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THE CIRCULATION OF FUEL IN [aNKS AND THB PICK WP OF
PETROL BY FUAM.

hy
"B, H., Thomas’

.ot

1 Introduction

Although it has been obgerved (1) that a foam layer produced by injecting
foam at the base of a petrol tank arrives at the surface containing petrol, the
mechanism of this pick-up is not.yet fully understood. The concentration of
petrol in the foam is presumebly not the only factor in deciding whether a
. partlcular set of foam properties are suitsble for base injection - the stability

of the foam when on the petrol surface and subaected %o radiation would be another-
it is clearly necessary for this concentration,of petrol to be less than some
critical value, PFrench and ‘Hinkley concluded (1 that a petrol plck-up of +less
than 10 per cent of foam liquid was necessary for extinction. 'The present paper
puts forward the hypothesis that the velocity of: the petrol” induced by the stream
of . foam is an important factor in determining the pick-up of petrol. One reason
for supposing this to be so is that the pressure induced in the: foam layer by
the foam particles driven against it is determined. largely by this velocity,

~ This pressure is the same order of magnitudc as the critical shearlng ‘strength
of foam ?n§ ?s this property is known to be of great importance in determining the
pickeup Alt is possible that the impact of fosm particles. against the
coherent’ layer is also important. The results of. relating petrol pick-up to the
calculated velocity of the rising petrol support. this view, The anomaly of
certain results with small inlets or high velocities is discussed and it is

. .suggested that it is a featurc of small-scale experiménts only. ‘The rising

. velocity of the petrol is calculated from the analogy with.turbulent heated jets
for which thefgftlcal and experimental results are ava;lable'(g_rev1ew is given
by Batchelor - : : L B

2+ Tank clrculatlon

. At the' top of the tank therc w1ll be 8 clrculutlon of 11qu1d of the fonm
shovn in Flgure 1e : S N . :

.\-

Figyre 1.. :Circulation: in tanks.

... There are three rcglons

‘A. the rising: Jetrof liquni and foam '

B. redially moving liquid. = This carries foam frOm the poxnt
: above the source towards the periphery of the tank.’

Co a dowrward moving stream of liquid.

The assumption is made that C does riot interfere with A -It is poasible from
the calculated cone angles of 2 jet in an 1nf1n1tely wide tank to est)mate the
diameter of the -jet at :any-height. .-Thus it can be stated whether a tank has a
height/diameter’ ratio where A and C are ., separated Clearly if this ratio is large
the upward and downward circulation 1nterferc.. - ' s '



Theory of jets

It should be possible to moke use of the theory of turbulent heated Jjets
to investigate the velocity distribution in a tank of liquid fuel when foam
is applied in base injeft}on. The analogy between the two systems has been .
discussed by Batchelor and is based on the similarity between the two kinds
of buoyancy forces, Owing to the fact that foem doecs not mix with the fuel the
analogy is incomplete but the distribution of ve1001ty in theoil should ‘be of
a, 51m11ar form to.that in a heated air Jct e

‘ Onc should consldcr a. theony of vcrtlc“l heatcd jets that 1nc1udes an

) a&cquatc conulderatlon of conditions at the injcetion zone. . Thls is generally
:considered.to be a point sSource, - In most theoretical treatments (see Batchelor (3)
for-a rev1ew) it is.assumed that the distribution of velocity across:the jet is

l..51m11ar at all helghts. Abcvc a. flnlte source this similarity will only apply
. at heights: above about 8 source dlameters. In terms. of tank. hclghts and . actual

.inlet dlameters thls is not a severe restrlctlon. Howevcr, most theorles assume

-, - the conditions’ at ‘the .source to be ngen.by 2 certain quantlty of heat (or weight
: deflclcnqy) - This leads to infinite temperaturecs and tﬁ inite veloq1t1es at

. the source of zero size, . However, Priestley and Ball give a theory.that takes
...into decount a given 1nlet velocity (or momentum) and & given heat flux: (or

. .?welght deflclency) For a finite source, the jet is regarded as orlglnatlng at a
..peint a certain. calculable distance below the actual source, - A

Although thls makes a negllglble correction to -the total effuctlve helght at

'-.f:scveral d1ameters dbove the source it enters into the theory in a more dircct

'_manncr as wzll be seen below. and- 1ntroduces certain compllcatlons.

