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Sumary

Tests have been carried out in which water spreys, initially at room
termerature and rax nglng in drop sizes from 0,3 to 1.7mm and in delivery rate
from 0 - 2,0 g,em™ “ min™' were applied to two kerosine fires burning in
vessels 11 and 30 cm diameter. With the larger fire the pressure at whidh
the spray vas produced varied between 5-85 1b/in?, In general the temperature
a little below the surface of the kerosine reached a steady value @ lower .
than the temperature which would have been reached without spraying. ©
decreased as the flow rate reaching the kerosine surface increased. The
flow rate required to reduce © to the fire point, under which conditions
extinction tock place, was, approximately proportional to the drop size of
the spray ond independent of the size of the fire, € did not depend notice-
ably on the pressure at which the spray was produced. Some conditions of
spraying brought about a marked intensification of the fire by splashing and
gave rise to high values of ©. The phenomena observed have been discussed
on the basis of a heat balance between the heat entering the liquid from the
flames and the heat passing from the liguid to the spray drops.,
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Surface area of liquid burning’

Area of water drops in contact with oil
Rate of flow of sprasy per unit area reachlng
burning surface during fire,

Overall heat transfer coefficient betvicen 011
and water, drops,

Time

Constants

Mass median drop size of spray

Mass median drop size of sprogy which coused -
intense splashing.

Total heat transfer to surface of ligquid

Heat transferred to liguid used to provide latent.

heat for evaporating vavour.

Part of heat transfer to surface used to replace
sensible heat removed from liguid phase by
vaporisation at the surface temperature

Part of heat transfer to surface used to increase
sensible heat of liquid phase '

Effective conductivity of oil

Eddy conductivity of oil

Pressure

Temperature of water after passing through the
burning liquid.

A mean temperature of the water drops
Temrerature of burning liquid near surface

A mean temperature of the burning liquid
Temperature in surface of burming liquid

QL—ZT—‘I

il
Qr-1r~ig-1
oL~17-1g-1
ML~17—2

O oo



-3= :
THE COOLING OF BURNING KEROSINE BY WATER SPRAYS

by
D. J. Rasbash

Introduction

Water sprays have been used for many years in extinguish:'!.ng fires in
liquids, parvicularly in those ligwids with fire points‘c:On?ldera‘t.)ly
higher then room temperature. However, little informatloz} is avallr?\b:-Le
which gives the effect of spray properties on the extinguishing efficiency
or allows 2 basic understanding of the way extinction takes place. If the
1iquid has a fire point which is higher than the temperature of the water
used, a possible mechenism of extinction is by cooling, since i)f.‘ the o
temperature at the vaporising surface is rcduced to below the fire point,
the fire cannot contimue to burn, During the course of a geries of
investigations on the effect of water sprays on liquid fires, measurements
were made on the temperatwre reached near the surface of burning kerosine
when acted upon by water sprays of different properties, The results
which are presented in this note allow a broad picture to be drawn of the
way in which a burning liquid can be cooled and extinguished by water spray.

Experimental

Two forms of apparatus were used, one with the fire burning in an 1icm,
diameter vessel (fire A) and the other in a 3Ocm diameter vessel (fire B,)
With fire A the sprays were produced with a battery of hypodermic needles (1),
an apparatus giving a spray of fairly uniform drop size, placed 120 cm above
the fire., With fire B two batteries of impinging jets (25) placed 170cm above
the fire were used, . -Both these forms of apparatus could give a range of
rates of flow of water spray of different drop sizes at the fire area; with
the impinging jet apparatus the pressure at which the spray was produced
could also be varied, - . ) . .

With both fires, before all tests the kerosine was present as a 6 cm,
layer floating on water; the fire was allowed to burn for eight minutes
and the spray was then applied either for a further twelve minutes, or until
extinction if this took place sooner, During the whole test, the surface of
the liquid was kept at a constent distance of 2.0 {f 0.1) cm. below the top
of the vessel by means of a levelling system, It was measured in most tests
at points 5mn and 6 om below the surface of the kerosine by means of copper—
censtantan thermocouple pencils which passed vertically upwards through the
bottom of the vessel. In some tests, however, the upper thermocouple was
placed in the surface of the buming liquid. These vertical thermocouple
pencils had the disadeantage of giving low readings when there was a steep
temperature gradient present in the oil, because of conduction along the -
pencil, and the corrections had to be applied in estimating the temperatures
given in the results., With fire B, specially designed thermocouples were
used (3), which read accurately in steep temperature gradients; in all tests
these thermocouples were placed 3mm and 6,0 cms below the liquid surface,
During the period of spray application the lower themmocouple was in the
water layer helow the kerosine, .

