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TBE EX:TDTa.rfm; OF ~'IRES m EfTCLOSED SP,',CES

by

.=
P. i1.. Thomas and P. j.:i. ~'. Smart

The first part of this report is a review of information derived
from tests and actual fires on the amourrts of water necesaary to
extinguish fires in rooms.

The second C'l)Xt of the report describes experiments made t"t the
Joint ~'ire Research Organization iel r.hi.ch the extinguishing capac'i,t;v
of spr~s and jets have been studied under various conditions. j~C

low rates of flow the amount of YlutEl:' required is the aame ilith sprnya
as with jets and it increases ',lith increasing rate of f Lov; ':;::1is
increase, however, is much less marked \lith spr-cys, The degree of
manceuvre acd.Ia'ty of the spray or jet aff'e cbs the ro.pidity of
extinction less with sprays than ,lith jets"
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THE EKTTITC'l'IOH 0:;" ~'IRES n: ENCLOSED S?).l~ES

by

P, i:. Thomas and p•. H. T. Smart

Introduction-- --
The cooling or smothering action of water in a fire depends on

rate at which heat C8.n be taken up by the water. Since this rate of
heat transfer can be increased by increasing the surface ar-ea of the
water there are grow1ds for sup?osing sprays to be superior to jets
in some conditions.

In 1944 some tests (1) ..ere sponsored by the i'Tational Bocz-d of
Fire Underwriters and the report included the statement that "Fo
characteristics of spray or fog nozzles justify consideration of such
streams replacing the volume available from standard fire department
nozzLea where fires have reached a stage producing a large emount of
flame from well-involved combustible material". The report did state,
honever , "That spre.ys are of excellent worth in 'idlling °i;he heat of a
large body of flame". On the other hand there have been i?ublish~d

reports of tests, such as those in a Connecticut dVlelli..,g house ~2)
where most impressive results were obte.ined ,7i th spraJts, and it wou'Ld
appear tha~ there are certain conditions in ..hichnater spray is
preferable to jets•

.Against this background of ccnbz-add.cbnry vierrs -some experdnerrt a
wer-e made at the Joint Fire Research Organization in wha.ch fires in
an 8 ft. cupi" room lined with fibreboard were extinguished vlith je'i;s
and sprays U}. At a later date experiments wez-e made in a model
room of LJ- cubic ft. 'rhis use of small-scale' fires has permitted
many more tests to be made than wourd otherwise have been possible
and it is mainly the results of t hi.s work so far thd tIe described
below.

Reliable information of spray and jet :.:>erformance under
controlled &"1d specified conditions is by no means plentiful. Reference
can, however , be made to the results obtained in the lilc~ies of tests
sponsored by the Hational Board of lfijre Undernriters ~1(}j 'i;he dVlelli.'1g
house tests in Hamden, Connecticut l2 and some tests 4 and (5)
made in Britain b:;." the l'iIinistry of I-I0lJ13 Securit~T during the war, to
compare various nozzles. In addition the National Fire ?rotecho'1
Association have published some de~ils of a few &ctual fires fought
o.lith sprays (6). . '

Tests by llational Board of ~'ire UE£\erwriters

Some tests were performed rdth wooden buildings 10 ft, x 10 ft.
x 8-9 ft. high. The walls and ceiling irer-e lined with fibreb02Id,
one Viall being open and a hole of 4 sq. ft. cut in the roof. 'rhe
fire was allowed to burn for 5 minutes before applying nater and the
tiu, to extinguish the flames ~;as measured. ~he results of the
tests, derived from the official report, are shorm ·in Table 1.
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TABLE 1

Results of tests by National 30ard of Fire Undervlr~~S~.. ".

52 13'9 I 16
._------''---_._-!-_-

50I 1· . t
1 2 an, Je
I

, - ..- ,

Type of stream Hozzle Total Ex'dnction
and nozzle pressure

g.p.m, gallon time (sec)
I - r--.-.-- -_.•._--_.-

Cone spray . 1 50 99 10' 7 6-5
-

Cone spray 2 100 5'1·5 8·1 9'5
1---- _._- ----- ----

Impiu::.in[j jet spr.s::," ~.,.) 100 16 8'0 50
r···--··"..-········ ..··- ._.. -._ .....". .......... # .... -_ •• - ••.•••• ~ ... .... ~ •.• __ ••.•~ ... t·_ .... ' ...... . _.. . .. ~.- ..~ ...._..._ ..-

" " " (A) 200 25 3·7 9_. ..-
'.

4·811 11 n 100 . 11"5 25
(applicator)

-- - ... - --
High-pressure gun jet 1 300 12' 6 9·9 47

-_.
11 11 " " 2 600 17.7 10·9 37

. -- -'----f--
.__.•

I " " " 11 3(B) 300 13. 9 4,6 201
... _.

