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This report describes exper:i.men:ts to. stud;y the, burnilJg. of f:ires in a simple
·..oi.vell-ventilated encJ.osure. These, the first in a programme covering various

aspects of this subjljct, Viere'made '~a OJll3' foot -Cu~ with, ventilation through
one side. The combustible material. Was wood. in the f'orm of' a orib and the rate
of burIrl.ng was obtained by continuoUs Weighing'. Measurements were made of the
flame height, the'rad:iation from the' opening and the f'1.ames. The effect of
different crib designs and weights of wood on these was studied. Only for 1 inch__
wood, the largest section used ,was the effect of' crib design negligible in these
particular ,experimentaJ. conditions. I The results will be discussed in detail
when further data' f'rom tests in larJier models are available,
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THE BURNING OF FIRES mIDOMS
, ' I '

PART I - SMALL SCALE TESTS ",WITH CRIBS AND HIGH VENTlLATION

[by
,

C. T. Webster, H. Wraight andP, H. Thomas
I

1. Introdaotion I '
This report "dea:ls With -c~rtainiaspects, of the burning of fires in rooms,

in particuJ..ar-the-m=imumrate 'of burning and the t,ransfer of heat from the
flames to the- room above ,by ra.Q.jation through the window. The combustible
material consisted-'of sticks of wood built into a crib. This was done to obtain
a standard:"fire' 'for which the properties of total wei.ght, sur.face area and
internal ventilation"could be indepEmdently varied. 'No attempt was made to stud¥
the growth of the fire,' the object pf, this stuc\Y- being the fully developed fire
burning at approximately constant I'!l-te. Small scale tests have been made in a
l' ft cube box. The work is' continuing with similar boxes 2 ft and 3 ft cube and
other·degreesof'ventil,ation. The present report is, however, only concerned
w:i:th'the"preli.minal:y- tests on the l' ft box. Later reports will contain a fuller
discussi,on ~f the resul1;s, when ,theIwork on larger scales is ,completed.

2.', Ex]?erimeni;a.1--Ar:rangements, '

2.1. '~eight"measureients I,
. - . . I .

The burning box which is shown in Fig. 1 was suspended from the end of
a steel' cantileVer, the' stl'ai.li in which was a measure of the ,tot8.1: Weight.

The cantilever consisted lof a t in. square section of mild steel bar
with 5 in. grouted into a walJ! and 4-9 in. projecting from the vroll.. Two
resistance strain gauges were ;secured to the bar, one on the upper and the
other 'on the lower face, both ,about 1 in. from the wall. '

The gauges constituted the two arms of a Wheatstone bridge. In the
other two arms of the bridge two fixed resistances and a variable
resistance were used. In the ~position nomally taken by a galvanometer,
a D.C. amplifier was connected to a recorder. The circuit of the'bridge
is given in Fig. 2. The briage could be balanced by a precision type single
wire variable .. resistance so that there was a stable .outrpub from the amplifier.
With a constant test load this system gives a stable output to within :!:1% for
at least 3 hours. A calibration curve of weight against output, Cmv) for the
cantilever is shown in Fig; 3. This is, as expected. a straight line. The
overall response time pf the ~quipment was less than one second.,

2'.2. Radiation measurements I
During a fire the levels 'of radiation from the open side of the box, and

I
from the flame above, were measured. The general arrangement of the apparatus
is shown in Fig.? 4-, Plates I +II. For the measurement of t);le radiation from
the open side of the box, a copper asbestos disc radiometer ~1) was used.
The disc was located on the cobntral horizontal axis of the' 'mOdel, and 6 in.
in front of the plane of the e?pen side. In order ,to obtain some 'measure of
the radiation that would enter a room immediately above a burning room, the
radiation from the flame abov.b the box was measured by means of a copper
asbestos disc and a"~right gold disc 1 in. awa:y in the same plane corinected
in opposition. This arrangement was found necessary to balance out the
convective transfer from ,the hot gases passing over the box and on to the
copper disc. The copper aabeabos gold disc combination was calibrated-against

I



li\ standard. radiometer in front ·of.a~e CO!ll~·ti.~ ~tion panel;
the curve 'is shown in~. 50 ~s 'disc com~~tion was pl.aoed at a.
height of 6 in. above the' top of the box in a p~ parallel to the opening,·.
and 2 in" behind it, and: cent~y w:i.th respect to the sides of the operiiDg.
A bright aJ.uminium sheet was laid on top of the. box to reduce tlie radiattonf
from the top..

