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INTRQDUCTION )

Water spray has long been widely used for the extinotion of fires in-
both liquid and solid fuels. Although there have been numerous ad hoc
investigations on the effect of sprays from various nozzles an fires of diff-
erent types, it is only in recent years that any systematic study has been
pade using sprays and fires with controlled and measured properties. Work
of this nature has been carried out for about ten years at the Joint Fire
Research Organization. In this work attention has been paid in particuler
to the ability of spray to penetrate tc the seat of a fire, the mechanism
of extinction ard the properties of sprays required to extinguish fires of
various types. To scme extent the work has also permitted an approach to be
pade to defining critical bheat transfer criteria for extinguishing fire. In
this paper these aspects of the problem will be discussed and illustrated by
experimental results obtained at the above organization and elsewhere. The
results of the experiments also suggest ceitain broad principles on which.
fire fighting operationsshould be based, and these will be out]:!.ned.

PENETRATION OF SPRAY TO THE SEAT OF A FIRE

In order for a spray to be able to exert a useful effect on a fire it is

usually necessery for the spray to be able to penetrate to the seat of the
fire, particularly to the burning fuel. To do this the spray must be either
formed near the fuel or it must have sufficient forward force to prevemt too
mch of the spray being either deflected by or evaporated in the flame and
hot gases asseociated with the fire,

The factors which control the pemetration of spray to the seat of a fire
are the drop size aend thrust of the spray, the thrusts of the flames and wind,
grevity and the evaporation of spray in the flames. When sprays are applied
to fires by hand the effects of the thrust of the flames and the wind, and the
evaporation of spray in the flames are usually minimized by applying the
spray directly through the base of the flames to the fuel from the upwind side
of the fire; the reach of the spray, which is determined mainly by gravity
and the forward thrust of the spray, usually controls the pemetration to the
seat of the fire under these conditions. When spray is applied downward to a
fire all the above factors are of importance but particularly the relative
thrusts of the spray and the flames, Little information is available from
the literature on. either of these two faotors but work carried out at the
Joint Fire Research Organization indicates that they may be estimated from
r3adily measured properties of the spray and the flame. The thrust within a
spray is a function of the reaotion at the nozzle and the width of the spray;
there is also evidence that at some distance from the nozzle it is approxim-
ately equal to the thrust of the entrained air current. The latter depends
on the flow rate of spray per unit area and the pressure at the noszles. The
thrust of flames is proportional to the buoyancy head. Further information
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on these relationships is given in the appendix.

Bxperimental information on the penetration of sprays to burning fuel is
available for fires in kervgine burning in a 30 cm diameter vessel using down=
ward application of spra,y("). The results were scattered mainly because the
penetration was very sensitive to the patterm of the spray at the fire area,

a factor which was very difficult to control experimentally. Broadly,
however, the penetration decreased as the pattern of the spray became more
peaked in the centre of the vessel and as the thrust and the drop size of the
spray decreased. The effect of the latter two factors are illustrated in
fig. 1 which refers to sprays in which the peak of the spray distribution wes
contained in the central half of the vessel but in which not more than one
fourth of the area of the vessel was covered by a flow rate less then one half
of the pealt value. In spite of the scatter of the points, the effect of

spray thrust, as celculated from the entrained air current, and the drop size
on the penetration is cleerly seen. There is, however, an indication that at

" drop sizes greater than about 0.8 mm the penetration was independent of the

thrust., If the peak wes outside the central area of the vessel the penetra-

tion was usually considerably greater.

In the tests referred to in fige. 1 the height of the flame as judged
visuelly was 150 cm before the appliocation of spray and was reduced to msan
velues between 80 and 140 cm during the application of the spray. These
heights correspond to upward flame thrusts of 34 and 18 = 30 dynes/cm? (see
appendix). It will be seen from fig. 1 that the thrusts of the spray
required to give a 50 per cent penetration for the finer sprays is comparable
to these values.

It was observed during the tests that as the thrust of the spray was
increased ebove 20 dynes/cmé the flames became increasingly unsteble, Sprays.
with higher thrusts than represented in fig. 1 of'ten ceused stablilization of
the flame as a relatively flat flame above the vessel af'ter a period of
instability, The minimum sprey thrust at which this phenomenon occurred was
77 dynes/cmé. It would be expected that under these conditions the bulk of
the spray, even if it were fine and of a pesked pattern at the fire area,
would penetrste to the burning fuel; this might also be inferred by extrapol=
etion of the results in fige 1. This critical thrust, T¢ might be related to
x, the height of the flames as judged visually prior to the application of

spray, by equation 1. .

TO = 005 _,pc g X -.oooo<1)

()'.- = density of air, g = acceleration due to gravity.

It would be expected that since equation 1 represents the thrust in the air
curyent of the spray required to overcome the buoyancy head of the flames, T¢
should scele with flame height for larger sizes of fire than the fire tested.

For a given flow rate of gpray in the absence of fire, and for a given
pressure, the thrust of the spray in these experiments was approximately
independent of the drop size. Therefore, as the drop size decreased the
penetretion decreased. However, as the drop size decreased the efficiency of
unit mass of spray in reducing the rate of burning increased aince the finer
sprey cooled the liquid more efficiently. As & result of these two phenomens
a drop size occurred et which there was a minimum rate of burning for a given
flow rate and pressure. This drop size depended on the spray thrust, and
decreased from 0.8 to 0.33 mn as the thrust increased from 6 to 26 dynes/cm2.



MECHANISM OF EXTINCTION

" There are two min ways of extinguishing a fire with water spray:
(1) cooling the burning fuel and (2) cooling the flame. The mechanism of
smothering the flame with steam is one aspect of cooling the flame and will
be dealt with under that hee.d:l.ug.

Cooling the fuel -

To reduce the temperature of the fuel the spray maist be capable of
abstracting heat from the fuel at a rate greater than the rate at which the
fuel will take up sensible heat., Heat will nortally reach the fusl by heat
transfer from neighbouring hot bodies and from the flame. Information on
heat transfer from bodies may be obtained from texts on heat transfer
although there are many important cases, for example, on the flow of films of
fluid over hot surfaces where information is lacking, There is evidence,
which will be given later, that radiation from the flame to the fuel that is
being cooled does not normally play a large part in determining critical
conditions for extinction, although if only a part of the fire is being
extinguished at any one time, radiation from the rest of the flames might
become an important factor. In this paper, therefore, particular attention
will be paid to estimeting critical conditions when the surface receives heat
mainly by convective or conductive transfer from the flame. Such estimates
may be obtained from known relationahips between the rate of burning and the
heat transferred from the flams to the surface. The method used may be best
1llustrated by an example. Equation 2 was found by Spalding to give the rate
( )? g of liquid fires flowing over surfaces with a vertical dimengion

a "

: b f .3 '
o = %2 # lé-- cocees(2)

where m" is the average rate of vaporization per unit surface erea,
d is the linear dimension of the surface,
k,c « are thermal conductivity, specific heat and thermal diffusivity
of air at room temperaturse, )
g 1s the acceleration due to gravity, J
B 1isa transfer mumber oqual to g, if + ¢ (Ty —

@

where Q 4is the heat transfer to the fuel swrface per unit mass of fuel
vaporized,
Moy 1is the concentration of axygen in air (by weight),
H 1is the heat of combustion.of the fuel,
Tg is the embient gas temperature and T the -surface
temperature,
r 1is the stoichiometric ratio (weight of oxygen/weight of fuel).