" " 11 " 3(B) 600 19·2 8·6 27

--
Jet and ± 600 41·8 13" 6 i 25 Ispray

~I 19·2
I .--··1IJet"

-1-. .
j !

600 8. i I 5·3 1 39I .j j, I . !
_.._.._--,

I,

±Reach of stream in fog '(sic) position not sufficient. Full nozzle
stream used.

KAttacl~ed \dth full nozzle strefu~ and changed to fog (sic) after about
15 seconds.

AIthough the tYJ?e ofspreJ<' ma;;r be the same in several tests the
actual nozzle or adjustable openin~ of nozzles is different in all
tests except those marked (A) and (s). In these tests there are no

. more th~' two tests at different pressures and rates of flow
referring to the one nozzle and one position of opening, and from
these tests an increase of pressure gives a reduction in water used
for one nozzle (Tests A) and an increase for anotl~r (Tests B).

It would be unvd.se to dr'aw OIly conclusion as to the effect of
pressure, from tests of such limited scope.
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Sprays i" dwelling house fire tests

'rest fires in a condemned dwe~ling house in Hamden, Connedicut(2)
showed that rapid control would be achieved with impinging·jet sprays
operated at no more t.han 100 lb. sq. in., an attic fire being extinguished
with 7 gallons in about 2 seconds. The dimensions of the fires cz-e not
given, and the results are of little qQ~ntitative value.

In 191~3-, a:.11. J.Ette:::' ::"n 1~/i-6~ sene tcs+'s W2rc made Ln the J?i.re Test
Building 0::' tlli Building Research stj:i;ion of the Depar-tment of
Scientific and Ind~trial Research\4. 550 lb. of wooden furniture of
surfaoe area 265 ft. :in e. room of '1,900 cubic ft. were ignited and the
resulting fires were attacked wi.th various nozzles. 'I'he cei.Li.ng VIas
ple.sterboard and the floor vas of pl~.in-edged board, "{n.1.en the :fires
were fully developed and the t emper-a'cure had reached 8500C to 'i ,0000C
water was applied. The results give the total time for which i1~:cer

was applied and the total amount used (see Table 2). Ilo consdaterrt
distinction is made, however, be tween ','Iater required to subdue the fire
and that used to extinguish lingering fires in furniture, a corner or
recess etc. The amounts quoted as being used do not all refer to
complete extinction - in some fires tlus was achieved by the use of an
additional appliance. 'I'he temperatUre records, however, of tests 3
and 4 and the result of test 2 suggest that about 15 gallons is
sufficient to achieve control and at least twice this to achieve sure
extinction. !;ilor a room volume of 1,900 cubic ft. this fiE;ure for
control is equdva.Lerrt to about 8 gallons/1,000 cubic ft. 'rhe verrti.Labd.on
was appr-oxama'ceLy O' 015 sq. ft. per cubic ft.

Ministry of Home Security Tests at Ladbro!ce Grove

The report of 'SOBe tests, (5) in a ground floor and 'basemerrt room
of e. house in Ladbroke Grove, London, is of interest in that apar-t from
the total time and tota.l amount of water- required to extinguish the
fire the tii;]e is also stated at wrd.ch the fire could be said to have
been "knocked-dorm", that is, major flame had been subdued. 'i'''e results
of th~se tests are given in 'ra.ble 3.

Although the times to subdue the f'Lame s are on ly given upproxamabeIy
it can be seen that major control may be achieved ylith less t.han t of
the ~ater actually used in these tests to extinguish the fire.

J!'or these experiments the amount of water required to achieve major
contrroL was 20 gallons, equivalent to about 15 gs.llons!i ,000 cubic ft.
The ventilation of about 54 sq. ft. is equivalent to 0·039 sq. ft./
cubic ft.

Although in the conclusions of the report is is stated th!:'.t
"tihere is on advantage to be gained, at least in the early stages of
firefighting operations, by applying water in a dispersed form (e.g.
as a rc,n jet or spray) rather then in the form of a solid s tr-errn'",
the times for control and the amounts of water used cere o.Imost the same.

