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SUFPLUIEl'lTARY REPORl'S OF WORK FOR THE C.I.B. INTERNATIONAL CO-OPERATIVE
RESEARCH PROGRAMME ON FULLY-DEVELOPED FIRES.

Edited by A J MHeselden

In this report, the most important of the reports prepared during the
course of the programme are gathered together for reference. Very little
editinG hao been done beyond correcting a faw errors and misprints, modifying
titles and references and eliminating some parochfal.Isna,

~le contents list briefly mentions the importance of each report.
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INTBFfrlllTIONAL CO-OPERATION IN MODELLING FIRES 

A SUGGESTBD PROGRAi'il£

This paper describes a suggested series of model experiments in which
the effects of the following parameters are to be investigatedl-

(1) Shupe of compartment

(2) Size of compartment

(3) Area of ,;ind01; opening

( 4) Amount of fuel

(5) Disyersion of fuel

(6) Dimensions of fuel

(7) Wind orientation

(8) Wind velocity
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by

D. I. Lawson

SUlcu.JARY

Director, Fire Research Station,

England.
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INTERNATIONAL CO-OPERATION IN MODELLING FIRES 

A SUGGESTED PROGRAMME

by

D. I. LAWSON Director, Fire Researoh Station,

England

INTRODUCTION

During the last few years there has been a growing realization

that if progress is to be made in researoh into fires it will be

neoessary to enquire into the effect of various parameters on the

development of fire, partioularly in respect of fires in buildings

whioh aooount for the bulk of fire loss.

The faotors influenoing the development of a fire are so

numerous and fire experiments are so variable that it is unthinkable
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to oarry out a programme of this kind at full soale and some kind I
of reoourse to modelling is

however large the so oalled

therefore essential. In any oase, I'
full soale,fires are, the ones ooourring
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in faot

It is suggested that

This paper sets out

The development of fire in

The approaoh most likely to

PARAMETERS APFECTING 'l'H! DEVELOPMENT OF A FlU

follOWing parameters may be assumed toatfeot the gronh

and the oamnunioat10n of tire from one bulld1ng to

A fire is suoh a oomplex happening that it would be quite

The

whioh various oountries oould partioipate.

suoh a unit is of international interest.

detailed proposals for a graded series of experiments whioh would

break down into a number of easily related programmes of work in

all results should be freely interohanged through the Seoretart

of the C.I.B. Working Party on Fire Researoh, who will arrange

for their distribution 1n partioipating oountries.
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experiments in a simple struoture and from these experiments to try I

of the heat and mass transfer prooesses taking plaoe;

to identify the dominant transfer prooesses for a series of pre

arranged and different oonditions. The simplest unit is the Singlel

oompartment whioh would represent a faotory, warehouse or the fire

impossible to formulate a modelling teohnique from a oonsideration

plaoe.

in praotioe may be bigger so that the issue is not between full

resisting oompartment of a building.

development with a proper understanding of what is really taking

yield results is to oarry out a graded series of small soale

stages of development of the fire.

different modelling teohniques may be applioable to different

soale and model fires, but whether we taokle the problem of fire

of a fire

another:-
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Table 3
Correlation matrix showing correlations between the variables

101%
1

R/AH2

(,l ~
c

Scale

Fire load density

Fuel spacing

Fuel thickness

Width/height

Depth/height

Distance between
stick centres

1.00

0.08 1000

0.75 -0.08 1.00

0.59 -0.33 0.55 1.00 ,

0.21 -0.30 0.05 0.32 1.00

-0.18 0.14- -0.51 -0.04- -0.08 1.00

0.08 0.02 0.25 0.01 0.03 -0.56 1000

0.45 0.51 0.27 0.05 -0.04 -0.05 0.02 1.00

-0.50 -0.03 -0.61 -O.~1 0.01 -0.03 -0.04- -0.21 1.00

-0.08 0.16 -0.21 -0.03 -0.04 0.33 * -0,03 -0.07 1.00

,
Width; Depth!I

R 9 ~ Scale
Fire Fuel -Fuel Distance

0

7J ~
o load spacing thickness height height between

density stick
centres

Notes

Each value in the table is the correlation coefficient between the logarithms of
the variables named on the same line and column.

13 spacing data is omitted.

* Not obtained.

I
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(1) Shape of oompartment

(2) Size of oompartment

(3) Area of window opening

(4) Amount of fuel

(5) Dispersion of fuel

(6) Dimensions of fuel

(7) Wind orientation

(8) Wind velooity

(9) The~al properties of the oompartment

In order to reduoe at this stage the number of experiments it

is not proposed to investigate in this series the effeot of ohanging

the the~al properties of the oompartment but rather to investigate

this separately with a few oritioal experiments.

(1) Shape of ogmpartment

The shape of a reotangular oompartment may be designated by a

three figure oode representing the three prinoipal dimensions (a b 0)

as sbown in Figure 1. Thus a (111) type

of oompartment would be a oubioal box;

a (441) oompartment would be a box with a

square groUnd plan area and having a height

equal to *that of one of the sides. Figure 1.

Using this nomenolature it is suggested that the following

shapes of buildings be explored initially:-

(111) (121) (211) (221) (441)

(2) Size ofoCllllpar-tment

The size of the oompartment is to be dete~ined by the smallest

linear dimensions and this to be either i, 1 or li metres.



figures should oover all normal ooo~panoies, warehouses excepted.

Square seotion wood fuel should be used. the amount should be

expressed in kilograms per square metre, and experiments should be

oarried out at 20, 30 and 40 Kg/m2 on the model scale. These
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side a 0
half open

side a 0
fully open

side a 0
one quarter
open

i p~cking

1 1

Figure 3.
1 t 1

2 paoking

Figure 4.

Figure 2.

Three dispersions should be

investigated:

-1 paoking

1 packing

3 paoking.

(5) Dispersion of fuel

by the ~ between two oonseoutive

stioks in both horizontal dimensions

expressed in terms of the section of

the stick, e.g. i paoking would mean

that the sticks were oloser together

than 2 packing as illustrated in

Figure 4.

(3) Window openi£g

Windows to extend from the floor

Fuel should be arranged in oribs

with a oubic lattioe formation (not

faoe oentred) as shown in Figure 3.

The density of paoking to be indicated

to the ceiling and always be plaoed in

the 'a 0' side of the box. It is

suggested that the following window

openings be explored:-

(a) Side a 0 fully open

(b) Side a 0 half open

(0) Side a 0 quarter open.

(4) Amodnt oft'uel



Figure 5.

Figure' 6.

blJ.-t-"'cross

head

(6) Dimensions of fuel

The sticka should have cross-sectional dimensions of 1, 2 and

4 om.

(7) Wind orientation

This should be taken in three

directions; cross wind, following wind,

and head wind relative to the 'a c'

dimensions as illustrated in Figure 5.

(8) Wind velooity

Winds to be investigated at the following levels:

0, 12 and 24 Km/hr.

EXPERIMENTAL PRCCEDURE

It is proposed that the experiments be oarried out in a

non-oombustible oompartment (so far the oompartments have been

constructed of asbestos wood, i in. thiok, at the Joint Fire

Researoh Organization and this appears to have a reasonable life)

and that the following quantities be recorded at 2 minute

.intervals: -

(a) Weight of fuel consumed. This may be found by weighing the

burning compartment, in the case of smaller boxes by suspending

it from a balance, or for larger fires by suspending the

compartment from a cantilever beam to whioh strain gauges are

fixed.

(b) Temperature in Cels:l.us degrees inside the box at the inter

section of diagonals on the plan a quarter of the height

below the ceiling and a quarter of the height above the floor.

(c) Radiation from the w:l.ndows one 'a'

d.1mension centrally in front of the

'a c' face (if necessary details of

calibrated radiometers can be

obtained from the Joint Fire Research

Organization) •
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radiometer
(d) Radiation from the flames

measured by a radiometer plaoed

oentrally 1/10 of the '0' dimensions

and in the plane of the i a 0' faoe

as shown in Figure 7. This will

give some idea of the hazard in any

room above the burning oanpartment.fiUre- 7.

The thermal properties of the box would have to be standardized

and it is suggested that agreement on this be re~ohed with parti-

oipating oOlUltries. In the same way the method of ignition would

also have to be standardized at a later date.

I:NTERCHANGE OF RESULTS OF EXPERIMENTS

It is suggested that the results of exper~ents be exohanged

1.mmediatel1' thel' are available through the Seoretsl'1' of the Working
AParty on Fire Researoh of the Consei1 International du BatUnent.

To reduoe the bu.rd,en of oorrespondence and reporting t6 a min1mum

the attaohed form should be used, and oopies should be exohanged

oDl7 between oountries aotual11 partioipating in the wo~k.

PUBLICATION

It is understood that eaoh laborato~ will be free to publish

its own results, but that the results of other laboratories shall be

regarded as being sabmitted 'in ocmt·idenoe' and· that thel' shall not

be available for pUblioation until the pe~iBsion of the originating

laborator7 has been obtained.

PARTICIPATION AND GENERAL REMARKS

The foregoing proposals are only. to be regarded as proposals

and &IQ" oomments aDd suggestions woulA be appreoiate4.
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REPORT PORM

APPElIDIX 1

3 .paoldIlg

It metre

1

30

1

half qllarter open

o 2 4 6 a 10 12 14 16 18 20

----- - - - ---- ---- -

----- - .-- - -

----- - - - - - -

-----
------.- -

20

flllJ.y

(5) I2ispersion of 1'1l81

(4) Amount of flle1

(6) DimeDftl0J!8 SIt Nil

1 2 4~. slde

(7) '!Y,1-M 0tlPaU,sm

(1) oross, (11) fol10wina. (111) head w1nd

(8) i!nd ytlog1$Z

o 12 24:t!1D/b1o

EXP9E 1mtnta1 £es9111

Desori~J.onof 1Jp!rim!!pt

Relevant parameters to be rinsed.

(1) Shape

(111) (121) (211) (221) (441)

(2) §1!l

Interga't1OMl St"'p!l1mdUta Ofl fires in s1Dm1e &!!Irp'8rtments

Time (palns)

wt Kg

Temp. °0 oe1l1Ilg

Temp. OC tloor

Radlation from
wlDdow
oal/sq.cm!aeo

Radiation from
flame
oal/sq.am!seo
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501<iEl GENERAL QUESTIONS IN TIlE

STUDY OF FIRES IN R001~

by

P. H. Thomas

5'UHHI\.RY

This paper is a series of short notes on some of the basic
problems involved in the study of room fires. A description
of recent work1 at the Joint ]'ire Research Organization has been
ctrcu lated. and some of the main results are suramar-ised here.

i>l'ril 1960
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SOME GENERAL QUESTIONS IN THE STUDY OF FIRES IN ROOMS

by

Ventilation and fireload controlled fires

(1) With relatively large windows there is a rapidly moving flame zone in the fire
and there is 11ttle or no part of the enclosure where the gases may be regarded as
nearly stationary. Hence the pressure differences do not attain the full value
corresponding to the buoyancy head. Air is therefore entrained into the flame
zone by eddies 'and the flow is not given by the same formulae as for small
windows. The fire burns mow nearly as in the open and the rate of burning i8
generally proportional to the available surface area. If the fuel is in the
form of a crib there is a region where the design of the crib is not a controlling
factor. Too loosely packed a crib loses heat too readily and too tightly packe-d
a crib may reduce the available surface for burning.

For these fires it seems that the heat from the flames falling on the fuel
surface is the controlling factor and it should be pos.ible, once the effect of
heat on the decomposition of wood is understood quantitively to predict fuel
burning rates.

(2) With relatively small windows the rate of burning in the period after'
"flashover" is, in general, proportional to the air flow through the windows.

This' flow is induced by the pressure differences which arise from the
difference in weight between equal heights of the outside air and the hot gases
in the room. The greater the fire load the longer the fire lasts.

(3) The fire with restricted ventilation is less well understood despite certain
apparent simplicities in the results. It is reasonable to assume the overall
fueJ/air ratio is approximately constant but in theory the air f'low through the
window is not the only air involved in combustion. Any flame outside the window
entrains additional air and there is no immediately obvious basic reason to
explain the observation that these flames are not large.