Normally, under steady conditions, the velus of Q in the transfer number is
equal to >\£ the heat required to vaporize unit mass of fuel. However, when
a spray 1s acting on the fuel and heat is being removed from the fuel, q will
be greater than>\j,.

For most 1liquid hydrocarbon;equation 2 may be reduced with little error
to

n" = ..___-.1—--—0'1 000000(3)'

d°'25 Q0.75 ‘

(o* in g cm'zs-1; 4 in em; Q in cal/g.)
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The rete at which heat reaches unit area of the burming liquid from the flame
is Xm"; the rate at which heat needs to be transferred to vaporize the fuel
is Af m", Therefore, a steady condition as expressed in equation 3 will be

maintained if the spray removes from the liquid & quantity of heat Y given by

Y = (Q - Xf) n" - ln..ac(lp)
Combining equations 3 and 4 gives either
Y = do.zg'1qzo.75 @ '_>’f) .f....(s)
' 0e1 L
o ¥ - Qde'a—l—;) BN eeennl®

If the spray is capable of removing heat at a greater rate than Xthe tempers-
ture of the fuel will be reduced. This will result in a smaller value of m®
and a correspondingly larger value of Q and Y. The reduction in temperature
will also bring about a reduction in the rate at which spray can remove heat
from the fuel.

In a burning fuel in which the temperature of the fuel has reached steady
conditions, Q = Af and ¥ = O. The application of spray with a lower
temperature than the fuel will therefore result in the fuel being cooled.

This will contimie until either a steady burning condition is established at
a partlcular temperature or one of the two following critical conditions for
extinction 1s reached.

(1) The value of  may reach the maximum value, Qo which the flame is
cepable of imparting to the surface without becoming extinguished.

(2) The value of @" may reach a minimum value, #." below which a flame
cannot contimue to exist above the surface.

The rate;Yg.t which the spray must abstract heat from the fuel at the
particular fuel temperature at which these critical conditions occur will be
given by one of the equations (5) and (6), end if Qc and @™ are asgumed
independent of the linear dimension of the burning surface, then c"will be
expected to decrease slowly as this dimension increases.

. By a similar argument to that developed above it is possible to put
forward equations giving ¢ for a wide range of conditions, indeed for all
conditions for which there is a known relationship between the Nusselt number
for heat transfer from a gas and other relevent dimensionless groups, €.8e
the Reynolds, Grashof and Prandtl numbers. By these means it may be shown
that above a certain dimension of the surface J ¢ will cease to decrease
with increase in d, and if the wind is sufficiently strong ¥ o will be
proportional to the square root of the wind velocity and inversely propor-
tional to the square root of d.

A certain amount of information ig avallable for the criticzl value of Q.
Thus for flame quenching in cha.nnels(ﬁ end in flame arresters(l4) it has been
found that for stoichiometric hydrocarbon flames the maximum amount of heat a
flame can impart to a surface before it is extinguished is 23 per cent of the
heat of combustion of the fusl, i.6. about 2,500 cal/g. Spalding(2) carried
out experiments on the circulation of kerosine burning on the surface of a
sphere and here again it was found that the fire was extinguished when the
heat transferred to the burming surface by the flame was 2,500 cal/g of fuel
vaporized. Spalding's experiment is analogous to extinguishing a fire by
cooling with water spray, the only difference being that heat was removed by
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excess fuel rather than by water spray. It would be expected that the condi-~
tions under which the maximum fraction of the heat of combustion can reach the
surface of the burning fusl would occur when a stoichiometric mixture burns
very cloase to the liquid surface. The temperature of the swface should
therefore be near to the value corresponding to equilibrium with e stoichio-
metric mixture. For kerosine this temperature is 15°C higher -than the tempera=-
ture at which the surface is in equilibrium with the lower limit mixture and
is approximately equal to the fire point. i

Using 2,500 cal/g as the value for Q¢ the following values for chay be
calculated for fires burning undsr conditions of ratural convection.

0.¢0'25 ' 000000(7) il
1.2/6_0.25 -003’0(8)
1.2/19425 £ £ 100 e eeesee(9)

Ok for {. > 100 cm  +evra(10)

Pool or spill fires \((_

Fires on tubes XC

Fires on vertical surfaces

\(; is in ca.l/cmza; a, { characteristic dimension in cm.

There is little information on the minimum value of m® below which a
flame will not be sustained. It might be postulated that my" should be not
less than the value required to sustain a lower limit flame at its approp—
riate burning velocity over the whole surface; this would give mg™ equal to
about 1.5 x 10~4+ g/cm2s for fires in hydrocarbon liquids. On the other hand
-experiments on the extraction of heat from laminar propane-air flames(5)
indicate that a steichiometric mixture may continue to burm close to a surface
to which it is imparting heat at e rate similar to Q¢ when the combustion rate
is as low as 2.6 x 10~4 g/em?s, The above figures for mc" are about one-
tenth of the rate of combustion of pool fires under steady-:conditions; they
imply that Y may depend on critical rate of vaporisation when the dimension
of the fire is greater than 30 cm, for fires burning in a natural draught. '

The analysis so far has dealt only with burning liquid’. There are
difficulties in applying a similar snalysis to wood, The main difficulty as
far as the extinction of flaming combustion is concerned is that the heat
required to produce unit mass .of volatiles is not known. The slow decompog~
ition of wood is an endothermic process, i.e.)\f is negative, but Klason 53
showed that as the rate of decomposition increases the process changes from
being exothermic to endothermic, There is evidence that for the rates of
decomposition reguired to sustain a flame over a wood surface, the decompos-
ition is indeed highly endothermiec, For the extinction of glowing combustion
the analysis would have to be modified to take into account the loss of heat
from the surface by radiation and the effeot of surface temperaturs on the
combustion rate.

The above considerations are concerned with the rate at which heat must ;
be removed from the fuel in order that the fire may be extinguished by cooling
the fuel., The ability of the spray to remove this heat will depernd on the
properties of the spray and the fuel; this aspect of the problem will be
referred to when experimental results are discussed.