The fire points of the kercsine as measured by the Cleveland open cup
méthod (I.P. method 36/55), were 619C and 58°C for the tests with fires A
and B respectively, and under the particular conditions of the experiments
the normal burning rates were 0,061 and 0,93 g.em2min=1 respectively.
Further details of the properties of fire B have been given elsewhere (3).
The water used for spray was initially at room temperature which varied from
13 ~ 23°%C for the tests with fire A and 16 - 220C with firc B, '

In addition to measurements of temperature, the effect of the sprays on
the rate of buming of the fire and on the fraction of water spray applied
which penetrated through the flames and the kerosine layer were also deter-
mined, Details of the methods of mcasurement and the results have been given
elsewhere (2, i.)
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General Observations

In most tests the application of the spray brought about & reduction in
the size of the flame. When coarse sprays were used there was usually a
certain amount of splashing of the burning ligquid into the flame; this
augmented the rate of burning and also made the flame burn more brightly.
At low flow rates of spray, fine sprays also produced. a sputtering effect
on the hot kerosine, but there was marked reduction in the amount of sputter-
ing as the flow ra‘te of these fine sprays increased. In those tests in 3
which no extinction tock place, fairly steady conditions were usually reached
within 3 t0 4 minutes of the begimming of application of spray. With some i
of the finer sprays, however, of drop size less than 0.5 to O.6mm., occas:l.onal,.
clearances of the flame over part of the area of the fire were cbserved during
the application of the spray,

Tests in which extinction tock place could be d.‘LVlded into two groups. '
In group 1 the flames were reduced gradually in size until in the last
stages prior to extinction they existed either as small edge flames or as
thin blue flames which moved rapidly asbout the liguid surface. After
extinction the liquid wes not reignited immediately when a lighted taper was
. placed near the liquid surface. .The extinctions in group 2 were.usually
cbtained with fine sprays and although there was a certein reduction of the
size of the flames before extinction, the extinction was preceded by a
sudden clearance of flame, The application of a lighted taper near the
.surface after: extmction gave immediate reignition,.

: Tests without extinction

Termperature readings.  In those tests in vhich there wes no extinetion the

. temperature indicated by the thermocouple near the surface rcached a fairly

. steady value after about 3 to.6 minutes of spray application. The temperature
6 cms, below the surface also tended to a steady velue but quite often did
not reach this during the 12 minutes in which the spray was applied. &n
example of a temperatum-tlme record is shown in Figure 1, '

F:Lgures 2 and 3 show for fires A and B respectively, the relatlon o -
. between the mean temperature (€) reached below the surface of the llquld
. and the mean rate of flow of spray to the fire (m) for sprays of dlf’ferent : -
drop size D, .The 'temperature 6 was the mean calculated over the last 5 - <
minutes of the test and refers to a position 5 and 3 mm, below the surface :
- for -fires A and B respectively.. In general, the temperatwre was fairly
..constant .over, the: 5 minute period from which the mean was taken, The rate
of flow m was the mean estimated from the amount of water collected below
the kerosine layer after the test, According to the properties of the spray
used the velue of m varied between 20 and 90 per cent of the flow rate to
the liquid surface in the absence of fire. m may be taken to be an estlnate

. .-of .the flow rate of apray which reached the liquid furface during the combugm

tion .of the flre a.nd When the temperature below the surface was 6.

F:Lgures 2 and 3 shcw that for a given droP size D, O was reduced as m
increased and also in general for a given value of n, G was reduced as D
decreased, Figure 3 also shows that for given values of m and D, @ 4id not
depend significantly upon the pressure at which the spray was prod.uced. e
did not therefore depéend markedly on the velocity with which the dro;;s
approached the burning liquid, whmch depended on the pressure.

A number of tests marked 'S! in Figure 3, representlng ‘tests in which {
_intense splashing occurred, were excluded when drawing the best curves through o
. the peints:for a given drop size.. In these tests a hlgher value of 6 was
obtained than in tests with sprays of similar drop size and flow rate, but
in whlch intense splash:.ng was not produced,

Figure 4 shcws the rate of flow requlred at dlfferent drop sizes %o .

