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THE DISTRIDUTILY O STHAERATU ©0 ATD VELOCITY, DUE 1O PIRES DuN:ATH CI‘ILle‘S

by

.- '

7o e Thomns

1. " Introduction

Ay part of the stuly of the behaviour off gprinklers and Jlre nlarms,
some experiments have beon wode of the offced of the ceilings on the
diatribution of temperature awl veloeity of heated poscs from a fire,
Thin knowloder in of fuportanee in the siting of heet gensitive fire
deteotors bencath gpen-Jjoisted and Clat colllnis,

Pive dedectors b tho coilirgs receive buad from r doveloping Tire
by radintion and conveoction In the tronsteor of lLeat to the coiling
as o wholc or to any lmite bedy near the sowrce of hent radistien is of
prisery importance, whercas in the trensfer of heet Lo o smell body such
as o thermocouple or the heatesensitive slement of o fire nlorm,
conveetion ma - be ol comparsble it not of preater importance,

4
t
4

20 0 Ymallescnle fires = Dxoepimopial

Small=scnle cxporivents were acde with o 17 in, dj:mu ter clroular
tray of burnluy uethvlnted spirit, Thins vag supportcd q." fte below n
f1lat ceilins and teaporature weosurcoawnts: vere wade nt various
distonces up to & £4, from the fire and ot various distences up to 12 ine
veneath the coilins,  The thoraocouples used were of chromel=nlumel wire
0«0048 in, Jimacter.s T X\dl":ulOl’ orr. e ion wao notligibly small
axcept over e cdre takre bhe e son tespersture was chout 2090
too high,

CSoue cxperinerts vere alae arde wnler on epen-joisted ceiling, the
Joists being O din, x 1V dn, wmd spoced 16 in, apert, '
Ve loc”;v measuresentg vith ooy A 2lometor vine cnenome ter could

/

only be wuede “here the heated cnses were foirly cool (c.50° C) snd this
neinnt fhr‘ doke were obtained onuly =t 8 f£t. from th- centre of the
ceiling, In Sfubwe vori: more dotailad velocity measwromentn will Le
nucessary, ;

2.1, Smallescale firen - Qesults Por flnt ceiling

The rate of Lurning of the tray fire is shown in Figure 1, and the
dist 'ilmtwn of Q.UQI‘Q\“I" fure alony the celling and perpendicular to it
are shoyn in Figures 2 and 3, it iy seen that the temporature {alls
alrost inversely swith the ul)tmoc- along, the ceiling Zor distances
grecter thar cbout 2 4, The mean vclonlt.y over the 4. in. below the
celling was 2¢6 it/sec and between 4 in, and & in, below the ceiling
about 13 f4/ace.

2.2, Disougsion

2,2.4.  The congervation of momentum

.

The pressure gredient inthe heated Jayer belov the ceiling will
be dependent on the chonging thickness otf' the layor and the teamperature
gredicnt alowg the ceiling, : B

Thus if is the wean temperatarc in e loyer of‘ thlckne"s A

/%////'A/ce Ying //L/
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the pressure at the ceiling is lcos than at a distence D br-low the
celling by on anountapproximdtoly

P :ﬂ)g(b-’ﬂ) .'f‘/f)g A (1)

whore Kv and /‘3 are the denaiticy corresponding to "he ambicnt
toenperature and the temperature & respeetivoly,  The ratio of the mean
radial pressure pradient to the wnemontum grodlent is

(2)

where WL 1a the root wean squere velocity of the heated goo stream
and Y 4s the vl 1 distanoe,

If v aasume tho thickress A to be constant over a short region we
havo froa cquations (1) end (2)

‘ N : dd
o R (3)

N oo
Ve C;L&-’\
LA é{./
vhere To' is the abselute apbient bemperatars,

Tn ¢ ese oxperivents e noune

g C‘( "‘“L"v\

”»,

ond (uos 1. las)
R
. Y”
Hencu equetion (3) becowes A -
R = 222
2, ta ul (1‘*)
In the oxperisents A may be token to be approximately 41:\.

and if the vcloelty & 't, from the centre of the celli ; is 1.5 t/sce
and the menn temperature 259C we have, !x‘o...chuation (4

KBP 0:20

At nbout 2 £, from the cenire of the ceiling for 1009 and sey 6 £t/sec

KZ’: 0«08

Since ‘Qz’ is small it follows that the variation of presswe may be
regerdod as having negligible effect on the conservation of momcntum
near the ceiling centro but the effect becores larger. ns the distance
from the centre increases, and the conservation of momentum can only be
used a8 a first approximatior in calculation when o  becomes large.