Bitinction of the flame
The criterion of extinction of a flame by heat abstraction inside ‘the

flame is that the combustion products as they leave the reaction zone should
not exceed the temperature they would have for lower limit flames; this
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temperature is about 1580°K for a wide range of flammable vapours and gases.

4 decrease in temperature approximately.to this value is obtained when extinc<
tion is obtained by adding nitrogen, water vapour, carbon dioxide or inert dust
to flames in stoichiometric mixtures.

- The amount of heat which it is necegsary to remove from the flame to
accomplish this is the difference in heat of combustion of stoichicmetric and
lower limit mixtures. For most flammable organic compounds and probably also
for -the volatiles from some common dry woods this is ebout 45 per cemt of the
heat of combustion of the fuel., Since with diffusion flames it would be
expected that there would be a zone between the fuel and the atmosphere where
the stoichiometric mixture occurs, the heet which has to be removed from the
fleme as a whole is 45 per cent of the heat of combustion of the fuel. It is
important, however, that this heat be removed either from the reactants or the
reaction zone. If the heat is removed from the combustion products the heat
recoval will not substantislly affect the temperature of the products leaving
the reaction zone. In a turbulent diffusion flame it is very difficult to
differentiate between the reactants, the reaction zone and the combustion
products. However, it would be expected that if a spray is capable of
removing all the heat of combustioa from the flame then the flame will be
extinguished.

"It is interesting to note that the heat removal required to extinguish
the flame by cooling the flame is twice as great as the heat which an extended
surface on the reactent side of the flame may abstract from the flame before
the flame is extinguished. This might be explained by a different balance of
heat release and heat loss rates for a vitiated flammable and a
stoichiometric flammable mixture close to an extended surface(8)., Owing to
the intractability of defining the position and properties of the reaction
zone in a turbulent diffusion flame the approach to estimating critical
conditions for extinction of the flame by water spray has been made on the
basis of heat transfer taking place within the whole flame. If V is the
volume of the flame, Z the mass rate of burning and H the heat of combustion
of the fuel, then I, the mean rate of the heat production per unit volume of
flame, assuming complete combustion of the fuel, is ZH, TIf the capacity for
heat transfer of the spray within the flame is defined as X, the rate of heat
transfer per unit volume of flame to the spray, then three critical criteria
for X may be put forward.

(1) Removal of all the heat in the flame neglecting the production of
steam as a regult of heat transfer to the spray

X1 = I ’ .oo-o(11)

(2) Removal of heat only from the reaction zone a.nd the reactants, but
also neglecting steam formation :

xz = 00#5 I .oc..(12)

(3) BRemoval ‘of heat only from the reaction zone end the reactants, but
assuming that all the heat transfer for the drops result in steam
formation. This will only be the case if the drops enter the
flame at the wet buldb temperature (about 750C). It may be assumed
that the steam formed will contribute to the cooling of the flame
8 quantity 3 per unit mass of steam equal to the whole of the -
senaible heat of steam from 370-1580°K, The ratio of A to ) , the
latent heat of steam, is 1.23. This gives

x X ous5T = 04951 ceeea(13)

o X

3 =



A fourth criterion may also be put forward if steam is formed outside
the flame either at the burning surface or at surrounding hot bodies. Under
these conditions the latent heat of veporization does not contribute to cool-
ing the flame but the sensible heat of steam up to 1580°K does. If the steam
is forwed at or sufficiently near to the burning surface to accompany the
reactents into the flame then the critical flow rate, W, of water required
would be '

W = 0.1;-5 % ..0.-('“4-)
If the steam is formed well away from the burning surface ani is heated by
the combustion products, then W mey rise to values equal to %I..

The quantity I in equationa {11) - (13) is an intemsity of combustion
and depends on the conditions of combustion, particulerly the air current in
which the flame is burning. For petrol, kerosine, benzcle and alcohol fires
30 cm diameter burning under conditions of natural draught, I was found to be
independent of the fuel or the rate of burning and equal to Q.45 to 0.50
cal cm'3s-1 (9).

The entrained air current in a spray not only affects the intensity of
comtustion but also affects the critical heat transfer rate required to

extinguish flame. There is very little information to allow the assessment
of this factor on 2 guantitative basis, but am indication of what might be
expected may be obtained from work on the blow out of flame at obstaclese
For example, if the assumption is made that the fundamental burning velocity
of the flame decreases in proportion to the heat transfer capacity of the
spray, then on the basis of relationships between the blow out velocity and
the fundamental burning velocity(10) it may be expected that

VBO = 93 - bx1 .5 to. 2d°.5 to 1 ...v'(15)

Where Vpg is the velocity of the entrained air cwrrent thaet will cause a blow

out when the spray has a flame heat transfer capacity X , 4 is a characteris- -

tic dimension of the gystem and a3 and b are constants.

It is of interest to compare critical heat trensfer rates for extinction
by cooling the fleme and cooling the fuel. It follows from equations (11) to
(14) that the critical heat transfer rate for cooling the flame is greater
than 20 per cent of the total heat of combustion of the fire. Eguation (&)
and subsequent remarks indicate that for cooling the fuel the critical heat
trensfer is less than 25 per cemt of the much smaller rate of combustion that
would occur under criticel conditions. On this basis much lower critical
flow rates would be expected for extinguishing the fire by cooling the fuel
than by cooling the flame. As opposed to this, however, it is feasible that
unit mass of water can, under critical conditions, be the sink of a much :
greater amount of heat from the flame (about 1300 cal/g) than it can from &
solid or liquid fuel (45 cal/g for kerosine and 750 cal/g for wood).

EXPERIMENTAL INVESTIGATIONS ON THE EXTINCTIQN OF FIRE

In order to examine the relevance of the above analyses of extincticn
mechanism, experimental investigations have been divided into two groups
covering investigations .in which there is substantial evidence that extinotion
was by cooling the fuel and the flame respectively. For investigations on the
extinction of fires in rooms, however, there has not usually been sufficient
evidence to decide on the mechanism of extinction and these investigations
will be deelt with separately.
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Cooling the fuel

Critical flow rate of spray for extinction of pool fires. Evidence has

been obtained from experiments with ppol fires that the critical heat transfer
‘rate for extinction of the fire by cooling the fuel is controlled mainly by

conveotion from the flame to the liquid rather than by radiation from the
flame. This evidence may be summarised briefly as follows:

(1) With sprays at less than the critical rate a steady fire condition
could be established with a temperature near the liquid surface not
greatly in exoess of the fire point, with a flame size very much
less than the size of the flame if no spray were applied., and with
the flame reaching down to the surface of the 1iquid(1).  In these
fires the predominant meohanism of heat transfer to the fuel
surface was by convection.

(2) The effect of scale on the critical flow rate was as may be expeotad
if conveotion controlled the critical heat transfer rate rather
than radiation.