One possible factor which prevents the gross burning rate increasing in
proportion to the fuel surface is that any tendency to increase this rate may
tend to reduce the heat transf'er to unit area of fuel and hence the rate of' loss
in weight per unit f'uel surface. The maximum velocity head of air is proportional
to the height B of the windows and the maximum velocity head of the f'uel gases is
proportional to (R/Aw)2 where R is the gross rate of' burning and Aw the windows
area. It the latter were large compared with the air velocity head combustion
could not occur within the enclosure and there would be insuff'icient heat received
by the fuel. Hence considerations of mixing place an upper limit on the ratio
R/~f'i'C

It is theref'ore possible that thepbserved burning behaviour R II( Aw,fH
arises f'rom mixing consideratioDs.

Flames

The size of flames is important in the study of models because (a) their
size determines the radiation on to the fuel and hence the rate of burning and
(b) the flame radiation is a hazard to nearly combustible material.

It is possible to derive theoretically a law for any one fuel:



where H is flame height
D a characteristic linear dimension
R is rate of burning involved in the flame

Mean flame temperatures, gas densities .and composition are assUllled
cOD8tant here.

The height of flames from open cribs is beiD8 studied and appeusto
follow this relation. Flames from cubes with one side open follow an
apprOx1me.te power law

where D is the cube dimension

If R is proportional to the width then for a rectangular window we
should expect 2

~ 0( (:r>!
where R' is rate of burning per unit length of window, i.e. H ()(. R"f .

independently of D. This law can be derived direotly assUllling the flame
from a line souroe haa a triangular cross seotion and that air is entrained
into the flame with a mean velocity proportional to ,Iff: !be t18lIle .
surfaoe per unit length !s proportional to H. The air flow per unit
length proportional to H"/2 and since this must, for a given fuel, be
proportional to R we have the above law.

Reference

(1) THOMAS P.H. Studies of Fires in BuildiJ18s usiD8 Models. Research
1960 11 Part 1 69-77, Part 2 87-93.
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PHELnml1l.RY Eli.PJ:;HIi1iEN'l'S E'OR 'l'HE C.I.B. PROG1lIlJii,jE 

ANALYSIS OE' RA'l'£ OF BURNING

by

K. Kawagoe , P. H. Thomas ami R. Pickard

"mllyscs have been made of the measurements of the rate of burning
obtained in a preliminary series of eight tests by eight laboratories
as pa r-t of an international programme studying fully-developed fires
in single compartmentso

'l'he variation betvroon laboratories ''las found te be too great
for different laboratories to carry out separate parts of a larger
programme.

The behaviour uith a fully open uindrn'l was neither uholly
ventilation controlled nor fire load controlled.

Iiarch 1961
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PRELllHNARY E:XPI'RD;!EW.rS FOR THE ern PROGRAl,IME

ANALYSIS OF RATE OF BUllNING

by

K. Kawagoe, P. H. Thomas and R. Pickard

IntroductioD

Model experiments on ~htl growth of fire in compartmeDts are being made under
the auspices of the C.I.B.{1). The first stage of this programme has been com
pleted. Bight laboratories have pert'ormed the same eight tests~ of which the
detailed results were given in the report forms completed by the participating
laboratories, and circulated. This report describes the results of an analysis
of the results for the rate of weight loss. A second report will deal with the
results of the temperature and radiation measurements. Since a preliminary
examination of data shows that there is too great a variation for the tests not
to be repeated at some future date when further investigations have revealed those
items which must be specified in greater detail to achieve repeatability, this
analysis was confined only to the mean rate of burning. A mean rate of burning
is probably the most important single statistic to be derived from the rate of
burning data, because the fire load divided by this mean rate of burning is a
direct measure of the duration of the fire, and this largely determines the
required fire resistance. In order to exclude small experimental variations in
the early stages of burning arising from the method of ignition, the time for the
weight to fall from 90 per cent of its initial value to 30 per cent of its initial
value was chosen as the period over which to obtain a mean rate. These times
were obtained from the report forms and divided iDtO 0.6 of the initial value to
give a mean rate of burning. Some charcoal burning is unavoidably included in
this range; the end point of 30 per cent is a compromise choice to give as large
a time interval as possible, and to include as 11ttle of the charcoal burniDg as
possible.

The report points out the existence of significant differences in this mean
rate of burning between the various laboratories and discusses the effect of the
physical variables of ventilation, spacing and fire load. The results analysed
comprise those from the United Kingdom, the U. S. A., Canada, Holland, Australia
and the participating laboratories in Berlin, Braunschweig, and Karlsruhe.t Table
1 shows the mean rates of burning obtained from the reports.

* im scale, 121 shape, 2cm for stick thickness.

t Joint Fire Research Organisation, UK; National Bureau of Standards, USA;
National Research Council, Canada; Instituut TNO, Holland; Corrnnonwealth
Experimental Building Station, Australia; Bundesanstalt fUr MaterialprUiUng,
Berlin; InstitU.t fUr Beustoffkunde und Materialpr!l.t:'ung, Braunschweig;
Forschuilgsstelle ftir Brandsahutztechnik, Karlsruhe.

1 -



Table 1

Rate o£ Burning (Kg/min)

Opening Spacing Fire load U.K. U..S.A. Canada Berlin Braunschweig Karlsruhe Holland Australia Yean for all
(kg/m2) laboratories

1 20 0.321 0.479 0.390 0.377 0.350 0.336 0.250 0.421 0.365

30 0.425 0.471 0.496 0.428 0.396 0.645 0.405 0.407 0.459
Full

20 0.394 0.483 0.486 0.522 0.435 0.572 0.554 0.763 0.526
3

30 0.383 0.523 0.471 0.461 0.379 0.670 0.550 0.490 0.491

1
20 0.130 0.280 0.244 0.179 0.269 0.238 0.260 0.205 0.226

30 0.173 0.254 0.240 0.178 0.277 0.240 0.214 0.189 0.221

* 20 0.283 0.292 0.261 0.234 0.339 0.273 0.273 0.217 0.291
3

30 0.223 0.310 0.299 0.251 0.340 0.414 0.280 0.266 0.298

---------------------
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Analysis

The data for each ventilation condition were analysed separately and the
results are shown in Tables 2A and 2B which summarise the analysis of variance.
It will be seen that the residual errors which in both cases had 7 degrees of
freedom, are different, though not significantly so. However, one cannot decide
whether the error is an arithmetic or a percentage one.

Table 2-A (Full opening)

Source of variance and Sums of Mean
104

Results of
degrees of freedom squares x 104 squares x significance tests

Between S (Spacing) 1 693.8 693.8 S x Wand L x WInteractions

Between W(Fire load) 1 75.0 75.0 significant at 5 per cent

Between.L (Lab.) 7 1015.0 145.0 level. Spacing eft'ect

S x WInteraction 1 344.5 344.5 signit'icant assuming a

Wx L Interaction 7 653.2 93.3 "t'ixed et'fects" model.

L x S Interaction 7 491.4 70.2

Residual 7 143.8 20.5

Total 31 3416.7 110.2

Table 2-B (t Opening)

Source ot' variance and Sums ot' 4 Mean 4 Results of
degrees of freedom squares x 10 squares x 10 signit'icance tests

Between S (Spacing) 1 294.03 294.03

Between W(Fire load) 1 9.03 9.03

Between L (Lab.) 7 433.97 62.00 Spacing and laboratory

S x WInteraction 1 22.79 22.79 eft'ects significant at 5

Wx L Interaction 7 52.72 7.53 per cent level.

L x S Interaction 7 48.72 6.96

Residual 7 83.96 11.99

Total 31 945.22 30.49

(Pooled residual 9.44 x 10-4 with 23 degrees of freedom)~
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We assume that a change of spacing, fire load or ventilation has a "fixecl
effect" while the variation of these effects and their interactions between
laboratories is. "random". On this basis the mean squares are the estimate of
the quantities shown in Table 3.

TABLB 3

Source of Variance Components of Variance.

1- ~

Between S (Spacing) 1 IT: T 2 ()"~~ T" ,6 Us
~ 1-

1- 2uw," r I b fJw
Between W (Fire load) 1 Ue +

1-
). 40,..Between L (Laboratories) 7 ve., -t-

1- .L
:a-

U&-'!W t-gusw
S x Winteraction 1 u~ +

).
).

Wx L interaotion 7 ~ + zoc;

).
).

Lx S interaction 7 Ve. + 2°sl-
). 1.

Lx S :x: W interaction ¢iesidual) 7 Ve ~ u~sw

).

.The variances have the usual meaning and Ue is the experimeg,tal vFance.
In these tests one must either assume one of the variances other thanG'~ is zero
or obtain an estimate of o';-independently. This is now available from tests
inoluding repeats performed by Nijverheidsorganisatie voor Toegepast
Natuurweternschappelijk Onderioek, Joint Fire Research Organization and National
Bureau of Standards laboratories on three woods. These tests give U-e:--with 8
degrees of freedom as 2.25 x 10-4 and we assume this is applicable to all
laboratories. Consider Table 2A.. With a s: per cent significance level, all
the variances exist except for OW).·so that the effect of fir'\. load varies from
one laboratory to another without aJ1 overtll effect. If O';.'IN is aasueed non
existant so that the residual of 20 x 10 is used for testing the other
variances, we reach the same conclusion except that g-t-a is now just below the
5' per cent level. In Table 2B the use of 2.25 x 10-it- for the variance 6"'~~
shows ~~w to be significant. u,:.. and as'-£.. although not significant are
large. C": "". 6:and ~ ~ are sigJdficant.

,J

Using the residual variance of 11.99 x 10"'4 one finds only
are significant.

We conclude that:

( 1 ) There are significant differences betveen the mean levels of differeat
laboratories.

(2) There are no overall effects ot fire load as such but almost certainl,y
in the case of the tully open window and possibly in the case of the
:1 open window, the value of the fire load affects the magnitude of
the spacing effect. Despite the absence of an overall fire load
effect there are significant variations in its effect between labora
tories in the case of the fUlly open window and possibly also in the
case of the *' open window.

(3) Increasing the spaoing increases the burning rate by aaounts whioh
vary signif'icantly between laboratories in the case at the tull,y open
window.

(4) On the basis of the recent estimate of experimental error the way in
which the level ot tire load affects the lIagnitude of the spacing
effect varies significantly between laboratories.

-4-
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Analysis

Table 4

of varianoe for separate laboratories

(Varianoe x 104)

I

\Jl

I

Souroe of Varianoe Degrees of U.K. u,S.Ao Canada Berlin Braunsohweig Karlsruhe Holland Australiafreedom

Between V (Opening) 1 648.00 840.50 820.13 1128.12 144.50 1431.13 684.50 1770.13

Between \f (Fire load) 1 8.00 0.50 21.13 0.12 0.00 378.13 18.00 78.13

Between S (Spaoing) 1 60.50 18.00 28.13 105.12 50.00 253.13 338.00 325.13

V x WInteraotion 1 18.00 2.00 3.13 1.13 0.50 91.13 50.00 120.13

Wx S Interaotion 1 60.50 12.50 10.13 10.13 18.00 6.13 12.50 45.13

S x V Interaction 1 40.50 0.50 0.13 3.13 4.50 3.13 162.00 136.13

Wx V x S Interaction 1 0.50 0.00 36.09 21.12 12.50 153.13 60.50 136.13

Total 7 119.43 124.86 131.26 181.27 32.86 330.84 189.36 372.98

Table 5

Analysis of varianoe for each laboratory

(Varianoe x 104)

Source of Varianoe Degrees of
UoKO" U.S.A. Canada Berlin Braunsohweig Karlsruhe Holland Australiafreedom

.

Between V 1 648.00 840.50 820.13 1128.12 144.50 1431.13 684.50 1770.13

Between S 1 60.50 18.00 28.13 105.12 50.00 253.13 338.00 325.13

Wx S Interaction 1 60.50 12.50 10.13 10.13 18.00 6.13 12.50 45.13

Residual 4 16.75 0.75 15.00 6.4 4.4 156.9 72.6 117.6

Total 7 119.43 124.86 131.26. 181.27 32.86 330.84 189.36 372.98

These analyses were performed with data in Table 1 rounded off to two places of deoimals.



It is not possible to be so definite in the case of the Karlsruhe data for
which the residual is exceptionally high.

In neither Table 2A nor 2B is W (fi.re load) a factor compared with the variation
in its effect from one laboratory to another.