Symmary of results

l!'or the three series of tests described the quantity of water
used to achieve control appears to have been between 8 and 15· gallons
per 1,000 cubic ft. of fire. Although it is not practicable .to ana.Iyse
the data to correlate variations in quantity rlith :variation in the time
s.t vhach vlater was first applied or in the amount of furniture etc.:, it
is possible to compare them Hith some results obtained under oper-a­
tional conditions. Lloyd Layman has described some fires Ln which
sprays ':Iere used on fully-developed fires. The amount of water Has
estimated as approximately 7 2o,,11ons/1,000 cubic ft. in fires -fliuch
ranged in volume from 3,500 to 33,000 cubic ft. This is equivalent to .
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i I
Delivery DaLay before ~lime of application • l'r,:ount of wu.":-.:.;.~I

Nozzle g.p.m. applying water (mins) used Remarks
'(mins) (ga}8)

-. --- --_._---------

J<'ire died down

18}
in vicinity of

1 in. Fog (sic) 9·1, J<'lash-over + 3 mins. ) 50 spray but not'2
1l' in. jet 2'7 ) extinguished

until after use
of jet..._- --- .. -

1 in. jet 24-- 30 u 1 12-15 Played intermit-'2 -~.

tently.
~""~-'._.-

One pump used
f.'or first 10

1 stirrup pump 1·5 g.p~m, for 10 nuns. " 16 33 mana, - after
3'0 g. p. m, for remaining 15 gals. ta ccrrcr-cL which two pumps

time Here used.
Control achieved
with one pump.

---_.
3 stirrup pumps 4-'4- n .5 22

! 3/16 in. Fan 8 r- " 1
4-3tspray 52 Spray "rapidly

i 90 lb sq. in.
f subdued flares".•

i ! ;
• I ,

i
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~~..9; tests in Ladbr~oke G~_

I - , - -----~_._-_._--._-_._._-_.- '---
I ,

Delivery Delivery I Time to Amount used '!'inal AmOlUlt

Nozzle Pressure rate before !subdue major to subdue extinction used Remarks

lb sq. in. (gal/min) applying , flame major flame tiine (gal)
water I . ) (gal) (min)~nun

-._- 1-. -- ---- f--_ ..-

3/16 in. plain 100 10·9 l;'lash-over 2 20 8 - 87

jet. + 3 m.i.ns ,

- _._._-- --------- •._~--_ .._--
3/16 in. plain 100 10·4 " 2 20 6t 67

I jet and plate
"Fnnapr-ay" •

--_._..._.

~ in. "fog' nozzle. 100 9·6 l!'lash-over - - - - Unable to extinguish
+ 6 mins. fire.

-- "-
1 in. 'fog' nozzle 100 10·7 I l<'lash-over2'

, 2 20 7 65 in. jet only used
i + -a" in. jet. I + 3 mfna,

s
, after 4;\: mi.ns ,
, I -
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a volume of stealJ1 approximately t,lice the room volume.
application used "ere sufficient to produce control in
minutes, and in two f:i.res in less than one minute.

iJ:.1c.e re.'ces of
1e ss tha:1 three

;Experiments at the Joint ;;'ire Research Organization in the 8 ft. cubic room

The first experiments were conducted by J. P. i!Ty" and one of us
(P. i:i, T. S.) in a room 8ft. x 8 ft. x 8 ft., the ceilings and walls of "hich.
"ere lined with fibreboard. 'l'he room Vias ventilated by an open doorway end:
an,open .~ndow the total area being 13.3 sq. ft. or 0.026 sq. ft. per cubic
ft. of volume. b'or two of the tests a trap door "as also open increasing .
the ventilation to 17 sq. ft., or O' 034 sq. ft. per cubic ft. The room Ylafr
set alight by burning 'k-litre of petrol in a corner. In all tests except
one the water was applied 2 minutes after ignition of the petrol, i.e.
between *and 1* IT'inutes d'ter the room had become fully-developed. In
tile other test water rras applied 4 minutes after ignition. 'l'he spre.y or
jet was carried by hand and moved about to extinguish the fire as rapidly
as possible. ~he results o~' the tests are shown ill Table J.~.

Tft.BLE 4-

Fir~ in 8 ft. cubic room lined nith fibreboard

, _.- -I

DelaT ,\mount of
iiiode of Pressure Deliveri before Extinction 17ater

a3';.:>lication of (lb. sq. in; ) (g. p.m, ap;.:>lication (sees) used
water of \later (gels)

(mins)

- ---
Spray - 1/16 in.
jets impinging at 120 2.2 2 25 0·91

300
•

._,-
II' " 60 1·5 2 25 0·62

- ...-_. -_.-
u n 120 2' 2 2 25 0·91

-- -
Jet - 0.0885 in. 175 2·4 2 20 0'80

diameter.

- -- ..-
;0 n n 175 2.4- 2 20 0.80

,.-,.
n n ! 175 2'4 4- 25 1·00,, ,,. ,

HFlash-over at about 1 minute~
ii'ests in which the 4: sq. ft. trap door was open.

These results do not show any significant difference between sprv~r

and jet. The delay in applying water i,1 the last test would also appear
to have had little ef~ect on the amount of 17ater required, a result
differing from that obtained in the tests in Ladbroke Grove. A comparison
bet...een the third and fourth test in Table 3 suggests that in those tests
a delay of a -few minutes in applying the Hater affected the capacity of
the spray to control the fire. This question is the subject of further
investigation. Thus, since all the results may be lumped together Yle
can obtain on average figure for the amount of water required. 'ihis is
0.88 gallons or 1'72 gallons per 1,000 cubic ft; the ayerage ventilation
is 0.028 sq. ft./cubic ft.