. The varlation of vertlcal ve1001ty w1th height is,- ﬂbtain.blc frob dinsnsional

cannldcr‘tlons 2lone. in the simple theory assuming an infinite inlet velocity. - .
The form of the distribution of velocity across the jet is calculable .according to
one of several possible turbulent exchange theories, but m&y be assumed to be )
similar to the normal error curve, . Cg e :

- In general,. the:form of this radial distribution may be:regarded as of -

" "secondary importance as it vrimarily influences certoin constamts.and thg-radial

distribution of velocity is not of primary practical 1nterest If inlet
conditions other than total flux of heat or, as in the present case, weight
deficiency do not influence the velocity at’ the top of the jet, or alternatlvely,
if we are considering low inlet velocities and large ? ?tances from the orifice,
we have for heated vertlcal Jets frOm 2 p01ef source

. ! 2

\,\/ L}(! ._ ;s ._-_______T/_g_
=

" where W is vertical veloc1ty at height Z.
F is proportional ‘to-the heat flux.
Now-the heat flux enters into the prdblemiéf the heﬁfed'jet Bécauée it
represents the driving buoyancy force, In mechanical.units we: have F in terms

of W“l ht efficienc i s JE IR
: . '-F U(} = (F/F\)C&/

_.:where U 1s the volume flux 2t inlet-

/‘? is, the den51tylof the 1ngected fluid = ise, :foam. :
: LlS the den31ty of the environment '« i,e, 11qu1d dAn-tenk, -
é}_ls the grav1tat10nal constant, : -

we have

/12 0.7 approx. | .

(%= Ca _

110



where Em = Mean e.xpansioﬁ of f‘q:vé_m in tank , D .

Also - u:Ei.a-.r- R (2) =
where a = area of tank at fue'l'su-zl'f'ace. L o

and r = rate of injection of foam iiquiﬁ per unit area of tank surface.

The suffix i refers to inlet values,

3.le The equation for vertical velocity

T'he'eqﬁation f€£ the vcloc:.ty at the centrc of the heated Jet given by
" Priestley a.nd Ball ) :Ls, in their rotation ,

w-— >A

- 20e &1 z"
vhere & = Q/npc cerereernnennna (8)

Q is total heat flux . : o o

/-:’ is density" |

C. is.-specific ﬂea‘t

{l,is dbsolute embient terﬂpefature

C is a constent of order 0 1 detcmln:mg the cone angle of the jet,

‘E\ndB S & ( TN h,w\\

It is now nccessary to find the constant B in terms of the boundary
conditions of the problem and then convert into weight deficiency units.

Following Batchelor (3), if F is as defincd as in equatlcm ' Cﬁ(gt’. -
is the hecat flux - which may be equated with Q. : >

Thus from ecuation & A F
g'e o 12 2
B nay be found as follows, The momentum flm. is /) 7—(_ zw

and near the source this tends to /ﬁ r(//

vihere 44 is inlet diameter 4?—
_ V is :};nlet velocity of foam
- S » IS
0.7€ 22 92 V.

a——

q—E:

45 < [ v
{'|' ‘."'_: E / 4



k-

For a vertical heated jet Yih (5) (see also Rouse, Yih and Humphreys (6))
quotes: the maximum velocity at the centre as

—
w o= W77
- z"
so that we can obtain a value for fc' fram?‘
2 o w7
27T¢
"¢ - o0 6@&
) S ) !DL}' t-:q
... W = S +

E

'"W' can then be calculated from equations 1, 2 and 6, Tank dimensions and rate

of flow are given in ft-sec units, while shear stress . is given in ﬁyna/sq,cmﬂ

Calculated values of 'W' are given in both ft/ses and om/sec, while the values

of W2 are given in wunits of £t end cm head.i. e. W :
. 28

It must be borne in mind that in experiments where inlet energies do not
matter compared with those involved in the bucyancy, the existence of only the
first of the two terms in the expression for W/ means that an incorrect vaiue for
'C! affects all valucs of 'W' alike, but where both terms are important, an
error in 'C' affects the compounding of the two terms., Thus, from a quantitative
view point, thc chosen value for 'C' is important primarily if experimentel datz -
are included vhere inlet energies are important.