'

2,2,2, lkestinakion of velocity of‘ fag stream.

‘Néglc* ting the cffect oi‘ pressure in the heated layer Lmd the frictmn
of the ccilmg we have for the conscwatlon of momentum

,(-J{)u . ~ ' . . ‘= constant (5)

.




where (wis veloeity at a dintance "y" Lelow the celling
Negleeting the hent transferred to the coilmp; the conaervation of hent

glven
v (a(»( & CL‘j = oconatant ' (6)
v

where @ is the tempevature above ambient of the roasen at o distnnce "yt
below the ceiling. Untid the ceiling temperature has risen uppruvinblv the
boundary conditime {or veloeity mnd Jeopercture rise are the seme, ieo.
both »re zero at mnd for freos Whe oo il hug cowporing uquution'x (b)
and (6) we hinve

‘ \ .

W) = G () (7)
where and are pvgiimen or mean valuwrs pervendicular to the surface.
Theoeretical treatnenta )oi‘ e provlem wre ot cnilirely satistaetory and
ususlly reler Lo disbancen larpe coomared with the gize of the rource.
Prondtl's momentiun=tranater theory sy, ,;vnt:; that for wimilar Lowrlary
conditionn the veloeily and teuper ature :hnir‘izuhmn shonld be cqual whercas
T:\ylox"'x veloc iby=iranaicr Lwory aus eala that the @ sratire distritution
ig e nguare root of fhe velocity (imtxilnumn rov (qml boundar: cenditions,

rtheyr ¢corobienl considersiions are iven below,

A linear velocity jradicast ds avsuned which wil) (il the expirismentnal
dnta nt; 8 ft, thin lis

= 303 (i = 102 y) £t/s0 (6)

where "y ia acamured in fee
Hauantion (7) nov ennelw ratinete Whe veloeity of the gases ot ony ¥,
At the Com o oo the coiline the moripwe velocity 1s approximately given by
Jo3 x i,e, 14 v/ noco, Fhio woay bo copared with an catimated valae
..T_. )
from the buoyrncy oifvct o
The »reocours a“xii'ft'rcncwc vetaeon the of the flawes provides the gains
in velocity head of thi cold alr caverins ©he Yiome and the scecleration. of
gescs on heatl .'t,n;; in 1,‘ oL, 1 o1l the envrainsent of air is assumed to
occur at the Lase of 'he Placs and the oross seehiom of she flsmes is assumed
constant woe ~an oon uul he Lo velocily dn the region ot 2009 juat above the
flnmns nes follaus oo Pl (), - .

Yo bave thoe continuity relsations

Mofo=tpfhe wf =m O

and the deasity cquoations

9 /,I
fo o [ Pc, (10)
".C)

L00%

el

T dcnotm; ub’f-olute te 11pt.mtur
The cqu ationa of flaw arc

S
i)l - }71_ 7-.. m ([‘L‘\-\o)i—ﬂ.l...(‘IZj

‘a.nd ()ol- = 1%*"("7_ (13)

Adding these equations (11),08): (13) an
making use of (9) and \10) vie have -

Oubm L 7 2
Lol SO o mjf_-.‘ 23(‘(7—

-C

QL ' - .T; /+2 Te 'Tu
we. s .. .

% Some problems of tw&’ ¢imensional tyrhular jets are discussed by Goldstein. ®
). .

Sce also Batchclor nd Nocestel \J2/ -far recent reviews,




ly

Insoetin: To = 300% Yo = 5009 T¢ = 13009 nd L =30t

Ve have Ue = 13.3 t/ucc,

o

Thin is n maximun estimate which vllows for no drns due to ths ontr: ;i ing
of olr outaide the Moo snl es s Cavoursbly with the othar estinade,
The closenesn o' the nprees nt ds probably fovlndtloun us hoth cotirntoes
ae pro-ably too hil, \

22,3, The conscrvation of hent

The heat transferzed to the ceiling may be eotimnted approximately
ag follo o,

The lee 1 heat tronster coci'ticiont for a twhulent boundury layer,
ut a distance X along o flat plate ia siven by ()

{ 5 g .
= 00029 /oy L 00h
/y’\h‘- 0+029 A//oy /\/I'KQ
vihere /V[\/q Lo tho Nusnelt Mo, ;.\.Kif
/\/f.é;, is ihe Prandtl No, b/ﬁ
o 1o Ahe dleynold's Mo, (4
M, .