~ reduce the temperature © near the liquid surface to given values, The curves
- were obtained by interpolation-and extrapolation of the curves in Pigures: 2
end 3, Figure 4 shows that for given high values of 9, m increased %ith D

N.B, All drop sizes referred to arc mass median drop sizes.
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but not very markedly at coarse drop sizes. However, as © was reduced, then
for a given value of ©, m tended to become directly proportional to D
throughout the whole range of drop sizes. Figure 4 shows that for a given
drop size of spray, the flow rates required to reduce the temperature @ neer
the surface to given values was similar for the two fires. However, above

g value of @ of about 70°C fire B reguired a slightly higher flow rate than
fire A, but below this temperature fire A required a higher flow rate than
fire B,

Figure 5 shows the temperature @ of the water which passed through the
kerosine layer, as indicat=d by the thermocouple &0mm below the . surface,
piotted against the steady temperature © reached near the surface, Only
those tests in which @ reached a steady velue during the 12 minute period
of spray application, have been included in Pigure 5, :

For a given value of O there was no significant difference between the
value of © obtained for the two fires and no distinction between the two
fires has been indicated in Figure 6, The drcp size of the spray had some
effect on . Above a drop size of 0.6 mm the temperature of the water
decreased somewhat as the drop size of the spray was increased, However,
against this trend, a number of points shown for sprays of drop size less
than 0,6 mm diameter gave water temperatures somewhat less than those
obtained for sprays of drop size between 0.6 —~ 0,9 mm. The former points
represented sprays in which there were momentary clearances of flame during
the application of the spray.

Height of flames, In the tests with fire B, visual observations were made of
the height of the flames and these have been plotted in Figure 6 against the
steady temperature © reached 3 mm., below the liquid surface, Most of the
points in Figure 6 fall about one curve which shows that the flame height
decreased as © decreased, This curve may be extrapolated back to a zero
height of flame at a temperature O between 60 and 70°C. A number of the
points fall well above the curve; in all the tests appropriate to these
points intense splashing was cbserved, :

Drop size of spray causing intense splashing, In the above results reference
has been made to certain tests in which intense splashing occurred.,

Although most sprays gave rise t0 a certain amount of splashing, intense
splashing was said to occur when the consumption of kerosine during the test
was as great or greester than that occuring in the tests without spray.

With fire A this happened when the drop size of the spray was greater than
1.5 mm. In this case the drops may be considered as merely having fallen
from the hypodermic needles,

With fire B the drop size at which intense splashing occurred depended |
on the pressure at which the sprey was produced and was given by equation 1.

D53 P = 540 - (1)

where P was the pressure from 5 - 85 1b/in2 and D the "splashing” drop size
in millimetres, If it is assumed that the velocity of the drops hitting the
kerosine was proportional to the sguare root of the pressure, then equation
1 indicates that for intense splashing to occur, the kinetic energy of the
drops had to exceed a certain constant value.

Extinction

The temperature at the moment of extinction as indicated by the upper
thermocouple is given in Table 1 for group 1 extinctions,
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Table 1

Terperature near surface at moment of extinction
Group 1 Extinctions

Distance of Range of ‘tempefa’cure Mean
Fire | thermocouple No, of tezts at moment of . temperature Fire A
balow suwiace ' extinction at extinction | point -
- . : : »
5 6 56 - 68 60,8 61
0 5 - 52 - 69 60.0
3 7 61 - 69 63,5 58

These cxhinetions were achieved mainly by cooling the liquid to the
region of the fire po:‘.n't; after none of them was immediate reignition
achieved when a. lighted taper was brought close to the surface. However,
Table 1 indicates that with fire B the temperature near the surfaes at extine-
tion vas consistently slightly higher than the measured fire point; this
may be aséribed to somewhat different heat transfer conditions between the
30 em, vessel in which the extinctions took place and the 6. l;. cin, vessel in
wnich the fire po:.n.. was measured,

With group 2 ext:n.nc...:.ons, the temperature at the moment of extinetion
was usually well above 8C°C, These extinctions camot be ascribed to -
cooling alons, and 'I:hey will be discugsed elsewhers,

In Figure 7, points have been plotted for both fires showing the relation
between m and D for the group 1 extinetions and also for a number of tests
in which a substantial emount of cooling took place without extinction.