2.30; Des:i,gn of cr1b,2

Table 1 shows the various designs of wood. o:r;ibs used in these experi;.
ments o The sticks used in the experiments:were'~square sections -and- a1.1
pieces were 10 in" long..' .'

\
"

TA1ffiE I
. .

TYPES OF"CRIBS"USEID"!N"TESTS
b ;

.'

Weight Average
..

lb. Density of WoOd. Size fBcking Dens~ties-, i;D/.oo· "': . ino ; . ., '
.. '

,
,9 00 53 1 100'

5 0053 ':1 100 50 3a-
3 0..53 1 100' 50

~5t
25

5 0';,.6 t 100 . 50
3 0..46 . 100 '5°

...~~ 25
11 0 ..46 100 50 25 20.'2 s5· 0.40 V. 100
5 0.43 4" . '100'

.,

_I

The packing densities given ill·'Tabie. 1 are ~Puted as the .thickness ' of' a .stick
as a percentage of' the 'spa.oing between sticks'" Thus 100 indicates 1 : 1
spaoing, that is the sticks are one thickness apart; 50 a 1 : 2 spaedng,

, I

two· thicknesses apart, etc. .~~ . '

., ,~,"'(si.Ze 1 fil.&jino) and. beech (size ~) conditioned to equilibrium
in air at, 680F and 6!7')J re1.a:~ive humidity, were used.. .

2 04 0 Experimental··Procedure

Before a te~ was' started ,the·,box was huilg Qn the. cant~ever and 'a
large" luminous gas f'lame'~'onthe inside so'that the wl:iol~ surf'~

was heated for a period' of' ,t hour. This was .neoessa.:ry- to remove absorbed ,
moisture from the'asbestos :woodo ' After"heating,: the.box was alfowed to . I,
cool for one hour, ana.:then·'.the··crib was bullt 'insid.ei.J.1·about 4 hour.
~e it Was being built, two"pieces of'me~aJ.dehydewere -laid"at the-cent~

of the base 'of the'"crib-t.o provide"a source of ignition.. ImmediatelJ' the
orib Was' built it was ignited' and-continuous records were made of' 'the loss.
of weight," the radia.tion f'rom..the :t'i.i'e :in the box, and. the ra.diation from I

, the .£'lame above the' boxo ' ':'..
~ '. • I• c·~. _

3a Re'sults

30'1.'0' '. AnalYsis. 0/ re,sults
,"- .' . ,

. ... -, (~.-', "
. _. . '.I"'~'

. Figure 6 shows twb typical. 'loss of weight.~s~ in all th~ tests
. the' oentraJ. portion was praotica1.ly a straight line 0 J '. This pa.r:t was' used I" ...

to cal.culate the. m8.ximUm rate of' loss of weight. F:Lgu.Ioes·7 and. 8 ..~ ':~ •
some .typ:i:Cai'·mdiation':cti.Ives from fJ..ames· above-and from'·the: oPen- si~~'Of'
the box.' 1 ,- '. :

.:

,.,.
• • "-, I

..L • __
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'i
ImSJ'LTS OJ' CBIll TESTS IN 1 PT CUlm BOX

;
TABLE 2

i
Teet Type of Orib Uax1m'· Mui••1a rate ot Un1.. Bad1a't1.aa
No. We18ht SUo rate at 10M or we1&h- Uexi.,.

Pe..cld.ng Density P .D. and , loaa ot per UD1t area. boa hal f'1aIIe Plaae Height
Orib Ho18ht H wel.P- 11& CII",:~-1 0peDha. &bore boz ab4mt boz

gil aea-1 I Cal ar2e8o-1 QaJ. aa-2...,-i 011.