R 1 the heat transier coelliciont

Moin the theme) conductivity of the gascs

Join 4w kineastic viscosity of the rascs

/é 1o thoe thernnd diffusivity of the gases
and 4 s Ulie veleeity of the nnges

Do these weses the Trandtl Ho, wey be teken an 0°71 and thoen $he Nusselt
Noe Awwis relnted to the reruelds Mo, /\/l'ge by the following
exprosaion ¢ L

My = 0005 Ny, 08 . (11.)

Beyond a radius of 2 rt, wice may tnke veloceity and tomperature as
inversely proportional to € ., Fie, (2 and 3) Yo thorefore toke
. =
= 270 (15)

and frow equations (7) and (8) W = o (16)

vhere X dis in 't,
Since data for radial flow heat transter axenot available we assume
cquation (14) for a flat plate to apply to this casc, - '

ve hove N 226 x 10790t2/5 at 100°C
K = 8 x 1072 C.G.8. wnits ut 100%

- §
ond she total heet trensfor within ¢l annvulus '8")‘1'72' is calculated
a3 2,000 cals/sce,  Within a cirole of radius 2 £t. (A is taken os
1Zrt/sce ond D s 200 und the heat tronsfer is caleulsted as 870 cals/
sec i.c¢. o total of nearly 3,000 cals/sce. '

[N
The total heet in the peses at radius 3 .

to
g . ame o [ulidy
\ . a

‘here /0 “ € are the density ond specifio:-heat at constant pressure of

the gascs at 25°C, - The cxperimental dato for temperature and’ the assumed
distritntion for velocity (equation (8)) at a radius of 8 f£t, viere integrated
and the valuce for "Qca‘leul‘atcd as 16,800 cals/sec. The hcat lost to

.

P . t

- '
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the celiling s thus sbout 3000 = 154, The rate of burning of the fire

[ XR] ", .

having a dismeter of 17 c:m;.L '\%‘fg 0+52 1b/min which was oquivalent to a
rate of heal production of 24,000 cals/see aspuming complete combustion.
1L the Plomes ore asoumed to be 17 In. diametor and 3 ft, high with an
endssivity of 0+2 the total radiation for a tumperature of 1000°C is
about 5,000 cals/sec i,e. n net rate of heat pnssing into the gaao stresm
and the ceiling by conveetion of about 19,000 culs/scc ns compared with
nearly 20,000 calu/sec cstimated directly.

The agreement of this figure with the sum of the heat tranaferred
to the ceiling and in the .o stream & £4, trom the centre of ceiling is
better than might be expected in view of the approxinations made,

3.  The effects of senle = Plat ceilings

3a1e  Large-gscnle experiments

Some experinents reporled elsevhore (8) tave beon mede to compare
the behaviour of two types of sprinkler under various conditions and ns
a secordary consideratic: some data on celling tenperatures and their
seatial distribution were obtained,  The ceiling was 20 't. square
supported at a height of 10 f't, by brick piilars at the four corners,
The burning saterisl was straw in a fibrebeavd lattice similar to an
cg,g-box, ench compartrent being of side 3 £t, 3 in. and containing
65 1b of astrav.

The fire was ignited in a box bencath Lthe centre of the ceciling

and nllowed %o gpread, In Cact the straw in thio hox was largely
consumed by the time the fire lhad spread to the adjoining boxes, this
led to a fall in temperaturs after the initial rise,  Night tests of
this type wnder.a flat ceiling were made and vere cssentially similor as
Ier aa the development of the fire was concernad,  The distance of the .
fire from the ceiling was thus 10 £4, and the arca of the one compartment
in which the fire was éentained for the initial period of growth 10°5
sg.fte  The smull-scale five of 1257 sq.ft. vins 4+ from the ceiling.
The results of these tests have been onalysed and the mean temperatute
distribution for verious tiwes durins the growth of the fire in the
contral coupartuent has Leen obtadned,  Since the temperatwee at the
centre of the ceiling varied with time the tcaperacures at various '
distonces from the centre ave shown in Figure () a5 fractions of the
¢entral temperature, The date involves temperatures at the centre in
the range 500 = 2509 aud it is seen that the ratio of temperatures
“oloewhere to that ot the centre is largely independent of the maximum
temperature in this range, '

Tele Discussicn of fires of diiferent size

Ve denote quantities re(‘crrinp} to the smaller and larger fires by
the suffixes 1 ond 2 respectively. Neglecting the loss of heat to the

celling we have o
A~ 8w o Q
5 the heat flow,

QR4

‘

(17)
where @

i
7o have al

¢
"

(18).

where R is the rate of production of Ihwat por -unit arca of fire and d.is
the diametrr of the {f'ive,

Tor any onc ivel

R\ = _RL

if the fires are large enough,




b if different fuols are used as in the two experiments reported here
saas relatdm motlo aanted betwgen Rq ond Rp.  ¥or thia we assume the
heat £alling on the fuel from the flnmoa is the same in both fires so

+ thet the rate of heat production is .