•
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Tests in 4· 5 cubic ft. model room

As a result of the above experiments it m.S thought the,t any
difference be tween spr-ays and jet applica.tion might among other' things
depend on the rate of app'l.Lcr.t i.on of water. As the number of expez-I­
menta required in this Vlork might be large in vie\1 of the many f£'.ctors
involved it was decided to continue eJ:periments an a small-scale aLe
accordingly a model room ~d.th walls of asbestos board was constructed,
(see Pigure 1). 2.'11e walls etc., viers not tied together but vere held
in a metal frame and the whole room could thus easily be dismantleCi
and lined with ~ in. fibreboard. Over e. circular hole at one end was
pivoted a plate which could be lifted to allow spray to enter and the
height of the four windows could be reduced froE! 3 in. by 'JE.rtially
covering fiith sl!.'.ts. In the experiments in Hhich the spre.;)· was used
two 1/32 in. jets. wer-e fixed to impinge at 900 and when uhe jets were
used se?arately two operators moved one 3ach by hand.

'I'he fibreboard linings used for these tests were conditioned at
a humidity of 60 per cent at 400 U - the moisture content of some boards
was measured and was found to be about 5 per cerrc , ~'lIe temperature at
a point about 3 in. in'~o the room at the level 0 ..' 'che top "Iindo'ls 178.S

meaeured by a chromel e.Lume L t nermocoupl,e and \1hils-~ -this was too slow
in responding to give much information about -~ile !'all in tempeY-ature,
it inaicatea the value of the rn.c.'Ud.t:1tun tem~~rature r-eached before Hater
was applied. 'rhis was found to be abouc 9000 (; l7ith the le.rgest
ventilation and about 7000 for the least ventilation used,

A little petrol, spiE along the base of the I:all opposite the
circular Vlindol7, was used to ignite the room lihich became fully
involved in fire after 1~-2 minutes. About 5 seconds af'ter -ehe
temperature had become at.eady and the f1£,rl1es had reached 8. maximum
height, the ,mter vas turned on and the time t aken to extinguish 8.11
flame inside the room was measured with C'. stop watch,

Such experiments were made with spr-ays over a range of ;.:>ressures
from 5 Ib/sq,in. to 100 1b/s(;,in, and at four conditions or verrtf.Lat Iou,
the water being applied through t'le hole in the end wall o~' '~he room.
In view of the difficulty of manoeuvring jets effectively through the
side nindoVls when these were pertly cLcaed , it was not possible in
these snall-sceJ.e tests to use the jets at 10\"{ values of ventiu,tion.
Some experiments with jets were made, however , in which one side of
the room was' removed. These were performed with nozzles of different;
sizes to find any large variation in performance due to the sepE~ate

effects of rate of flow, pressure wld the use of one jet, instec~ of
two, Also with the model room in this condition compar-atdve experi­
ments wer-e made between E'. movable spray and separate jets.

Experimental results

In Pi.gure 2 the extinction times are shown for vardous llIlte,r
pressures, "hen using water spray, Since only one size of nozzle '"as
used the effect· of r-ate of f'loYi and pressure.! are not aeparabl,e here.
1'he results for the ventilatio;1 of 0,67 ft, -, refer to tho extir,ction
of a fire in the model \7ith one side removed but in vrhi.ch the sI,r0{j
was applied through the opend.ng at one and of the model,

It me.y be noted tw.t the reasons for the limits to the range of
experiments are that below 5 Ib/sq,in, it is not possible to get a
spray at all with 1/32 b, nozzles, while at Ugh pressuree ,
especially at low ventilations, the fire is extingulshed so rapi.dly
that it is difficult to determine tile time of extinction accurately.

The stages 'of extinction with water spray at intervals of
:i; second is shown in Fig ure 3.
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It is seen that extinction is very r~.pid \"lith flows of about
50 g.j?m. per 1,oeo cubic ft. The listed extinguishing t:L,16S are for
the disappearanoe. of flame inside the room, but the major collapse of
the fire occurs .within 1 second (F:=1.6u.re 3 ). lrhere is a rate of f'Low ,
or pressure,below which complete extinction is not possible: "it;l a
fixed spray even though a major collapse of tl16 fire may still occur•
.':lhis limiting flow is seen to decrease with Lover' verrti.LatLon and i·~

will presumably be lessened as would the extrnctaon time if the spray
could be moved about.

