; the opposite will be true for gases
of nol ecul ar wei ght greater than air. For nost flammabl e gases, the effect on
axi al distance or quantity within the limts will be well under 20%

Wth regard to plunes it should be noted that both the experinental studies and
the theoretical analyses have been concerned with systens for which the buoyancy

flux, F, renmains constant on dilution. This is not always the case as it can be
shown t hat
E {— n=i
B o, pa GG (7
F, (L=n)
wher e L=.’b) m = ho ,Wn_—.L .
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Thus the buoyancy flux will remain constant if em or w equal 1. The great est
change will occur if L and w~ are approximately equal; however these are
conditions where the buoyancy is small and plumes are not inportant. Si nce

there is no satisfactory theory for systens with changi ng buoyancy flux, and
since the characteristics of a plume depend on a fractional power of F, no
correction has been applied for any change on dil ution. It does, however
make the estimates for high values of mm and m sonewhat doubtful.

The results of the integrations for the axial |ength and volune of the flanmable
envel ope and the quantity of material contained therein are :-

Jet %i
K,a M, T
z = ‘-"1.. H: ’T: (8)
W2/ Mot B 3/ l
v =" o ;2 ( a ‘o dg —_ C_3 (9)
FL akK, M, T, e v
2,
Q = 2 (-3 _—1 e 2
FL  éKraru\T,/\M, e’ S
Pl urre i
3 2 ;
KIS/ M1, Y
zZ = £y (11)
b ﬁ% cl_-'a H.:ro"‘ Ho'Tcu

a.4
S KH MoTo ) |
vV, = i (12)
o oard 5 MaTo-MgT e}‘ c%

il - (13)
G = m.::n.'l;l(,_g,. Mot -n-r v o

Values of 1.39 and 1.74 for the constant Ks in equation (3) for the axial
distance to which a jet will persist have been reported for the case where
initial nonmentum and buoyancy forces are directly opposed (6,7). For the case
wher e monmentum and buoyancy are in the same direction, the transition is a
gradual one. The analysis in (6) indicates that it is essentially conplete
when Ks = 2. (2) gives a value of 2.4 but the internal Froude nunber used was
defined differently; this value is not inconsistent with that of (6). Si nce
the val ue when nonmentum and buoyancy are acting in the same direction is nuch
less critical than in the other case, a nean of the values of 1.39 and 1.74,
i.e. 1.55, has been used here throughout.

The data on vertical temperature gradients in the atnosphere, as required for the
estimation of the parameter G equation (4), is rather sketchy. However any
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inversion by definition must correspond to a value of G greater than 0.000334/52.
Data on inversion in the U,K., suggest that G values of 0.000674 (“%z_ '400{“1!‘»)
are not uncommon while values as high as 0.00374 (d"-’-.,gz--aro-l'u/.-.,) are not
unknown.  The value used for K., equation (5), is 6.65 (3).

Turbul ent nomentumjet flanmes are a particular exanple of jets. From equat i on
(6) by making the assunptions that T v, = 8, and that e, = 2¢,_ , both
typical for the gases considered here, and by naki ng the assunption, corresponding
to that already nade for jets, that

o Ma
c; + (\ (.'.5) M, I~ ™,
equations (6) and (7) reduce to
Z . ]_-‘i'.
;_f = 083 i T, =T, . (14)

[

Resul ts

The nore inportant factors influencing the size of the clouds (the envel ope
inside which the material is within the flamrable concentration limts) have
been illustrated by using the relationships given earlier for em ssions of
nmet hane, ethylene, ethane, propane and n-butane at tenperatures fromtheir
at nospheric boiling point to 573 K An air tenperature of 288 K has been
assuned t hroughout .

Figure 1 shows how the em ssion of ethylene at 288 K, i.e. with a small positive
buoyancy in relation to air, depends on both overall mass rate of em ssion and
vel ocity. At zero velocity the emssion is a pure buoyant plune. As the
velocity increases, a jet is formed of increasing distance of persistence, after
which it degrades into a pl une. The total axial distance required for dilution
to the lower flanmable linmt only decreases slowy with em ssion velocity until
the dilution takes place wholly within the jet. Then it decreases nore rapidly
as the dinensions of a jet depend only on its effective diameter which, for a
fixed mass rate, will be inversely proportional to the square root of the

vel ocity.