Rotcr__' (19)

o

where € is the calorific valus per unit mena

and T is the total heat required to produce unit mass of combuatible
vapour, Tho f'lawes [rom the spirit used in the tray tests verc more
similar in appeerance to those froo pctrol rather than Irom aleohol and
the asswiption is made that they give of the smic heat flux onto the

ire surface, ‘e now introduce the effective diometer D of the rising
column of gnnea if the voloeity vero uniform over this dlometer

Héncc, <3{ § I> U, é} /9 | (20)

vhere (SQnd ( are dengsity Jnd speeific hert of rising pnans. and the
"pulfix 'e'! rofers to the centre of the celling.
It is expected that if the two fircs ave sieilar,

9 .
% 1%

Also from cquatien (7) vie have

& (“%)

Hence equation (17) becoies

Q<]LA

Therefore from cquations (20) end (&1)

Av '« D?
Therefore at counl values of /C) in the two experiients

N

A « D
But from equations (18) and (20)
Rd' « Duco - (24)
For cqual central teiperatures we have i
U, “vr: o  (25)

where "Zf" iu the distance from the base of the fire to the ceiling,

(23)

Hence from equation (19, (24) and (25)

ol c -
Dot o /— (26)

For the smnll-ascale test we hnve for Lhe spirit used

7093 cals/gm (gross).

255 cels/gnm
For the larger fire, the fuel was straw end this is assumed to have a
similar caloriflic value to vwood,  Assuming the surface tempersture. of
the fuel to be 1,000°C and of the specific heat O3, vie have -
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¢ = 3800.cals/gm (grosas).
I = 300 cals/gm approximately.

The ratio of "L.M for the two.oxperiments was 2412
no that . ‘
Dy ‘ dm

o ntste

Dol &

Henee if /@L for the smll-—scn]u teot is plotted ngainat '%)(,

mmd  Yp, ror the large-ncale test rnlmt 1o "’/4(,‘_ there should be
aingle corrclation, This ir seen 1‘)‘0m Fig, {/)to bs agproximately so

for smull vonlues of Y , Imt the temperatwres in the smnll-scale

experdment are velastively higher further from the centre. We consider

the flow through an elewmentary annulus an in Pigure (8).

i eelling e

L

Wi T""’”‘“T - ?v‘\ + 0 M
“. ]
——l _ A ‘{/
M Vs

(8)
The entrained ailr enters the amniovith a velocity ' y' so that

IM = T poud ()

vy also have

and E(M “‘""‘) = K (9( : (?9)

~d in ~izontal flow and 'nlis, tn- hileEoE:] arrwlng

rahf-rc M ois masg entraine
below,

4 the coiling from

Henée from (29)
O

ond from (27) and (28)
M| .
M 4+ m g A
v
e nasume for the present that the ratio of §f “ 7t is independent of

cither velocity or scale, This sssumption is an altermative to the use
of u méméntun ¢quation,  Theé moméntum has been shovn to be only
approximately constant

e, A Ty (3{)'
‘ M- , A :

From Fig (3) 4t 44 seen-that in the srmll-scalc test A wnsg: 1arge]y
independent of " v-(" in the range of " ¥ examined,

Hence from cquations {30 1 .
quations (30 and (31) . 7N

S The- e T e
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It is seen from Pigure (7) where ?/9( is plotted against Yq/p( that for
the larger fire A/A is constont!but 1s not ao far the smaller fire,
It is not possidle to ovaluate "M without knowing A and this s only
knowri in the range of VAL where tho two ourves diverge;: In this range,
‘t}xa"thipkx‘ezia of the layor in the small scale test is opproximately & ip,
and if this value is taken, M cquals 6-08,  The ratio of V' ° to  [Re
the maximum velocity W, is approximatcly 0«04,

3,3,  The t ickness of the heated layor

It has boen shown above that the t'ickneas of the heated loyer mey
v aoxpected to be of the fomm