Por those tests in which there was no extinction the value of m plotted
is as defined above, Hcwever, for those which did give extinction, the
actual rate of flow in the sbsence of fire has been used. The reason for
this is that these fires cammot be regarded as having reached steady condit-
ions and in the last stages of burning the fleres were so small as to have
had an insignificant éffect in reducing the rate of flow of spray to the -
kerosine. Curve (i) indicates the limit above which extinction todk place.,
This curve may be compared with (ii) and (iii) which were obtained by
extrapolating the curves relating the temperature and the flow rate. shown
in Figures 2 and.3 to temperatures of 60 end 63.5°C respectively; these
temperatures are the mean liquid temperatures at extinction for the two fires
as indicated by table 1, The fair agrecment in positions between curve (i)
and the curves (ii) and (iii) indicate that extinction by cooling to the fire
- point was in these tests an extension of a process of cooling to steady
conditions, which took place when the fire was not extinguished. Curve 1~
has been dravn as a single curve for the two different fires since the position
of the extinction and ncn—exbtinction points do not warrant any distinction -
being made, For practical purposes, over the range of drop sizes considered )
(0.35 = 1,4 m), the critical value of m (in g.cm Sm:l.n )} to produce extinc- :
tion is directly proportional to the drop size and is given by equation (2), [1'1

m - 1.55) . L ] ve s .... ®4a LE N ] (2)
DISCUSSION
The main results of the preceding experimental investigation may be
summarised briefly as follows:

(1) The applica’dion of water spray =t roam terperature to burning kerosine’
can bring about extinction by cooling the burning kerosine if the flow rate
of spray is @bove a certain critical value, This eritical value decreases
as the drop size of the spray decreases, ' :

(2) Below this critical value of the flow rate , steedy temperature condi-
tions may become established with'a temperature near the liquid surface above "
the fire point.
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- (3) There is little difference in the steady temperature produced near
the surface of an 11 cm, and 30 cm, diameter kerosine fire by sprays of the
same drop size and flow rate, There is also little difference in the critical
rate for the two fires, ' )

(%) When intense splashing is developed the flow rate required to produce
a given steady btemperatwre near the surface is higher than if there is no
intense splashing, :

(5) For a given flow rate of spray the steady temperature near the surface
decroasas with decrease in drop size, bub does not depend markedly on the
velocity of the drops.

Insufficient is known about the propertics of firés to allow a quantita-
tive interpretation of the data obtained, Host of the above results however
cen be accounted for qualitatively, -

' o __}

Occourrence of steady temperature O,

The occurrence cf a steady condition when the flow rate of water spray
is below a certain value may be ascribed to a balance of heat entering and
leaving the burning liquid, This balance is illustrated qualitatively in
Figure 8, Cwrve (i) represents the heat transfer (H) from the flames to
the surface of the 1iquid, as a function of the temperature at this surface, -
An explanation of ths shape given to this curve will be given below but it.
will be ugen that it gtreiches between the fire point and the steady burn-
ing temperatiure, Curve (ii) represents thet part (Hs) of the total heat (H),
which would normally be used in increasing the sensible heat of the burning
ligquid phase. The rest of H is used to provide tho latent heat of vaporis-—
ation at the surface (Ha) and to balance the sensible heat (Hb) carried away
from the liquid phase by the liquid vaporising at the surface., The total
Ha + Hb is represented by curve (iii). If water spray of given properties
al a certain temperaturs lower than that of the surface reaches the surface,
then heat will be abstracted from the 1iquid at a rate which increases with
the flow rate and th2 differsnce in lempersture between the water and the
liquid surface. This cooling action of the spray has been represented in
Figure 8 by the cooling C1 to G5 which represent the rate of heat abstraction

from the liquid at a mmber of flow rates, increasing from curves C1 to C5,

At certain surface temperatures 01 - 85 curves C1 - C5 intersect cuxve (ii).
At these temperatures the rate of heat loss from the liquid to the spray
will equal the net heat gain from the flames, and steady conditions will
result, Figure 8 shows a decrease of the steady state temperature as the
flow rate of spray is-increased and alsc the occurrence of a critical rate
(with curve C5) which is capable of removing heat from the liquid at all the
rates Hs, represented by curve (ii). '

