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Water spray has long been widely used for the erffn&en of fkes h 

both liquid and solid Pnelso =thou& there have been numerous ad hoc 
investigations on the effect of sprays Prom various nozzles QU fires of dlFp- 
erent tspes, it is only  in recent years that aqy systematic study bas beea 
made using sprays  and fires ui th  controlled and measured properties. W o r k  
of this nature has been &ed out for about ten years  at the Joint Fire 
Research Organizatian, In this work attention has been paid in particular 
t o  the abi l i ty  of spray t o  penetrate t o  the seat of a fire, the mechanism 
of extiaction a d  the properties of sprays r e m d  t o  extin@& fiws of 
various types. To some extent the work has also permitted an approach t o  be 
mede t o  defining critical heat transfer c r i te r ia  for extinguishing fire, In 
t h i s  paper these aspects of the problem m i l l  be discussed and i l lus t ra ted  by 
experimental results obtained at the  above organisation and elsewhere, The 
results of the exper*slents also suggest certain broad principles on which 
fire fighting operatiomshould be based, asd these be outlined. 

PEIGEWKON QF SpBdY TO THF: SEA!i! OF A FIRE 

In order for a spray t o  be able to  exert a useful effect on a fire it is 
u w  necessarg for the spray t o  b8 able t o  penetrate t o  the seat of the 
fire, particularly t o  the burning fuel, To do t h i s  the spray must be either 
formed near the fuel or i% must have aupficient forward farcre t o  prevent  too 
muoh of the  sprw being ei ther  M l e c t e d  by or evaporated in the flsme and 
hot gases associated with the  fire. 

are the drop size and thrust cf the spray, the thrusts of the flames and wind, 
gravi- and the evaporation of sprw in the flames. Rhea sprays are applied 
t o  fires by band the  effects  OP the thruat of the flames and the wind, and the 
evaporation of spray in the flames are usllally minimized 
sprw c l i rec ta  thrau-&h the base of the  flames t o  the fuel from the upwind side 
af the fire; t h e  reach af the spray, which i s  determined mainly by gravity 
and the  forward thrust of the spray, uwally controls the penetration t o  the 
seat of the fFreunder these conditions, %en sprag i s  applied downward t o  a 
f b e  a l l  the above factors  are UP importance but particularly the relative 
thrusts  of the s p a y  and the flames. Little information is available Apm 
the l i terature  on either of these two faotors but mrk carried out at the 
Joint Fire Research Organization indicates that they may be estimated fram 
rssdily measured properties of the spray and the flame. The thrust witbin a 
spray is a function of the reaotion a t  the OOSSle and the  ddth of the sp-; 
there is also evidence that a t  some distance from the noade it is a p p d  
ate* equal to  the thrust of the  entrained sir current. The latter depenaS 
on the flow ra te  of spray per  unit area and the pressure at  the nostles. 
thfnst of m e a  is proportional t o  the buoyancy head. Further iaformation 

The factors which control'the penetration of spray t o  the seat af a Pire 

app3ylng the 

The 
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on these relationships is  given in the appendix. 

available for  fires in kerosine burning in a 3 cm diameter vessel using down- 
w a r d  application of s p ~ ( 1 ) .  The results were scattered mainly because the 
penetration was very sensitive to  the  pattern of the  sprey a t  t he  f i r e  area, 
a factor which was very d i f f icu l t  t o  control experimentally. 
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. 
fig. I which re fers  t o  sprays in which the  peak o f  the spray distribution was 
contained in the central half of the vessel but In which not more than one 
fourth of the area of the vessel vas covered by a flow ra t e  l e s s  than one half 
of' the peak value. 
spray thrust ,  as calculated Prom the entrained air current, and the drop size 
on the penetration is  clearly seen. There i s ,  homver, an indication that at 
drop sizes greater then about 008 m the penetration was  independent of the 
thrust .  
t ion was usually considerably greater. 

Expe-ental inf'ormation on the penetration of sprays t o  burning fue l  is 

Broadly, 

The effect  of the l a t t e r  b o  factors are i l lus t ra ted  in 

I n  spite of the scatter of the points, the effect of 

If the peak was outside the central area of the vessel the penetra- 

I n  the t e s t s  referred to  in fig. 1 the height of the flame as dud& 
visually was 1% cm before the application of s p q  and w a s  reduced t o  mean 
values between 80 and 140 cm during the application of the spray. 
heights correspond t o  upward flame thrusts of yC and 18 - 30 dynes/cm2 (see 
appendix). 
required t o  give a 
t o  these values. 

These 

It w i l l  be seen from f i g o  1 that the thrusts of the spray 
per cent penetration fo r  the finer sprays 2s comparable 
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It w a s  observed during the t e s t s  that  as the thrust of the spray was 
increased above ZY dynes/cm2 the flames became increasingly unstable. 
with hi&er thrusts than represented in fig.  I often caused stabilization of 
the flame as a relatively flat flame above the vessel a f t e r  a period of 
instabmty.  The mhiimm sprey thrust a t  w h i c h  t h i s  phenomenon occurred w a s  
77 Wes/cm2. It muld be expected that rnrder these conditions the bulk of 
the spray, even if it w e r e  fine and of a peaked pattern a t  the f i r e  area, 
would penetrsite t o  the burning fuel; 
ation of the results in fig. 1 . This critical thrust, To might be related t o  
x, the height of the flames as judged visually pr ior  t o  the application of 
spray, by equation 1. 

Sprays 

this might a l s o  be inferred by extrapol- 

Tc = 0.5 F, 6 x ......( 1) 

Or = density of' a i r ,  g = acceleration due to graviw. 1 
It would be expected that since equation 1 represents the thrust  in the a l r  
current of the spray required t o  overcome the buoyancy head of the flames, To 
should scale with flame heigtrt f o r  larger sizes of f i re  than the fire tested. 

pressure, the thrust of the spray in  these exparimSnts was apprardmstely 
independent of' the drop size. Therdore, as the drop size decreased the 
penetration decreased. However ,  as the drop size decreased the efficiency at' 
U t  mass of spray in reducing the r a t e  of burning increased since the finer 
spray cooled the l iquid more efficiently. As a resu l t  of these two phenomene 
a &op size occurred a t  which there was a minirrnrm r a t e  of burning for a &ven 
flow rate end pressure. 
decreased from 0.8 t o  0.33 mm as the thrust increased from 6 t o  26 mes/.m2. 

For a gimn flow r a t e  of spray in the absence of fire, and f o r  a given 

This drop size depended on the  prey thrust, and 



j2. 
EXHiWISM OF ExTIlBCPION 

There are two main ways of actin&shing a fk.e with water sprey: 
(1) C O O l b g  the burning fuel and (2) cooling the flame. 
smothering the flame with steam is  one aspect of Cooling the flame and w i l l  
be dealt  with under that heading. 

Cooling the fue l  

To reduce the temperature of the fue l  the spray must be capable of 
abstracting heat from the fuel a t  a ra te  greater than the ra te  at which the 
fuel  will take up sensible heat. Heat Wiu, nonnally reach the  f'ud by heat 
transfer from neighbouring hot bodies and from the flame. Information on 
heat transfer f r o m  bodies may be obtained from tgkts on heat transfer 
although there are maay important cases, for example, on the flow d films of 
f luid over hot d a c e s  where information is lacking. 
which w i l l  be given l a te r ,  that radiation from the flame t o  the f u e l  that  is 
being cooled does not normally play a lerge p a r t  in deterrrdning critical 
conditions for extinction, although if only a p a r t  of the fire is being 
extinmshed at any one time, radiation from the rest  of the flames might 
become an important factor. 
will be paid t o  estimating critical conditions when the surface receives heat 
mainly by convective or conductive transfer from the flame. 
may be obtahed from h o r n  relationships beheen the r a t e  of burning and the 
heat transferred from the flame t o  the surface. The method used mag be best 
i l lustrated by an example. 