A o Z'L"“R - (33)

whore {i is the rate of leat evolution por unit arca of fire
als the diamctor of the fire, St
and £ is the distance of tho fire below the eciling,
In the small-scale experiment the thickness [\ was practically constant
over a range in " " of 3 to 1, In the apreading of turbulent streams
it is generally assumed that beyond o certain distence from the finite
origin of the Jet the sproad muy be taken as propartional to tic distance
along the axis of the stroam, However the distences involved in theso
experiments are not large cnough in relation $6 the size of the fire
for this to be a rcasonable assumption,  Owing, moreover, to the
buoyancy of the heated gascs there is a pressurc gradicnt elong the
stream which increases ‘the momentum radinlly,  Some attempt has been
mado to use von KawW's momentum cquation f'or the hoated layor moving
redially with n pressure term derived {rom the ‘considarations given
scction (224), but further work must be done before a satiafnctory
annlysis is rosaible, _ ' S

L, Opcn joisted ceilines

Lels Results for small nanle fires

The temperature distribution under sn open joisted ceiling is shown
in Pig, (9. Aleng the centre gulley the temperaturc may be raegarded
as almost conatant, The temporature along the ceiling acress the
Joists iz shown in Fig., (V9 from which it is seen that. it falls almost
tuice as rapidly as for a {lat cciling, The temperatures perpendicular
to the ceiling for two positions aleng the axis perpendicular the
direction of the joists are -shown.in Fig, 0.

The values of velocity 8 ftaleng the gulleys are shown in Trble (1),
TABLE 1 '

Velocitics in the gullays of open Joisted ceilings

Velocity in ft/sec

4

Gulley ovey +{Gullics next-to | Gullies next but one to
fire -° | one¢ over fire - ;'that over the fire

Top half of 30 102
gulley

Lovier half
of gulley




-9—

he2s Results for larpe-scalc tent

Figures 12 ond 13 show the temperature distribution seross th2 .
gulleys ond along the centre pulley for a legge seale fire similax to
“thnt deseoribed in seetion 31 Altimes loss than 40 seconds there is
nuzligilble gradient along tho gulleys but o large gradient acrosa them.
Afvor 40 seconds the tenperature gradient along sgulloys scems Lo vary
asecwhat yet tho temperatures & £t. from the centre and ot the centre
aroo Little different and both hirher than at the mL"m }diate distance.
Uiy mmomaly dis probably due to the resulte for the 2 /3 f't., distonco
Puang averanes of the two rundings one on either side of the centre of
Lhe Cve, Since the fire leancd clightly 4o one side the nverasge values
AL 2 /5 s too low, It is scen from Figure (12) that when the fire
haa developed so that the m.o]u of' the centre bhox is fully involved the
grudicnt ncross the gulleyn is less cteop than it ds when the fire ds smell
and is approxinately «qual to Lhnt for a flut ceiling,  This 4y to be
expect.d gince the larper the tirve the swnller, relatively, are the
Joists, fThe opening tiwmes of nprinklors ‘-nb‘]hnh'ﬂ to this developing
fire wero about 140 scecords for the opun Joioted ceiling compared with
100 = 110 zeconds for o lat ceilling, 'mﬂ vicre dn Toct loss than fo
sprinklere pleced in the upright vosition under a flat ceiling. That
the effeet of the ceiling is Tess than the erientation of "h'u sprinklcr
is confirnutory of the relatively small effeet off the joists ncar a
large fire,

“Mhe importance to tie attachad Lo the natwe of the ecilling lerly
dopends on the size of the fire that can be tolerated before the
operation of' an alarm,

5e The aitine of alemms and sprinklers

In view of the above discussion it i‘o]]o:v:: that 11 a fire is to
be detected in tto early stoges it would ve preferoble to adopt a
dinfribution such as is shown in Pirure (1,{1.) to the cne shown in Figure (15).
x

- R X .

Figure (14) g Figure (1)

In Figure (14 the grentest number of guilics to be crossed by the gas
stream before arrlvm[, at a gulley containing an alarm is ivo instead of
the three in Figure (15, and it would even bu advantageous to decrease
'A' at the expence of "B'.  Vith flat ceilings there is o boundary
lgyer close to the ceiling and alarms should be as near the ceiling as
possible without being obseurcd in any way from the fire and without
being in the boundary loyer, - 'This boundery layer increaccs with
distances from the fire and is greater the slower the-initial velocity
oi the pases, For 1ong,1tudlnd1 turbu%cn‘c flow over a flat plate thd
boundary layer thickncass is given by
‘ -0 ‘ . .
d=0.38.9C fUC (34)

. 3
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where "x" is the distance from the plate cdge, Ve tnke the velocity
as 10 fi/sec,, the.kinomatig,viscosity for alr at 100°C ao 26 x 105
££2/uee ond "x" as 5 ft, R S

v n, P
lenee from aquntimm(bqj

= (.1Q M. = 2 to 3 in,

This may be token as the wminimum distence that alarms or sprinklers
should be placed bolow the ceiling. The greatest distance thet Should
be permitted depends primarily on the size of firc to be tolerated.