For each laboratory the effects of the three factors whioh are consistently
significant, or nearly so, ventilation and· spacing and the W S interaction have
been evaluated together with the yariation remaining, (see Table 5). In the
case of the Dutch and the Australian results the large residual can be shown to
arise from the one value in each alreadY mentioned.

If each laboratory is considered in isolation (see Table 4) we find that
the estimates made, say, by the Berlin and the United states data of the effeot
of spacin~ differ greatly, and the effect of changing the window opening is
much less in the Braunschweig data than in the Berlin data. Table 1 shows that
the relative magnitude of the rates of burning for these two laboratories are in
the opposite order for the two different conditions of· window opening. The fact
that the difference between laboratories is not a simple one affecting the
general level of the results but affecting also the magnitude of main effects
and interaction suggests that the differences are not simply due to a systematio
effect such as a difference in wood or in box material.

- 6 -

General discussion

The magnitude of the effects due to ohanging the size of the opening and
the spacing will not be discussed in detail because these differ between labora
tories but in approximate terms the effect of increasing the opening from a t
to 1 increases the rate of burning by about twice. This is less than the
factor of 4 which might be expected on the grounds that burning rate is propor
tional to air flow and this suggests the tully open condition is intermediate
between a ventilation controlled fire and a crib controlled fire which burns at
a rate independent of the area of the opening. That the tully open condition
is not completely controlled by the area of the surface of the wood in the crib
is shown by the fact that the burning rate is not dependent on fire load to any
significant extent.

I
I

In an analysis of the data for each laboratory (Table 4) one finds that the W mean
square in 4 cases is not significant compared with the varia,i,.ce of an individual I
result of 2.2 x 10-4. In one of the remaining four cases the direction of the
effect differs from the other three. In two of these four cases the high value
of the W mean square appears to be due to a single result, i.e. 0.763 in the
Australian results and the 0.250 in-the Dutch results. There is also some I
evidence that one or more of the results from the United Kingdom, Canada and
Karlsruhe differ significantly from the value expected on the view that W is not
a factor (these results are underlined in Table 1). I

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
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Although in this report the term 'abnormal' result has been in connection
with certain values, an inspection of the actual curves of weight against time
shows that this may be more a consequence of the choice of statistic than a
reflection of a real difference. For example, the Australian result giving
the high rate of burning, higher than any other single value, is probably due
to the fact that burning is maintained at a high value over a long period, that
is down to the point of 30 per cent initial weight, while in some, if not all
other cases, the burning rate tends to slow down somewhat earlier than the point
at which the rate is 30 per cent of its initial value. Thus, in the Australian
data the figure of 0.76 may be nearer to the maximum than the other data are to
the corresponding maximum. An analysis of maximum rates of burning would
possibly show other data for other countries and oonditions to be somewhat·
'abnormal' in the sense used here.



Conclusions

2. The results for these eight tests suggest that the behaviour with the
fully open window was neither wholly ventilation controlled nor fire
load controlled.

3. With the t open window the grand mean result for all laboratories agrees
well with the value predicted from the assumption that the fire was
ventilation controlled. However, the results show that spacing between
sticks, i.e. the design of the crib itself, had some influence also.

1. There is too great a variation between laboratories for different
laboratories to embark on separate parts of a larger programme, so that
the experimental technique needs more detailed specification. A
programme for this purpose has recently been completed and will be
reported later.

A suggested

"Research"

International Co-operation in ModellinR Fires.
Supplement paper 'A'
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LAWSON, D. I.
programme.

THOMAS, P. H. "Studies of fires in buildings using models".
1960, 11 p. 69.

The effect of spacing varies between laboratorie~ for the fully open condition
though not for the t open condition. The difference between the 1 : 1 and the
1 : 3 spacing varies from an insignificant amount to about 30 per cent of the
burning rates. This is large but a 1 : 4 spacing might show little change from
the results for 1 : 3 spacing. In so far as spacing may have little meaning in
an actual occupancy (except where combustibles are closely packed as in a store)
the results of 1 : 1 spacing tests are of less immediate practical value than
those for the wider spacing. However, for experimental purposes it is necessary
to know the closest spacing that can be employed before the spacing between the
sticks becomes a significant factor.

1.

In a correlation of rates of burning for several fires in rooms with one
window burning in a manner controlled by the window opening it has been shown(2)
that the rate of bUrning in kg/min is approximately given by 6 AjH where A is the
window opening in square metres and H is the window height. For the t open
condition this gives 0.26 kg/min and this agrees closely with the value 0.25
kg/min, the mean value for all laboratories for the t open condition. The fact
that spacing had a significant effect even for this condition shows that the dis
persion of the combustible material has some effect, even when the stick thicknes~

is constant and the Window opening is small, i.e. even in fires which can be des
cribed as ventilation controlled some features of the fuel dispersion take an
effect on the burning rate.
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CEILIHG TEHPEHid'Un<;s AlW Hi.DIATIOU FRO!'! THE OPENING

by

1(. Kav-1Hg'oe, P. H. ~Phomas and P. G. Smith

Slilil'i;dI.Y

Analyses have been made of the measurements of ceiling temperature
and rcdintion from the opening obtained in a preliminary series of
ei.ght tests performed by eight kboratories as part of an international
programme of compartment fires

Due to insufficiently specified experimental conditions, there are
important unexplained variations between laboratories, but the analyses
do sho;/ certain changes in the experimental conditions to have
siG1lificant effects.

July 1961
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PRELThlINARY EXPERIMENTS FOR 1'HE eIB PROGRA1R,lE
ANALYSIS OF CEILING TEMPERATURES AND RADIATION FROM THE OPENING

by

K. Kawagoe, P. H. Thomas .and P. G. Smith

1. Introduction

Model experiments on the growth of' f'ire in compartments are 1}e~ng made
under the auspices of'the Conseil International du B~timent (CIB) t1J.
The f'irst stage of' this programme has been completed. Eight laboratories
have perf'ormed the same eight tests, in a compartment t m x t m x 1 m
with an opening in one end. The detailed resuJlts were given in the report
f'orms completed by the(~~ticipating laboratories and circulated between
them. A f'irst report J on the analysis of' the rate of' burning data has
been issued, and this second report deals with the results of' the ceiling
temperatures and the radiation !'rom the opening which were measured by
each laboratory cont~n\,ously throughout each test according to procedures
described elsewhere l1 J. The f'ollowing '!)lantities are dealt with in this
report: the maximum ceiling temperature, the maximum radiation f'rom the
opening and the mean radiation !'rom the opening during the period in which
the weight of' f'uel f'ell !'rom 90 percent of' its initial weight to 30 per cent.
There are dif'f'erences in these quantities between one laboratory and another'
which are in many cases signif'icant and f'or which little explanation can be
of'f'ered, but there are certain dif'f'erences between the dif'f'erent test
conditions which are signif'icant, and these are discussed.

2. Results

2.1. Maximum ceiling temperatures

The maximum ceiling temperatures obtained f'rom the reports f'rom each
laboratory are shown in Fig.1 and Table 1. These results have been anBJ.ysed.
statistically, and the analysis of' variance is shown in Table 2. To test
the signif'icance of' any f'actor we compared the mean square f'or that f'actor
with the mean square f'or the variation of' that f'actor between laboratories.
On this basis we f'ind that the temperatures are higher f'or the f'ully open
window condition than f'or the ~ open condition, and are higher f'or the 1:: 1
spacing than f'or the 1 : 3 spacing between sticks in the wood crib. The
interaction between ventilation and spacing is large but not signif'icant at
the 5 per cent level. Similarly, the interaction between ventilation; spacing
and f'ire load is large but not signif'icant at the 5 per cent level .compared
with the variation of' that ef'f'ect f'rom one laboratory to another. Af'ter
perf'orming these experiments a f'urther set of' experiments in which rep13at tests
were made has' been. c0mpleted::by three of' the eight laboratories, and !'rom
these it· is possible to obtain a true residual variance, and this is equal
to 109 with nine degrees of' !'reedom. If' this result can be generalised to
these earlier experiments, then a number of' the interactions and variations
of' interactions between laboratories are signif'icant. The meanings of' these
are uncertain but they suggest that there are probably important dif'f'erences
in technique of' measuring temperatures between one laboratory and another,
and these will have to be reduced in magnitude f'or f'uture work of' this kind
by better specif'ication of' the experimental technique.

It has been shown previously (2) that the burning rate like the temperature
is higher f'or the f'ully open than f'or the ~ open condition and unlike the
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temperature slightly higher for the 1 : 3 spacing than for the 1 : 1 spac.i.ng ,
Thus, the temperatuI'e differenoes do not oorrelate with the rate of burning
differenoes qualitatively. The faster .rate of burning with the fully open
oondition would be expeoted to be assooiated with higher temperatures in the
enolosure beoause higher heat transfer rates are neoessary in order to
inorease the rate of deoomposition of the fuel bed, and this is in f'ae t what
is seen from these results. However, the higher rate of burning with the
1 : 3 spaoi.ng is as soci.atied with lower t.emper-at.ur-e s , But as is seen below
this is not aooompanied by a signifioant radiation df.f'f'er-ence , Fig.2 shows
the maximum oeiling temperature plotted against the mean rate of burning,
and olearly there is no obvious oorrelation. There may be some correlation
if systematic differences between one laboratory and another are eliminated
before such a cor-reLatdor, is attempted. This; however, has not yet been
tried, since as will be reported later, no such correlation was found for
the later series of experiments by three laboratories.

2.2. Radiation from the opening

In some cases there is an early maximum to the radiation but this may
be associated with the ignition, and the results given in Table 3 for the
maximum radiation refer to the maximum radiation in the middle of the burning
period. The analysis of variance of these results is given in Table 4.
The mean radiation in the period when the weight of the fuel falls from
90 per cent of its initial value to 30 per oent is given in Table 5, and
the analysis of variance on these results in Table 6. As one might expect,
there is a significant difference between the two ventilation conditions.
This is largely, if not wholly, due to the radiometer "seeing" the whole
window, so that with the smaller opening the total radiation is less. The
spacing effect is not signifioant for either the mean or maximum radiation,
but the fire load effect is significant with respect to its variation
between laboratories in the case of the mean radiation-the higher the
fire load, the higher the mean radiation. The ventilation fire load
interaotion is significant for both maximum and mean radiations compared
with its' variation between laboratories. The interaction between the
spacing ef'f'e ct and the fire load is significant for the mean but not for
the maximum radiation, and in both cases the second order interaction
between ventilation spacing and fire load is significant.

The mean radiation has been plotted against the mean rate of burning in
Fig.3, and a definite trend is seen in these results, higher rates of
burning being associated with higher levels of radiation. In the case of
the reoent experiments by three laboratories in which repeat tests were
done, a very close correlation is observed between radiation and rate of
burning once the systematic differences between the three laboratories and
the three woods used have been allowed for. This has not been attempted
for these data in the same way. What has been done is that the measured
mean radiation divided by the measured mean rate of burning has been
evaluated and this is listed in Table 7, the analysis of varianoe with
these ratios being given in Table 8.

This analysis has several points of interest. Firstly, because the
. radiation level is markedly affected by the size of the window as is the
rate of burning, the ratio might well be expected to be less dependent on
the size of the opening than is either the rate of burning or the radiation
itself, yet the ratio does vary signifioantly between the two ventilation
conditions. The ratio also varies signifioant1y between the two different
spacings. No interactions are signifioant. The results have been averaged,
and assuming that only the spacing and the ventilation are real effects,
Table 9 gives the expeoted mean ratios for all laboratories except the

- 2 -
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Braunschweig laboratory where there was very much less difference between
the radiation levels for the two window openings than for the other seven,
This difference is presumed to be due to the use of a radiometer with a
small acceptance angle which therefore does not show the large difference
that other radiometers did.

The expected ratios for one particular set of experimental conditions
for three laboratories are given in Table 10. Also given, for comparison,
are ratios obtained in a later, more restricted programme by these three
laboratories testing three woods with repeat tests on each, in which the
set of experimental conditions chosen was : window-fully open, fire load
20 kg m-2, and spacing - 1 : 3. The procedures for the tests and the
equipment used are not strictly comparable and the results are quoted for
general information only.