The mechanism of 

'bere is evidence, 

In this paper, therefore, p a r t i c u l a r  attention 

Such estimates 

Equation 2 was found by Spalding t o  give the rate 
5 of liquid fires flowing over &aces with a vert iaal  dbension 

.... eo(2) 

where m" i s  the average ra te  of vaporization p e r  un i t  surface area, 
a is the l inear dimension of the surface, 
k,c dare thermal conductivitg, specific heat and therspal d i f fus iv iw 

of a i r  at room temperature, 
g i s  the acceleratian dw t o  ea&*, c 
B i s  a transfer matmr e w  t o  c ( ~ y  .- 1 5  .id/ .zc 

where Q is the heat transfer t o  the,fuel  surface per  unit mass of fuel 

Rl% is the concentration of oxygen in air (by weight), 
E i s  the heat of combustion of the f'uel, 
Tg is  the amblent gas temperature Snd T, the . d a c e  

r i s  tfie stoiohiometric ra t io  (weiept ~f wsezl/wei&t fuel). 

VapariZed, 

temperature, 

Normally, under steady conditions, the value of Q i n  the transfer number is 
equal t o  the heat repired to  vaporize unit a s s  of fuel. Hol~ever, wha 
a spray is acting on the f u e l  and heat is being removed from the f U d ,  4 w i l l  
be greater than xi. 

t o  
For most liquid bydrocarbonsequation 2 may be reduced with l i t t l e  error 

.... 0 4 3 )  

1 
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L , 

The ra te  a t  which heat reaches uni t  area of the burning l iquld  from the flame 
the rate at which heat needs to be transferred t o  vaporize the h 8 l  

maintained if the spray removes from the l iquid a quantity of heat 8 given by 
is is \:H''. Therefore, a steady condition a s  expressed in equation 3 w i l l  be 

Combining equations 3 and IC gives either 

OT 

. . 0 .  .e (4) 

. . . 0 0 .(5) 

0. 0 ( 6 )  

If the spray is  capable of removing heat a t  a greater r a t e  than y t h e  tempers- 
ture of the fuel will be reduced. T h i s  E E L  result in a smaller value of ma 
and a correspondin- larger value ~f Q 
will d s o  bring about a reduction in the r a t e  a t  rrhich spray can remove heat 
f r o m  the fuel. 

y'. The reduction i n  temperature 

In a burnin fue l  in which the temperature of the f u e l  has reached steady 
= 0. The application of' spray with a lower conditions, 0 = tf and 

temperature than the fue l  w i l l  therefore ZWSdt in the fuel being cooled. 
This rrill continue un t i l  e i ther  a s t e e  burning condition i s  established a t  
a particular te@erature or one of the two following c r i t i c a l  conditions fo r  
extinction i s  reached. 

(1) The value of Q may reach the nxdnum value, QO which the flame i s  

(2) The value o f  a" may reach a mi.r&mu value, &a below which a flame 

The rate&t which the  spray mst abatract heat from the f u e l  a t  the  
particular f'uel temperature at which these c r i t i ca l  conditions occur will be 
given by one Crp the equations (5) and (6), and i f  Qc and ihc" are as 
independent of the linear dimension of  the burning surface, then czk be 
expected to  decrease slowly as this dimenaion increases. 

capable of imparting t o  the surface without becoming extinguished. 

cannot continue t o  eds t  above the surface. 

e a similar argument t o  that developed above it  i s  possible t o  p t  
forWard equations giving Yc for a wide range of conditions, indeed f o r  
conditions f o r  which there i s  a known relationship between the  Nusselt number 
f o r  heat transfer f r o m  a gas and other relevant dimensionless groups, e.g. 
the Reynolds, Graahof '  and €?randtl numbers. By these means i t  may be shown 
that above a certain dimension of the surface ?f c will cease to  decrease 
w5th increase in d, and if the  nind is sufficiently strong f C  w i l l  be 
proportional to the square root of the wind velocity and inversely p r o p o ~  
tional t o  the square root of d. 

A certain amouat oP Wonnation i available f o r  the c r i t i c U  value of Q. 
& for flame quenching in channels(3 7 and in flame arrestera(4) it has been . 
found that f o r  stoichiometric hgdrocarbon flames the m a x i m  amount of heat a 
flame can impart t o  a &ace before it is extinguished is 23 per cent of the 
heat of combustion af the fuel, i.6. about 2,500 &go 
out experiments on the circulation of kerosine buZaing on the surface of a 
sphere and here again it was found $at the fire w a s  extinguished when the 
heat transferred to the burning surface by the flame w a s  2,500 cal/g of fuel 
vaporized. 
CooUng d t h  water spray, the only difference being that heat was removed 

Spalding(2) carried 

spalding's experiment i s  analoeus t o  extin&shing a fire 



excess fuel rather than by water spray. 
t ions under which the mnrlnnlm h c t i o n  af the heat of combustion can reach the 
surf'ace of the burning fuel would occur when a stoichiometric udxture burns 
very close t o  the l iquid surface. 
therefore be near t o  the  value corresponding to equilibrium with a st6ichio- 
metrio mixture. 
ture a t  which the surface is in equilibrium with the lower Limit mixture and 
is approrimately e@ to the fire point. 

Using 2,500 cal/g a8 the value far Qc the following values far$meg be 
calculated for fires burmiag under conditions of natrrral conveution. 

It would be expected that the condi- 

The temperature of the d a c e  should 

For kerosine this temperature is 1 5 O C  higher than the tempera- 

Pool or spill fires 0.....(7) 1 

pires on tubes 

m e s  on vert ical  s e a c e s  

dc = 1.2/ao.~5 . . . .. . (8 )  

......( 9 )  

.....(IO) 

e 4.2/1Oa25 i < 100 cm 
= OA f o r  e > 100 cm 

xis  in c 4 a 2 s ;  d, C h a c t e r i d i c  dimension in cm. 

flame w i l l  not be sustained. 
l e s s  than the value required t o  sustain a lower l i m i t  flame a t  i t a  8ppMp- 
r i a t e  burning velocity over the whole surface; 
about 1.5 x I& pfcm2s for fires i n  -carbon liquids. 
experiments on the extraction of heat from laminar propane-air flames(5) 
indicate that a stoichiometric mixture may continue to  burn d o s e  t o  a d a c e  
t o  which it is imparting heat a t  a ra te  simi lar  t o  Qc when the combustion rate 
is  as 1m as  2.6 x id g/cds. 
tenth o f  the ra te  of combustion of pool fires under steady oaaditions; 
imply that yc mey depend on c r i t i c a l  rate of vaporisation when the dimension 
of the fire is greater than 

There is Uttle f n f o m t i o n  on the n d n b u m  value of me b e h  which a 
It might be postulated that %a should be not 

this would give equal t o  
On the other hand 

The above figures for %. are about one- 

cm, for fires burning i n  a natural draught. 

they 

The analysis so far has dealt  only w i t h  burnhg liquid$. Thew are 
W i c u l t i e s  in applying a shdlar a n a l y s i s  t o  wood. The m a i n  difpiculty as 
far as the extinction of flaming combustion i s  concerned is that the heat 

i t i o n  of wood is an endothermic pmcess, i .e.Ap is negative, but Klason -tor 6 
required t o  produce unit mass of volat i les  is not horn .  