It will be seen, by conparing the two curves in Figure 1, that except in the
case of zero buoyancy there will be a critical nass flow rate, above which even
at sonic velocity dilution to the lower limt will not occur within the jet.

There will be a corresponding critical effective jet dianmeter and plots of this
di anet er agai nst tenperature of em ssion for each of the gases are shown in
Fi gure 2. The curve for each gas consists of two parts, the |ower tenperature

part representing the case where the gas will have negative buoyancy and the
jet will ultimately transforminto a downward noving plume and the higher
tenperature part in which the gas will have positive buoyancy. At the
tenperature where the em ssion has the same density as air, the jet will persist
indefinitely in calmconditions.

It will be noticed that the critical effective jet dianmeters will be greater than
1.3 to 1.8m except when the tenperature is appreciably bel ow the equal density
t enperat ure. As the nol ecul ar wei ght increases so it becones nore likely that
dilution to the lower limt will take place partly within a downward novi ng pl une.

The effect of a stable atnosphere and the correspondi ng range of vertical
tenperature gradient on the maxi num hei ght attained by positively buoyant plunes
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is illustrated in Table 1. Two gases, both at 288 K, are considered - nethane
with a large, and ethylene with a small, upward buoyancy.

TABLE 1 - Effect of atnospheric stability on hei ght of plunes

Height for Maximum height
mk st i dilution to attained by plume
aEERs C. in neutral in stable
Gas Temperature Rate atmosphere atmosphere
(Isothermal)
G = 0.000334 0.0007 0.001
°x kg/s m m m m
CHq 288 100 181 374 283 248
1000 455 665 504 441
82E14 288 100 346 175 132 116
1000 870 311 236 206

It will be seen that, at the rates of em ssion considered, for nethane the nmaxi mum

height will in all cases be equal to or greater than the height required for
dilution to the lower limt. It must be renenbered, however, that this latter
height required will itself be increased by atnospheric stability since this wll
af fect buoyancy and hence entrai nnent. For ethyl ene however it is clear that in
none of the cases considered will there be dilution to the lower limt before
the limt of ascent is reached; at the latter point the plune will spread
laterally with a decreased rate of entrainment and dilution. It follows from

these exanples that the levels of stability corresponding to values of G =
0. 000334 - 0.001 (equivalent to vertical tenperature gradients of 0 - + 0.02 O

can have significant effects on plune behaviour. The effect of stable
at nospheres on the behaviour of jets is nore conplex and will not be considered
here; they will be less sensitive than plunes.

Fromequations (8) and (10) the length to the lower limt, 2Z, the quantity
within the flammble envel ope {Je, and the mass flow rate for sonic enission

have been calculated for jets of the five gases at 288, 423 and 573 , in

terms of the effective jet dianeter o, , which deternines the dimension of

the jet. The results are shown in Table 2.

It will be seen how the length and contents decrease with increasing tenperature,
due to the decreasing nmass flow rate. The inportance of the term containing
the flammability limts is clearly shown, particularly in comparing Qg.

for ethane and et hyl ene. Values for the ratio 2-_42 are also given for 288 K

Their closeness to the predicted value of 0.83 (‘equation (13) ) shows that
monentum jet flanmes behave simlarly to jets wi thout reaction.

The di nensions and contents of plunes cannot be described so sinply as both wll
tend to infinity as the density of the gas emtted approaches that of air.
However, for the gases and tenperature range under consideration, it can be
said that, well below the equal density tenperature, the length and contents

of a plune are less than that of a sonic jet for the sane mass flow rate while
the converse is true of higher tenperatures.
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Gas
CH,, C,H, CH,  CHg nC H, o
M 16 28 30 44 58
CL volume fraction 0.05 0.027 0.03 0.021 0.018
o volume fraction 0.15 0.36 0.124 0.095 0.084
U
(-—15 . —15 356 1364 1046 2157 2945
o ? Cy
.? 0.83 0.73 0.85 0.85 0.90
=
;;- 243 340 204 347 354
288°K o
L kg/mes 236 304 310 362 413
4 )
%&-_., kefua® 1388 4020 2980 5090 605
3
(-]
2 200 280 243 287 292
-]
423°%k B kg/n’s 189 264 252 295 337
de
Qe ke/m> 782 2270 1675 2860 3400
a3
2y 171 240 210 246 251
de
573°K o kg/m’s 157 201 209 248 284
_%5;- kg/m> 495 1435 1064 1810 2160