The total amount of fuel 'S' moving in the stream ‘A';can'be calculated if ~
the radisl velocity distribution is known. Assuming ghe normal error -
distribution we have this amount as: oo 12?{ - !

— Ye :

2 : ..
S = 2w \Y=® v .
X .

where "r" denotes radial distance

— L
. g;; _ 2Nz W
i. €. {7
For N inlets the totzl flow ‘is N,S.

L. Application to Base Injection

4.1.The units of petrol pick-up

If all experiments to be correlated were made at the same expansion (and
gave similar drainage rates), the value of petrol pick-up to be used in the
correlation could be expressed éither as per unit of liquid or per unit of foam,
However, expansion was vafi?d from 3 to 10 in some experiments but only on the
large tank (30 £t x 9 ££t){7), If the pick-up of petrol is associated with the
impact of foam flakes on the foam blanket the inertia of the foam will be
important. Thus associated with W2 the appropriate density should be that of
the foam, If this is so, the pick—up should be measured ralat&¥? tg the liquid
content, This is the basis of measurement adopted previously ) and
continued here, ' '

L.2.Results,.

Bascd on the results of French and Hinkley (1) (2), Figures.2 and 3 show  _
the petrol pick-up per unit guantity of liquid at the surface, as a function .
of the caleulated value of W< for the two principal compounds used. Some of the-
data involved in these graphs (for cxample, thc mean expansion Em) has had to be
estimated, It is sufficient to take this mean expansion as the mean of the i
inlet end surface expansion as these do not differ by more than 30 per cent for
the large tank or by morc than 15 per cent for the small tanks.
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In the experiments on the large tank the shear strength was .not constant.
These variations for the large tank cxperlnents account for the use here of a
"best" line for a given shear strength equal to that used in the small scale
results, This time is calculeted from the formulae given by French and Hinkley (2)

L. 3. Discussion of results

It is seen in Pigure 2 that the correlation between the data for the 1arge
tank verying expansion end that for the small tank varying rate of flow is
satisfactory. The deta obtained by varying velocity on the small tenk do- not,
however, correlate with the other results,

It is not thought (7) that injecting foam thyougt the small orifices
necessary to obtain high inlet velocities for a given rete affects the shcar
strength of the foam, though if it does so 1t might expliin the luorsazed plok-
up. This matier is discussed further below,

L, 4. Dimensicnal Analysis,

The forces arising in the system would be gravitational, incrtia, viszous.
and those arising from surface and interfacial tensions. -

The grav:.ta‘clonal stresses in the flake arc of the order

S, = € e ()?

d .

where 1 is the linear size of particle
76 is the concentration by volume of petrél;in the foam,
Thérefore for 1 221 em |
and "k*O 02,

we have_>;) 300" dynea/sq. cm,

The viscous forces in the drag on the rising foam can be shown to be
negligible in comparison with the inertia fires. However, viscous forces might
be important in the foam layer itself, The velocity there would be very smail -
.but to overestimate the viscous forces we assume the velocity to be 0,1 czrr;/snc"1

To obtain a stress of 300 dynes/sq.cm the half thickness of a
film of petrol would be that given by- [& where

200 = O_'ODB ?ﬁ?‘ * O
L 23

0,003 gm, cnu sec being takcn for the viscosity of petrol at 20°C The petrol -
concentration by volume in the foam is 0.02 so that the equivalent thickness of -
a film 1 sq. cm is 0,02 cm. This implies thet there would have to be ak (Qest
0,02 3 i,e, 10 "lgyers" of petrol/,,This is a very much higher degree of
2 x 10"
dispersion than was in fact observed (2) and therefore viscous fo*cuu in the
petrol of the foam layer are neglected,

Surface and 1nterfa01a1 tonsions 'f! are of the order 5-20 dynes/cm for
foam compound éi say, 30 dynes/cm for petrol. A small degree of dispersion,
say globules 1 mm diametcr, would produce stresses in the foam of thc same order .
as tho. grav1tut10nal the inertio and foam shear.