It has been suggested that the quantity

The analysis of the results obtained on the more restricted
programme has given values for the variance between repeat tests which
are considerably lower than the variances in the above Tables, and if we
use those as estimates of error, then a large number of the variations
of effects between laboratories beoomes significant,that is to say,
effects such as variations between ventilation and fire loa~ from one
laboratory to another may be large compared with the repeatability of
individual tests, so that it follows that, in this series of eight tests,
there are a number of factors which have an important bearing on fire
behaviour which either have not been specified, or have not been specified
exactly enough. Thus, the eight laboratories di d not use one material
from which to construct the box, nor was one type of wood used throughout.
At first sight this should only have produced systematic differences
between laboratories, and the extent of the effect of changing from one
spacing to another or from a quarter open to a fully open condition,
should have been equal, or approximately equal, from one laboratory to
another. This is not the case, so that it is insufficient to specify
experimental conditions in the way they have been specified so far, an~

a more detailed specification is necessary in or-der to try to reduce the
variability between one laboratory and another, and the way in which
different laboratories assess the extent of various physical effects.

is a constant characteristic of the crib and the geometry
and enclosure. This quantity is listed in Tables 7 & 9.
of the results will be discussed elsewhere.

I
I
I
I
I
I
I
I
I

a measured radiation intensity
configuration factor of
radiometer with respect to

opening.

x window area
rate of burning

of the windo\l
The significance

I
I

Conolusions

1. Owing presumably to the experimental conditions being inadequately
specified there are important unexplai.ned variations between
laboratories.

two fire loads;
between the ventilation

and spacing conditions.

analyses show there are significant dif'ferences in
maximum ceiling temperatures between the two levels of
ventilation and the two spacings used;
radiation from the opening between the two ventilation
conditions;
mean radiation f'rom opening between the

mean radiat'ioh !'rom opening
mean rate of' burning.

The
(a)

(b)

(c)

(d) the ratio

2.

I
I
I
I
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There are also some complex physical interactions affecting the
radiation from the opening and, to a lesser extent, the maximum ceiling
temperatures.

3. There is little evidence of a correlation between mean rates of
burning and maximum ceiling temperatures but there is a trend for
the mean rates of burning to be related to the mean levels of
radiation from the opening. Estimates have been made of the valulHI of
the constants of proportionality between these two quantities
averaged for all laboratories.

4. References.

(1) LAWSON, D. I. International co-operation in modelling fires -a

suggested programme, Supplement paper A.

(2) KAWAGOE, K., THOMAS, P. H., and PICKARD, R. Preliminary

experiments for tl~e eIB programme. Analysis of the rate of

burning. Supplement paper e.
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---------------------
TABLE 1.

Maximum Ceiling Temperature (DC)

. 1

\.TI

I

Fire
Opening Spacing load. U.K. U. S.A. Canada Berlin BraunschWeig Karlsruhe Holland. Auatralia Mean

kg/m2

1 20 (P1) 995. 1025. 935. 895. 810. 817. 1020. 1010. 938.

(S1 ) 30 (P2) 1035. 1000. 957. 958. 812. 892. 1055. 990. 962.
Full

(v1)

3 20 (P1) 915. 900. 936. 880. 705. 892. 965. 865. 882.

(82) 30 (F2) 990. 890. 906. 793. 760. 905. 960. 840. 881.

1 20 (P1) 895. 960. 870 808. 748. 880. 1025. 905. 886

(81 ) 30 (P2) 885. 925. 849. 745. 870. 818. 945. 895. 867

t
(V2)

3 20 (P1) 905. 875. 835. 783. 790. 867. 950. 805. 851.

(82) 30 (P2) 885. 910. 838. 807. 760. 817. 900. 845. 845.



TABLE 2
I4wti.mum Ceiling Temperature

Analysis of variance

Source of variance Degrees of freedom Sums of squares Mean squares

L (laboratory) 7 22?,219.359 31,74-5.623
V (ventilation) 1 45,~9.515 45,~9.515

s (spacing) 1 37,781.640 37,781.640
F (fire load} 1 13.140 13.140
LxV 7 21,308.610 3,044.087
LxS 7 22,485.985 3,,212.2~

LxF 7 5,748.985 821.2~

VxS 1 6,662.642 6,662.642
VxF 1 2,316.020 2,316.020
S x F 1 141.017 141.017
LxVxS 7 8,812.983 1,258.998
LxVxF 7 9,562.108 1,366.015
VxSxF 1 1,570.138 1,570.138
FxSxL 7 3,237. 608 4-62.515
Residual 7 13,732.4-~ 1,961.783

Total 63 4-01,4-4-2.234- 6,,372.099

- - - - - - - - - - - - - - - - --' - - -
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TABLE 3

lIa.ximum radiation from onening x 100
- cal cm-2s-1

I

--..J

I

Fire
Opening Spacing load U.K. U.S.A.. Canada Berlin Brauns chweig Karlsruhe Holland Australia Mean

kg/m2

1 20 (F1) 42. 70. 34. 20. 20. 18. 45. 42. 36.5

(sr) 30 (F2) 45. 64. 40. 30, 28. 30, 45. 47. 41
Fully

(V1 )

3 20 (F1) 37. 43. 35. 22. 24. 32. 51, 45 36

(82) 30 (F2) 36. 52. 35. 24. 29. 28. 45. 41 .. 36.5

1 20 (F1) 14. 27. 16. 9. 19. 11, 20. 19. 17

(si) 30 (F2) 13. 21. 15, 9. 20. 11. 17. 20. 15.5

*'(V2)

3 20 (F1) 15. 23. 15. 11. 21. 11. 18. 16. 16.5

(52) 30 (F2) 14. 24. 15. 8. 25, 12. 18. 17- 17



TABLE 4
Variance of maximum radiation .from opening x 104

I

0>

I

Source of variance Degrees of freedom Sums of squares Mean squares

L (laboratory) 7 3293,734 470,533
V (ventilation) 1 7119.140 7119.140
S (spacing) 1 23.765 23.765
F (fire load) 1 17.015 17.015
LxV 7 1223.985 174.855
Lx S 7 250.860 35.837
LxF 7 58.610 8.373
VxS 1 28.892 28.892
VxF 1 31.642 31.642
SxF 1 9.767 9,767
LxVxS 7 210.733 30,105
LxVxF 7 27.983 3.998
VxSxF 1 37.513 37,513
FxSxL 7 110.358 15,765
Residual 7 42.612 6.087

Total 63 12486.609

_.- - - - - - - - - - - - - - - - - - --
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TABLE 5
Mean Radiation f'ram window opening x 100

- cal cm-2s-1

I
\D

I

Fire
Opening Spacing :Load U.K. 'U.S.A. Canada Berlin Braunschweig Karlsruhe Holland Australia l4ea.n

kg/mm)

1 20 (F1) 27.. 4-7. 24 15. 16. 12~ 30. 32. 25.4

(S1 ) 30 (F2) 40. 50. 31. 21. 22. 21, 36. 37. 32.1

Full
(V1 )

20 (F1)3 33. 34. 23. 20. 21. 23. 40. 35. 28.6

(S2) 30 (F2) 35. 43. 26. 22. 28. 22. 37. 28. 30.1

1 20 (F1) 11. 20. 12. 7. ~3. 8. 14. 13. 12.4

! (51) 30 (za) 11. 16. 12. 7. 18. 9. 13. 12. 12.4

(V2)

3 20 (F1) 14. 18. 12. 9 18. 8. 16. 13. 13.5

(52) 30 (rz) 13. 17, 13. 8. 21 . 8. 15. 14. ~3.6



TABLE 6
Variance of mean radiation from opening x 10-4-

~

o
I

Source of variance Degrees of freedom Sums of squares Mean squares

L 7 1825.750 260.821

V 1 4-192.563 4-192.563

S 1 14.063 14.063

F 1 72.250 72.250

LxV 7 704-.687 100.670

Lx S 7 14-9.187 21.312

LxF 7 4-5.500 6.500

VxS 1 2.24-9 2.24-9

VxF 1 68.062 68.062

S x F 1 27.562 27.562

L x V x S 7 88.501 12.643

LxVxll 7 33.188 4.74-1

V x S x F 1 30.251 30.251

F x S x L 7 42.688 6.098

Residual 7 33.4-99 4-.786

Total 63 7330.000

- - - - - - - - - - - - - - - _. - - - - -
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TABLE 7

Mean radiation from opening - cal
-Mean rate of' burning - kg min-1

-2 -1
cm s x 100

Fire Mean radiation
Opening Spacing load U~K. U.S.A. Canada Berlin Karlsruhe Holland Australia Mean at opening window

kg/m2 (corrected for x area
conf'ilZUration)
mean rate of burning

-1cal -g

1 20 84 98 60 40 34 120 76 73 460

30 93 106 63 48 33 90 90 75 470
Full

3 20 83 70 48 38 41 71 46 57 360

30 92 81 54 48 32 67 57 62 390

1 20 87 71 48 38 33 55 63 56 310

30 65 61 52 40 35 62 65 54 300

t
20 48 62 48 38 31 58 58 49 270

3 30 57 56 44 30 20 53 54 45 250

-
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TABLE 8

Variance of 100 x mean X'adiation from opening
mean rate of burning

TABLE 10
Expected mean radiation from opening compare,d with ratios

mean rate of burning from later tests.

Laboratory Expected radiation radiation from laterrate rate tests

J.F.R.O.' 0.81 0.61

N.B.S. 0.80 0.59

T.N.O. 0.81 0.71

I
-,
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

for all laboratories
except Braunschweig

TABLE 9

Ex t d mean radiation from opening
pec e mean rate of burning

Degrees of
Source of variance freedom Sums of squares Mean squa:r:es

L 6 15020 2503
V 1 -3320 3320
S 1 1880 1880
F 1 0.018 0.018
LxV 6 1384- 231
LxS 6 654 109
Lx F 6 272 45
VxS 1 142 142
VxF 1 142 142
S x F 1 3.0 3.0
LxVxS 6 1218 203
LxVxF 6 467 78
VxSxF 1 24.4 24.4
FxSxL 6 576 96
LxVxSxF 6 314 52

measured mean radiation at opening j
Opening Spacing radiation ( window area fo

rate correoted x oonfi~tion
-1

mean rate of burning -oal g

Full 1 0.72 4-50
3 0.61 3l:l0

* 1 0.57 ~14

3 0.45 248
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by

P. H. ~homas and P. G. Smith

SDI'ii-I;'RY

Selected statistics from the results obtained by three laboratories
for a srnall-scale compartment fire are analysed. The results are not
entirely in agreement.

There is a high correlation between tho variations in the mean
radiation from the compartment opening and the moan rate of burning
vrhi ch is not the case for the temperature measurements.

Hay 1961
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COMPARATIVE TESTS BY THREE LABORATORIES ON A FIRE

IN A SHALL SCALE COMPARTKENT

by

P. H. Thomas and P. G. SJDith

Introduotion

-As a- result of finding rather large, and to some extent ineJ!:Plioable varla~

tiqna betwe~ ~hy results obtained by eight C.-I.B. laboratorie"s on the se,me
eight testsl 1}{2) it was deoided by the last C.I.B. Fire Research Working Party.
meeting in London,- that three laboratories- should perl'orm one experiIllent using
three different types or wood in a model of the same oonstruction. The
expe_riment consisted of' burning 10 k8 of wood in a model ~ m x 1. mx im high with
an Opening (i !It x i Ill) at one end of' the model. The Joint Fire Resear-ch
Organi:.ze.tiOn (J.F.R.O),provided the material :for the Na.tional Bureau of Standards
(H.B.S.), and the Nijverheidsorganisatie voor ToeEe~ast HatuurwetenschappeliJk
&de1"zoek (z.x,o) laboratories to construct the e±partm.o.ntal model. The
Na.tional Bureau of Standards pJ:'Ovided the glue with whioh to oonstruot the wood
oribs. _Ea.oh laboratory perf'ormed two experiments with wood supplied by themselves
and the other two laboratories. Measurements were made of the rate of burnit).g,
the" r~ati<m t'{0IB the opening and the flames, and temperatures near the ce~ling
and tJ:Je floorl 1 J. Each day's testing was preceded by a fire in t~ box. This
served to reduce the lIloisture oontent of' the box material.

From the test results the following statistics have been selected:

a) The mean rate of' weight loss over the period during which the weight
tell from 9kg to 3 kg, i.e. RlD/ID and the mean rate for the shorter
period when the weight fell f'rom cr kg to 4 k€, :isO/We

b) The mean radiation reoeived by a radiometer ~ m in front of the centre
~ the open.:in8 during the longer o:f the above periods; the maximum
radiation and the time at which it ocourred.