Since the thickness of the Peated layer in the large fire test ir, for

a tempereture just below the ceiling of 200°C, theorctically approximately
1.5, times that ocowring with the smaller tray fire, the apacing from

the ceiling, should be kept as small as possible (less than 6 in. say)

if relionce is put on the nonveestion Irom heated gascs, A large fire
will produce greater radiation than docs a small fire mad a greater
distonce can be permitted if the size of the tolorated fire is relatively
large., For spacings of about 12 in.. t ¢ operation will be almont
entirely by radiotion,

6., . Opening times of slarms ond sprinklers

This 1is discussed in terms of » particular cxperiment. The
discussion, hawever, is quite genernl,  The fire was as in the 17 in.
diometer tray tests under o flat coiling., The scncitive clement of the
alorin wag a bimetallic strip parallel to the ceiling, Two positions
of the alarm werc tested, one, the olement projecting below the flat
ceiling ond two, the elewent in the plane of the ceiling, the body of the
alsrm wen recessed,

Tot #_ be the coefficient of heat transfer by convention between
. the heated ras sircom and the oxposed suwrface of the zensitive element,

Let H be the heat tronafor by radintion per unit arca of the exposcd
swriace of the scnaitive element, ‘

Let A be the heated area of the scnsitive c.llcment.

Let € be the thermal capacity of the hcated part of the scnsitive
cloment. o . ' C

Wle assumc thot the hcating is slow unough in relation to the thickness
of the sensitive clement for this to be heated uniformly throughout its
thickness.,

Let 831’0 the teupersture above ambicnt of the heated gases.
Let GL be the tomperature obove awbient of the element.

The heat balance cquation for the beated element is this

< é_@_@

A (35)

med ‘oonstant’ 5) can be ix.xtegmtea to give
T T T Ry
@e - @@ A /-@\y(\*—ﬁ o

if @P is the operating temperoture of the alaxm and ("0 is the
time of operation ‘ .

(36)
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6.1 The cvaluation of h - projecting alarm

For o flat plate cxposed to the gns strenm by being placed away
from the ceiling so- that it is out of tho ceiling b?undnry lovor we
have for small plate and n.lnminn‘boundary layor (4

‘\\N\:’ 064 N /f‘\% - : ., ‘ (37)

whoee bhe charncteristic dimension "LY is the length of the plate.

For velocitics of up to 10 f't/scs the Reynold's mambur for o 2“,}; ina
lamg pintc is nbout 10" so that the boundary on the plate is laminar.
Hence the use of cquetion (37) ie justified.  The huot transfor
coefficient is then given by

066k . ()F |

h= = X i, : (35)

Toking N) as 19 x 1070 £t%/sce L as 2% in, and K as 7x1072 ¢,6.S. units
vic have

Uy,

M

eals an~? see™t g~ (39)

hy = 023 x 107 (

where D i measured in Tt/ sce,

'

6.2, Evoluction of h - alarm flush v th cuiling

If the plste is parallel to the ceiling wie require the locel heat
transfer coofficient at the point on the ceiling n distance." " from the
contre.  There does not oppear to be ay data for radial flov past a
plate so we toke as an approximation the formula for longitudinel flow,
1.0e 1 ¢ use cquation (14) where the characteristic dimension is the
distance from the contre of the coiling., Hence if i, is in units of
ft/scc and "§ " is in ft, we have

h o= 9:058 x 1075 0-8 cals an~e sec~! gt (bO)
/YODZ L MA

6.5; The evaluation of H

If Vg is tho absolufe flame temperatirce ‘apsumed 1,000 C
¢ is the cmissivity of the flames, - ’
4 is the contiguration factor at the element.

and (f Stephian's constant . c

, - & '
H= X *T(. spproximnately A (31)
o is token as 0°2. Since this moy be as much as’'
“twice too grent, the determinstion of H is very approximate, but since

'radiation is less important than convection in this cxperiment it does '
not offect the results greetly.