A dimensional analysis_could therefore ﬁroceed as follows, The dependent

variable can be expressed as a volume to volume concentration "¢". .In
additicn to "g" %3' " there are ratios of the foef and PR
petrol den31tlesf%y/ £ and 4,8 &o the ratios of the surface tension of

petrol and. the interfacial ten31on between foam solution and petrol. Also it -
is probable that the foam particle size "1" ig a factor affecting the petrol )
pack-up .This. will be dependent on the inlet conditions but may be- regarded

‘® At this velocity petrol would drain from an 1nch lzyer of foam.ln léss
than half a minute,
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as an independent variable from the point of view of petrol pick—up. _
We may writo® oL

g ‘S’w s se P Eo 2
-f) f"‘;ﬁ, RN

where 'j:l‘ is*an unknown function, .

In this formula "s" and ity appear in three independent dimehsiop_iess
groups, but it cmn be seen that "w" only appears in the form * swli,

where "s" only appears as "sw2",

Alternatively, the grOups can be wntten as C - ~
- (.4.) ) {‘ ~ r - l
S —— - L8

¢ - L » Er o2 A o

| o 0 F rooS

Thus & first step in correlating " ' with "s" and MW" is %o plot "t
against "sw2", This is shown in Figure & where, the results for the

- experiments in which velocity was varied by rcducing the diameter have been
excluded. The correlation for the two different compounds comemuch nearer
together, Apart from the da1('a from Figures 2 and 3 Figure 4 includes data
given by French and Hinkley 2) for foams, produced with the same inlet
conditions, but with various shear strengths from compounds olher then A
and B, Results for different concentrations of A and B are also included,
There is some scatter, some of it due to cxperimental varjstion and some
possibly due to variation in the paramc‘ters f_a_é’ and ;__g/ .

In dlscuss:tng this, it may be noted that the pick-up for Compound B

tends to be slightly greater than that for COH?DOQOI}G, A at esual values of

"ew2", If this is due to the other variables {3 S%€ and , data for a
given W2 end varying "s" {e.g. that refcrred to by X'S in Flgure b.)
would.be expected to have a smaller slope than the data for a given "s" .
snd verying "wl e,g. thet used in Figs. 2 and 3, While this is seen to
be so for the foams of high shear strength, it is not so for the lower .
shear strength foams, the slope appearing to be greater for 'tbe..e. Th°se P
eff'ects appear, however, to be sccondary to the effect of "swl",: .

l,.. 5. The hlgh petrol pmk up with small :Lnlets.

- The aize of -thz,j"l kos werc at nd bife acasuréd, butlaccording to:
Freneh and Hinklcy tihe flaké size decreased,, the lm;er wuas the critical
shearing stress of the foam. Also for inlets less than 5/16 in, diemeter,
the flake size appeared to decrease the smaller the inlet, For inlets
greater than 5/16 ih, diameter, the flakes were of the order 2 z = 1 em in,
diameter and did not appear 31gmf1cant1,y larger with the 2 in., dlameter
:mlet w1th 30 ft, of petrol ,

_ thtle or no data are avallable for foams, but for air bu‘:bles the
.linear siz€ increascs as a fractional power, viz., the one-third power, of
the inlet diameter and may, for reasons of stability, reach a maximum. 8128(98)
or random size distributior. presumably independent of inlet conditions, -

If this-is so the few observations of flake -size would be consistent with it,
and the fact that the effect of inlet size is only marked al small inlet : 51zes
would be understandable, Because decreasing "1" the flake size increases the
surface of foam per unit volume one would expect the pick-up to be relatlvely
hlgher for small flakes.