The reason for the above phenomenon is that when radiation is the
predominant mechanism of heat transfer from the flame to the surface, the
bulk of the heat reaching the surface is taken up as latent and sensible heat
of the vapour leaving the surface and dces not manifest itself as sensible
heat in the remaining fuele. Thers is thus little resistance to the cooling
of the fuel by water spray. The temperature of the surface is also much
higher than the fire point and the capacity of the water spray for taking up
heat is correspondingly much greater. Fig. 2 shows critical rates to exting-
uish kerosine and transformer oil fires by cooling the fuel plotted against
the mass median drop size for fires burning in vessels 11, 30 and 243 cn
diameter. The curves for the 30 and 11 cm diameter kerosine fires were
obtained by extrapolating to the fire point relationships between the flow
rate of spray reaching the fuel and the resulting steady temperature near the
fuel surface, for sprays of different drop size;the spray was applied in a
downward direction(11), The curves obtained separate tests in which extinc—
tion took place by cooling from tests in which no extinction occurred.
Although for both fires the critical rate was approximately proportional to
the drop size, for a given drop size the rate was slightly less for the 30 cm
diameter fire than for the 11 cm diameter fire. If radiation controlled the
critical heat transfer rate, the critical flow rate for extinction would be
expected to be 100 per cent greater for the 30 cm diameter fire but if
convection controlled about 15 per cent smaller, The difference between the
points for tests with horizontal application of spray to a kerosine fire
30 cm diameter and for hand application of spray to a fire 243 cm diameter
may be accounted for by the different drop sizes of the spray. If radiation
controlled the critical heat transfer rate, a ratio of 2.5 would be expected
in the critical rate, After taking into account the probable effect of drop
size there was in fact no difference in the critlcal rates. However, the
oritical rate for horizontal application for the 30 cm diemeter fire was
about half that for vertically downward application. A possible reason for
this difference is that the spray pushed the flame sideways; as a result
thedrops did not becoms heated in the flame and have a greater cooling
capacity when they reached the liguid. )

The effect of radiation is likely to be much greater with pool fires in
which the burning surface can "see™ all the flame than with other fires. Since
radiagtion from the flame of the fuel being extinguished has e minor effect on
the oritical ratea for extinguishing pool fires by cooling, it is reasonable
to neglect it for other fires.



The effect of drop size on the critical rate follows from the fact that
the drops are in the liquid for only a limited time ard their size is a
contro].l%n§ factor in the rate at which heat is transferred, It would be
expeoted(1T) that the heat er from the body of the liguid to the dreps
would be proportional to D~%/3. However, the transfer ¢f heat from the
surface of the liquid to the interior would be expected to increase as the
eddy conductivity caused by the turbulent eddies set up by the motion of ths
drops on the liquid; this is estimated to increass as D+3. The aotual
effect of drop size results from a combination of these two factors.

The driving farce for heat tranzfer in the liquid may be represented by
AT, the difference in temperature between the surface of the liquid under
critical conditions (for practical purposes the fire point) and the tempera-
ture of the drops (for practicel purposes ambient temperature). It would,
therefore, be expected that for a given drop size the critical rate should be
inversely proporticnal toAT. Measurements of critical rate indicated in-
fig. 2 for downward application of spray to a transformer oil fire 30 cm
dismeter and hand application of spray to a fire 2,3 cm diameter support this.

Extinction time for pool fires. As long as the flow rate of spray is greater
than the critical value, then extinction will take place in a time which
depends on the amount of heat present in the burning fuel which must be
removed by the spray to reduce the surface temperature to the fire point.

With most pool fires this heat content increases as the preburn tims

increases up to about 10-20 minutes but for hot zome forming liquids, e.ge
beavy fuel oils, this heat content may increase indefinitely. Experiments
(12)(13) on extinction of ‘pool fires using fixed nozzles sited vertically
above the burning liquid (see plate 1) and for hand extinction of an 8 £t
diameter fire (plate 2) gave the following relaticnships.

Fixed nozzle -

t = 6,80 (0M)(T/ATP) ccces(16)

Hand application for 8 £t diameter vegsel .
t = 121,600 D05 FOE8 §0e39,q-1.67 033 (17)

‘where D 1g the mass median drop size of the spray in mm
¥ is the flow rate of spray in gallons ftﬂmn“
Y is the preburn tims in minutes
AT is the difference between fire point and ambient
temperature oC.
F, is the total flow to the fire in gallon/min.
L is the total number of tests carried out by the operator
t 4is the extinction time, sec.

The influence of drop size and of flow rate of spray are as may be

expected from considerations of heat transfer between the liquid and the dmpa;

The influence of AT, however, is greater than may be expected from a heat
transfer basis alone. A reason for this may be that the higher the value of
AT the greater was the temperature of the surface of the liquid in excess of
1009¢, particularly when epplication of water spray commenced, and the greater
was the steam formation in the liquid during the extinction process. This
steam probably accelerated the cooling of the liquid surface by stirring the

* “"gallon® refers to imperial gallon in this paper = 1 Imp. gall = 1.2 U.S.Gall.
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bulk liquid. An increase in the preburn time increased the extinct t
although to a lesser extent for ga.nd. application than forefixe&n apgﬂp.fca gn

The experience of the operator as expressed by the factor L in equation (17)
was also an important factor in the extinction of fire by hand application,

Both the equations (16) and (17) presume that the bulk of the spray

reaches the burning liquid, If the downward thrust of the spray was less than .

the upward thrust of the flames and if the flames could burn vertically
upwards against the spray, then the extinction time was prolonged. In this
connection it is noteworthy that the size of the flames in the first few
seconds of application were usually considerably greater than the size before .
application of sprey, as indicated in plate 1, This was due to the sputtering
of fuel infithe flame. However, for tests on fires 3 £t and 4 £t diameter in
a large roofless structure,the ambient wind was usually sufficient to blow the
flames away from the upright position and the force of the spray was not a
significant factor in extinction of the fire; if the spray was much wider
than the fire. With hand application of spray to an 8 ft diameter fire there
was no difficulty in enabling even fine sprays of low thrust to reach the
burning liquid, since the fire could be approached on the upwind aide and
applied directly to the base of the flames. A complicating factor in all
these tests was the occurrence of spleash fires with coarse spreys; burning
fuel was splashed into the flame by the spray and a vigorous flame maintained
even though the liquid was cooled well below the fire point. If, when a
splash fire was established, the spray were taken away the fire often went
out. An example of this is shown in plate