Showed that  a s  the ra te  of decomposition increases the process changes from 
being exothermic t o  endothermic. 
decomposition required to  sustain a flame over a wood s-ace, the decompos- 
i t i o n  is indeed him endothermic. 
the analysis would have t o  be m o d i p i e d  t o  take  into account the loss  of' heat 
f r o m  the surface by radiation and the effect of d a c e  temperature on the 
combustion rate. 

"he slow dec 

There is evidence that for the rates of 

For the extinction of glowing combustion 

The above considerations are concerned With the  ra te  a t  which heat must 
be removed from the fuel in order that the fire may be extinguished by cooling 
the fuel. 
properties of the spray and the fuel ;  
referred t o  when experimental results are discussed. 

The abi l i ty  of the spray to remove this heat w t l l  depend on tbe 
this aspect of the problem lrill be 

ibitinctian of the flame 

The criterion of extinction of a flame by heat abstraction inside the 
flame i s  that  the combustion product8 as  they leave the reaction zone should 
not exceed ths temperature they lpoold have for lower limit flames; this 
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temper8ture b about 1580% f o r  a wide range OP flaannable vapours and gases. 
A dearease in temperature approximately t o  th is  value is obtained when extan- 
t ion is  obtained by adding nitrogen, water vapour, carbon d i d d e  o r  inert dusf 
t o  f lames in stoicbiometrio &&urea. 

The amount of heat w h i c h  it is necessary t o  remove from the flame t o  
accomplish t h i s  is the difference in heat of combustion of stoichiametric and 
l o m r  U t  mixtures. For most flammable organic compounds and probably also 
for  the volati les from some common d r y  wods this i s  about 45 p e r  cent of the 
heat of combustion of t h e  fuel. 
expected t h a t  there would be a zone between the fuel and the atmosphere where 
the stoichiometric mixture occur8, the heat which has t o  be removed f r o m  the 
flame 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 o r  the 
reaction zone. If the heat i s  removed from the combustion products the heat 
removal w i l l  not substantially affect  the  temperature of the products leaving 
the reaction zone. 
differentiate between the  reactants, t h e  reaotion zone and t h e  combustion 
produats. 
moving all the heat of oombustion from the flame, then the flame will be 
extinguished. 

the flame by cooling the fLsme i s  twice as great a s  the heat which an extended 
d a c e  on the  reactant side of the flame may abstract from the flame before 
the flame is extinguished. 
heat release and heat loss  ra tes  f o r  a vi t ia ted flammable 
stoiohiometric flammable mixture c lose  t o  an extended surf% %& t o  
the Intractabi l i ty  of defining the position and properties of the reaction 
zone in a turbulent diffusion flame the approach t o  estimating c r i t i c a l  
conditions f o r  extinction of the flame by water spray has been made on the 
basis of heat transfer taking place witlJm t h e  whole flame. 
volume of the flame, Z the mass ra te  of' burning and H the heat af combustion 
of the fuel, then I, the mean r a t e  of the heat production p e r  u n i t  volume of 
flame, assuming complete combustion of t h e  fue l ,  i s  If the capacity for 
heat transfer of the spray within the flame is  defined as  X, the ra te  of heat 
transfer per unit volume of flame t o  the spray, then three c r i t i c a l  c r i te r ia  
f o r  X may be put forward. 

Since with difpusion flames it would be 

In a turbulent diffusion f h e  it i s  very difficult t o  

Homer,  it would be expected that if  a spray i s  capable r d  

It is  interesting to note that the heat removal required t o  extiaguish 

T h i s  mi&t be explained by a Wferent balance of  

If V is the 

(I) Removal of a l l  the heat i n  the  flame neglecting the production of 
steam a s  a result of beat transfer t o  the spray 

x.1 = I . .. 0 . (11) 

(2) Removal of heat only from the reaction zone and the reactants, but 
a l s o  neglecting steam formation 

X2 = 0.45 I 0. .  .. (12) 

(3) &movd. of heat only from the reaction zone and the reactants, but 
assuming that all. the heat bander f o r  the drops result in steam 
formation. 
flame at  the wet bulb tempera- (about 75%). 
that the steam formed w i l l  contribute t o  the coo-g of t h e  flame 
a W t i t y  (3 per unit mass of steam equal  t o  the whole of the 
sensible heat of steam from 37C-1580ag. 
latent heat of' steam, is 1.23. 

This will o d y  be the case if the drops enter the 
It may be assumed 

The ra t io  a9 6 t o  A , the 
This gives 
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A fourth cri terion q a l s o  be put forward if steam is formed outside 

the flame either a t  the burning surface or a t  surrounding hot bodies. Under 
these conditions the latent beat aF vaporization does not contribute t o  cool- 
ing the flame but the sensible heat of steam up t o  1580% does. If the steam 
is formed at  o r  sufficiently near t o  the burning sureace t o  accompany the 
reactants in to  the flame then the c r i t i ca l  flow rate,  8, of water required 
would be 

.....(I&) 

If the steam i s  fonned well away from the bufning d a c e  and I s  heated by 
the combustion p r c c W t s ,  than W may rise t o  values equal t o  ZK 

The quantity I in equations (11) - (13) is an intensity of combustion 
F 

and depends on the conditions of combustion, particularly the air current in 
which the flame i s  burning. For petrol, kerosine, benzcle am3 alcohol f i r e s  
30 an diameter burnlng under conditions of natural draught, I 
independent of the fue l  or the r a t e  of burning and e@ t o  0.45 t o  0.50 
c d  c~b3s-I ( 9 ) .  

was found to  be 

The entrained air current in a spray not o n l y  affects the intensity af 
combustion but also affects the  critical heat tranafer rate required t o  
extinguish flame. There i s  very l i t t l e  Wormation t o  allow the assessment 
of this factor on e quantitative basis, but an indication of w h a t  might be 
expected mey be obtained from work on the blow out of flame a t  obstacles. 
For example, if the assumption i s  uiade that the fundamental burning velocity 
of the flame decreases in proportion t o  the heat transfer capacity of the 
spray, then on the basis of relationships between the blow out velociity and 
the fundamental burning velocity(10) it msy be expected that 

Where Vm is the velocity of the  entrained aFr current that w i l l  cause a blow 
out when the spray has a flame heat transfer capacitg X , d is a characteris- 
t i c  dimension of the system and a j  and b a r e  constants. 

by cooling the flame and cooling the fuel. 
(14.) that the  c r i t i ca l  heat transfer r a t e  f o r  cooling the flame is greater 
then 20 per cent of the t o t a l  heat of combustion of the fire.  Equation (4) 
and subsequent remarks indicate that for cooling the fue l  the critical heat 
transfer is l ess  than 25 per cent af the mch smaller rate of combustion that 
would OCCUT under c r i t i ca l  conditions. 
f l o w  rates would be expected for extinguishing the f i r e  by cooling the f u e l  
than by cooling the flame. As opposed to  t h i s ,  however, it is feasible that 
Unit mas of water cau, under c r i t i c a l  conditions, be the sink of a much 
greater amount of heat f r o m  the flame (about 1300 cal/g) than it  can from e 
solid OP liquid f u e l  (45 cal /g f o r  kerosine and 750 c d g  for wood). 