L.6. Amerlcan Test

A number of experiments, niu::. uding many at small scaie, have been made in

the U.S.A. by Tuve & Peterson. « In these the time to extinguish the fire was

measured and an estimate was made of the llmltmg condition at which ex‘c:.notion ‘

was possible, Since their results are given in terms of dresinage time, no%-

shear strength, no direct comparison is possible with the early. experiments of

French & Hinkley in which shear strength but not drainage, was measured,

The 4wo properties are for any crne ccmpcund closely related and in recent -
work at the Joint Research Organization on’ foam, both drainage a.nd shear -
strength have been measured,
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However,if it is assumed that where drainage was not itself a limiting
factor by belng ecither too low or too high, the shear strength of the
foams used by Tuve & Peterson is similar to that cbtained with compound B,
it may be calculﬂted that where drainange is not a limiting fadtor, the
maximum valie of ¥2 for any of the cxperiments was 0.05 £ (1.5 cmj approx=-
imately, This, h@ever, was for a condition with .an inlet velocity of 25.ft/sec
and an inlet diameter of appraxunately 0.095 in, It will be seen that in
Figure 2 this critical Value of Y2 is appraximately that giving a pick-up of
petrol for Compound B, equal or € not much less than the critical amount of
10 per cent. .On the other hand, the small inlet wculd presumably have 1ncreased
the plck-up above this estlmated figure. - . A

Also, 1t has not proved possible, in view of the limited data, to oorrelate
the "anomalous" results for small inlets for the two compounds A and B in
Figures 2 and 3 with each other or W1th the results of Tuve & Peterson for
small inlets, -

There 1s alsc one full-scale test reported for‘petrol.- This had a 10 in.
_ _ depth of petrol above about 15— feet of fuel oil. The corditions of ‘the test
'Were. ' . ' ‘

Tank size 93 f't, diameter.,
- ‘Depth of fuel 16 ft. &4 in.
_“Rate 3200 g.p.m. foam (United States gallons )
- Inlet orifice diameter = 12 in.

For these cohdltlons it is possible +0 calculdﬁe "w"
From equations 1 and 6 for cne inlet

w =10 ft/sec (1n1et velocity 9.2 ft/sec).
and for two 1n1ets

w = 8 ft/sec (inlet velocity 4.6 £t/sec,)

It is noteworthy that both these inlet velocities are mugh,lower than was
found to be suitable for extinction in the smell-scelc tosts (2), and’ this might
be taken to support the view that dllowable inlet velocity is not independent of
scale.

From Figures 2 and 3, it is seen that the expected petrol pick-up in the
test with two inlets is much greater than 10 parts per 100 of liquid, and from
a comparison with the results of French and Hinkley extinction might not have
- expected, While it might be thought from this that the large-~soale behoviour
. cannot.bd predicted from smallescele, it must be pointed out that the flow of
.- .1iouid in the rising stream calculated from equation 7 is too great for the
T etperimcnt to be regarded as pertalnlng to petrol Thus- from equation 7

g & 73 cub ft/sec for one inlet.

2 115 cb ft/sec for two inlets.

.Now form was aprlied through one inlet for 5 minutes and through two'inlets for
.9 minutes, making the total of oil circulated 70,000 cub £, This is about
thirteen times the amount of petrol present (5, 600 cub ft,) so that cmasiderable

" mixing would have occurred and the results cannot necessarily be regarded as

- pertaining to petrol

4~7.&ppllcatlon to large tanks..

L 7. Thc Jqunber of 1n1ets necessary.

If we take s < 160 dynes/sq. in, then "w" must be less than about 2 £ ./ sec,
for the petrol pick-up to be less than 10 per cent. {See Figure 3.) In what
follows it is assumed that the correlations in Figure 3 can be. applied to large
diameter tanks, This assumption is discussed in the follow1ng section.