0) The lIean radiation from the :flames for the same period; the mR.Xi.mum
radiation and the time -at which it occur-red,

d) The maximum "ceiling" and "floor"" temper-atures and the time 'of occurrence,

All these data are-given in TabJ.e 1••

*61009 this note was written it has been found that the values of radiation
from the opening from the N.B.S. tests given in table 1 should be reduoed by
a factor of 0.77, This correction does not alter the majority of tables seriously,
since these are based on a procedure which corrects for systematic arithmetic
differences. There is a small error because the factor of 0.77 is a geometric
differenoe, but its effect is negligible and suoh tables have not been' oorreoted.
Where uncorrected data are listed, this is clearly marked. In some cases, as in
Tables 7. 8. 13. and 14, oorrections have been made.

- 1 -



Analysis or results.

Mean rate or burning F90/30•

The results are given in Table 20

Table 2

Rate or burning R90/30 - kg/min.

(The upper value is the rirst test in each pair~

!
i Laboratory,
!

i Wood J.F.R.O. N.B.S. T.N.O. Mean

i Mean Mean Mean
:

I 0.462 0.447 0.511 0.506 - 0.454 0.469I J.F.R.O. 0.433 0.502 0.454,

NoB oS. 0.508 0.517 i 0.461 0.467 0.508 0.492 0.4920.526 i 0.473 0.477

T.N.O. 0.480 0.488 0.464 0.473
0.426 0.413 0.4580.496 0.482 0.400

Mean 0.484 0.482 0.453 0.473

A statistical analysis shows that the standard deviation tr ror the 8
repeats is 0.015 kg/min. This is only 3 per cent or the grand mean value of'
R90/30 whioh is 0.473 kg/min and implies that single values can generally be
relied on. The mean rates f'or the J.F.R.O., NoB.S. and T.N.O. laboratories
respectively are 0.484, 0.482 and 0.453*, each having a standard deviation
based on the above~ of 0.006 kg/min. The difference b~tween the largest
and smallest or these three means is about 6.5 per cent. The variation
between the mean results for the three woods was also about .the same; the
dirrerences are small even though signifioanL However, there is a highly
sLgrri.f'Lcarrt interaction between the data for different laboratories and
different woods. Thus there is a 20 per cent difference between the largest
and smallest mean results 0.517 and 0.413. The means of each row and column
represent significant, systematic dirrerences between the data for dirferent
woods and laboratories and we can calculate values for each test, or means for
each pair of' tests, on the assumption that there is no inter-action, i.e.
these calculated mean values correspond only to the differences between the
row and column means (see Appendix r), The actual results (means for each
pair) of Table 2 difrer f'r-om these calculated means by amounts shown i.n
Table 3, which is based on 0.454 for the missing value.

*This is ottained assuming the missing value was 0.454. A better estimate
(see Appendix r) is 0.444 based on 0.396 for the missing value. This mean is
about 8.5 per cent below the other two means.

- 2 -
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---------------------
T1me to Time to Rate of Rate of BadiatiOll from wind"" Badiatio,! from flame. IIaximum temperatllre
reach reach burning buraintl

Wood Te.t No. 90pe>: cent 30per cent ~0/30 RllO/40 meac 90/30 Peak at time mean 90/30 Peak at tl.m9 peiling at time floor at time
initial ri. initial ri.

(cal em-2.-1) I (min) (oe) I(min) (oe) I (min)tqO(min) t~O(min) (kg/min) (kg/min) ( -2 -1) -2 -1) I ( -2 -1)oal em oS (cal em. (min) oal om s

I.F.R.O. Laborator,r

J.P.R.O. 20 2.00 15.00 0.462 0.4"M 0.264 0.338 20 0.180 0.230 5 874 19 ~62 17.5
• 21 1.70 15.55 0.433 0.407 0.261 0.330 15 0.175 0.200 16 898 18.5 1U19 17

N.B.S. 26 3.00 11,..80 0.508 0.500 0.315 0.442 18 0.229 0.330 7 915 18 995 19.5
• 27 2.20 13.60 0.526 0.527 00328 0.442 17 0.273 0.368 7 915 18 980 21.5

T.N.a. 32 3.00 15.50 0.480 0.484 0.304 0.342 12 0.196 0.287 5 895 16 965 16.5'. 33 2.60 14.70 0.496 0.490 0.298 0.338 15 0.210 0.242 15 900 16 941 16.5

N.B.S. Laboratol7

J.F.R.O. Teat 2, 2.18 13.93 0.511 0.490 0.379 0.437 18 0.222 0.310 4 861 14 866 12Series 1

• Teat 2, 2.33 14.29 0.502 0.486 0.3n 0.426 18 0.236 0.350 4 847 14 902 10Serie. 2
N.B.S. Teat 4"

..
Series 1 2.61 15.62 0.461 0.1,.1,.7 0.353 0.463 18 0,227 0.310 4 879 18 981 20

• Te.t 4,
2.83 15.53 0.473 0.457 O03n 0.467 16 0.221 0.273 G6 863 1,6 943 12Serie. 2

T.N.O. Test 1, 2.39 15.31 0.464 0.450 0.355 0.400 18 0.197 0.270 4 875 18 939 16Serie. 1
• Test 1,

Serie. 2 2.62 15.08 0.482 0.474 0.375 0.448 18 0.191 0.280 4 883 16 986 14

T.N. O. Laboratcl7

J.F.R.O. UK. 1 3.2 - - - 0.281 0.350 20.0 0.272 0.§80 20.0 930 18.5 970 16.5
• UK. 2 2.6 15.8 0.454 0.435 0.326 0.375 18.8 0.308 00392 17.8 930 17.5 1015 15.8

N.B.S. USA. 1 2.6 14.4 0.508 0.503 0.31,.1,. 0.1,.1,.5 15.6 0.353 0.520 .15.8 905 16.2 1035 13.6
• USA. 2 2.3 14.9 0.477 0.455 0.339 0.1,.1,.5 15.8 0.353 0.530 15.1 930 16.0 1060 17.1

T.N.a. N.1 2.7 16.8 0.426 0.413 0.289 0.31,.0 16.5 0.296 0.360 16.8 910 16.8 975 16.0
• N.2 2.7 17.7 0.400 00384 0.293 0.342 lS.0 0.290 0.350 20.6 925 18.0 970 16.5

For radiation from opening N.B.S. data unccrrected.



TABLE 3

Differences from R
90/30

values (means for each pair) corresponding

to average differences between laboratories and woods.

,
Laboratory,

Wood
i JoFoRoOo NoB,S. ToN,Oo
i

i I; JoFoRoO o - 0.033 0.028 0.004; iI I

NoB .a. I 0.014 - 0.034 ! 0.020
I !

ToN,O.
1

0.019 0.006 ! - 0.025
i

The interesting feature emerges that each laboratory, while somewha~

biased with respect to the others has, in addition to this bias, measured
its own wood at a slightly lower rate relative to the other woods. The
repeat tests for each wood do not show a significant trend in the eight
pairs of results available, four show an increase from the first to
second test and four show a decrease.

The same conclusions obtain in an analysis of R80/40' and in the
rate of burning over a small time interval near the maximum rate of
burning 0

Order of testingo

The three laboratories tested the three woods in a different order.
NoB.So included two other tests in their series "but for purposes of a
tentative examination of the effect of testing order these are neglected.

We construct the table showing differences between actual measured
rates of burning and the values expected from the means over laboratories
and woods (Table 4). For the purpose of this analysis we take the missing
T.NoO. result as 0 0396 (see Appendix r).

Table 3 gives, in principle, the mean of each pair of the differences
in Table 40 The values do not agree exaotly because the "missing" T.N.O.
vall,le was taken as 0.454 originallyo

TAllLE 4

Differences from R
90/30values

expected from laboratory (column)
and wood (row) means,

! I
Laboratory

i
Wood I J.FoR.O. NoB.S. T.N.O.

IDifferences I Order ofj Order of Order 01
: testing Differences testing Differences testing,,

I JoF.RoO I - 0.012 ! 1 0.039 2

I
- 0.037 3

I - 0.041 2 0.030 5 0.021 4,
! I

N.B.S. 0.002 3 I 0.043 I 3
I

0.042! ,
5- I I, , , 6 I 6; I 0.020 4 - 0.031 0.012, i ,

I, I II ,

T,N.O.
j

0.008 5
I

0.006 I 1 I 0.005 1- -
0.024 6 I 0.012 ! 4

I
- 0.032 2

: i
- 4 -
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Analysis o~ radiation ~rom opening.

Variations in ignHion.

The results are summarised in Table 5 ~or the 90/30 period.

(Extracted ~rom Table 1 with N.1f.S. data corrected by O.n:J
!

Laboratory,

Wood J.F.R.O. N.B.S. T.N.a. Mean
Mean Mean Mean

; J.F.R.O.• 0.264 0.262 0.292 0 291 0.281 0.303 0.28~0.261 0.290 • 0.326
,

i
0.315 0.272 0 281

I
0.344-;

N.B.S. 0.321 0.341 0.314j 0.32E 0.290 • 0.339
I

0.304 0.273 0 280 ! 0.289T.N.a. 0.2ge 0.301 0.288 • 0.293 0.291 0.291

Mean I 0.295 0.284 j 0.312 0.297
I -

TABLE 5
Radiation ~rom opening (90/30) cal cm-2s-~

I~ the ignition were not reproducible we might expect the rate o~ growth
o~ ~ire to vary between the tests - this might be correlated with the di~~er

ences in mean burning rates.

There are in these results signi~icant di~~erences between laboratories
and woods and there is also a signi~icant interaction, I~, as ~or the rate
of burning data, we calculate the dif~erence between the actual mean ~or any
pair o~ repeated tests and the mean expected assuming no interaction, we
obtain the ~ollowing table (Table 6).

An analysis has been made o~ times taken ~or the weight o~ ~uel to ~all

to 90 per cent o~ its initial value. No signi~icant systematic variation
between laboratories or woods or interactions was ~ound. This suggests that
the method o~ ignition is satis~actory and does not lead to systematic error.

An analysis o~ variances, disregarding the wood ~actor, sho.s no
signi~icant e~~ect o~ order, though in the case o~ the J.F.R.O. and T.N.O.
laboratories the linear component o~ the variation with order o~ testing
is nearly signi~icant at the 5 per cent level. This is not enough support
~or the view that the interaction arises ~rom some e~~ect such as ageing o~

the box which would result in an e~~ect o~ the order in which the tests were
done.

The N.B.S •.data were obtained with an unenclosed disc radiometer. The
radiometers used by J.F.R.O.• and T.N.O. were enclosed to minimise convection
e~fects. The standard deviation ~or all repeats was 0.0125; the standard
deviation ~or all repeats excluding the T.N.O. tests on J.F.R.O. wood, where
the variation between repeats was larger than in any other case, was 0.007.
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f Laborlttory
Wood

i
J.F.R.O. N.B:S. T.N.O

J.FoR.O. i - 0.022 0.020 0.002
!

I N.B.S. i 0.009 - 0.021 0.012
I, T.N.O.
,

0.012 0.002 -0.015I

,
Mean rate of

Wood !lean' radiation burning
radiation

! (0.396 for i =rate of burningmisliing value) 0
,

J.F .R.O. 0.286 0.460 0.617
N'.B,.S. 0.314 0.492 0~638
T.N.O. 0.291 0.458 0.636

Table 3 has been derived on the, assumption that the missing ,value in
Table, 2 was '0.454, the same as the other test of' that pair,: but in view of'
the- oorrelationbetween the two sets of' data and the f'act that for this ,pair
the difference between the mean radiation values was greater than in aI\Y other
pair of' tests, some correction is needed and we can use the oorrelat ion ,to
establish it. The procedure is, given in Appendix 1, in whioh it is deduced
that the best value f'or the missing result is 0.396 ! 0.023. The correlation,
be tween the radiation and rate of' burning results, ai'ter iulowanoe has been
made f'or systematic variations between laboratories and woods, is better than'
0.1 per oent significant and the best value of' the statistical line ,treating
rate as the independent variable, has a slope of 0.61 with a er cr 0.1 in the
or:i,~nal units. '

We have thus established a-very usefUl proportionality betvmen the variation
in radiation from an enclosure and the variati~n in rate of burning in it.
This result has been obtained by correction for the slight average systematic
biases between different radiometers and measurements of weight loss, for the
different laboratories and different woods. The results are ehown graphically in
Fig.1. The abscissa~ are the values 'in Table 4. The ordinates are from a Table
not shown, but derived from Table 5.