It is of interest t o  compare c r i t i c a l  heat transfer rate8 for extinction 
It follows from equations (11) t o  

On t h i i b a s i s  much lower critical 

mmwars ON TI~E EXTINCTI~  OF FIBE 

k order to examine the relevance of the above analyses of extinoticn 
mechanism, experimental investigations have been divided i n t o  two groups 
covering investigations in which there i s  substantiel evidence t h a t  extinotion 
was by cooling the fuel and the flame respectively. For investigations on the 
extinction of fires i n  rooms, however, there has not US- been sufficient 
evidence t o  decide on the mechanism of extinction and these imesti.gations 
w i l l  be dealt d t h  separately. 
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57. 
Coollng the fuel 

been obtained f r o m  experiments with ppol fires that the c r i t i c a l  heat transfer 
r a t e  for  extbct ion of the f i r e  by cooling the fuel is controlled maidly by 
conveotion from the flame t o  the liquid rather than by mi ia t i on  fron the 
flame. T h i s  evidence may be summarised briefly a s  follows: 

Critical flow r a t e  of spray for extinction of pool fires.  mdence  has 

(1) With sprays a t  less than the c r i t i c a l  ra te  a steady fire condition 
could be established with a temperature near t he  liquid surface not 
greatly in excesc. of the f i r e  point, with a flame s ize  very much 
less than the siee of the flame if no spray were applled, and with 
the flame reacbing down t o  the M a c e  of t h e  l iquid(1).  In these 
fiws the predominaat meohanism of heat transfer t o  the fuel 
surface was by convection. 

(2) The effect of scale on the c r i t i c a l  flow r a t e  was a s  nray be expected 
if conveotion controlled the critical heat transfer r a t e  rather 
than radiation. 

The reason for the above phenomenon is that when d a t i o n  is the 
predominant mechanism of heat transfer from the flame t o  the supface, the 
bulk of the heat reaching the surface i s  taken up as latent and sensible heat 
of the vapour leaving the surface and does not manifest i t s e l f  as sensible 
heat in the remakcLng fuel. There i s  thus U t t l e  resistance t o  the cooling 
of the fuel by water spray. The temperature of the surf'ace is also mch 
hiaer than the fire point and t h e  capacity of the water sprey  for taking up 
heat is correspondin@ much greater. 
uish kerosine and transformer oil f i r e s  by cooling the fue l  p l o t t e d  against 
the mass median drop size f o r  f'iws burning in vessels 11, Jo and a 3  cm 
diameter. 
obtained by extrapolating t o  the f i r e  point relationships between the flow 
ra t e  of s p r q  reaching the fuel and the resultiag steady temperature near the 
fuel suppace, for SPWS of different drop size; the s p w  was a p p l i e d  i n  a 
downward direction(I1). 
t ion  took place by cooling from t e s t s  in which no extinction occurred. 
Althoua f o r  both f i r e s  the critical rate was approxbately proportional t o  
the drop s im,  f o r  a given drop size the r a t e  was slightly less for the 33 QO 
diameter f i r e  than f o r  the 11 cm diameter fire. If radiation controlled the 
c r i t i c a l  heat transfer rate,  the crit ical  flow r a t e  for extinction would be 
expected to  be Io0 per cent greater for the Jo can diameter f i re  but if 
convection controlled about I 5  par cent smaller. 
points f o r  tests with horizontal application of spray to  a kerosine fire 
30 cm diemeter and f o r  hand application of spray t o  a f i r e  243 an diameter 

If radiation 
controlled the c r i t i c a l  heat transfer rate, a r a t io  of 2.5 would be expected 
in the critical rate. After taking into account the probable effeot of drop 
size them w a s  i n  f a c t  no difference in the c r i t i c a l  rates. However, the 
&tical ra te  for horizontal application f o r  the Jo an diameter f i r e  was 
about halp that f o r  vertioally downward application. 
this difference i s  that the spray pushed the flame sideways; as a result 
thedrops bid not become heated in the flame and have a greater cooling 
capacity when they reached the liquid. 

which the b d g  surface can "see" all the flame than w i t h  other f i res .  
a s t i o n  from the flanie of the fuel being extin&shed has a a h o r  effect  on 
the c r i t i ca l  rate21 for e x t i n g u i s h i n g  pool fires by CooUg, i t  i s  reasonable 

Fig. 2 shows critical ra tes  t o  exting- 

The curves f o r  the Jo and I1 cm diameter karosiae fires wre 

The curves obtained separate t e s t s  i n  which extinc- 

The Wference between the 

be accounted for by the different drop sizes of the spray. 

A possible reason for 

The effect of radiation i s  l i k e l y  t o  be much greater with pool f ires i n  
Since 

t o  ne$& it for  0th- fires. 

3 



The effect of d r o p  size on the cri t ical  rate fo l lms  from the fact that 
the drops are in  the liquid for only a United time a d  the i r  size I s  a 

factor in  the rate at  which heat is transferred. It would be ~Z%) that ttze heat er from the body of the liquid t o  the drops 
would be proportional t o  D 4 y l i  owever, the transfer d heat from the 
surface of the l iquid t o  the inter ior  would be expected t o  increase as the 
eddy conductivity caused by the turbulent eddies set up bq the motion of tbe 
drops on the liquid; this is estimated t o  increase as D+S. "he aotual 
effect  of drop size resul ts  from a combination of these tno factors. 

The driving force for heat transfer i n  the liquid mey be represented by 
bT, the difference in temperature between the surfaoe of the  liquid uuder 
critid conditions (for pract ical  puxposes the flre point) and the tempera- 
ture d the drops (for  p r a c t i c a l  puzposes ambient tenperature). It would, 
therefore, be expeoted that for a given drop siae the cr i t ical  rate should be 
inversely propor t iona l  toAT. Measurements of c r i t i c a l  rate indicated in 
fig. Z for downward application of spray t o  a transformer o i l  f i re  30 cm 
diameter and hand application of spray t o  a fire 243 cm diameter support this. 

&tinction time for pool fires. As long as  the flow rate of spray is greater 
than the cr i t ica l  value, then extinction will take place in a time which 
depends on the amount of heat present in the burrdmg fuel which must be 
removed by the spray t o  reduce the surface tempemture to  the fire point. 
With most pool fires t h i s  heat content increases as the preburn time 
increases up to about 10-213 minutes but f o r  hot zone foming liquids, e.g. 
h a v g  fuel  oils, tbis heat content may increase Mefinitely. Xxperiments 
(12)(13) on extinction of pool fires using fixed nozzles sited vert ical ly  
above the burning liquid (see plate 4 ) and for hand extinction af an 8 ft 
diameter f i r e  (plate 2 )  gave the fdUawing rehtionships. 

Fixed nozzle 

- . (I 6 )  

Hand application for  8 ft dtameter vessel 

. * . (4 7) 0.85 -0.68 $*39AT-1*67 L4.33 
Fl t ZI 121,600 D 

where D is the mass m e d i a u  drop size of the  spr 
M is the f l o w  rate of sprag 
Y is the preburn the i n  minutes 

b T  is the dif'ference between fire point and ambient 

in m 
gallons f i -L -1  

temperature OC, 
Fl is the total f l o w  to  the f i w  in gsllon/mip. 
L is the t o t a l  number of tests carried out by the operator 
t is the extinction time, sec. 