If Ej = 3.5, R = 1/16 g.p.m., sq.ft. (= 1406 x 375)ft/sec.) then from equation 6
which can now be regarded as applying to each stream of foam we have

E= 7 ?@Nj /bd)j /oHN



s

diameter of tank in %,

- where D = 1
H = depth of petrol in ft.
N = number of inlets :
d = diameter ofvihlet in ft,

If "3" is.over 1 ft. the secomd term is negllglble 1n comparlson with the first,”
for D= is approxlmately unlty. C
10N

. PFor a2 100 ft. diamcter tank and H = 30 ft., N must - be 33, giving an inlet
velocity of 0,18:ft/sec, This is the smallest number of inlets that cen be used.
The value of N depends on wJ end, in view of the scatter in Figures 2 and 3
there is some ambiguity in the necessary value of w. Taking the point P in
Figure 3, w = 2,5 ft/scc and the estimate of N is reduced to 17, Despite this
anbiguity, these'results suggest for large tanks of petrol base injection cannot
make use of the existing installations and requires 2 special constructicn. Since
this conclusion is at variance with previous thought on this subject, it becomes
even more imperative to conduct full-scale trials.

L.7. 2 . Possible scale effects

There are, however, some grounds for thinking that the above discussion
presents an incomplete view of the situation. It has been suggested that pick-
up is associated with the impact of individual fosm particles with each other,
in particular with the foam layer., In.small diameter tanks the foam particles
move to the tank wall before joining together in a foam. layer, and this means
that the individual perticles are forced against a foam layer which is restrained
by the tank wall, TFor a very large tank this will not be so.

Yo, —>
»452}__- ~ _f;:>E;;‘A . . \\Eizi; A(
p '“T'f”ﬂ>w S : -
[
|
. Pigure .

In Flgure 5 it .is seen that the ve1001ty of the foam particle A is deter—

) minéd by the local velocity wl of the radlally moving stream. w! is of the

. same order of magnitude ‘as w ncar to the rising stream but is also dependent

on the value of "r", However, since w decresses. .as "r" increases it follows

that the pick-up of petrol when particle 4 Joins, the layer B is .less, the

- greater is "rf} Now the greater the diameter of the tank the greater the amount

-of foam in the'rising. stream. . This may well tend to decrease the distance "

at which separate foam partlcles form.together, This would tend to raise the
petrol pick-up. There will, however, be an opposite effect since there is a

- maximun size of tank at whlch the layer forms at the tank wall, For tanks greater

than this critical size, foam particles will join a layer of foam which is, at

first, moving radially because it is unrestrained by the tank well. Under these

coniltlons the impact- V61001tj Wlll be less end so presumably will the petrol

pick=up. . :

It is not possible to say Wthh of these two effects is predomlnant or '
whether they arc of importence at all. It is, however, clear. that it may not
necéssarily be possible to deal with the problem of large diameter tanks by -
g cxtrapolation from the data for small diameter tanks.
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Similar considerations would epely if the petrol pick-up was
determined by an amount initially picked up as the foam particle reaphes
the .free surface and the amount actually present in the layer determined by
the drainage in the time to travel across the petrol surface to the coherent
foam layer,

Discussion and conclusions

The hypothesis that the petrol pick-up is dependent on "w" the velocity
with which petrol or other fuel reaches the surface correlates a number of
different experiments at different scales and the bchaviour of two different
compounds, The principle anomaly is the effect of small inlets and some
tentative explanation of this has been put forward. This is that small
inlet diameters may reduce the foam flake size below a critical size normally
determined by foam shear strength, interfacial tension and stability consider-
ations, The theory ctherwise seems capable of allowing for the other effect
of inlet conditions on the magnitude of "w". - ‘

There do not appear to be any grounds, theoretical or otherwise, for
assuming that the allowable velocity of injection is independent of scale:
the theory suggest that the rate of flow per inlet is & nore important, but
not the only criterion. Since on the assumption that the small experiments
can be used to predict behaviour in tanks of 100 ft diameter, the number of inlets «
calculated to be necessary is sufficiently large to rule out the successful
use of a single product line inlet, it is particularly necessary for full-scale
tests to be carried out.
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