I
4.100gll of 2.54-

I28 , Olll wood
, :ro .. 100,H 25.4. 011 4-.43 0.46 1.10 0.27 90

2}OOgll at 2.54- I
011 wood' i

13 & 14- PO .. 100,H 14.6 011 3.25 0.56 1.00 0.13 53
18 I'D.. 50,H 19.0 oa 3.63 0.57 1.10 0.17 4.5
19 ro ...ni,B 28.0 011 3.70 0.58 0.97 0,20 " 60

I
1400 gil ot 2.54-

I011 wood
24- I . I'D .. 100,H, 8.9 OJI 2.05 0.59 0.7$- 0.05 30
25 I ID .. 50,H 11.5 011 2.12 0.55 0.95 0.07 30
26 ro .. 333-,H 15.2 oa 2.35 0.58 0.78 0.08 30
27 PD .. 25,8 14- 011 2.•35 0.57 0.87 0.07 30

2}OOga ot 1.27 J

0llI wood I
7 & 12 I'D .. 100;8 15.2 oa 3.4-7 ,0.29 0.90 0.19 60

20"= 13 PI) .. SO,H 23.0 ca 4..92 ,0.35 0.76 0.28 7S
21 I'D .. 333-,8 30.5 oa 4..06 0.29 0.73 0.32 90

1400gl1 ot 1.27 , . I \
011 Wood

29 ID .. 1oo,B 9.5 011 3.58 0.50 0.62 0.13 60
30 I'D .. 50,H 12.7 ClII 4-.93 '0.66 0.60 0.18 7S
31 ID .. 333-,8 19.1' oa ;.30 1°·61 0.69 0.21 90
32 ID. 25,8 19.1 011 5.30 :0.75 0.60 0,20 75

7OOg11 ot 1.27
I '011 wood

37 ID .. 100,8 5.1 til 1.90 jO.55 0.4,5 O.O/t. 23
33 ,ID .. 50,8 7.6 oa 2.35 0.55 0.51 O.O/t. .50
}4. PO .. 3}j,8 10.2 oa 3.25 ,0.73 0.54- ,0.08 4.5
35 PD .. 2S,B 12.7 aa }.33 ·1°·72 0.60 0.09 ..,
J6 ID .. 20,8 12.7 ca 3.48 ,0.75 0.60 0.09 ' 30

23OO8a ot 0.95 I
aa wood I

11 m .. 100,11 19 oa 2.95 1°·" 0.80 , 0.19 60

1400811 ot 0.95
oa wood

}9.4: 4.1 ro .. 3}j,8 18.4 em 4.17 0.31 0.51 0.20 75
23QOga ot O.~ .

011 wood
10 I'D .. 100,8 17011 }.4D 0.11 0.80 . '0.16 60

14DOp ot .64-
011 woOd

4D&4.2 PI) .. 3}! H, 21.6 011 4..47 0.2} 0.4.7 '.0.23 ,90
2300p ot 2.54-

011 WOOd
38 m .. 100,H 17.8 011

Back and trant ot. 3.78 0.56 0.;.'4 0.24. . 75
boJr: ba.lt' open --
2300811 at 2.54-

011 wood
16 'I'D .. 100,11 14- 011 2.73 O.SO .".

On opeD board

2JOOga ot 1.27
011 'IIOOd

17 PI) .. 100,B 14. aa 2.88
I

0.24- ' 100-
On open board

...
~..



where

The maximum, radiation-intensities from the flame above the-obex and
from the"burning"'crlb' inside- the"'box;l are 'given together withthe-!leight
of flame in Table 2' . :

The results given in Table?; ~,"been'SUbjeeted:to a multiple
regression analysis 0' For 'simplicity'lit was'assumed that Ln the
regression equations the'rate of 'burr¢.ng, the radiation levels, and the
flAme height were-linear with respect-to pacldng density, stick size
and weight of crib 0 ' 'I'

In calculating ·the rate of Loes-Iof v.teight"per"lmit 'initial area, the
area was calculated from I

A = 2tl ~::~ xN

I

P

I
A = total exposed' 'area -of wood
t = thioknesS' of stick ! i
1 = Lengblr-of stick I stick 'thickness'
P = packing ~ity = 100;X distance "b'etvreen -sticks
N = number 'of -stiCks'T' .. .