If the extinction time is "mltip:ci.ed by the flO\!, D. measure is
obtained of "the amount 'of water used. This is shown ii.1 JJ"i~:ure 1;.. t.i.1he
amount or water used when the 1'10\7 is above the criticd value is
practically Lndependerrc of pr'e saure end this suggests thc:t drop size
might be Leas important tha.n the total amount of ':'D.ter at f10\78 o.1hich
ore greater .chan the critical rate. 'l'his is still being studied.

Tlw times and the corresponding amounts of water necessary to
extinguish the model f'ire by two jets of m:.ter applied through tile
fully open windov,s are given in l!'igures 5 and 6. It was thought that
because of the limited accessibility of the ;,;"ire through the "il1doVls
the above results might not represent the most efficient use of jets
and accordingly experiments were ~de \"lith one side of the model
removed.· Results given i~ Tables 5 ro,d 6 show these separate effects
of rate of application, pressure, ~,d the use of one jet instead of
two.

IrXBI~ 5

Quantity _of water i!l..[;allons reql!2:r~£•.!=o extinguish fire in
model room with one side removed

---.------'----.-------_._--

'.

'One jet TrIO jets

I,

-- .. --:-I! i,
Pressure Hozzle I I';ozzlc l:'ozzle I 1:o:;zlo I

diameter di:uneter di~'JnctGr ! di~'.u0tor I
0'041+ in. 0·0$2 in. 0.031 in. I. ' 0,1..4 in.

Rt:''j:;e R;..'.te I~;.:i;u li':::\;3 I
1
0
"25

gpm 0.5 gpn 0.25 gpm 0·5 gpm

--- f-_._-
I -

30 Ib 'sq. in. I O·022 0.039 0.016 0·026
I_.

sq.:~1 o· 023
I100 Ib , 0'037 0·023 ; O· 0lJ.2 II :
I . - ~

Doubling the rate of flow reduces the extinction time by
15 Del' cent and thus it incre£ses tre consum~tion of weter by a00ut
70 per cent. ·In this connection it is. inter~sting to noto a similar
effect 'of rate of flow in the three tests ',lith jets by the ·j'~·:~ion.:.l

3o..-.rCi ot: :F'ire UndcI:I,Titers (see tlle Lst three results in Table 1).
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TABLE 6

TV/a jetsjetOne
I·-·-----~--------------I

J

f---· - ..-------+-------- ---,
, ! . II .

!-}O l~ ~'l' ~~: -+120_ l?-.::,::-i:. 3~~ol.)03S3q· _~~_120 -0
1
~.'-O.2~~/l.~-~~.• 1

I 0.036 i 0·026 I
[---0'O;~--t--~~;;;- O. 032 -t---~..-;..-!
!' I"'----, - '*--- ~---------.

The results in Table 6 shari that for a given rate of flmr an
increase of pressure f'r-om 30 Lb sq. in. to 120 Ib sq.• in. reduces the
extinction time and thereby the emounc of water by about 20 per cerrt ,
Clearly then for a given nozzle diruneter an Lncr-ease of pressure .,,rill
not be an advantage since the effec':; of the Lncr-eaaed flo';1 outtte i.gha
the advanbage of the higher jet velocity. There is thus El. £'J.0'.7 at
which water consumption is a minimum.

Although these experdrnents indicated little) if' c.n~r, di1'fer~uce

between the use of one jet and triO jets of e~uiv(:'.lent totz.l i'lon, it
nas felt that manoeuvrability must be a factor ~t some s~~ge.

Experiments were therefore conducted at a pressure of 10 Ib ~~q.in.

and these shoved that at this small t'loi\' t21e use of ty:o jets yn.s
significantly superior to the use of one, t~lere being on amprovemerrc
of 15-20 ?er cent in extinction time. Results are 3hO\I1.1 in S.'c.ole 7.

~~t~on times ~_e..9.ual rates of flOI! at
!.C? It sSJ...J~l.

(sec)
7·7
7'3
6'7

----------:-----------
I

jot O' 044 inch i 'l'Y/O jets O· 03 'I irlClhI
diur,leter j diD.n18ter-_..~--_.._.

I
I (sec)

6.2 I

I 6'4 1
, 5·9 I

i 5.6 !
i ~""- ~ ___.....lI

,
! One
I
1
j1-------
!

A compnrison of the results in b"lj,gures 2 and 5 shorrs that whe n
the two jets vrer-e used separately J.;11e extrinctLou vc.s achi.eved less
rapidly than yii.th the spray. The criti cal r-at;e , hozever , '::D.S less
vii th t he jets. This difference in critical r~.te is presumed to be
lcrgely due to the use of a fixed spr&;}" (see oelo\"!). ':!:hB results
of the experiments comparing fully manoeuvr-abl.c jets and sprays
are given in It-'igure 7, wher-e it is seen tho.t jets can be as

. efficient as sprays at loy! raJ.;es of f'Low, 3i.Jre.ys become
increasingly superior as the rate of flow is Lncreascd , 'i'11e re:3Ul'~1:3
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of the experiments in the 8 ft. cubic room c.r-e also shorm in F'ioure 7. "'
and it is seeil that they correspond to a r1\te of flow at uhich spray'"
and jets would not be expected to behsve markedly differently.