. To determine g we consider the flemes to bc equivalent to a
rectenguler area 4 £'5. 6 in. high x 17 in. wide perpendicular fo-ceiling

“as in Figure (10), .
- P2t

. elcm.,nt pérallel +0 ceiliﬁg

/
The values of 4 and H ¢alculated from equation (i4) for differcnt
velues of " are given in Tnble (2).




12

... TABLE .(2) y

A

Caloulated confipurntion factors and radiation

M

",\f. " . H

(£t) cals clrxl'z
’ 8oc

0027 0:019

0*020 0014

0+010 0+007

0+008 0+ 0056

Values of H for o flame temporature of 1 ,OOOOC con now be cnloulated
and are also given in Tahle (2).

'Data for the velocitics at various pointvs had to be assumcd., It
has been shown elsewherce that moximum velositics Yuwfor various points
“'along the cciling Tor this firc way be ostimated from cquation (7),

(15)"dnd (16):‘-
UL 0
i.e, ) uw = ,TL:&

wheze uw is in rt/sec.
In oddition win have

‘ A = 13°3 sq. cm for 2 heated length of 7 em

and C = 077 cal/°C, :

The total thermal copsoity for a length of 8*5 was found experimentally
as 0°95 cal/9C, Bofere applying these data to colculete " " from
equation (36) we must investigote the effeet of weven heating cn the
operation of the bimetillic strip, The alarms used had a rated
operating tewperaturc ¢f 65C, If it is assumed that this refers to
wniform heeting' and tha: the ambicnt terperature is 179C it ecan be shown
‘that leating through o doundary laycr of a thickncss vhich inercases
from the fixed end of the strip to the frec-end, it can be shown that a
mean ris¢ in strip temperaturc of leas than 48°C will operate the alarm,
This is discussed in Appendix I where it is shown that for {he condition
- of these experiments a mean temperaturc ranging from 38%C to 42°C
according to the time of operation are suflicient,

" This, although applying to the projecting alarm assuming convection
to be predominant %o radiation docs not apply to the alamm in the plane
of the ceiling where the boundary layer mey nct be expeeted o very much
over the length of the heated styip. Thus taking the valucs given in
Aprendix I as the effective opereting temperaturc for the projecting
alarm and 50°C for the nlerm in the plane of tho ceiling, we may -

* celeulate from cquation (36) the opening times for the two alarms,
Thesc tnd the measurcd vimes ove given in Table (3).
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Tmmm(sf

Opening timeg for alarm abové tray fire

Uperating times (sec)
“ .

Distance {rom Bimetallic sﬁfib ‘ Bimetallic strip
crntre ot fire 1 2 in, below cciling in plane of ceiling
")

|
]
s.easured }Calculated Measured | Calculated

“

30

53

90 250

Did not
open in
300 secs

The results for the test ot | ft. suggest the alarms moy not have
been adcquatcely cooled after the pz=vioug tecsty,  Otherwise the agreement
is ag satisfacltory as can be oxpected in view of the nature of the
assumptions nade, -

7. Dlscusslon and. ¢ onclusions

, Sone experimental data for the veloeity and temperaturc

distribution have been partly interproted in the lig't of heat transter
t‘cory, and there is some evidence that experiments may be scaled in
cize, though this would roquire wmore experimental data than is aveilable
at present for the principle to be made use of.

Tlomentary theory would scem to be insufficient to account for the
apparent constancy of the -thickness of the heated layer. Also it is
neeessary to measure the velocity of the heated gases dircetly at
various points of the flow pattern in any future work.  The heat trans-
ferred to the ceiling is, for the fires of the sime discussed herc, a
small fraction, cbout 15 per cent of the total heat available, so that
the use of a formule valid for longitudinal flow for flo from a central
axis may well be sufficicntly accurate,  However, if it is desired to
estimate this quantity closély this method of calculation is open to
objection, DMeasurements rathcr than cstimates made of flame radlatlon
for different fires would be required as well.

The results that have been obtained show that some further

" consideration must ve given to.the siting’ of alarme ond sprinklers. . For
flat ceilings it has Lieen shown that the uena.!.tlve element must be at
locast 2 in, below a flat ceiling and any (as flow to it unobstructed..