The influence of drop size ant3 of flow ra te  of spray are as mag be 
expected from considerations af heat transfer between the liquid and the drppa. 
The hf'luence of AT, however, i s  greater than may be expected f r o m  a heat 
traad'er basis alone. A reason for this may be that the highar the value of 
AT the greater was the temperature of the surface of the liquid in excess of 
ICOOC, particularly when app-ation of water s p r a g  commenced, and the  great- 
w a s  the steam formetion in the liquid during the extinction proCes9. 
steam probably accelerated the cooling OP the liquid surface hy stirring the 

This 
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bulk liquid. An increase in the reburn tima increased the xt' c t  
although t o  a lesser extent for & application than f o r  ffke?app*c%&. 
The experience of the operator as expressed by the fac tor  IC in equation (17) 
was a lso  an i q o r t a n t  fac tor  in the extinction of fire by hand appucation. 

Both the equations (16) and (17) presume that the  bulk of the spray 
reaches the  burning liquid. 
the up- thrust of the flames and if the flames could burn vertically 
upwards against the sprqy,  then the extinction time w a s  prolonged. 
connection it  i s  noteworthy that the size of the flames in the  first few 
seconds of application were usually considerably greater than the size before 
application of spray, a s  indicated in plate I. This was  due t o  the  sputtering 
of fuel intdthe flame. However, for t e s t s  on f i ce s  3 f t  and 4 f t  diameter in 
a large roofless st;ructure)the ambient wind was usually sufficient t o  blow the 
flames away from the upright position and the force of the spray was not a 
siCaificant faotor i n  extinction of the f i r e ,  if the spray was much wider 
than the fire. With hand application of spray t o  an 8 f t  diameter fire there 
was no difficulty i n  enabling even fine sprays  of low thrust t o  reach the 
burning liquid, since the f i re  could be approached on the upwind side and 
applied directly to  the base of the flames. A complicating fac tor  i n  a l l  
these t e s t s  was the occurrence of splash f i r e s  w i t h  coarse sprays; 
f u e l  was splashed into the flame by the spray and a vigorous flame maintained 
even though the l iquid was cooled well below the fire point. 
splash f ife was established, the spray were taken away the fire often went 
out. An exsmple of this is shown in plate . 
Fires i n  o i l  running over metal work. When sprays are applled t o  a pool 
fire which has been burnitlg for some time, there is an ini t ia l  upsurge of 
flame and the flames then reduce i n  size gradually w i t &  the extinction time. 
When burning liquids are flowing over a surface the l iquid layer is verg th in  
and the sensible heat in the l iquid which needs t o  be removed is  very small. 
Providing the flow r a t e  of water spray is  near the c r i t i c a l  rate the flames 
are r d W e d  in size almost immeaately after turning on the water spray and 
thereef'ter are reduced in size much more slowly. 
pla te  4 which shows a fire in transformer oil flowing over a test r i g  
consisting a bank of tubes 5 cm dfameter. 
extin&& the fire in a given time depended on the preburn time in this 
case since during the prebufn period the tubes themselves were heated and 
acted as a reservoir of heat during the application of sprw. The effect of 
the temperature of t he  tubes on the r a t e  of' flow required t o  control and 
extinguish the fire is  #ven in  Fig. 3. The relationships i n  Fig. 3 were 
obtained for sprays projected directly domviards from 5 f t  above the point in 
the tube rig w h e r e  oil was wetted (6 in below the top) ,  but t e s t s  in w b i c h  
the sprays were projected Prom a similar distance from the side of the r i g  did 
not give sigpif'icantly different results,  nor was there any difference i f  the 
tube bank was horizontal rather than vertical. 
was found t o  have no significant effect  i n  the range tested (mss median 
0.6 t o  3.0 am); there was evidence, howev 
city increased the efficiency of the s p r a y r t )  and the effect of the drop 
size mey have been lpasked by the f a c t  that the r a t io  d drop s i z e  t o  drop 
velocitg was constant for the sprays referred t o  in Fig. 3 .  The tests 
covered a wide range of ambient wfnd conditions. 
that  the c r i t i ca l  r a t e  for these varying conditions increased as the tempera- 
ture of the tubes increased. 
between m e a  (1) and (3) in Pig. 3. 

Lp the domward thrust of the spray was l e s s  than 

In this 

P 

1 
burning 

If, whea a 

T h i s  i s  i l lus t ra ted  in 

The r a t e  of flow required t o  

The drop size of the spray 

that an increase in drop velo- 

However, Fig.3 indicates 

These Critical ra tes  may be taka as l y l ng  

A large number of t e s t s  have been c d e d  out in the United States in 
w h i c h  water sprey has 
simulating transformers q%fiEf A comparison between the results of these 
t e s t s  ami those carried out on the tube rig in En- has indicated that t o  

ed t o  oil f i r e s  on sheet metal structures 



obtain a given extinction performance under given conditions of nozzle pressure, 
o i l  fire point and preburn time, a mean flow t o  lmit area of the envelope of 
the tube rig on the 
metal simulated transformers was required. squations 8 and 10 indicate that 
the r a t i o s  of c r i t i c a l  heat transfer m t e s  t o  the smface w o u l d  be about 1.8j 
€he 'expected r a t i o  of f l o w  ra tes  t o  the  envelopes of the two rlsks would be 
between 1.8 and 2.8, sf the d m i  velocity cQntrolled the c r i t i ca l  heat 
transfer r a t e  the expected r a t i o  would be greater, It is unlike* that the 
condition for heat transfer t o  the drops in the o i l  would d i f f e r  between the 
oil. Furuzing down tubes and a vertical  surface although i t  would be expected 
that the accessibility of sprey t o  the surfaces would be easiar for a flat 
surf'ace than for a neat of tubes. 
support the  theoretical approach. 

Cr i t ica l  rate for extinction of' a wood fire. B~~TL('~) has measured the crft- 
i c a l  Fste for a wood fire consisting o f  piece8 2 in s~uare section and a to t a l  
surface area of 80 ft2. The minbnm r a t e  a t  which he obtained epctinction w i t h  
water was 0.16 &lons/mbute correspondiag t o  a rate of O . O l g / a k .  
concluded fron other observations that extinction was by c0-g the wcod. 
Under t h e  conditions he used it may be assunsd that the  water was entirely 
vaporised; 
wood &ace. From FPformatlon on the heat of combustion of wood volati le8 
and assuming thet c f i t i ca l  c r i t e r i a  as described above mey be applied t o  
burning wood, i t  may be estimated that 0.8 cal/m-2a would have been trans- 
ferred from the flame t o  the wood M a c e  under c r i t i c a l  conditions. The 
difference between the measured and estimated values might be taken t o  indi- 
cate that a substantial heat t r e n d e r ,  of the order of 800 cal /g,  was re-d 
t o  cause the  evolution of suff'icient vo la t i les  far combustion. 

L 3  tiplaa as great as that t o  the large sheet 

b a d l y ,  however, the comparison does 

this would correnpond to a heat transfer of 0.1 cal/a& a t  the 

D i r e c t  extinction of flame 

To examine the relevance of the the04 developed above it is necessarg 
t o  have an estimate for X, the heat transfer capaci- for the sprays. These 

ec i f ic  heat , viscoslty, t h d  condUcMvity, h 

D drop size, Va drop velocity r e l a t i v e  t o  gas stream; 

h heat transfer coefficieat; 

(3 enthalpy increase per unit mss of wpour between surPace ad. flame 
temperature; 

heat required t o  vaporize uni t  mass of the liquid. 