A comparison of ~'igures 5 and 7 shows tru:.t t.he amount of wo:.ter
used when the spray is fixed and di.r-ecced from the side, through the
openang ·in the end ':,all, is no more bhan about t\'~iG3 tr.at used ",7hen
it is movable and direct~d into the fire from the open side. 'I'he
differe:1ce besweer, the behevd.our' of jets between the t,HO sets of
exper-Lmants (1'igur0.c; ., and 1; is about 'che scme , though '~he difference
in the jeg:t:e~ of mano8uvrability between "che t',70 .3Bt:S of 3y'~~:,:,imente.l

condatLons was clear:ty Leas for t ne jets than for tile spray. It is
therefor'·, :,:,eo."on2,bl,o to cor.c.lude that mc.noeu·rrabilit3' i·9 Jess ID?Ort"-nt
for s pr-ays thar. fo:,:, jets.

By increasing the rate of applicc.tion of weter the amount 0::'
water used to control a fire by jets or movQble sprc~s ~s increased
but thB.t used by a fueCl spr-ay is unchanged and may even be reduced.
One would expect that at high rates of :.:'10\7 the amount of water used
to control a fire wouLd be the same foc" movable and fixed sprays.

The effect of ventilation is tgo-fold: it affects the intensity
of the fire by controlling the rate of burning ~hen the fire is not
"fully-ventilated" and it also al.Lovs the gaseous contents of the room
to be expelled and the ste~~ to escape.

It rna;)' be seen in figure 6 that decreasing the ventilation
decreases the mi.ni.mum rate of application '~o extinguish the fire and
also the ti.~e to extinguish one. The ef'f'eoc of the ventil&tio~1 on
the quantity of I'la'cer required to extd.ngui.ah a fire is shovn in
F~gure ~ which is derived from Pigure 6. Although a fire \lith zero
ventilation \Jould not develop beyond a certain point and \7ould
eventually die out it does not follow ·~hn.t a fire of small but f'inite
ventilation wou'l.d require on13' a propor-ti ona'ceIy s""a ll smount of' water
to extiLnguf.sh it. 'l'he curve in ]'igure 8 has not therefore been
extrapolated to t(~ origin.

l'or values of ventile..hon normally encount er-ed Ln f'u I L-ecaLe
rooms the amount of ne:cer corresponds approximately Iiith the amount
required to replace the g&seous contents of the fire \'lith ste,m and
this might suggest that the extLnguf.sbed g~,seous contents of the
room ere expelled and replaced by inert stew".

If the act.a.on of the s teem were only to reduce the concentration
of oxygen from, say 21 per cent to about 15 per cent by volume, the
concentration inhibiting flame, a lesser 8J',101.ll1t of steam woul.d suffice.
:l'his, however, would depend on the degree of mixing of the steam and
air, etc. as some steam is 'lost from the fiXe. Claarly if only air
and combustion products ,Iere expel led and the remaining atmosphere
contained 15 per cent of oxygen, the amount of \'IdeI' r-equa.red would
have to be sufficier:t to generate steam to fill at least "x ' ~)er cent
of the space

=

where O· 2"j (1 - ..1S...) = 0.15
100

i.e. x =28 per cent ...... ( . )
\~

Hhile if the gases expelled Here saf'ely mixed and corrtrdned 15 .?er cent
of oxygen 'x' ~ould be given by

0' 21 = (1 + "'::"')0·15
100

i,e. x =40 per cent. • • • • •• (ii)
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~ABLE 8.

1Ihe---'p~n.~-'::~!1tent! jiUl1J:!llwn ne~~:ssa.r,y COO;L}ELi.a­
and ~mounts 01' l7at~r.. .!:!~~d L:o•. pr·;·.cA«:~••to

_ 8:;'i,in~i'lj Gh_~-l:,l.x~J.§...:~.~t§

I
i

--'

157·11'3

-
(b) (c) (d)

Calculated Calculated 1ti.nimum
minimwn amount of amounts of
cooling !;c.ter to water actually.

necessary fill rOOT.1 used in pr-act.Lce
to prevent with steam (gal)
reie;nition (gal)

(gal)
~·~_~··h .----

0.005 0.020 0·006_.. -'---' -
0'3 1· 9 0·81

- ----
0'3 1·9 1.0

~-~_.