Ir the original results are averaged over all labo:l1atories we obtain the
following data, where it is seen that the fourth column gives values similar to
those deduced above.

Dif'f'erenoes f'rom opening radiation values expeoted
f'rom laboratory (column) and wood (row) means,

(mean of' eaoh pair). '

There is the, same f'eature as in the rate of' burning data -: a,'low vallje
when a laboratory tests its own wood.

Analysis of' quantity i o (radiation per Unit'rate 'of' burning).

An alternative approach to the analysis is to estimate "111 ,: the ratio of',
measured mean radiation to measured mean rate of' burning; for eaoh pair of' data,
the suf'fix "0" denoting opening. These are shown in Table 8 for +'he 90/30
period, the f'igures listed being 100 i o in o;riginal Units'; ,

- 6 -

TABLE 6

13ase/l. on unco:creoted data. Correction only aN'eots third plaoe of" decimals
to :!:1.

TABLE 7
Mean radiation and rate of burning averaged over all laboratories
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TABLE 8

Radiation per unit rate of burning.

I Laboratory

I Wood J.F .R.O. N.B.S. T.N.O.

J.F .R.O. 57 57 71
60 58 72

N.B.S. 62 59 68
62 61 71

I

T.N.O. I 63 59 68

I
60 60 73

Correct~ng for.t~~, fact that the radiat~on unit is cal cm-2s·1 and. the
weight unit J..8 kg nn.n ; the ratio i o of radiation to weight loss rate J.S
36.5 x 10-3 cal om-2g-1 for the J .F.a.O,. laboratory data (38 x 10-3 for a;I.l
three laboratories). The configuration factor of the radiometer with respect
to the' opening is 0.24 and there is an approximate 10 per oent reduction
n~oessary to 'allow for the flame radiation received by the radiometer opposite
the opening, so that with respeot to the radiation level in the enclosure, ~he

value of the ratio is approximately 0.14 oal om-2g-1• This m!IiY be oompared
with the vaiue of approximately 400 cal/g .(l.eduoible from the results obtained
by Webster et al for cubical enclosures (3), with various amounts of fuel in
the form of a crib. In Webster's experiments it was this quantity, baaed on
the cube aide (rloor or window) area, not cal g-1 cm-2 that was independent of
scale, so the ~uestion arises of' which area we must take to reduce, our f'igure
of 0.14 cal g- cm-2 to a value independent of scale. The ratio of these two
q\lantities is

,*00 2
0.14 = 2900 em

which is nearer the window opening of 2500 om2 than the floor area 5000 cm2
(for Webster's experiments these were the same). The value for these C.I.B.tests
f L here L _ radiation flux within enolosure x window area . 350 all

o , w - rate of burning ,J.s c g.
Based on floor area L would be 700 cal/g. L m!IiY,be expected to depend on the
design of the crib. The experimen"!<s on which these figures are based are
biased towards f'ires in whioh the rate of burning is no longer controlled by
the air f'low into' the window, so one would expect the ratil of burning to be
oontrolled by the heat flux to tjle fUel bed. Further experiments are neeesa
ary to deoide def'initely whether floor or window area is more appropri&te. A
tentative ju.stification for window area is that the radiating area of the f'l~e

zone is more nearly the window area than the floor (or ceiling) area.

Mean radiation from hames.

The mean levels of' radiation from the flames over the 90130 period of
weight loss are shown in Table 9.

.Since the maximum burning rates have not been evaluated for this series of
C.I.B. tests, the oomparison is between mean radiation from the opening for

, .' di t·....... . mean burning rate
these tests and m8XJ.mum ra a J.on r'roa opemng f W b t r ,.'t" maxi b 'm! t rom e s er s r-ea ..... II.mum ung ra e
Although the maximum values m!IiY occur at dif'ferent times for the two measure
ments, this disorepanoy is too small to affeot the oonolusions drawn from
this oomparison~

- 7 -



TABLE 9

Mean ~adiation (90/30) from flames in cal cm-2s-1

(mean of each pair - see Table 1).

I taborator.Yi
I Wood J.F.R.O. N.B.S. T.N.O. Mean

J.F.R.O. I 0.177 0.229 0.290 0.232
N.B.S. I 0.251 0.224 0.353 0.276
T.Ni.O. I 0.203 0.194 0.293 0.230

Mean I 0.21.0 0.216 0.312 0;246
II

The standard deviation for a sirigle result based on the repeat tests
is 0.014. The interaction and main effects are significant with respect to
iihe variation between repeats. We proceed as before and from the mean value
of each column and the mean for. each row, we obtain expected values, i.e.
values gj,ving no interaction. The differenoes between the measured means and
these "expected" means are given in Table 10.

TABLE 10

Dif't'erences from mean flame radiation values expected from 1aboratory (COlumn)
and wood (row) means.

I
Laboratory

Wood J.F.R.O N.B.S. T.N.O.
I

J.F.R.O. - 0.019 0.027 - 0.008
N.B.S. 0.011 - 0.022 0.011
T.N.O. 0.009 - 0.006 - 0.003

These are highly correlated with the differences in Table '3 (see Fig.2 and
Appendix 1).

Analysis of ~uantity if = flame radiation per unit rate of burning.

For the flame radiation the ratios 100 if are as in Table 11.

TABLE 11

Mean flame radiation per unit rate of' burning.

Wood Laboratory
J.F.R.O. N.B.S. T.N.O.

J.F.R.O. 39 43 68
41 47 68

N.B.S. 45 49 70
52 47 74

T.N.O. 41 43 70
42 40 72.

The variations between laboratories and between woods are significant.
Clearly the very large dif'ference between the T.N.O. results and the others
s40ws that the mean value evaluated is subject to considerable variation

- 8 -
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between laboratories which presumably arises rrom the radiation instrumentation.

For the J.F .R.O. laboratory data ir =' 0.43 in original units which is
equivalent to 26 x 10-3 cal cm-2g-1• Webster's result ror three sizes or cube
was 90 cal g-1 and the ratio or these two quantities is 3500 cm2• This is not
Obviousl~ in better agreement with window area (2500 cm2) than rloor area
(5000 em ).

The two sets or data were obtained with dirrerent systems or measurement
Which, as we have seen comparing the results ror the three laboratories, produce
considerable varfation. We conclude that there is a linear variation between
rlame radiation and rate or burning, but are not able to quote a derinite value
until the ambiguities in the f'Lama radiation ·measurements :.are resolved;

Peak radiation rrom opening.

The peak values or radiation rrom the opening are given in Table 12.

TABLE 12

Peak opening radiation cal cm-2s-~

(Extracted from Table 1 - the N.B.S. data corrected by 0.77J

Laboratory

Wood J.F.R.O.• N.B.S. T.N.O. Mean Ratio to
Mean Mean Mean 90/30

radiation

J.F.R.O. 0.338 0.334 0.337 0.333 0.350 0 367 0.345 1.210.330 0.328 .0.375 •

N.B.S. 0.442 0.442 0.357 0.358 \ 0.445 0 445 0.415 1.320.442 0.360 0.445 •

T.N.O. 0.342 0.340 0.308 0.327 0.340 0 341 0.336 1.150.338 0.345 0.342 '.

Mean 0.372 0.339 0.384

Ratio to
90/30 1.26 1.20 1.23

radiation

The ratio or the row and column means to the corresponding values ror mean
radiation are shown next to each mean.

The arithmetic dirrerenoes between peak and mean 90/30 radiation are
given in Table 13.

TABLE 13

Dirrerenoe between peak and mean radiation.

Laboratory
Wood JoF.RoO. N.B.S. T.N.O. Mean

J.F.R.O. 0.072 0.042 0.064 0.059
N.B.S. 0.121 0.077 0.104 0.101
T.N.• O. 0.039 0,046 0.050 0.045
Mean 0.077 0.055 0.072

- 9 -



There are differenoes between the laboratories and the N.B.S. wood
has a greater differenoe between the peak and mean radiation ~fleoting a real
difference in the behaviour of this wood from the other two. This is clear~

seen in the original radiatio~time data. This may be associated with the
greater ratio of mean flame radiation to burning rate than in the other two
woods.

Evaluating differences between measured peak radiation and that expeoted
from the averaging process also shows the same'type of'interaction as do the
rates of burning data.

Radiation instrumentation

If we take the mean over the three woods for ;the opening rad~tion and the
flame radiation, we can compare the radiations measured by the three lebomtories.
These are shown in Table 1~

TABLE 14.

-2 ....1
Radiation averaged over woods - cal cm s

Lab,oratory

! :•. J ;1!.It..O. N.B.S. T.N.O.

iRadiation
mean 0.295 ,0.284 0,;312

from max. 0.372 0.339 0.384
I opening

max/mean 1.,26 1.20 1.23I

i Radiation mean I 0.210 0.216 0.312
from

!flames max. 0.276 0.299 0.422 ,
!

max/mean !
1.31 1.j8 1.35I

mean flame radiation 0.71 0.76 1.00mean opening radiation

The consistency of the ratios of max/mean between laboratories is a
reflection of consistent fire behaviour not of instrumentation. The
T.N.O. radiometer for measuring the flame radiation appears to read high with
respect to the other two (see also Table 9).

Ceiling temperatures

The peak ceiling temperatures in °c are- given in Table 15.

- 10 -
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TABLE 15

Peak ceiling temperatures _ °e

Laboratory
Wood J.F.R.O. N.B. S. T.N.O. Mean

J.F.R.O. 874 861 930 890898 847 930

N.B. S. 915 879 905 901915 863 930

T.N.O. 895 875 910 898900 883 925

liean 900 868 922 1396

An analysis o~ variance shows only the variation between laboratories to
be signi~icant, the standard deviation is 13.4 °e. There is no correlation
of' temperature dff'f'e rencea with rate of burning di~~erences nor with peak nor
mean radiation ~rom the opening.

Allowing ~or measured systematic d~~erences between woods and labora
tories gives. a set o~ data which can be plotted against the equivalent data
~or peak radiation and this is shown in Fig. 3. There is no systematic
correlation such as might be expected ~rom the nature o~ the measurements
involved.

No attempt has been made to identi~y peak burning rates, but since peak
and mean radiation ~rom the opening and mean burning rate are highly correla-
ted, i t f'oLLows that it is unlikely that peak burning rates and peak ceiling
temperatures are closely correlated, althOUgh the means ~or each laboratory are in
the same order as are the radiation measurements.

Floor temperatures

The results are shown in Table 16.

TABLE 16

Peak ~loor temperatures _ °e

!LabOratory
Wood J.F.ll..O. N.B.S. T.N. O. Mean

J.F.R.O. 962 866 970 9561019 902 1015

N.B.S. 995 981 1035 999980 943 1060

T.N.O. 965 939 975 963941 986 970

Mean 977 936 1004 973

- 11 -



An analysis of varianoe shows a signifioant laboratories x lI'oods
interaotion. Following the prooedure desoribed above for oeiling
temperatures one finds a similar. result, namely, this interaotion does
not oorrelate with peak radiation nor mean rate of burning.

Therefore, there appears to be little signifioanoe in the temperature
measur-emerrt s whioh might have been expeoted on p!Jisioalground/il to be
oorrelated with radiation if not rate of burning.

Conolusions.

(1) The variation between repeat values. on all measurements
is, with an oooasional exceptdon , very small.

(2) There is no signifioant oorrelation between vatiations in
temperature measurements and observations of rate of burning
and radiation.

(3) There is a systematio effeot that eaoh oountry has under
estimated the burning rate of its own wood when allowanoe baa
been made for the systematio differenoes between laboratories
and woods. This differenoe is rather too large to be t\)lerated.
No explanation has yet been oonfirmed. It is refleoted in
differenoes between the radiation measurements.

(4) One carl deduoe a value of 0.038 oal om-2g-1 for the variation
in radiation at tbe standard position from the opening
corresponding to variation in. the rate of burning. It has been
suggested that, multiplied by tbe window area, this gives an
important property of the fire.

(5) The N.B.S. wood showed a larger differenoe between peak and
mean radiation than did the other two woods.