I~I estimating X it was assumed that the concentration and VeloOitY of the 

Since the surface area of dmps of size D present  per Unit vdume of 
4 

drops in the flame were the same as  in the approaching spray, and t h a t  the 
contribution of the individual fractions of t he  different drop sizes could be 
added. 
space through w h i c h  the h p e  are passing i s  proportiOnal t o  I+@@ 
is the flow rate p e r  unit  area, it follaws from equation 18 that 

x a~ M ~ ~ 4 1 . 5  t o  2.0) -(0.5 t o  1.0) r ... 9 (1 9) 
where I i s  the t o t a l  fzon rate per unit area, D, and Vr are a representative 
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drop size and drop velociQ. 

The extinction of fire by water spray by extingnishing t he  flame has 

::%88j. Extinction of the flame diPPered from extinction by cooling the 
fuel in  tha t  there was a sudden clearance of a canparatively large volume of 
f l ame which led t o  extinotion. 

d with f i r e s  in kerosine petrol and beneole in a vessel 30 cm diam- 

. 

t 

, 

When the spreg was applied in a dovwpard direction the m e s  of the 
petrol and kerosine fires were not extinguished unless the dawnward thrust of 
the spray was greater than 60 and It0 dynes /~d  respectively. 
t ~ ~ . 8  comparable u i th  the upopsrd force of the flainea before the spray was 
applied. 
8.9 long as the heat transfer capacitg of the  spray nas greater than about 
0.15 cal/cm3s, and as long as the preburn time was not vary short. 
value is intermediate betwe- those expected f r o m  equations 12 and 13, if I 
is taken t o  re fer  t o  the upward moving flames before spray application. 

For a given type of spray the most important factor in the heat transfer 
capacity- is the drop size of the apray (equation 19) and kr the thrust OP the 
spray the rate cif flow per unit  area of the f i re .  
spray is plotted against the c r i t i c a l  r a t e  of flow for extinction at that 
drop size, the above phenomenon of c r i t i c a l  thrust manifests i t s e l f  a s  a flow 
ra te  below wbich the fFre is dFfficult t o  extinguish with sprays of aqy drop 
size. 
way in Fig. 4 for the kerosine and petrol f i r e s ;  
non-extinction are shown f o r  the p e t r o l  fire. 
for the extinction of the kerosine f i r e  by cooling the liquid have been 
iaeluded. Shilar relationships obtained by the author for sp produced 
by kypodermic needles acting on a kerosine firs I1  cm diameterf%, and by 
the National Board of Fire  Undelarriters for sprays aoting on a petrol fire 
15 om diameter(=) have been given elsewhere. The c r i t i o a l  flow r a t e  below 
which extinction was di f f icu l t  m s  smal ler  in both cases thau those shown in 
Fig. 1, for the 30 an diameter fk.es. This may be mainly a t t r i b u t d  to the 
smaller dimension of the fires and t he  resulting smaller upward force of the 
flames, but different conditions of test acd different patterns of spray at 
the f i r e  area also probably played a part. Extinction of the flame has bean 
found t o  be easier if t he  peak concentration of the spray is near o r  even 
outside a e  edee of the vessel, since after a clearance of part  of the flame, 
the rerunants d flame from which a f l a sh  back may occm are a t  the edge(=). 
This phenomenon may account d s o  f o r  co 
extinction 

mese forces 

With sprays of greater downward force the flames were extinguished 

The above 

If the drop size of tbe 

C~Lt ica l  flow ra tes  for extinction of a flame have been plotted h this 
poi i l t s  for extinction and 

For comparison critical flow ra tes  

atively l o w  flow rates for 
P h e  reported by Y. Ya=i33. 

During the t ea t s  the flames were usually w i l d  with frequsnt part- 
c l e w a c e  aad flashbacks. 
preburn time was verg short  (less than I O  seo) and when spram w i t h  hi& 
do& thrust were used, the spray pushed the flame m e d i a t e l g  in to  a 
flat flame close t o  the liquid surface which was very d i f f i cu l t  t o  erting- 
ui&. 
transfer capacity of the spray; a sprey with a d@$m to 0.a csl/a3s, 
gkee thin blue flames near the inside edge of the vessel (plate 5 
a v d u e  of X at' 0.14 cal/cm3s ; a be l t  of yellow flame covered the whole 
vessel. Planes stabilized close to the U @ d  d a c e  were also obtained if 
spray mre applied t o  the surface at an angle less than 300 t o  the horizontal. 
It was estimated that t he  value of I for flames stabilized in t h i s  WW was 
about 2.5 cal/om3a. . 
e w  t o  about 0.5 t o  I caliun3q 
these flames re l iably .  

However, with pe t ro l  and beneole fires when the 

me appearance of the flame depended on the dcp size and heat 

);Mth 

It would, therefore, be expected that a value of X 
w o u l d  have been required t o  d in&& 

'/ 
r, 
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e ession analyses on the extinction time for the kerosine end petrol 
fLm8?8 indicated that for sprays with a given value of X the entwiaed 
a i r  current had a powerful ePfect on the extinctian time. This effeot uas 
much more povmful thaa miat be expected from a relation such aa is given 
i n  equation 15, This may be attr ibuted to two reasona. Xrstlg, t5e entra- 
in& a i r  current helped t o  present the spray to all parts  of the flame; 
associated dth t h i s  reason it also helped the spray penetrate t o  the burning 
lima, cooling the l a t t e r  and tb.18 reduoing t he  size of the flame. Secondly, 
the entrained sir ourrent tended to blow awg the tb idc  vapour zone which nas 
usually established a f t e r  burniag for about 10 seconds end tbns render the 
flames unstable, 

-RON OP FIXES 119 ROOM9 

Testa have been carried out by authorities on the extinction aP solid 
fue l  fiFes in moms. 
more  efficiently controlled by cooling of the f u e l  or by the f o m t i o n  aS 
steam wbich cools the flames. 

It is not yet c l e a r ,  however, whether these fires are 

Ikmgoe(24) has found t h a t  the rate of burning in room f i r e s  is, an the 
average, directly proportional to  the ventilation, and the constant of pwpor- 
t iona l i t s  indicates that the r a t i o  of air to  fuel volati les  is the stoichio- 
metric ratio. When f i r e s  in rooms are attacked w i t h  spreys front an opening 
i n  the wall, then additional air would be entrained into the room comparabb 
with the normal ventilation r a t e  through the opening. 
it may, therefore, be expected that t h e  f i re  is burning with exaess air d e n  
extinction is conrmencerl, The c r i t i c s l  amount of steam required to smother the 
flames muld tken be governed by equatfon(1b). 
equation ll+ that  if steam is obtained by the impact of spI%' on t b  burPfng 
d a c e ,  the critical flow rate of water to.form sufficient steam t o  exth- 
the flames is I O  t o  15 times greater than that found by ~ryan(17) t o  be 
necesssrg t o  extinguish a wood fire by cooling, However ,  conditions in 
practical fire fighting may a t i l l  frequently be such that steam eXtiaokiosa 
would require the use of a smaller t o t a l  quantity af water, 

From the int r insic  nature of extinction of the flame by steam and SZtiac- 
t i o n  by cooling the fuel,  the quali tative effect  of various factors on the 
efficiency ~f control ( L e .  critical f low  rate and quanti* of water mq-) 
may be deduced. These effects are compared in Table 1. 