'1·3 3·1, 9'9

1·2 3·4 8' .1

'1; 1 5·2 20 I
-- I

,.ted

7

tent -
)

_.-
(a)

Test Volume Estimated Time of burning -~ .1C!..11

reference :ct.3 surface after f Lash-over- heat con
area. ft. 2 heatzing time 'r (gal

(sec)
-h

- --_._--- -~.._-_._-_....__..._.- ._--
J.l::.R.O. 4·5 13 5 l).02

.. ._-_.__.-
J.1:'.11.0. 5-12 320 120 .3. -14

.. - ._-
J.li\ R. O. 512 320 240 1...s6

-_._--- -_.-'
H. B.:!!'. tr, 900 570 300 9. 1

-_.- _. _.
H. B. F. U. 900 570 180 7·1

Ladbr-oke 11..00 *1020 180 12·8
Grove

..- -- '--i,
B.R. s, 1900 *1'j80 180i , 11,·7

I !,
; --

*rnclusive of furniture.
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It is this quantity "hich is used in l>'igure 8 as the limiting
amount of steam required. These est~nates assume some degree of mixing
to occur. If none took place, flame could only be completely extin,guished
when x 'was 100 per cent. In practice some stemn would be lost .by
ventilatica and the value of x could be more tna;l 'ioo per cenb, 1'1 ,
the tt')3ts perf'o:cmed by the Hational Board of :i;I"2re Ul:de~Y'1Titc:cs, ana at I

the BuHdir.g Research Station, as weil aa in the actuoL fire:; reported
by LlnYQ LaJrm~n) th~ ~ount of water used to g~Ln contrJl c~rrespo~Ged

to a va~.u.e uf x of about 200 p6:i.... cerrc , i:f evepor-atd.on ia assumed to
ha.....e been complete. and '.7.9.S about tW"iC8 to thl:'3e timer.:; ".;he:~ in the

'. ,.' • ~.. .. ~ t"l • • , ,

smv.1J.··E.caJ.a ·~F.:3l.,;B.. In tile J.f:LnJ.stry of flame vt::Cur:Lty 'ceG"CS;1 novover ,
the amount; uaed V''lS abou t f'our' times that in the si.1ul-scale tests.

liTom the results of the small-scale tests we have found that
extincti0~ can occur when the amount of water applied is about
0·015 - 0·02 gallon for a 4t cubic ft. room. For this all to be
turned into steam the heat required would be 42,000 - 56,000 calories.
Norl the heat content of the gaseous contents of the room, measured in
excess of 10000 is

H, = fCve '
where e is dens.i.ty of the gases at the elevated temperature

C is specific heat at constant pressure
Y is the room volwne .

and e is the. excess temperature.

~'rom the appropriate values we calculate 1i to be about 8,000 calories:
which will vaporize no more than one-fifth of the water and since in .
pr-ac'tt.ce the gs.ses ere partly if not wholly expelled the available
heat may be very much less than this. The source of the heat ',;hich
vaporizes the water must therefore be the walls, floors, etc. and the
solid contents of the room.

If the temperature of the solid surrs.ces in the room were
instantaneously raised to 90000 ~e can calculate the approximate
amount of heat '~hat vzou.Ld enter the solids by thermal conduction alone •.
In addition to this there '"lill be. the heat produced by the exothermic
reactions within. the burning material.

If the solids are regarded as semi-i'1finite, initially cold, mld
sutjfh..:ted to a. conetent r e.Lsed surface t ernper-ature, then ·chc
teupere.ture e at a point II XII from the surfo.ce at time "t " is
given by

e = e
S

erf'c :>{jk; t

where
and

is the surface temperature
is the therroo.l diffusivity.

This approximation is valid for a finite lining as long as ;;;; is
much less thc-.n the thic!mess of the lining. The heat oontent of the
solid for a surface area A is the'1 given by

From this equation we can estimate the tot&l heat content of the
fires described above, lor convenience this is quoted us the quantity
of water which, if evaporated .Lnt o steam, wouLd absorb this heat.
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'Ilj1.9 rOQulta of s uoh Qf'll(m)_~t:i.(')n are given in 'l:ahle R ~()lumr~ (a) and
'che amountie vi: '\ie.ter acbua.Lly usee. J;o 0xtingui!;l~ t heae f:i.reD Are givCl7i
in coIunn (d). '.I'hese latter varied ·soi~1eV/hat r:i th the diITerei1t
conditions of .??plication and) u!Iile many exper-Luerrt s viere made for
a variety of condd.t Lons in t he ~ cubi,c ft. room, t~:e date for some
of the other fires exe perh~ps relevant to only one c011dition of
app:;'ication of water. Eowever , D. comparison bocween the cr.lcule.ted
he~t co~tent and t~~ amolli~ts of uater used does show that, rel~tive

to tP.e estima'ced heat content, the runount of water used tends to
anci-eaee with the size of the :i'ire. The rate e.t rThich thi~ heat can
be extrc.cted may be estiwated by assuming that the' heated surfr.ces
o=e e'Tery"here reduced to zero ambient temperature, during the time
the Ylder is applied but i:i' this is done a difficulty is introduced
in that the cr.LcuIated heat e xur-acbed depends on the coolins or
extinction time ,;,r~1eree.s the amounts of water ne ceaaary do not VDr"jr

greaUy with a decrease in extinction time brought about by increasing
. the rate of f'Low, '