(6) There are notioeable diff'erenoes between the radiometers used
by the three laboratories.
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Appendix 1

Correlation of mean opening radiation and mean rate of burning.

In~ of the examinations of data in this report we first need to
eliminate sYstematio differenoes between woodS and laboratories which arise
from slight di1fere~ces in instrumentation 'and woods.

By summing over all woods (rows) we get the mean result for each
laboratory (column). We deduot (or add) to each of the six results Ln any
column, a quantity (constant for each column) that lI&kes. the mean for
'each column equal to the grand mean. We repeat this for each wood
(row) summing over all laboratories. By this means the individual results
are adjusted linearly SO that the three laboratory means over all woods
and the three wood means- over all laboratories are .equaf to the grand mean.
This gives an "expeoted" value after systematic difrerences betw~en

laboratories 'and woods have been allowed for. We daduc t 'each value from
the measured value and obtain eighteen differences or nine mean differences.

This prooeduz-e can be done directly by reducing linearly all row and
column totals to zero. An ,abbreviated desoription of this_procedure is
given for the mean flame radiation.

TABLE 17

-2 -1 -3Mean flame radiation - cal om s x 10 •

Wood Laboratory
J.F.R.O. N.B.S. ToN.O.

J.F .R.O. 180 222 272
175 236 308

N.B.S. 229 227 353
273 221 353

T.N.O. 196 197 296
210 I 191 290

Mean 210 216 312

Deduct 210, 216, 312 from each result in the three columns respeotively,
and obtain Table 18.

TABLI 18
Second stage in evaluating differences between "expected" values of

mean flame radiation and measured va'Lues ;

Wood
Laboratory

J.F.R.O. N.B,.S. T.N .0,. Totals Mean

J;F~R;O;
- 30 6 -40 - 83 _ 14,
- 35 20 - 4

N.B.S. 19 11 41 180 3063 5 41

T.N.O.
- 14 - 19 - 16 96 16- -0 - 25 - 22

I

Totals 3 i - 2 0 1 II

Add 14 to each result in the top row, deduct 30 an the =ddle row, and add
16 in the_ bottom row, and hence obtain Table 19.

- 13 -



TABLE 19
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1000y - 400
18

234~2

where c( =

7730 - 394 oC..

\15866/12753 - 122001., +
r =

Laboratory
Wood J.F.RoO. N.B.S. ToNoO. Total~

,,
J.F.R.O. - "16 20 26I -

I - 21 34 10 1

NoB.S. - 11 - 19 11 0
33 - 25 11

2 !
3 I 0T.N.O. I j -

I
I 16 I 9 - 6

0

I -
1 I

Totals
1

3
1 - 2 0
i

The residual row" and column totals can be partitioned but to simplif'y the
arithmetic the resulting fractions have been neglected.

Differences between "expect-ed" values of mean flame radiation and measured
values based on wood and laboratory means.

r is a maximum whenD( = - 0.20 i.e. when y = 0.396.m

Using the bd.nonrial. theorem for small~ we obtain

The results in Table 10 are the arithmetic means of these pairs and are
appropriate to the means of the original pairs of results. Tables 3 and 6
are other examples where only the nine mean differences are given. The
sum of the squares of the numbers in Table 19 is a direct measure of the
interaction variance (laboratories x woods) for the original data.

This approximate form gives the value of~m as - 0.190 Clearly; over a wide
range of «. ,r is highly significant. The degrees of freedom in this" correla
tion are 11. In a table of 18 results in which the row and column totals are
fixed, there are 12 degrees of freedom and deducting one for the missing value
gives 11 as the degrees of freedom.

In the case 9f the rate of burning, there is a missing value which is
denoted by a symbol "y " , SBJT. The results in the table (not given) correspon.. "
ding to Table 19 are linear functions of y. The results in the corresponding
table for the opening radiation (not given, -:thougO:" Table 6 gives the mean
f9r each pair of results) were then correlated directly with this data - the
correlation and regression coefficients being a function of y~ This correla
tion coefficient was evaluated • as

• Based on uncorrected NoB.S. radiation data. The 0.77 correction is so
nearly a simple linear difference and hence a systematic one, that little
change would be necessary.
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The confidence limits' of the slope b obtained by treating 0( as zero
+ t a-' = + 0.2.
- slope

A beat line drawn on a graph without a definite choice as to which is
dependent variable will tend to be at a slope lar~er than 0.61 viz 0.76;

are

the

b = 7730
12753

Neglecting "" the value of'''' 2 is

The expression for the regression coefficient of radiation on rate
of burning is

In correlating other quantities such as mean flame radiation with
rate of burning, the missing value was taken as 0.396 kg/min; For mean
flame radiation the correlation coefficient was 0;850 and the regression of'
radiation on rate 0.575, the 95 per cent confidence limits being! 0.24.
The ratios obtained for each wood taken separately were 0.50 for the J.F.R.O.
and T.N.a. woods (both were spruce) and 0.56 for the N.B.S. wood.

( 1 + 0.041 oc; - 0.0140£.2).

5866 (1 - r
2

) x 10-6 = 104 x 10-6.
11

The confidence limits for one observation are ! tcr, or :!: 0,023
at the 95 per cent level, so that the likely range of y is
0.373 (c<. = - 1.5) to 0.419 (0<:= 1). Neglecting-=' , b = 0.61.
With..( = + 1, b = 0.63 and withO( = - 1.5, b = 0.55.
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FIG. I. RADIATION FROM OPENING AND RATE OF BURNING
(90/30 PERIOD)
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FIG. 2. FLAME RADIATION AND RATE OF BURNING
C90!?D PERIOD)
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FIG. 3. NO CORRELATION BETWEEN TEMPERATURE
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PROPa»,LS FOR I~T STAG~ OE' C.I.B. PROGRAr~~

ON ~'Ii1ES IN COIIPARTI1t:NTS

by

P. H. Thomas, ~~s. Jane r~ther and P. G. Smith

SUlJoiARY

A design for the main programme is ~roposed in which there is some
replication of certain tests ("Series 1") between laboratories to permit
laboratory ba aeee to be measured and if necessary aLLowed for. This is
necessary since it has not been found practicable to reduce variation
sufficiently by close specification of experimental conditions.

The design is also shrn'1n in a tabular form.

September 1961
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PROPOSALS FOR NEXT STAGE OF C•• I. B. PROGRAMME ON FIRES IN COMPARrMENTS

by

P, H. Thomas, Mrs. J. Mather and P, G. Smith

1. At the last meeting of the C.I.B. Working Party proposals were made for
allocating various parts of the next phase of the joint programme between the
varicus participating labOratories.

2. These proposals were conditional on the results of the preliminary tests
being satisfactory. In view of the actual results obtained in the two prelim
inary series of tests:-

(i) the eight tests by eight laboratories 1 2

(ii)the restricted programme by ~hree laboratories 3

some changes are desirable in the programme originally proposed.

3. In that programme there were some tests which were done by two laboratories
i.e., Experimental GrouP (2) (Australia) and Experimental Group (4) (Germany)
were both to perform experiments on ~ and 1m scale on shape (211) with a
stick spacing of (2.1). There were similar links between other pairs of
laboratories, but there were no tests common to all laboratories. In view of the
unexplained discrepancies found in the preliminary tests we suggest that the
rnunber of these sets of common tests between one laboratory and the others
should be increased, 'even at the expense of some of the simplicity of the scheme
as a whole, if the scheme is not to be postponed until these difficulties are
resolved. In this revised scheme some tests are repeated by each laboratory
to provide a measure of experimental variation.

Experiments allocated to Germany 1 were carried out by B.A.M., Berlin,
and those allocated to Germany 2 and 3 by F.F.B., Karlsruhe.

4. The scheme is given in Table 1. Ser':l.es 1 consists of eight tellts each
repeated, making sixteen. On this series of repeats is based the estimate of
experimental variation and also, because of the links between the tesh of one
laboratory and another, it is this series which enables a common standard between
laboratories to be found. The majority of tests are on the 1m scale but suffi'-
clent teats on ~ in and 1~ in scale are planned to find soale effects.

5- The condicion.e for this soheme are more restricted than before.

:H i.e now almost essential that nine laboratories participate, .,but any. addi
tional participants could of course undertake other tests in part of the originil.l
pl'OgraDIlllIil not included in this phase of the work. It is highly dellii'ableth.at at
least the tests of the first series conducted in anyone laboratory be done in a
raru10mised order. Tlrl.s sXightl,y inoreases the complications' 'of' the. lIJ!:perimentil.l
procedure but shouJ.d ;l:mproWi the ;reliability of the resulting information
considerably. 'Details are given in Table 2.

6. To maDimise the. risk of' av~idable errors in instrumentation, 'ch~ice;Of
equ:iipment etc, it is ·desirable that all laboratories f:j.rllt· of allperfoI'lJi. a sma'll
number of tests nominally identical with those whioh the Natiollil.l Bureau Of
.Standards, Nijwrheidsorganisatie Voor Toegepast Natuurweternschappelijk Onderzoek
anel the Joint Pire· lleseareh Organization have iI.lready done. . This. 'w'ou1cl' con.eist
OfatmmodelOf shape (121) burning 10 kg Of wood (20 kg/m2) Of2 'cia sticks
sP8ll.eo. (1.3.) .The box materiil.l should be as near to the f'ollowing specification
as poasible; weight 90'lb ou.rt -(1.5 gm/cc)~ thermal conductivity 8.5 x 10-4c.g.s.
Bnd' the wood a spruoe of' density 27 lbs!cu.ft (0.43 gm/cc) and these should be the
I118tertil.lB chosen for the subsecuent teats.

- 1 -



TABLE 1

I\)

Laboratory and Shape Scale Pireload Ventilation Stick spacing Repeats No. of TotalSeries combinations tests

Holland 211 1 20:t~ t 1 }2~ ~.~ 2
1 121 1 20~ 0 .1 2.1 2 16

121 1 20.30.40 t· 1 (2.!) (4-.1) (1.3) (2.3) 1
2 121 1 30 .1 ~ 2.1 ~ 1 26

121 1 20 !.t.1 (2.!-) (2.1) 4-.1 (~.3) (2.3) 1 15 57"2

Australia 121 1 20.4-0 t 1
}2. ~ ~ 2

1 221 1 20.40 .1 2.1 2 16

221 1 20.30.40 i· 1 (2.t) (4-.1) 1
2 221 1 30 .1 2.1) 1 14-

221 1 20 !.t.1 (2.!) (2.1) (4-.1) 1 9 39"2

Japan 221 1 20.40 i: 1 ~ 2. ~ ~ 2
1 211 1 20.~0 :.1 2.1 2 16

211 1 20.30.4-0 •• 1 (2.t) (4-.1) 1
2 211 1 30 '1" 1 2.1 ) 1 14-

211 t 20 t.t.1 (2.i) (2.1.) (4.1) 1 9 39

Gel'lllal'l,Y (1)' 211 1 20.4-0 t 1 ~2. ~ ~ 2, 221 1 20~40 .1 2.1 2 16

221 1 20.30.4-0 t· 1 (1.3) (2.3) 1
2 221 1 30 .1 (2.1 ) 1 14-

221 t 20 !.t.1 (1.3) (2.1) (2.3) 1 9 39

France 121 1 20.40 1~1 ~ 2. ~ ~ 2
1 211 1 20.40 .1 2.1 2 16

211 1 20.30.4-0
t-

1 (1.3) (2.3) 1
2 211 1 30 .1 ~2.1 ) 1 14-

211
,

20 !.t.1 (1.3) 2.1) (2.3) 1 9 39"2

---------------------



- - - - - - - - - - - - _. - - - - - - - -
'1'ABIoB 1 (Oont t4)

t Experiments allocated
to Germany (1) were
carried out by B.A.M.,
Berlin, ~d those
allocated to Germany
(2) and (3) by
Forschungsstelle
fUr Brandschutz
technik, Karlsruhe.

I

V.