It is of interest to exanine residence tines within the flanmabl e envel opes.
For jets over the range 288 to 573 Kthe residence tinmes are in the range 2.5
tolls for a mass flowrate of 100 kg/s and in the range 8 to 24s for

1000 kg/s.

short release will be required

such cl ouds.
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They al so show t hat,
of 1000 kg is assunmed to be required for an explosion to cause pressure

danage, then emission rates in the range 100 - 1000 kg/s can give rise to

For plumes the minimumresidence times are 3s for
5s for 1000 kg/s.

be seen that
if a m ni num cont ent

100 kg/s and
These residence times give a lower linmt for the time
required for the conplete cloud to be forned,

a very
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SYMBOLS USED

m = mass flow rate (kg/s)

c = concentration (volume or mole fraction)
d = effective diameter of discharge (m)

z = axial length, vertical height (m)

r = radial distance from axis (m)

M = molecular weight

T = temperature (°x)

v = wvolumetric flow rate (m3/s)

w = velocity (m/s)

g = gravitational constant (m/sz)

P = density (kg/ms)

¥ = adiabatic lapse rate (°K/m)

ol = molar ratio of reactants : products

F = buoyancy flux (mﬁ/s3)

VFL = volume of cloud between flammable limits (mj)
Gr = quantity of material within flammable limits (kg)
K"Km‘.t:g, = constants

Subscripts

o] = original discharge

a = air

Lr = transition from jet to plume

i = referring Lo turbulent diffusion flame
s = gtoichiometric mixture

i = lower flammable limit

U = upper f{lammable limit

107



I. CHEM E. SYMPOSI UMSER ESNo. 49

REFERENCES

1. Long, V. D., 2nd Synposiumon Chenical Process Hazards (1963
Instn. Chem Engrs.), 6-14

2. Ricou, F. P., and Spalding, D. B., J. Fluid Mech. (1961) X, 21-32

3. Morton, B. R, Taylor, Sir Geoffrey and Turner, J. S.,
Proc. Roy. Soc. (1956) A 234, 1-23

4. Yih, C. S, Proc. 1st Nat. Congr. Appl. Mech (1951), 941-947

5. Rouse, H., Yih, C. S., and Hunphreys, H W, Tellus (1952) 4, 201-210
6. Morton, B. R, J. Fluid Mech. (1959) 5, 151-163

7. Turner, J. S, J. Fluid Mech. (1966) 26, 779-92

8. Pasquill, F., Atnmospheric Diffusion, John Wley & Sons (1974)

9. Turner, D. B., Wrkbook of Atnospheric D spersion Estimtes, U S. Dept.
of Health Education & Welfare (1970)

10. Hoehne, V. D., and Luce,R G, Amer. Pet. Inst. Session on Pressure
Rel i eving Systems, Houston, 1970

11. Pratte, B. D, and Baines, W D., Proc. A S.CE (1967) HY6, 53-64
12. Keffer, J. F., and Baines, W D. , J. Fluid Mech. (1963) 15, 481-496

13. Hawthorne, W R, Weddell, D. S., and Hottel, H C., 3rd Synposium
on Conbustion Flame & Expl osi on Phenonena (1949 Wllians & W ki ns) 266-288

108



. CHEM E SYMPOSI UMSER ESNb. 49

1000
=
L
Q
=
~ 750
a
sl | Sonic
% / Z¢. / | Velocity
500 2 d _,’)‘ zl- |
; .
3 o 100 kg/s \\\ |
— / \ .'
250 + Plume Y |
Jet ‘
!
1 1 1 :
6] 100 200 300
w, - EMISSION VELOCITY m/s
Figure 1 Discharge of ethylene at 288° K into neutral atnosphere
10
75
¢ H, GH, C.H GH, Bl C"H,o
E 5
49
Ll
3
: </
hﬂ
w
=
S
=
> 1
<
=
Q75
C5 ,
1 1 1 1

200 300 400 500
T, - EMISSION TEMPERATURE K
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