Fires in oil running over metal work. When sprays are spplied to a pool
fire which has been burning for some time, there is en initiel upsurge of
fleme and the flames then reduce in size gradually within the extinction timse.
When burning liquids are flowing over a surface the liquid lsyer is very thin
and the sensible heat in the liquld whioh needs to be removed is very small,
Providing the flow rate of water spray is near the critical rate the flames
are reduced in size almost immediately after turning on the water spray and
thereaf'ter are reduced in size much more slowly. This is illustrated in
Plate 4 which shows a fire in tranaformer oil flowing over a test rig
consisting a bank of tubes 5 cm diameter. The rate of flow required to
extinguish the fire in a given time depended on the preburn time in this

case since during the preburn period the tubes themselves were heated and
acted as a reservoir of heat dwring the application of spray. The effect of
the temperature of the tubes on the rate of flow required to control and
extinguish the fire is given in Figs 3. The relationships in Fige. 3 were
obtained for sprays projected directly dowmwards from 5 £t above the point in
the tube rig where oil was injected (6 in below the top), but tests in which
the sprays were projected from a similer distence from the side of the rig did
not glve significantly different results, nor was there any difference if the
tube bank was horigontel rather than vertical.  The drop size of the spray
was found to have no significant effect in the renge tested (mass median

046 to 3,0 mm); +there was evidence, howev?t that en increase in drop velo~
city increased the efficiency of the spray “:-) and the effect of the drop
.slze may have been masked by the fact that the ratio of drop size to drop
velocity was constant for the sprays referred to in Fige. 3. The tests
covered a wide range of ambient wind conditions. However, Fig.3 indicates
that the critical rate for these varying conditions increased as the tempera-
ture of the tubes increased. These critical rates may be taken as lying
between curves (1) end (3) in Fig. 3. .

A large number of tests have been carried out in the United States in
which water spray has bgen ?ﬁ’% ed to oil fires on sheet metal structures
simulating transformers 15) . A comperison between the results of these
tests and tbose carried out on the tube rig in England has indicated that to



obtein & given extinction performance under given conditions of nozszle pressurs,

oil fire point and preburn time, a mean flow to unit area of the envelope of
the tube rig on the evereage 2,3 times as great as that to the large sheet
metal similated transformers was required. BEquations 8 and 10 indicate that
the ratios of critical heat transfer rates to the surface would be about 1.84
the ‘expected ratioc of flow rates to the envelopes of the two risks would be
between 1.8 and 2,8, If the wind velocity controlled the critical heat
transfer rate the expected ratio would be greater. It is unlikely that the
condition for heat transfer to the drops in the oil would differ between the
oll running down tubes and a vertical surface slthough it would be expected
that the accessibility of spray to the surfaces would be easier for a flat
surface than for a nest of tubes. BEroadly, however, the comparison dces
support the theoretical approache.

Critical rate for extinction of a wood fire. Bryan“ N has measured the ocrit-
ical rate for a wood f:Lre consisting of pieces 2 in square section and a totel.
surfece area of 80 £t2. The minimum rate at which he obtained extinction with
water was 0.16 ga.‘l.lcns/minute corresponding to a rate of 0.01 g/c.mzmin Bryan
concluded from other observations that extinction was by cooling the wood.
Under the conditions he used it may be assumed that the water was entirely .
veporised; this would correspond to a heat tremsfer of Q.1 cal/cm+2s at the
wood surface. From information on the heat of combustion of wood volatiles
and aessuming thet critical exriteris as described above may be applied to
burning wood, it may be sstimated that 0.8 cal/cm=2g would have been trans-
forred from the flame to the wood surface under critical conditions. The
difference between the measured emd estimated values might be tgken to indi-
cate that a substantial heat trensfer, of the order of 800 cal/g, was required
to ceuse the evolution of sufficient volatiles for combustion.

Direct extinction of flame

To examine the relevance of the theory developed above it is necessary
to have an estimate for X, the heat transfer cepscity for the sprays. These
estimates were obtained using equation 18, a modification of tSG Rens and
Marshall relationship for heat transfer from gases to d.rops( #hich was
found to io]bd for w7er drops evaporating in a bunsen flame(19

a2 =

C + f’ specific heat, viscosity, thermal conductivity, density in
ST boundary layer' '

D drop sige, ¥, drop velocity relative to gas stream;
h heat transfer coefficient;

(3 enthalpy increase per unit mass of vepour between swrface and flame
temperature; .

>\ heat required to vaporize unit mass of the liguid.

In estimating X it was assumed that the concentration and velocity of the
drops in the flame were the same as in the approaching spray, and that the
contribution of the individuel fractions of the different drop sizes could be
added. Since the surface area of drops of size D present per unit volums of .
space through which the drops are passing is proporticnal to Mp/¥pD where Mp
is the flow rate per unit areas, it follows from equation 18 that .

X o U pm(1:5 t0 2:0) v ~(0:5 to 1.0) eeeen(19)
where M is the total £low rate per unit area, Dy and Vp, are a representative
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drop sisze and drop velocity.

The extinction of fire by water spray by extinguishing the flame has
been atvs%isd with fires in kerosine petrol and benzole in a vessel 30 cm diam-
oter(20)(1), Extinction of the flame differed from extinction by cooling the
fuel in that there was a sudden clearance of a camparatively large volums of
flame which led to extinotien.

" When the spray was applied in a dovoward direction the flemes of the
petrol and kerosine fires were not extinguished unless the downward thrust of
the spray was greater than 60 and 4O dynes/cm? respeotively. These forces
are comparable with the upward force of the flames before the spray was
applied. With sprays of greater downward force the flames were extinguished
as long as the heat transfer capacity of the sprey was greater than about
0.15 cal/emds, and as long as the preburn time was not very short. The above
value is intermediate between those expected from equations 12 and 13, if I
i3 taken to refer to the upward moving flames before spray applicatien.

For a glven type of spray the most important factor in the heat transfer

" capacity is the drop size of the spray (equation 19) and in the thrust of the

spray the rate of flow per unit area of the fire. If the drop size of the
spray is plotted against the critical rate of flow for extinction at that
drop size, the above phenomenon of critical thrust manifests itself as a flow
rate below which the fire is difficult to extinguish with sprays of any drop
sige. Critical flow rates for extinction of a flame have been plotted in this
way in Fig. 4 for the kerosine and petrol fires; poiats for extinction and

_ non=extinction are shown for the petrol fire. For comparison critical flow rates

for the extinction of the kerosine fire by cooling the liquid have been
included. Similay relationships obtained by the author for sp produced
by hypodermic needles acting on a kerosine fire 11 cm diameterfgg, and by
the National Board of Fire Underwriters for sprays aoting on a petrol fire
15 om diameter(22) have been given elsewhere. The critiocal flow rate below
which extinction was difficult was smaller in both cases than those shown in
Fige & for the 30 cm diameter fires. This may be mainly attributed to the
smaller dimension of the fires and the resulting smller upward force of the
flames, but different conditions of test ard different patterns of spray at
the fire area also probably played a part. BExtinction of the flame has been