A differe'.:,t approach is to cr-.lcu1ate the minimwn amount of
cooling that need be applied. A suitable criterion of minimwn
necesaary cooLi.ng is that the surface t.ernperacure must not exceed a
critical vaLue for reignition n.fter the removal of cooling, l~or

simplicitJ, this ce.Lcul.at i.on agad.n assumes u',uform coolin,<;; ovct: the
entire surface but "ithin this and other limitations, the theory shows
that if the temperature of reheating is assumed not to exceed 30000 a
m~n~mwn necessary value 'of the cooling time T can be calculated
for any given he atii.ng time '1\. The heat extrg9tlld in this time call
then be found and is given byDTauxe and Stol:er ,8) as equdva.Lerrt "co a
layer of viz:i;ex' of thickness about 10-3 in. Their results wer-e o::ri;aincd
\lith c'U1 electrical analogue 'imich too~,= account of the difference in
the properties of charcoaL and HOod. In another report bJ' one of us
(P.R. c:.) it will be shown th&.t results vcr,,' similar to ';hose obtained
bJ Tauxo and S'"'okor are obtained if the material is c ssumed to be
homogeneous, a simi)lifica:tion allo\7ing s.n unalytic approach to be made,
'rho results appr-opr-irrte to t.he fires described above are also listed
in :l'ublG 8 (column (b) ), from whd.ch it is seen that reldi.ve to this
minimwn cooling the amouabs of water used in ex'dnction increase with
the size of too fire, Column (c) T<lble 8 gives the cmounue of' \7c.ter
\,hich if' cnm,)letely evuporr.ted cou Ld fill the room Hi th st oam, F'or
burning times of a ferl minu'~0s there is more tht",.l1 enough heat avad.LahLc
for mo.king this sbeem. Even so, tho e:ttribution of cxt.Lnctc.on v7hollJr

or partl", to smother-mg by s tecm a;o; a volume effect does not alter the
viev7 that extinction is achieved less Gfficiently the l."U'ger the fire.

A possible expl~nt.tion of this decroese in e:i'ficiency with sizo
is tmt ex-oincti9n is achi.eved by a combd.natdon of cooling end
smothering but that since the bull, of the stern is formed ret the hot
surf'ccea of the room the lc.rger the room th8 more steam must be formed
per unit arc.? of surface ·co produce a vo.Iume of sccam r. given fr.;.ction
of the room voLumo , Sinco the cmourrt of sbccm thd c.;n be f011,led per
unit surf'nce '~"':'Ct~ is limited the contribution o~· smothering decreases
as the rooms become larger.

Cor..·~l!:l;_~~

(1) Experiments with sffiD.ll-scale models have demonsta-c.ced thnt
the amount of vlater required -00 extinguish D. fully-developed fire of
short duration i.s very small if applied efficiently. ~he exti.nctdon
of flame sufficient to allor: entry to be made a.fter the cl€le.r:·.i1ce of'
sbeam may re'luire as little as 2 g£.11ons of water for 1000 cubic 1"~,

of fire. Under full-scale conditions both experdmerrte.L and
operational t his figure m£.;'i be 5-1 0 gallon/~)er 1000 cubic f't.

(2) 'T;1C quantity of water recui.red to extinguish an enclosed
fire increeses ,nth increasing ventil~tion.
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(3) Under the conditions of' these e~eriments the amount of
water used bye. spray is the same or less t han that used by jets to
control the same fire. The difference becomes more marked as ·~he

rate o~ application of water is increased.

(4) Since the ef'f'Lei.ency in "':er:ns of water oonsumptd.on can
decrease with Lncr-eaai.ng rc.te of f'Low , pro:-hcul".1"J.y when using jets,
there would seem to be a most efficient r.?:te of <.:..pplication of water-,
In practice this is .probab.ly not much greC\ter than tJ-.," minimum rn.te
that can be used to extinguish the fire nh~re diffe~~~~es betwe0n
sprays and jets may not be very large. If' '~he tJ.me of' extinction is
to be reduced, it can best be 00ne by increasing the ::-a<;e of f'Low and
sprays are then m0re efficient than jets.

(5) Di£~er~nces in the degree o~ manoeuvrability of a nozzle
are less Lmpor-bant wHh sprays than with jets.
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