Under these conditions 

It lcey be estimsted Using 

1 
i 

1 
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Table 1 

Effect of various factors  on control of room fires 
by cooUng and by steam forntation 

Factor ! Cooling t h e  fuel j Steam formation 

1 
1. Increase in p r e b ~ r n  ; C r i t i c a l  f l o w  rate increased j NO effect 

lapprojdmateu in proportion j 
1 t o  p m b m  time. 

time I somewhat. Q U a n t i t g  increased 

I 
2. Decrease in ease OS 1 

access of water sprey jeuantitg increased 
t o  burning surfaces. 1 

I 

No substantial  
I 

3. Increase in the / C r i t i c a l  S l o w  rate increased I No substantial 
fraction of incombus-;  (due to  radiant heat fall ing €@Sect if inconburr 
t i b l e  d a c e  present; onto burning surfaces). 1 t i b l e  surfaces are 
to ta l  area of combus-i I hot. 
t ibles  renuxining the 1 

1 SBIPB. 

4. Increase in ' No effect 
ventFLation 

' Crft ical  f l o w  rate 

i iacreased. 
! 
I 5. Linear dimension d Crit ical  ra te  coportional Critical rate 

t o  d s 
Available t e s t  results have been sllllmaarised by Hird e t  but owing 

t o  the lack OS a Bystematio investigation of the above factors, at least  on 
the full scale, it is not possible t o  give a firn opinion oa the extinction 
mechanism. *$? mounts of water used t o  control the fires varied from 2 t o  
15 gallons/lwO ft3. 
series of' t e s t s  in which sprays of varying pressures from 80 t o  500 1b/in2 
and with flow ra tes  from 5 to  25 gallons/minute were used against a standard 
fUly developed fire in a room of volume 1750 ft3. 
in plate  7. The quantity of water required t o  control and extinguish the fire 
was 7 and 17 gallons respectively, and w i t h i n  the variance of the results, 
was independent of the pressure, the f l o w  rate and whether j e t s  o r  sprays w e r e  
used. 

The above workers also canled out a comprehensive 

The t e s t s  are i l lus t ra ted  

USE OF WBTER SPRAYS IN F'RACKCAL FIRE FIGHTING 

The following broad principles may be put folaard on the basis of the 
exparimental mrk carried out at  the Joint Fire Research 0rganil;ation and 
elsewhere. 

(1) 
made t o  reach and cool the burning fuel. 
absorb heat i n  doing this i s  gene- far less than the rate of production 
of heat by the fire. Experimental results are available dving Wormation 
on &ti& ra tes  for a few systems. On the basis of equations 7 t o  10 or 
other relationships developed in m a r  nnumer, it 

In general the best way of putting a fFre out is that sprag should be 
The r a t e  a t  which the spray need 

possible t o  extrapolate 



these results t o  other systems a s  long as heat t rmsfer  between the spray drops 
and the b e l  behaves i n  a similar way. 
of equations 7 to 10 is that; crit ical flow r a t e s  per unit area for a given tspe 
of system should not increase as the scale increases; 
they may i n  fac t  decrease, 

(2) If sprays are appued downwards to a fire with a flame moving steadily 
upwanis then for the bulk o f  tba water t o  reach the burning fuel the dommard 
thrust of the spray should be comparable t o  the upward +&%st of the flame. 
These two thrusts may be calculated as indicated in the paper. 
are applied la teral ly  or by hand from the w i n d w e d  side of a f i r e ,  a mch small- 
er t h n m t  is  necess8PQ. 

Perhaps the most bqJortant consequence 

under some conditions 

If the 

(3) Water sprays in current use are unreliable ia extinguishing a fire.that 
cannot be extinguished by cooling the h e l .  However, extinction may f r e p a t -  
ly be obtained with available fire sprays produced by pressure nozzles. ( ~ S S  
median dmp size 0.2 - 0.4 m) particularly if there i s  no change to stable 
burning in the air current of the  spray. men extinction is not obtained, a 
large reduction ia the s ize  o f  flame may be achieved. 

(4) For most of the fires f o r  which water sprays am useful, e.& fires in 
sol ids  and f i r e s  in high boi l ing  liquids flowing over solid surfaces, the drop 
size of the sprey i s  not usually an important practical  factor. 
fires i n  deep pools of hi& boiling Uquids t h e  efficiency of the spray 
increases as the drop size i s  reduced. 

( 5 )  The pressure a t  a nozzle M u e n c e s  a number af factors tht affect the 
extinction of f ire.  However, where sprays may be rel iably  used for extinction 
of fire, an increase in pressure about 100 lb/in2 with a given f lop  rate of 
sprag has not been found t o  confer aag extra efficiency on the spray provid- 
ing that the water can rea& the seat aS the fire. 
for a pump, therefore, depends rather on operational factors,  in part icular  
the length and diameter of hose line and the flow ra te  which it is desired t o  
give the operator,  than on int r insic  efficiency of' the spray i n  fighting the 
fire- It should be added here that an increase i n  flow ra te ,  or a de e se 
in cone = d e ,  has a greater effect  on increasing the throw of a spJ22,27) 
than an increase in pressure, and that an increase i n  pressure has a SmaLZer 
effect on reducing the drop size of a spr  
100 lb/in2 than when it is below 100 l b / a .  

Howaver, for 

The choice of pressure 

when the pressure is above 

Fiaally, it is instructive t o  compare quantities of water which have 
been found necessary t o  extinguish experimental fires with those actuallg 
used in practical  f i r e  fi@ing, For f5rea in rooms it has been found 
experirnenta.Uy that a b u t  IO e o n s  per 100 f t 2  af f l a r a r e a  is required and, 
according t o  the d r o p  size of the  spray, from 5 t o  15 gallons may be used t o  
extin@& a gas 0 

provided by Xobius@d the ' ' 

davelo ed room fires under o p e r a t i d  conditions is about 100 gallons. 
Thomasb) made an analysis of the amount of water used at larg fires based 
on t h e  number o f  pumps called t o  the f i re .  It meg be estimated f r o m  this 
a n a l y s i s  that for large fires approximately IO00 gallons of water i s  used for 
Io0 f t 2  of the fire. %%us, ei ther  wastage or operational d i f f icu l t ies  in 
applying water to  fires is by far the most important factor governlag the 
amount cf water used, and this would appear t o  be a direction where a 
substantial research effort i s  worthwhile. 

001 fire of the same size, According t o  infarmation 
quanti* of water t o  extinguish fully 

I 
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APPENDIX 

THBzisp OF FLUES AND SWAYS 

Thrust of flames 

A complete analysis of the movenent of flame has not yet been made, but 
as  this movement i s  controlled by the buoymcy of the flame, it would be 
expected that the upward thrust would be proportional to  the flame height 
Analysis of byoyant columns r i s ing  from small heat sources indicste(30,3qj 
that the thrust a t  the centre clp the column i s  given by 

. .-(a) 
where p 
is the dgnsity of the ambient air. 

i s  the density of the  column a t  a point a above the source and 

In Fig. 5 some calculated thrusts based o measurements of the upward 
velocity of flames and the flame temperature(9 P are p l o t t e d  against the 
buoyancy head (f; $)9 X for fires in different l iquids burning i n  a vessel 
30 cm diameter; $is the densits of the flame and x the height of the point 
in the flame for w h i c h  the thrust was estimated. The vdoci ty  measurements 
were made by ovserving the upward motion of the top of the flame and eddies a t  
the side of the flame as recorded by a cine camera; the calculation of the 
thrust was made for  the mean time o f  burning and the mean height of the flame 
a t  which measurements were made. 
mean temperature across the flame a s  measured by the Schmidt method. 
straight l ine  relation (equation 21 ) obtained 

The tamperatme on whichf5was based was a 
The 

. * * , .( 21 ) 

conf'ims the proportionality expected and indicates that thrust i s  independent 
of the nature of  the burning fuel, 
than would be expected f r o m  equation (20). 