" Pigure 8 shows that the relative proportion of Hs to H varies from 0O

" at the steady burning temperature to almost unity at the fire point. The
+ reason iz that with most liquids, the sensible heat in the liquid reaches

a constant value when the surface is at the steady burning temperature and

all the heat which reaches the liquid surface is used in these conditions to
provide latent heat of vaporisation at the surface (Ha) and to balance the
sensible heat carried away from the liquid phase by the vaporising liguid (Hb),
However, as the temperature at the surface is reduced the amount of vaporis-
ation which takes place at the surface is also reduced and a correspondingly
larger fraction of heat is used to increase the sensible heat of the liquid
phase. At the fire point the. temperature of the liquid surface is at its
lovest valus for maintaining a fire and the value of Hy + Hp under these
conditions is & minimum, . '

Effect of size of fire on 8. A change in the dimension of the fire brings
about a change in the heat transfer conditions from the flames to the surface.
This heat transfer is due to both radiation and comvection. Under conditions
approaching steady burning without spray, the flames of a kerosine fire .
burning in a tank are large but separated from the liquid surface by a thick
va§our z0ne, and radiation can account almost entirely for the heat transfer
(3). An estimate of this radiation for the two fires 4 and B cbtained from
the measured rates of burning snd the rate of heating of the liquid 20 minutes
after igniticn, was 0,20 and 0,30 cal cm2Sec~! respectively; the radiationm
from fire B viags larger because of the larger flame. However, when the liquid
temperature is near the fire point the flomes are small and close to the
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surface. and.the heat transfer is by conveotion., An estimate of the heat . .

tranafer under these conditions may be obtained from the results of certain
experiments carried out by D. B. Spalding who passed kerosine at various ’

rates over the surface of bumers and msasured the heat carried awsy by the
kerosine and the rate of burning (5). From tie data given it was estimated
that just prior to extinction the heat transferred to the surface was 0,64
and 0.66 cal om2sec~! for a spherical and vertical burner respectively,

If it is ascsumed that the heat transfer under these conditions follows
corresponding formulae for natural convection then the effective temperature
of the flame clese to the surface may be estimated from these data to be N
15600C, If it is further assumed that fires A and B used in these tests

may be represented by flat horizomtal plates facing upwards, then using the
above temmersture and the. appropriate convection formula (65 the comvection -
to the Pires A and B may be calculated to have been 0,25 and 0,19 cal crn‘zsec—!"
respectively. Here the heat transfer for fire A 1s larger as the appropriate
formula contains a - 0.25 power factor for the surface dimension. When the
surface temperature 1s between the fire point and the steady state burning
temperature there will generally be comparable contributions from both
radiation and convection. It is not possible to state precisely what these
contributions will be but they should take approximately the form shown in
Figure 9. Because of an increase in flame height as the surface temperature
increases (see Fig, 6.), the radiation increases as the surface temperature
incrzases in the manner shewn by curves Ra snd Rb, However, convectiom
shows os curves Ca ond Cb will decrease as the surface temperature increases
becanse of en inorecce in the cutward flow of the vapour, and the development
of a thick vepour zone., The total heat trensfer for fires 4 and B will,
therefore;~be approxinaiely as indicated by the curves 4 and B shown in

Fizare 9. It ®1il e noled that thece curves are quite close together and

thet they orcas abt a temperaturs not much higher than the fire pcint.

It may be assumed that the difference between HS and H will depend only
on the surface temperature and not on the size of the fire, With this
assurption, the curve for Hg for the two fires would differ by the same
amount as the curves for H. A spray with a given cooling capacity will -
therefore reduce the surface temperature of both fires to spproximately the
same value. : - :

In the above experiments, although the temperature O was measured at a
point a little below the surface, it was unlikely in most experiments to be o
more than 2 - 39C less than the temperature in the surface, The above -
explenation can therefore account for the relatively small effect which the
size of the fire was found to have on ©.

Effect of spleshing om 8, Figure 6 shows that splashing causes an enlarge-
ment in the size of flames above the liquid for = given tempersture near the
liquid .surface, - It was also noticed that the flame was different in that the
small flemes burming sbout the fuel drops were much brighter than the back-
ground flame, The. contribution of heat transfer by radiatiom from such a
flame was therefore likely to be considerably greater than from flames in
those fires at a similar liquid surface tempersture in which there was not
intensive splashing. The effect of this splashing would therefore be to
displace the curves (i) and (iil) in Figure 8 upwards because of the extra
radidtion, ofid therefore would result in a larger flow rate of spray being
necessary to reduce the temperature at the surface to o given value.