If the darme are, say, 12 in. below the ceiling they will operate only

. if the radiation is great enough for the fire dircctly beneath them. ~ A
" tomparison of flat and open’joisted ceilings shows that the latter may
make a considerable dirference in the early stages of a fire, This
suggests that the square lattice arrangement is, from the aspec* of
detection, less sensitive than the diamond lattice,




AEFPENDIX T

The bimetallic str p operates by doflecting ita free end a
cortain amount,

Pipure (l/‘

Doooootien LF bimetallic styip

From Migure (1%) we have

% Sin 1// WV )

1
[
%{ R . (43)

assume that the curvature at any "x" is proportional to the local
s¢ in temperature,

i.e, -L 6 6
K )

Hence from equations (42), (43), and (i)

4 - me
o T -

(e Codn
\.h:%)o )

For uniform heating we have

Yo = 5 26
¢ L2
The alarm operates whcn ‘1< rc:aches a cr1t10a1 value L‘C.
i.e. L‘C, = . BQ é(p
’ T
Hence from equations (45 and (47)

2“.
@r = 'e':u

o




whers (9(;, is the distribulion of uneven heating producing operation
of' t¥¢ alarm.
We now define n crliical sirip mean 1,or.rpcratuzc @p

/
& = / 0. o (49)
and e anlowlate the retio o
n / () el
Cp | e’ ., e (50)

Dy A ( Cety / el

Negiceoing conduction ::long the strip and ag mmlng that Yhe pus stream
hag a teompersture sroatly in cxecss of the tompe ro'.;nu:; reached by the
strip e can srite thal the bewperosbure st o poind ic yprogsorticonal
to x = Thic, of cemrse, will not hold ;ood neer pne_crual 7zro but
if thi:s fomn dn inasciod o oguntion (l;,,} c obtain

It is poscible to teke sccaunt of the effcct of conduction along the
strip cven if 1Y ds not casy to allow directly for the lowcring of heat
travafer by the rise in teneercture of the sorip,,

G DaVe approx Lmn by

r\’A‘:’:“g -«/OCAO_L_Q . A

- ,X C(/(‘. ' ‘)(‘/L

the strip thickness

the strip thermal conductivity

Jhio ostrip density

tho o r‘i' gpeeliic hieat

1 constnat,

Yoasswnce thet no heat is logt at the ends of the ends of the strip i.e.

dif
At

el =0 avd £

. : A2
Ve write - eownd tulie the cosine transfoxrm denoted by

¢
/ € tuap el

i
ﬂq_@f‘;} [J(' AoL@ _l_/‘%‘“ (52)
e I {__jb ~

for an initial tc'npr'rniurc of zoro wa heve from (52)

R ST

Tl

where 73 = K FC

(53)

Inverting the transform :sccofding to the form
2 &) Co-:/‘lx
sy 4——:
m 15,




we hure from equations (5}) and (5}4,)

CD

ZA{’

i L

127

“ é«nc’a’ (/ ﬂ/"f

———n_rn -—..‘

\\“0 7/ L (56 )

e re

o ,ﬂs,.
Por zevo conduction along the atrip we havo <

3

/ L/{’r (-/ Lk 0{449()
o = s... "‘1 /

An avproximte cvaluation of this gives the rusult 1+336 instead of
/3, For k = C1and 1 = 80 en, wie bave

Taking the cbucrved wvalues of "t" we caloulate equiw?ulc.nt opct‘.,tmg
temperatures @’f fror equation (56). Values are given in Table (4).

TiaLE (&)

Squivalent opexsting tenperatures

/T" (9%);? Bouivalent operating

tomperature

1257 38cc

1227 : 39

14166 XL

14123 4200
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Aclmowledmnents

The cxperimental obacrvations with the tray fire were made by -
L. Yo Hinkley and hae 1. L, Te Smort; a vacation student, lr. C. Knights,
also aszsisted in the work, :

Refeorences

(1) "hodern bevelopoents in iflutd Oynanies", 8. Goldstein,0\LP. 1938.

¢ ]
(2) “ent convection and buoyancy effects in fluids, G, K, Batchelor,
Cuat, J. R Doty Soc, 1054, 80, 339-58.

"Cosputing boiweratureys and veloeitios in verticsl Jets of hot or
cold air', A, Koeustol Hoating ond Ventilating svscarch, 1,
1 Jan/uurch, 1945.

Tintroduction Lo the Transicr of lieat and Nass®, Bekert
LeGrav 1ill 1QL)O.
A compari of the conventional and the "wide cover" type
' fH, Thooeo and FooNash, Joint Fire Research
"1, Mote No. 15L/1955,
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Halfway between top cnd bottom . of 9 joist
in -entre of gquliey

On level of bottuin of joist in centre of gulley

C 3" below level of bottom cof Joists in centre
of gulley

The horizontal lines indicate position of the joists
{6" apart. Temperatures above ambient

JOISTED  CEILING (I7in. DIAME’
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