- found to be easier if the peak concentration of the sprey is near or even

outside the edge of the vessel, since after a clearance of part of the flame,
the remmants of flame from which a flash back may occux are at the ed.ge(m).
This phenomenon may account also for comsa.satively low flow rates for -
extinction of flame reported by Y. Yazi(23),

During the tests the flames were ususlly wild with frequent partial
clearance and flashbacks. However, with petrol and benzole fires when the
preburn time was very short (less than 10 sec) and when sprays with high

_downward thrust were used, the spray pushed the flame immediately into a -

flat flame close to the liquid surface which was very difficult to exting-
uish. The appearance of the flame depended on the drop size and heat o
transfer capacity of the spray; a spray with a valué‘fgqual to Ol cal/cm“jsf-
geve thin blue flames near the inside edge of the vessel (plate § = );with

a value of X of 0.1k cal/cmds’; a belt of yellow flame covered the whole
vessel. Flames stabilized close to the liquid swrface were also obtained if
spray were applied to the surface at an angle less than 309 to the horizontal.

‘Tt was estimated_that the valus of I for.flames stabilized in this way was

about 2.5 cal/cm”8... It would, therefore, be expected that a value of X
equal to asbout 0.5 to 1 ca.l/m;q, would have been required to extinguish
these flames reliably. - .



Iéggsession enzlyses on the extinction time for the kerosine and petrol
fires indicated that for sprays with a given value of X the entrained
air current had a powerful effect on the extinction time, This effect was -
much wore powerful than might be expected from a relation suck as is given
in equation 15. This may be attributed to two reasons. Firstly, the entra-
ined air current helped to present the spray to all parts of the flame;
associated with this reason it also helped the spray penetrate to the burning
liquid, cooling the latter and tims reducing the size of the flame. Secordly,
the entrained air current tended to blow away the thick vapour zone which was
usually established after burnming for about 10 seconds and thus render the
flames unstable.

EXTINCTION OF FIRES IN ROOMS

Testas have been carried out by many asuthorities on the extinctlom of solid
fuel fires in rooms. It is not yet clear, however, whether these fires are
more efficiently controlled by cooling of the fuel or bty the formation of
steam which cocols the flames.

Kawagos(2*) bas found that the rate of burming in room fires is, an the
average, directly proportionsl to the ventilation, and the constant of propor-
tionality indicates that the ratio of air to fuel volatiles is the stoichio-
metric ratio., When fires in rooms are attacked with sprays from an opening
in the wall, then additional air would be entrained into the rvom comparabls
with the normal ventilation rate through the opening. Under these conditions
it may, therefore, be expected that the fire is burning with excess air when
extinction is commenced. The critical amoun%; of steam required to smother tke
flames would then be governed by equation(i4). It may be estimsted using
equation 14 that if steam is obtained by the impact of spray on the burning
swface, the critical flow rate of water to.form sufficient steam to extingnish
the flames is 10 to 15 times greater than that found by Bryan(17) to be
necessary to extinguish a wood fire by cooling. However, conditions in
practical fire fighting may still frequently be such that steam extinction
would require the use of a smaller total quantity of water.

From the intrinsic nature of extinction of the flame by steam and extine--
tion by cooling the fuel, the qualitative effect of various factors on the
efficioncy of control (i.e. critical flow rate and quantity of water required)
may be deduced., These effects are compared in Table 1.
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Table 4

Effect of various factors on control of room fires
by vooling and by steam formation

Factor Cooling the fuel | Steam formation
1. Increase in preburn gCritica.l flow rate increased |No effect -
time isomewhat. Quantity increased
: approximately in proportioen
to preburn time, .
2, Decrease in ease of
access of water spray ;Quantity increased No substantial
to burning surfaces. effect if walls are
: hot.

3« Increase in the Critical flow rate increased | No substantial
fraction of incombus-!(due to rediant heat falling | effect if incombus~-
tible surface present; onto burning surfaces). tibles surfaces are
total area of combuse, hot.
tibles remaining the
88IM0 « :

4. Increase in 'No effect Critical flow rate

ventilation ' and quantity
. increased.

5. Linear dimemsion &  Critical rate proportional | Critical rate
: : to d ) ! prop'grtional
| to a°/2

Available test results have been summarised by Hird et 31(25 ) but owing
to the lack of a gystematio investigation of the above factors, at least on
the full scale, it is not possible to give a firm opinion on the extimetion
mechaniam. o amounts of water used to control the fires varied from 2 to
15 gallons/1G00 £t3. The above workers also carried out a comprehensive
series of tests in which sprays of varying pressures from 80 to 500 1b/in2
and with flow rates from 5 to 25 gallons/minute were used against a standard
fully developed fire in a room of volume 1750 £t3. The tests are illustrated
in plate 7. The quantity of water required to control and extinguish the fire
was 7 and 17 gallons respectively, and within the varlance of the results,
was independent of the pressure, the flow rate and whether jets or sprays were
used.

USE OF WATER SPRAYS IN PRACTICAL FIRE FIGHTING

The following broad principles may be put forward on the basis of the
experimental work carried out at the Joint Fire Ressarch Organization and
elsewhere.

(1) 1In genmeral the best way of putting a fire out is that spray should be
made to reach and cool the burning fuel. The rate at which the spray need
absord heat in doing this is generally far less than the rate of production
of heat by the fire, Experimental results are available giving information
on critical rates for a few systems. On the basis of equations 7 -to 10 or
other relationships developed in similar manner, it is possible to extrapolate




these results to other systems as long as heat transfer between the spray drops
and the fuel behaves in a similar way, Perhaps the most important consequence
of equations 7 to 10 is that critical flow rates per unit asrea for a given type
of gystem should not increase as the scele increases; under some conditions
they may in fact decrease.

(2) If sprays are applied downwards to a fire with a flame moving steadily
upwards then for the bulk of the water to reach the burning fuel the downward
thrust of the spray should be comparable to the upward thrust of the flame,
These two thrusts may be calculated as indicated in the paper. If the sprays
are applied laterally or by hand from ths windward side of a fire, a much smalle
er thrust is necessary. -

(3) Water sprays in current use ere unreliable in extinguishing a fire.that
cannot be extinguished by cooling the fuel. However, extinction may frequent-
1y be obtained with available fire sprays produced by pressure nozzles.(mass
median drop size 0.2 = Q.4 mm) particularly if there is no change to stable
burning in the air current of the spray. Then extinction is not obtained, a
large reduction in the size of flame may be achieved.

{4) For most of the fires for which water sprays are useful, e.g. fires in
solids and fires in high boiling liquids flowing over solid surfaces, the drop
size of the sprey is not usually an important practical factor. However, for
fires in deep pools of high boiling liquids the efficiency of the spray
increases as the drop size is reduced.