Effect of spray properties on 8, The effect of spray properties such as drop A
gsize and drop velocity is to vary the rate of heat ebstraction from the-

liquid; +this would alter the slopes of the cooling curves C1 - G5 in Figure \ 4
8. For a given temperature of the water at the surface and surface tempera- 2~
ture of the liquid, variation in the spray properties can vary the rate of
heat abstraction from the liquid by the water spray by bringing about a change
in two main factors; R4 the rate at which heat is transferred from the
surface to the bulk of the oil and Ro the rate at which heat is transferred
from the bulk of the oil to the water drops. Rq and R, may be expected to

be given by equations (3) and (4).

Ry = K_LI‘:(Gs—_Qm) er eee eee cee (3) -
Ro = hiy (Om-—,dm) tse  ese ere ees (&)

where K = effective conductivity of cil .
A = cross sectional area of oil layer (area of burning surface) T
Os =

temperature in surface of oil
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= a mean temperature of the oil layer, -

= an overall heat transfer coefficient between the
oil and water drops.

A4 = total surface area of water drops in the oil.

#m = a meon temperature of the weter drops. .

L = a length dimension,

Under steady conditions Om will asswae such a temperature that
R»i = Rz = HSA .« o eas a0 es e (5)

If L can be assumed to be a function only of the depth of the liquid,
then with constant depth the rate of heat abstraction wnder steady condit-
ions may be determined either by the effective conductivity K or the product

hAq4 according to whether % <{ or ) hiq respectively.

~

On the basis of available information estimates have been made on the
way the spray properties affect K and hi, (see appendix). These estimates
are summnarised in Table 2,

Table 2

Effect of spray properties on factors controlling sbstraction of heat
from oil by water sprays

Factor - Exponent Exponent of Exponent of
with drop drop velocity flow rate
size in oil of water spray
to unit area of
(D) (v) oil

(m) '

Effective

conductivit

Heat transfer

factor
() p-(15%e 2) y-(Fto1) o+

It may be assumed that, unless intense splashing is developed, a given
equilibrium temperature © obtained near the surface of the liquid, corresponds
to a given amount of heat QHSA)GE which is transferred down into the liquid
and is abstracted by water spray from the burning liquid; in perticular, if
a change in the properties of the spray does not change @, then it does not
change (HgA) @, It was found that for a given drop size and flow rate of
spray, © did®not depend on the initial velocity of the drops at the surface,
Although the information in Table 2 refers to the velocity at a given point
within the 0il rather than at the liquid surface, this finding is concordant
with the prediction in Table 2 that the rate of heat abstraction should vary
between some power of V between (-1 and + 2/3), according to whether hiAi or
K is the controlling factor, Similarly, it was found that to obtain a given
value of © the flow rate had to be incrcased by approximately the O - 1 power
of the drop size, i,e, for a given rate of heat abstraction %1 was
constant. From Table 2 it may be deduced that to obtain a given rate of
heat abstraction if K is the controlling factor, mD? should be constant, but
if hA is the controlling factor, mD- 1?% to 2) should be comstant; the
experimental relationship between m and D lies between the two predicted
theoretical relationships,

Practical Implications.

A number of approximations have been made in the above analysis, and for
this reason it can be expected to give only a broad interpretation of the
observed phenomena.
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However, if the esnalysis is accepted a number of consequences follow, For

a given spray the critical rate for extinction by cooling the surface will
depend mainly on two factors, the absoiption of heat from the flames by the
liquid and the differcnce in temperature between the spray and the liquid,

The maximum heat absorption is likely to take place at a temperature slightly
sbove the fire point; under these conditions a large fraction of the heat
transfer is due to convection. /fn increase 1n the fire point of the bu

liquid will have the effect of moving the whole of the curves (i) and (ii)

in Figure 8 bodily %o the right without having very much effect on the L
position of the curves C1 to Ch., Jhu a result the criticel flow rate will
decrease., The impositien of a wird will have the efif'ect of increasing the '
heot transfer from the flames to the liquid near the fire point; this should &k~
bring about an increase in the critical rate of flow. A wind would also ’
reduce radiaticn from the flames by reducing the size of the flames abhove

the fire; this effect, however, is unlikely to be important unless the spray
is such as to cause a large splashed oil flame in the absence of wind, An
inerease in size of the fire is wrlikely to have much effect since the reduc—
tion of heah iransfer by convection would tend to be balanced by the incresse
in heat transfer due to radiation,