The constant, however, is considerably less  

On the basis of equation (21) it is possible to calculate the upward 

burning and the main dimension of the fuel layer 
thrust of the flame knowing the flame heights. 
by Thomas t o  the rat o 

The l a t t e r  has been related 

f o r  so l id  fue l  fires 7 5  32 . 
Thrust of a spray 

A spray a f te r  leaving a nozzle very soon becomes a suspension of' drops 
moving i n  an air stream. 
momentum from the drops and is  of importance in determining the velocity of 
the drops and the motion of the spray a s  a whole. The total S o d  thrust 
of a spray may be measured by the reaction a t  the nozzle, 

The air st resm i s  generated by the transfer of 

Measurermnts of 
ed air current of' sprays directed do- from a number of 
have shorn that f o r  sprays of mass median drop size less  than 

1.0 mm the bulk of the thrust  i s  transf'erred into momentum of the airstream 
by the time the sprag ims reached a plane 6 f t  below the nozzle; most of the 
remaining thrust may be accounted for & momentum of the drops moving a t  the 
velocity of the air stream. 
1.5-3.5m) about 50 per cent of the init ial  thrust  i s  converted into momentum 
of' the air current. 

a t  the nozzle, both these fac tors  being proportional t o  the square root of the 
pressure. The reaction of  a spray nozzle, however, i s  less  than the product 
mentioned abme due mainly t o  the  presence o f ' a t e r d  motion in the s p ~ .  
Fig. 6 shows the ratios of  the reaction of a nGber of  spr nozzles t o  that 
of corre ondin oerfect jets and indicates the extent to  %ch the reaction 
i s  reduc3  as t%eA cone angle increases and as the spray pattern becomes less  

For very coarse sprays (mass m e d i a n  dropssize 

The reaction of a j e t  i s  the product of the flow rate  and the velocitp 
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peaked in the centre. Knowing the reaction a t  the nozzle, an approximate 
e s t b t e  af the meen forward thrust in a plane i s  given by B/A where A is  the 
cross-sectional area of the sprcy in the plane, and if the assumption i s  also 
made t h a t  the t h s t  has been entirely converted into movement of the entrdned 
a i r  stream than the air velocity I:, may be given by:- 

. . * * * (22) 

where is a constant depending on the nozzle 3 i s  the nozzle pressure 
F is the flow r a t e  

Equation (22) gives, of course, a mean value of Va. There i s  evidence, 
however, that the distribution of entrainad air velocity in a plane  perpendic- 
ular to  ths spray a x i s ,  when both ent&ai.ned air velocity EXXI distance fran 
the axis  are expressed in dimensionless terms, i s  appr0d.mateI.y independent of 
the distribution of flow ra te  within the spray. 
of the entrained aFr veloci- is  M a r  to  the distribution found in a turbu- 
lent air jet. 
identical distribution of the entrained air for tvro sprays with d d e l y  d i f f e r  
ent spray pattarn. 
radii where the entrained air velocity and w a t e r  f l o w  rate were respectively 
1/IW of the values in the centre of the sprey. 

equation L?, that for a given part of the spray 

I n  addition the distribution 

These points are i l lus t ra ted  in Fig. 7 which shows an almost 

The radius of' the spray referred t o  i n  t h i s  figure were 

For sprays with a dailar pattern over a given area it follows from 
< >  
J 

where M i s  the loca l  flow r a t e  per unit area. A relation s b L L a r  t o  this 
has been found t o  hold for a wide range of values of P and M o r  spreys 
projected domward from a battery of impinging j e t  noziles(2d. 
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constants 
Specifio beat in gaa bo- h y e r  

Lirrear dimension 
Acceleration due to gravity 
Heat transfer coefficient 
marmal corzductivity 
Lirraar dimePsion 
Concentration at' oxygen i n  the a i r  
Rate af burzling p e r  unit asea par unit  time 
Stoi-tric ratio (weight OS airheight 
Time 
velocity of entrained air ,  of spray drops, a d  veloaity 

Upward velocity in flame, L, buoyant hot column. 
Height d flame 
HeipPt of buoyant colonm. 
Cross sectional area of spw. 
Transfer number (af ter  spalar~g)  
Drop siae. 
T o t a l  flow rate of spray 
Heat o f  combustion 
Intensity of combustion i n  flame 
T o t a l  flow ra te  of sprey per  d t  m a ,  flow rate of  drop8 

Humber of t e s t s  carried out by oparatar. 
Presswre to produce spreg with pressnre n o s d ~ s .  
Heat transfer to f'wl surPace per unit maas of fuel 

Beaction of' nozzle. 
Cas temperature, d a c e  temperature. 
Difference in temperature between fire point end ambient. 
Voluwt of flame 
Critical f l o w  ra te  of water t o  extinguish flsme by 

critical values af x. 
Heat transfer t o  spray witbin unit vobaa of flama ~IL 
unit time. 
Preburn time 

fuel) 

to  blow out flame, 

Axe D. 

vaporised, critical value of Q. 

steam f o m a t i o n .  

Sate of fuel C O n S ~ t i o n  i n  pire. 
T h d  difftrdvLQr 
Sensible heat of steam o r  vapour. 
Heat taken up as sensible heat fn fuel per  unit area of 

Heat required t o  vaporize unit massAliquidiof' fuel. 

Densitg in boundary layer, in flame, ambient &,in 

ci 
surfaoe per unit time, 

viscosi+q in boundary ltgn3r. 

Thrust of spray 
c r i t i c a l  value a€+ r 
buoyant col\mn?. 
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BEFORE SPRAY 
APPLICATION 

6 s  8 s  

EXTINCTION.OF FIRE IN TRANSFORMER OIL BY 
DOWNWARD APPLICATION OF SPRAY FROM FIXED 

NOZZLE (EXTINCTION TIME 8 - 8  8 )  

PLATE 1 

75 * 
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BEFORE SPRAY APPLICATION 

FlRE UNDER CONTROL 

EXTINCTION AT NEARSIDE OF 
A RIM 

4 

1 JUST BEFORE EXTINCTION 

1 
EXTINCTION OF FIRE IN HEAVY FUEL OIL BY 

SPRAY HAND APPLICATION OF WATER SPRAY. 
FLOW RATE 1.4 GAL/MIN. 

PLATE 2 



BEFORE APPLICATION OF SPRAY 

SPLASH FIRE DURING APPLICATION 
OF SPRAY 

1 SECOND AFTER REMOVAL OF 
SPRAY 

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

PLATE 3 
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i 

I 
f 

I 

APPLICATION 

30 8 

CONTROL OF FIRE IN TRANSFORMER 
OIL ON A BANK O F  TUBES 

i 

PLATE 4 
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c 

4 

t 

STABLE FLAME CAUSED BY ACTION O F  F I N E  

0 .28  mm.  FLOW RATE 1.6g cm-2 min-1 
SPRAY ON PETROL FIRE.  DROP SIZE OF S P I W Y  

PLATE 5 

STABLE FLAME CAUSED BY ACTION O F  S P R A Y  
ON PETROL FIRE.  
0.28 mm.  FLOW RATE 1.6g cm-2 min-1 

DROP SIZE O F  S P M Y  

PLATE 6 



ATTACK WITH A WATER JET ON A FULLY DEVELOPED 
FIRE IN A ROOM 

PLATE 7 

1 
. 