(5) The pressure at a nogzzle influences a number of factors that affect the
' extinction of fire. However, where sprays may be reliably used for extinction
of fire, an increase in pressure about 100 1b/in2 with a given flow rate of
spray has not been found to confer any extra efficiency on the spray provid-
ing that the water can reach the seat of the fire. The choice of pressure
for a pump, therefore, depends rather on operational factors, in particular
the length and diameter of hose line and the flow rate which it is desired to
give the operator, than on intrinsic efficiency of the spray in fighting the
fire. It should be added here that an increase in flow rate, or a ds egse
in cone angle, bas a greater effect on increesing the throw of a sp:.-a;](-2 »27)
than an increase in pressure, and that an increase in pressure has a smaller
effect on reducing the drop size of a spra‘g when the pressure is ebove

100 1b/in2 than when it is below 100 1b/in

Finally, it is instructive to compare quantities of water which have
been found necessary to extinguish experimental fires with those actually
used in practical fire fighting. For fires in rooms it has been found
experimentally that about 10 gallons per 100 £t2 of flocorarea is required and,
according to the drop size of the spray, from 5 to 15 gallons may be used to
extinguish a ges o%l Sool fire of the same size. According to information
provided by Hobius{28) the minimum quantity of water to extinguish fully
daveloped room fires under operatiaonal conditions is about 100 gallens.
Thomaaiio) made an analysis of the amount of water used at large fires based
on the number of pumps called to the fire., It may be estimated from this
analysis that for large fires approximately 1000 gallons of water is used for
100 f£t2 of the fire. Thus, either wastage or operational difficulties in
applying water to fires is by far the most important factor governing the
amount of water used, and this would asppear to be a direction where a
substantial research effort is worthwhile,
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APPEIDIX
THRUST OF FIAMES AND SPRAYS
Thrust of flames \

A complete analysis of the movement of flame has not yet been made, but
as this movement is controlled by the bucyency of the flame, it would be
axpected that the upward thrust would be proportional to the flame height
Anelysis of bwoyant columms rising from small heat sources indicate(30 ,315
that the thrust at the centre of the column is given by

PV =S E 2O (g - P)5F

where J() is the density of the coclum at a point z above the source and (%
is the dénsity of the ambient air. v

In Fig. 5 some calculated thrusts based op measurements of the upward
velocity of flames and the flame tempez-ature(ﬁ are plotted against the
buoyancy head (Jf’u"fy)s’xr for fires in different liquids burning in a vessel
30 cu diameter; {;is the density of the flame and x the height of the point
in the flame for which the thrust was estimated. The velocity measurements
were made by ovserving the upward motion of the ‘top of the flame and eddies at
the side of the flame as recorded by a cine camera; <the calculation. of the
thrust was made for the mean time of burning and the mean height of the flame
at which messurements were made. The temperature on which [fwas based was a
mean temperature across the flame as measured by the Schmidt method. The
streight line relation (equation 21) obtained

.2 ; P
\% v o= oA (JOO ‘J(’s)-j X‘ ceeve(21)

" confirms the proportionality expected and indicates that thrust is independent
of the nature of the burning fuel. The constant, however, is considersbly less
than would be expected from equation (20).

On the basis of equation (21) it is possible to calculate the upward
thrust of the flame knowing the flsme heights. The latter has been related
by Thomas to the rat? OS burning and the main dimension of the fuel layer
for solid fuel fires{3e), :

Thrust of a spray

A spray after leaving a nozzle very soon becomes a suspension of drops
moving in an air stream. The air stream is generated by the transfer of
momentum from the drops and is of importance in determining the velocity of
the drops and the motion of the spray as a whole. The total forward thrust
of a spray may be measured by the reaction at the nozzle. Measurements of
the entr(-aised air current of sprays directed downward from a number of
nozzles{33)have shown that for sprays of mass median drop size less than
1,0 mm the bulk of the thrust is transferred into momentum of the airstream
by the time the spray has reached a plane 6 £t below the nozzle; most of the
remaining thrust may be accounted for by momentum of the drops moving at the
velocity of the air stream. For very coarse sprays (mass median dropssize
1.5=3.5mm) about 50 per cent of the initial thrust is converted inte momentum
of the eir current.

. The reaction of a jet is the product of the flow rate and the velocity
at the nozzle, both these factors being proportional to the square root of the
pressure. The reaction of a spray nozzle, however, is less than the product
mentioned abore due mainly to the presence of "Alteral motion in the spray.
Fig. 6 shows the retios of the reaction of a. nulber of spray nozzles to that

of corre ond.inﬁ perfect jets and indicates the extent to which the reaction
is reduced as the cone angle increases and as the spray pattern becomes less




poaked in the centres. Knowing the reaction at the nozzle, an spproximate
estimate of the mean forward thrust in a plane is given by R/A whers A is the
cross—sectional area of. the sprsy inm the plane, and if the assumption is also
made that the thrust has been entirely converted into movement of the entrained
air streem then the air velocity V. may be given by:-

Rl . —

g "v‘: = R = & -’o.: L
$e v ' \C a ceees(22)

where is a constant depending on the nozzle
B is the nozzle pressure
P 1is the flow rate

ol

Bquation (22) gives, of course, a mean value of va. There is evidence,
however, tkat the distribution of entrasined air velocity in a plane perpendic-
-ular to the spray: axis, when both entrained air velocity and distance from
the axis are expressed in dimensionless terms, is approximately independent of
the distribution of flow rate within the spray. In addition the distribution
of the entrained air velocity is similar to the distribution found in a turbu-
lent air jet. These points are illustreted in Fige 7 whick shows an almost
identical distribution of the entrained air for two sprays with widely differ-
ent spray pattern. The radius of the spray referred to in this figure were
radii where the entrained air velocity and water flow rate were respectively
1/100 of the values in the centre of the spray.

For sprays with a similar pattern over a given area it follows from
equation 12 that for a given part of the spray

Yo & 025 05 veeee(23)

where M is the local flow rate per unit area. A relation similar to this
has been found to hold for a wide range of values of P and M for spreys
projected dowmward from a battery of impinging jet nozzles 26),



1.

2e

3e

Le
5.
6.
Te
8.
9.
10.

11,
12,
13.
1.
15.
16,

17.
18,

19.
2.

BEFERENCES

RASBASH, D. J. and ROGOWSKT, Z2. W. Department of Scientific and Industrial

Research and Fire Offices' Committee Joint Fire Research Organization,
Boreham Wood, Hertfordshire, England. F. R. Note No.58/1953,

SPALDING, D. B. l..th International Symposium on Combustion 1952, pe3u7.