All.owance--is' made--in this-formala:"f'or ..the'unexposed area due..to
overlapping of'stit?ks. i

The signs with the SignificancellevelS.in Table 3 shoW'the'dIreotion
of the effect i.e. they are the.s8.me·~signs·8.s·-in'e~t~ons(?F... (6)0 ' A
somewhat 'surprising -result was 'that "the multiple correlation coefficient
was larger -for the radiation 'measurements than for the vreight,-los~, iDdioating
J:that·."the,~a:sswJiptiori'(of!1i.nea±ity~is-imorenearly correot for radiation than for
the other factors 0 ' I '., r ••
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TABLE .3

LEVEJ:S OF SIGNIFICANCE, STANriARQ DEVIATIONS AND MULTIPLE CORRELATION
COEFF'ICIEN'l'S FOR STATISTICAL ANALYSIS

- ,

.~. Factor Weight of. Thiokness of PaoId.Dg Mu1tiple Correlatio! Standard devi.ation 6'" e:. .
.' -Dependent Crib Wood Density . ooeffioien~ In original units mean

Faotor

Rate of loss of 1% (+ve) 0.59 1.1 sm!seo"-' 0.40
wei,ght.

. , .

'. .-
Radiation'from . 0.1% (+ve) 1% (-va) 1% (~y 0.9.3 O.Ojjcalcm"~o-1 0.26
above box .

..
' ..- -

Radiation from-
0.1% (+ve) 1%- (+~) . 0.92 0.079 oai om~2seoe"1 0.10~·. front· of' .box c..

He~ofli'lame" 0.1% (+Ve) 1%. (-ve) ~ (-va) 0.81 1/i. em; 0.25.-
Rate ·of·m.loss..

.-1

. :.peruDit:area 0.114 (-ve) 1% (+Ve) 5J& (-va) 0.82 0.12 mgm. om-2ooo-1 0.24-

,

,
,,- ,-

" , ,> " ••.•



From the ~sis the 'followingJ'regressionequations were obtained:-

u = 1.0 x 10';'3 W+ 1.4' 'I
rf =0.1 x 10~3 W - 0.059t -,1.2 x 10-3p + 0.14
r.s = 0.14 x 10=3« + 0.14t + 0.29 '
f = '2.,4 x 10=2 W - 17t - (0~20P; + 56
Ill" = -0.14 x 10-3'{{ + O.19t - 0.16 x 10-2p + 0.5lr

I

•• eo ••• '!2j•• 00000. 3
000Cloo •• 4
00000000 5
oooooo~o 6

IB
u
W
't

P

-'

..,. ,...

:

where I'
= max:iJIIum radiation from box cal., cm-2sec-1

,_ ma.:x:imuIll.rate of wei,ght ioes :. gm/sec
= initiaJ. weight-of orib 1; sm. '
= 'thickness ofstiok: cml

I
packi""" "ens~ty - '100' x __ stick thickness=-."'0 w ~ - 1llstd1i6e-beCweeil MiCd

= ma.-tinnlJD radiation from flames :: cal. ,om=2sso-1

= max:iJIIum rate of loss cif! weight per unit area mgm cm-2seo-1

'f = max:iJIIum flame height -: bm. ,
The levels of signifi~1of eaeh tem in the 'above equations, the

standard deviation and the multiple correlation coeffioient are given in
Table 3. ' I ' ,

Howeverg it w:Ul be seen fiom the data in columns' 2' and'4 of Table 2
that the burning rate per unit area for1":m:d is indspendentof-ps.ok:ing dsnsity'
and totaJ. fire load~' Strictly :speakingg a statistical. a:naJ;ysis shouJ.d
exclude 1 in. wood or include nen-linear tems. This was net considered
worth while at the present stag~ of the work. If we neglect, the results for
the largest crib which nearly fp.1ed the room and was clearly affeoted by
this, we obtain for the max:iJIIum, rate of burning per neminaJ. unit area, the
value 0.57 :!: 0.01 DJ8Il,cm-2 sec - 1 '1

3.2. The ihlration of the fires

,
-:5-
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3,3, 'Radiation resuJ.ts

The intensities ~fradiation£'fomthe"flwnel$rf and the box r t :i1 ~
converted into radia;tJ.on temperatures assuming them to behave as b
bodies, 'i;eo

.:

T =

where ¢ = conf':i,gura.tion f'aator with respect ·to 'opening in ,box

6" ~ Stefan 1l01tZJDBm1"constant"1,37 x 10-12 cal om",2seo-1 OC-4

T = absolute tempera~

, , In the ca1oula.tion of the radiation_tllmperatures of,the flames above '!
the bOX, the-configuration f'aator-¢ was assumed t()',~,.1 '. The radiation
temperature· appears to"be about 20000: this value is ;Low because there is
insuffioient-thickness of flame to give black body c0Iltli.-tions. The ~ue "
of the effective tota1emissiv:ity is therefore of order 0,035 asSU111in8
9000C for the'black bod;y--tenrpera.ture-of -the flame

- ,:.:
Because .the' thickness-of' flame'-is like4r to Lncrease with the flame

height ,it is·to be expected- that- the' radiation from the :\.'lame above the
box should be related to flame--height o This is showndn RiSure 10. The
relation mavr be also 'seen from the"eql¥l.tions'(3) and:(5}. 'J-'he ratios of
the coefficients of 'the three'terms are 240, 300, and 170, which,
alloWing for the-tolerances on each'-regreaedon coefficient, are of the ,
same order~ The-black bod;r't~tures-for"the' box hav.e been calcu4ted I
from: the"ra.e1iation values given in Fig. (8) and ·they liein~ the ~e
6500 , - 8000C.
(

, ,

3:4-. Flame-hSht
\

"

,'~ .

" ,

" The val.ues of flwne--height'have 'been plotted-against the-'fSross rate
of burning in Figure"11. Although-it is clear from equations l2) and" (5)
that their relation-impendS-on t and' P, it is i!'J,:teresting to observe that
within the, range of- these experiments and ,t~ aceura.oy to which flame'
height'was measured, a simple linear relation appears to hold good. "The
value of,;th~:,Itegative intercept' on the flame height axis is about 20 om.,
which is in agreement with"the-v:iew'that-,reaJ:o~ of the flame is
within the lower ha1f of the box. There are theoretical reasons for
supposing that this relation is not' strictly linear and these will be
discussed in a later'report. ! ' " ,

3.5. Comparison with an-open-fire'and'misce1la.neoustests
. [. -.": : '. " ."' .' ~ . • .. -. ',' 1::1'· . II

Three ,tests Nos. 38,'16 'and 17, Table 2; "f!ere nia.de to obtain some ,
indication of the relative--significance of'ventilation in these experiments •

. -In test No. 38 the-top half of the: front'-of -thebox:w!i.s"closed and the top'
ha1f, of the back of'the box"opened'; It vre.s hoped--by"this means to prav:i.de
greater mixing" in the--box and'increase the circulation of, air through it. II
In tests No ; 16, and 17 the-'cribs'were-'ba:iJ.t--and 'burnt on flat asbestos
bOards'so that'there-was no restriction on the air'going into the sides
of theorib suoh as mavr occur in the' tests using the box. A comparison
of the resuJ.ts of these tests with--those"for'enclosed cribs shows that the
rates of burning for'enclosed"oribs'are higher by about 20)1: than for
corresponding cribs in the"open. ',

,......::
.'.'

,,
,.".
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Disoussion

The open cribs burn'moreslowliV:·than the-enclosed'oribs 8.na. this
shows that theencl.osedorib fires are heat and not ventilation' controJ.J.ed.
This does not. however. explain·all the resUlt!!, for e~e. equation (4-)
shows that increasing the'size'of the orib increases the total burning .
rate and the radiation from theopeningj it preeumably aJ.so increases
the level in the enclosure but the rate of ,burning per unit area m"
deoreases as is shown by equation (6). This Ll8.y be because, for oloseliV
packed large cribs, increasing the' size of the crib leads 'to little, if'!jIlY,
increase :1.11 the-'actuaJ. surface of wood exposed- to heating the lo;ver parts of
the crib 'being shielded"from-the-:f'laines'. lUso. increasing the size of the orib
reduces ,the 'amount of oxygen reacm.ng unit area of wood' surface. Burning'will
probab'ly tepd"to occur more above' th~ crib and less within· the" orib. This, too,
wouJ.d lower the heat-transfer"to thejwood"surface'·and,tend-to redu0E/'m". This
does not happen with oribs of 1 in. Wood. -For these the'ver1;ioaJ. spaces are
greater and the-horizontaJ:- spaces, although varying with- packing density, are
greater-'absoluteliV, for a given packing density than they' are for oribs of t1tinner
sticks; , These spaces are, presumabJ.;Y, large enough' for burning-within the-orib,
not to be restrioted by low ventilation or by low internaJ. heating ana: the vaJ.ue of
m" is therefore constant. I' ,.