ot flow rotes slightly greater than the critical flow rate it would be
expecied that the extinction {imes would be long. In none of the tests
described in this report in which extinction was obtained by cooling was the
extinction time lecs thon four minutes, However, if the flow rate is
inereased to values considerably greater than the critical flow rate, then
a corresponding decrease in extinction time would be expected. This aspect
of extinction has been discussed in greater detail elsswhere,
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Appendix
Effect of spray properties on K and hA1
Effective conduct1v1ty J
For practical purposes, the spray drop size is of the orxder 0.3 to
2.0 mm and the drops approach the oil with a velocity of 500 - 1000 cm/sec.
This velocity is so high that the drops in the oil are initially well within
‘the range of the turbulent law of frictional resistance.
VdY . dy o -033 Lo v? ;-"ﬁe -
dx dt D ER | e (D " -
where V = drop velocity o = oil density, PyJ = water density - A
g = acceleration due to gravity.
»

During most of.the deceleration the second factor on the right haﬁd side
. of equation () is small compared with the first and may be neglected

slso within the range of the +ufbulent law of resistance, the re51stance
of the oil may be considered as being due entirely to form drag, so that in
deceloration, the energy in the drop is given to the oil as kinetic cnergy
rather than as heat. A motion of the o0il is therefore established which
Probably takes the form of eddies arising from the impact and deccleration
of each drop. ' This motion gives rise to an eddy conductivity of the oil
Ko which can increasc enormously the total effective conductivity. -
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[ A

A=

If molecular conductivity is neglected then K; will be given (9) by
equation 2, :

Ke= Cofp tu  on Kot (@)

where Cgo f?} are the specific heat and density of the oil and 1 and u are
respectively the mixing length and velocity of the eddies, The velocity u
is such, that the rate at which encrgy is imparted to the unit volume of oil
by the retarding water spray arops(’S%) is oqual to the rate atwhich_ghe ~
eddies are dissipated as heat by fri€fion within unit volume of oil._a%.

The énergy Ew of the spray drops within unit velume of oil is propor— .
tiomal to the product of the mass of drops within unit volume ond the square
of the velocity of the drops.:

Ew ot I8 V5 o Vo (3)

LN ) R R LR N

(since the mass of drops per wait volume is equal to the flow rate of drops
per unit ares (m) divided by the drop velocity.)

L]

dFw o dlmV = m Y e e eee ()
Lt d’ ot
V2

 Prom equation (1) g% A~ Propertional to

» . pul Lasti By

ot

The rate of dissipation of turbulent esddies has been given by Prandtl (9).

© o oE ,m%} N )

1w

dEo 4 p. W vee eee . eee (6)
dt o %

Equating (5) and (6) gives

m V' % fo W
D 1
ks omFVELEDS

Substituting for u in equation 2 gives

B ¢

K o vis vT L% y? e eee e (8)

Since the eddies are formed from moving drops it would be expected from
dimensional considerations that the mixing length 1 would be proportiomal to
"the drop size D. Making this substitution in equation 8 gives:

' rY
l<€ deh% V3 D cve  ese  eee (9)

An appropriate estimate of the order of the value of K may be.obtained
from ths information on the rate of heat abstraction given in Fig. 8 and the
temperature drop across the whole oil thickness given in Fig. 5. This
estimate shows that K would be of the order of 0,1 C.G.S. units compared with
a molecular conductivity of sbout 3 x 10~% unmits, This suggests that the
eddy conductivity Kg given sbove mey be equated to the effective conductivity K.
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Factor far hant foea afer to dxops _ll.l:_k_»‘!‘

t =

McDowell and Myers have shown (10) that when water drops fall through 4
0il the predominant resistance to heat trunsfer is the resistance of the
film outside the drops. Under these conditions it might be expected that
g relaticnship given in equation (10) similar to that found for the evapor—
ation of water drops in air (8) or the neating of steel spheres in a fiuid
(11) would control the heat transter from oil to drop. -

[ ]
NMu = © + Gi{(Re) % U € [+) Do
Where Mu = Nusselt No. =ll;.3_- - } C _ o
K
and C and €1 are constants which may be a function of the
Prandtl Nunmber.
Re = Reynolds No, = V&P
On the basis of equation (1) it may be shown (11) that the product hAq will
vary with the spray properties in the manner shown in equation (2).
g o= (& 0 1) p=(13 to 2),
L 4
.
v Lk |
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