POTTER, A. E. and BERIAD, A. L. s:xth International Symposium on
Combustion, 1956, p.27. '

PALMER, K. N. Seventh Intemational Symposi\m on Combustion, 1958,p &s97.
BOTEA, J. P. and SPAIDING, D. B. Prec. Roy. Soc. 1954, 225, 7.

KIASON, P. J. Prekt Chem. 1914, 90, 413, |

BURGOYME, J. H. and RICHARDSON, J. F.. Fuel 1949, 27, 150.

BERLAD, A. L. and YANG, C. H. Combustion and Flame 1960, &, 325.
RASPASH, D. J., ROGOWSKI, Z. W. and STARK, G.W.V. PFuel 1956. 35, Sha

SPAIDING, D. B. Some Fundamentals on Combustion, Butterworths, London.
1955, p.192. . .

RASBASH, D. J. F. R. Note 290, 1957. (See ref.i).

RASPASH, D. J. and ROGOWSKT, %. W. Combustion and Flame 1957, 1, 453.
BASBASH, D. J. and STARK, G.W.V. F. R. Note No. 304, 1959. (Ses ref.t).
RASBASH, D. J. end STARK, G.W.V. P. R. Note No. 303. (See refei).
Factory Mutual Laboratoriss Research Prodect 12549, 1954.

Automatic Sprinkler- Coz-pomtion of America. Transformer Fire Protection
Programne,

ERYAN, J. Engineering 1945, 159, 457.

RBANZ, W, E. and MAB.SEALI W. R. Chem. Engng. Progr. 1952, 48, 1416,
175-80

D. J. BASBASH and STARK, G.W.V. F. R. Note No.‘ 26, 1952. (See ref.1)

BASBASH, D. J., ROGOWSKI, Z. W. and STARK, G.W.V. Combustion and Flame,
1960, L, 223,

21, Anmual Report. Joint Fire Research Organization, 1950. Her Majesty's

Stationery Qffice.
National Board Fire Underwriters Research Report Noe. 10. 1955.

YAZI, Y. Bull, of Fire Prevention Soc. of Jepan 1960, 3, (No.2) 58.

. KAWAGOE, K. Building Res. Inst. Jepan. Research Report Noe. 27.

H®, D., PICKARD, R. W., FITTES, D. W. and NASH, P. F.R. Note No.388.
(See ref. 1).

el

.

Y ™ 4 =

e



69.

RASBASH, D. J. F. R. Note 181, 1955. (See Raf. 1).

THOMAS, P. H, and SMART, P.M.T. P. R. Note No. 168. 1955 (see Ref.1)
MOBIUS, K. V. F. D. B.'195'6.“§,, (2) 33 - 12. _

THOMAS, P. H. Quart. J. Inst. Fire Eng. 1959, 19, T30-2.

YEKOI, Se Report of Building Research :Inst. Japan No. 3, Nov.1960.
YIH, C. S. Prot. 1st U.S. NAT. CONGRESS APP.MECH. 1952, SWi=7. -

THOMAS, P. H. Combustienand Flame 1960, &, 381.

RASBASH and STARK, G.W.V. F. R Note No. 445, 1960. (See ref.i).

GOLDSTEIN, S. Moderr. Developments in Fluid Dynamics, Clarendon Press,
1952, P0596) .



Symbols

[
-h
[
[ )M
e
AY)

b

Q
-

30
o

u.c‘ Mt BRI A
c
'J

Hip ©W6 RHAMEOwkeN
=] = 3
o

g 8

M A<D
"

s
o
o

> ouR
>
"‘\"l‘

T0.

cousta.nts

Spec:.fio beat i.n gas ‘boxmdary lwer
ILinear dimension

- Acceleration due to gravity . . N

Heat transfer coefficient

Tharmal conductivity

Linear dimension :

Concentration of oxygen in the alr .

Bate of burning per unit area per unit time
Stoichdometric ratio (weight of air/weight of fuel) .

Time

Velocity of entra:.ned eir, of spray drops, and velocity -
to blow out flame.

Upward velocity in flame, in buoya.nt hot columm.

Height of flame

Height of buoyent columm.

Cross sectional area of spray.

Transfer number (after Spalding)

Drop sise.

Total'flaw rate of sprey

Heat of combustion

Intensity of combustion in flame

Total flow rate of spray per unit area, flow rate of drops
size D,

Number of tests carried out by operator.

Pressure to produce spray with pressure nozzles.

Heat transfer to fuel surface per un:lt mass of fuel
vaporised, critical value of Q.

Reaction of nozzle.

Gas temperature, surface temperature.

Difference in temperature between fire point and amb:l.ene.
Volume of flame

Critical flow rate of water to extinguish flame by
steam formation.

Critical values of X.

Heat transfer to spray within unit volume of flams in
it time.

Preburn time

Bate of fuel consumption in fire.

Thermal diffusivity

Sensible heat of steam or vapour.

Heat taken up as sensible heat in fuel per unit area of
surface per unit tims. of

Heat required to vaporize unit msa;liqv.dd of fuel.

Viscosity in boundary layer.

Density in boundary layer, in flame, ambient eir,in
buoyant column.

Thrust of spray

Critical value of ¥
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75.

BEFORE SPRAY is ls
" APPLICATION '

EXTINCTION OF FIRE IN TRANSFORMER OIL BY
! DOWNWARD APPLICATION OF SPRAY FROM FIXED
NOZZLE (EXTINCTION TIME 8-8 s)

PLATE 1

e — -



BEFORE SPRAY APPLICATION EXTINCTION AT NEARSIDE OF
RIM : :

FIRE UNDER CONTROL JUST BEFORE EXTINCTION

EXTINCTION OF FIRE IN HEAVY FUEL OIL BY
HAND APPLICATION OF WATER SPRAY. SPRAY
FLOW RATE 1.4 GAL/MIN.

" PLATE 2
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BEFORE APPLICATION OF SPRAY .

-

' SPLASH FIRE DURING APPLICATION
N : OF SPRAY

SPRAY

SPLASH FIRE CAUSED BY THE ACTION OF A COARSE
- SPRAY ON BURNING DIESEL OIL

Yy PLATE 3



X

APPLICATION

CONTROL OF FIRE IN TRANSFORMER
OIL ON A BANK OF TUBES

PLATE 4
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STABLE FLAME CAUSED BY ACTION OF FINE
SPRAY ON PETROL FIRE. DROP SIZE OF SPRAY
0.28 mm. FLOW RATE 1.6g cm-2 min-!

PLATE 5

STABLE FLAME CAUSED BY ACTION OF SPRAY
ON PETROL FIRE. DROP SIZE OF SPRAY
0.28 mm. FLOW RATE 1.6g cm=2 min-!

PLATE 6

19.
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ATTACK WITH A WATER JET ON A FULLY DEVELOPED

——r

FIRE IN A ROOM

PLATE 7