The effeot of increasing the stiok thickness for a given totaJ. weight of wood
is to deorease the surface area; and if the packing density :is kept constant, to
increase aJ.so the linear dimensions of the air spaces within the'orib. This, J aJ.so,
increases the burning rate within the crib itself and raises the heat transfer-rate
to the wood surface. This might~ wh;y- the vaJ.ue of m" (the'~ rate of
loss of weight per unit area) and the radiation from the opening' X'1J are increased
as shown bY equations (4-) and (6). This effect appears to be large enough for the
gross burning rate not to be affected signifioantliV by changes' in thioknes!!l. '
However, it is interesting to note ~t the amount- of flaming doeer decrease
(equations (3) and (5». I '

These arguments suggest that increasing the wood thickness changes,the '
position of the combustion zone so that more combustion ooaursW±thin 'the"ori'b.
This is supported by,the increase ofiradiation from the ,box'and-deorease-in:fJ;/!JIle
height and radiation that were found to follow an increase in wood"th:i.ckness
(eqM.t;imkOh5~z;.) and (5». ,,: " ' "

The effect of Lncreasdng the'i>aiking density is to reduce--the·'spB.oeswitl$
the orib. ' .A:Llthos~ quaitlties whichlrefl.ect the rate of burning are therefore "
lowered unless the air spaces are large enough :in the first plaoe. Thispacking
density in the range examined here hB..s no effect on the'behaviour'of cribs of
1 in. wood. A more deta:i.led and quaJ'ltitative assessment of these relationships
will be made in a later report., : -'

',' lUthough in ~enera1 the fl.a.me hJight, the radiation~,'-the"opening'and
the flames, and the rate of burning :Per unit area are influenced 'by changes in the
design of orib. the rate of burning for 1 in. wood is an exception. 'It is
effeotiveliV constant with a vaJ.ue of :0.57 IDgIl,cm-2seo-1 except"for"o, crib 'Which
nearly filled the box.' ,

I .'
For these fires where the duration of the fire' is unaffected by the'fireload,

the best vaJ.ue of the rate of burnini for the 1 in. wood is 0.57 ~QIIl=2sec-1 . '
The effective duration of flaming was about 10 minutes so that the :resUlt
corresponds to about half the wood being involved'in flaming combustion and half :
remaining as charCoaJ.. It is impo1"tlkt to note that the flame height is related.
mainly to the ;re";e of burning. lUthough it is affected to some degree by th6 orib
design. it prov:i.des a method of relating the hazard to a room above the fire with
the rate of 'l:urning of the fire and Ii method for 'an obsezver to estimate the rate
of burning of fires in a building. I j

-7-
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50 Conclusions. ..
J,•• _

. Some.empirical ~J.!!.tions bave·:been·obtaineSl. forrelating.,the·'rate·'of'·burning,
the radiation from the enclosure and 'the 'flames, and·the flame height to the
prope~ies of the crib in an enclosure 1 ft cube,

Flame height is related~ to the ra.teof burning··and··thallgl.i:!Or1biJp~·'

erties a.f':t'ect this dependence·they 'appearin these' expe:nments to be of secondary
importance" :

I,

The rate of burning per unit nominal area of wood' appears.to be constant for "
1 in. sticks being independent of the tota:L amount of wood:' and: ..the spacing except'
for the largest amount of wood'wnere--the height 'of the crib was' toe large to be
considered sma.1;L compared' with the' room height. " I,. . ,
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Before starting the test, Ishowing . cantilever· above

. I
PLATE.1. TiEST No.13
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~

. 72'minutes after 'Ignition of crib,

Flames emerging

At 12 minutes
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FIG. 10 PEAK FLAME ,HEIGHT AND RADIATION FROM
FLAME ABOVE ROOM
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