I

Laboratory and Shape Scale Pil'lilIQatl Ventilation Stiok spacing .Repeats· No. of TotalBeries OQlllbinl1tions teats

Germany (2) 1221 1 20.40 t.'1 g.~~ 2
1 121 1 20.40 . .1 .. ,1 .2 16

~21 1 2().4() .i

r1~
1 2

2 121 1. 20~1,.O ~ 1 2
!.I.1

2.1
211 1 20.M' 2.1 1. 6
2JH 1. 30 It1 (2.1 ~

,
1 3

121 1 ,0 • .1 ~2.1 1 3
211 1 30 ••1 2.1 1 3 35

* 2:!!1 1 20.40 !~1 ~ 2. ~ ~ 2
1. 121 1. 20.40 .1 2.1 2 16

2. 121 1!. 20.30./,,0 i.1 (2.-1-) (2.1) (4.1) (1.03) (2.3) 1 30 462

U.S.A.. 211 1. 20';'0 t~1 p.~~ 2
1 221 1 . 20.40 .1 2.1 2 16

2 221 1i 20.30';'0 i.1 . (2.1) (2.1) (4.1) (1.3) (2.3) 1 30 462

Germany (3) i 121 1 20,40 t·1 . ~2~ ~ ~ 2
1 211 1. 20.1,.0 .1 2.1 2 16

2 211 11. 20030.40 *.1 (2.1) (2.1) (4.1) (1.3) (2.3) 1 30 462

.t.P,R.O. 111
121 1 ,0 11 1 (2.1 )~ 1f&1f.
211
221 'ho wind speeds 72

in three
Clirections

-.
441 11 1 20"0.40 ! 1 . (2.1 ) still air 18~.~ '2. 1

* These experiments were allocated to a laboratory which was eventually not
able to participate.



TABLE 2

Order or tes ting tor Seriea 1

The ~umber or letter given to a test is defined by the following table~-

Test 1 2 3 4 5 6 7 8 9 0 X Y
Sha:pe 221 121 211 221 121 211 221 121 211 221 121 ·21.1

Bireload 20 20 20 40 ·40 40 20 ~O > 20 40 40 . 40
!Ventilation 7 2- :i- T T , 1 1 .1 1 1 i

Order of test~

Laboratory
lirst Se.t Seoond8et

Holland 8693XY52 2Y859X6:l

Australia 7 X 1 08524 08451X27

Japan o 4 1 9 3 Y 6 7 34791 Y 6 0
-

Germany 9 7 Y 6 , 340 741 3 6 y 9 0
(1 )

France 3 Y X. 2 8 5 9 6 5 9 2 X 8 y 3 6

Germs:n.y 204 1 5 7 X 8 427 1 8 X0 5
(2)

* X 0 841 275 081 5 4 2 X 7

U.S.A. 56X3Y928 5 Y 2 3 6 9 8 I.
I-

Germany (3) 1 7 4 0 6.3 y 9 Y1096374

* Experiments allocated, but not carried out.
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If' this one test is repeated two or three times 0-4 tests in all) it will. be
possible to coapare the results directly with those ~ the 18 tests by three
laboratories using 3 woods (two of which were apruce ) and this would prov1de a
referenoe standard for

(a) the partioular oonstNotion of box material and wood,

(b) the radiometers and wei~ing apparatus.

Combination of box material and wood giving results not substantial~Qit
ferent from the best aVailable results oould then be employed in the tests prop"r.

7. In..reporting results it is sugsested that eaoh laboratory evaluate oertain
statistios prior to oorrelating their detailed resul ta. This would save consi
derable labour for any laboratory wishing to analyse data. If, subsequently,
other statistics are thought to be important then the original records can, ~
oourse, be used.

The statistics suggested are R80/55, R55/30, 1080/ 55, 1 0 80/ 55 , 10 55/ 30,
If80/55, If55/30, ~80/55, ~55/30, '1080/ 55, ~Q55/30 and t80' R is rate of
weight loss in kg/min. I is intensity ~ radiation cal c1!lr'2s-1 and 9 is tempe
rature, t80 :l.s time from ignition to time when weight :l.s 80 per cent of its
initial value.80/55 denotes mean value between the times when the initial. weight
has fallen from 80 per cent ~ its initial value to 55 per cent ~ its initial
value and 55/30 denotes a similar mean between 55 per oent and 30 per cent
initial weight. The suffix 0 denotes opening, f denotes flame, b floor and e
ceiling.

Excluding the initial 20 per cent and the last 30 per cent loss excludes
the early growth period when the rate ~ burning varies most with time and the
time when the residual oharooal burna, A oomparison between an 80/55 value
and a 55/30 value is a measure of variation in the approximately steady period
and each period covers a quarter of the total initial weight. t80 gives a
measure ~ the repeatability and variation ~ 'the early growth plriod. Takinl{
corresponding measures for I and Q allo~~correlatiolll to be investigated between
these quantities and the corresponding ~

8. In the main series (para. 5) (though not in the preliminary tests, para.6)
the method of ignition. should be changed to the following. The ignition stinkll'
should be one third the length ~ the model Lf3' where L is the model dimension
measured perpendioular to the window, still containing 1cc of kerosine per cm of
igniting stiok so that the total amount ~ kerosine is just over one third at
present speoified. This shorter stick should be under the crib nearest to the
window, i.e. the front third. This is adequate to ignite the fire and, by
employing less kerosine, interferes less with the subsequent burning.

* Ignition is at present by sticks of fibre insulation board size 5/6Lx t x i in
(5/6L x 1.27 x 0.95cm) where L is the box dimension perpendicular to the
plane of the window with 1 o s c , per om. of stick of kerosine added to each
length. One of theee sticks is laid in each space hetween the sticks of the
lowest row of the crib resting on the base of the compartment and a flame is
quickly applied to the near ends of all the sticks. For stick spaci~

combination (21/3) ignition to be by fibre insulating board length L/3 of
smaller section 1.27 x 0.63 em <til x til) and 0.50c kerosine per em of stick.

- 5 -
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COMPAllT!llEN'r SHAPE

121 211 221 441.
SCALE Ventilation !&:1 J. ! &: 1 1 ! &: 1 J. ! .. 1 &: 12 2

~ck 2.1 2.* 1.3 2.1 2';' f.3 2.1 24 1.J 2.1' 2.i 1.3 2.1 2.! 1.3 2.1 2.! 1.3 2.1Fire
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® (j) ® @ ® ® F Jf Jf F @ ® ® <A> B20
Q) ® 0 0 G1 G1 Go, G1%

30 &: 40 B

A ® @
Jf

~
Jf

~~
Go,

.@ @ @i)
~

20 &: 40

~
G~

@ @ ?!5
*1 * G)

~ ffi
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A Australia
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F France
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All 1m scale, 20 & 40 kg/m2 fire load, (2.1)
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Circles indicate the results which have been
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The data also enable some comparisons to be made between different
shapes.

OF' WIND

The rate of burning ~ras not more than 100 per cent higher for a ~lind

of 8 m/s than for still air; the direction of the wind was unimportant
except for the 111 shape where the effect was substantial.

Some of the results of experiments in the C.l.B. progrdmme with fires
in small-scale compartments exposed to wind are analysed.

by

G':JQ!.m OBSERVAl'lONS ON THE; Enmf

011 COlli'.;I1T1lEKT FIllES
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SOME OBSERVAnONS ON THE EFFECT OF WIND ON COMPARTMENT FIRES

by

P. H. Thomas, P. G. Smith, A. J. 14. Heselden and D. L. Simms

The results or the tests undertaken by the Fire Research Station as part or
the C.r.B. programme have already been circulated. A complete analysis of the
data has yet to be made but in this short note attention is drawn to some of the
more obvious results.

The rate or burning

A statistical analysis has been made of the rate or burning data measured as
the burning rate per unit floor area. For a rirst analysis no distinction was
made between the burning in the early part of the fire and in the later part, so
that the statistic used was RaO/3o!Arl'

where A
rl

denotes the rIoor area.

The analysis showed:-

(a) The rate or burning per unit floor area was le ss than 10 per oent higher
ror the larger compartments (211) and (221) than ror the cornesponding small
compartments) and the erfect is not statistically significant. The shapes
(111) (121) l211) and (221) can therefore be considered in pairs, e.g. (211)
is similar to two (111) compartments side by side with the adjoining walls
removed, and (221) can be compared to two (121) compartments.

(b) The change in shape rrom (111) to (121) and similarly rrom (211) to (221)
produced a signiricant change in the burning rate. The absolute rate of
burning RaO/30 increased by about 50 per cent. This is Leas than the
increase in floor area so that the rate or burning per unit rloor area
Rao/3

o!Ar l decreased as the length or the room, perpendicular to the window,
increased in relation to the height.

(c) The increase in wind speed rrom 15 rt/s to 25 rt/s which, for the purposes
or this report, can be regarded as nominally equivalent to 5 m/s and a mis,
produced only an approximately 20 per cent increase in the burning rate"

(d) The change in wind direction produced no significant erfect, except ror
the (111) shape, where the erreot was substantial.

(e) An increase in window si:re increased the burning rate.

The best values or the burning rate per unit f'Loor- area, averaged from the
experimental results to allow for only those factors round significant, are shown
in Table 1. An inspection or the values of RaO/55

shows that those results
follow a very similar pattern.

The values shown in Table 1 have been recalaulated in Table 2 as rates or
burning per unit window area. As for still air, this is highest ror the smallest
window. The results ror stil]' air and small windows can be calculated rrom the
formula

- 1 -



Discussion and Conclusion

- 2 -

Comparable values of RaO/ 30
for still air have already been reported

from the United States and Australia. These results are shown in
Table 3, from which the effect of these relatively high wind speeds is seen
to be less than 100 per cent increase.

where A and H are the area and height of the window in
2 w w

m and m respectively.

Since H equals t m this equation gives the rate of bUrning per unit window
area as 4.2 kg m-2min-1• A comparison with the results for ~ opening in
Table 2 suggests that the ef~ect of wind on the burning rate is not large.
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6 r:f' -2-1
VHw kg m min=

In order to obtain a realistic arrangement for experiments on the effect
of a wind the influence of these and similar factors which were not included
in the original C.I.B. programme needs to be explored, partioularly when
studying the radiation from the fire and the deflection of the flames.

The change in the rate of burning in a wind is significant but is probably
less important than the effect of wind on the risk cf fire spread to other
buildings or parts of the same building.

Analysis of I aO/ 30

A provisional analysis was under-t-aken on the effective mean radiation
intensity cOrlrected for the geometric shape factor, i.e. the results were
n?rmalised to a mean radiation lev~~ ~y the plane of the window. The values
h.e in the range 1.2 to 3.5 cal em s , but the effects of wind direction,
compartment shape and window size are interdependent and a more detailed
analysis is re quired before the effects of each can properly be discussed.

A number of other experiments of a simillm kind but not yet reported
have been conducted in which baffles were construa-ted at the sides of the
compartment and a horizontal ground plate placed on a Javel with the compart
ment floor and projecting in front of it. Additional experiments were made
in which the cri:, was shielded from the direct path of the wind. The
dif'fference between the rates of burning in still air and in a wind was found
to be no more than the effect of these other variations in the experimental
conditions but the deflection of the flames is greatly influenced by the
presence or absence of baffles.
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TABLE 1

Summa~ o~ best values o~ R
80

/
30

per,unit ~loor area

~or e~~ects ~ound to be signi~ioant

cI -2-1
R80/3 A~l kg m min

Wind velocity

5 m s-1 8ms-1 '

Comptmtment Wind angle Wind 'angle ,

Shape 00 600 00 ' "600

Window opening Window opening Window opening Window' opening ,

~
1 1 1 t 1 1 1 1 t ' ,1 ' '1:;- 4 4 :;- :;- .

111 1.32 1.68 2.24 0.48 0.84 1.44 1 .52 1.88 2.44 0.68 1.04 1.64

121 0.52 0.92 1.48 0.52 0.92 1.48 0.72 1.12 1.68 0.72, 1 .12 1.68

211 1.00 1.40 1.96 1.00 1~40 1;96 1.20 1.60 2.16 1.20 1.60 2.16

221 0.60 0.96 1.52 0.60 0.96 1.52 0.80 j1.16 1.72 0.80 1.16 1 ;72'

-2' -1cr f'or- single value is 0.24 kg m min

/ -2-1
Mean Values R80/3~A~1 kg m min

111 1.44
Compartment 121 1.08

'shape 211 1.56
221 1.12

Window I 0.88

opening 1.24
1 1.80

Wind
-1 1,.205 m s

velocity 8 m s-1 1.40

Wind 00
1.40

angle 600 1.20

-
Grand mean 1.32

,
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-1kg min

TABLE 2
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TABLE 3

Values of RaO/ 30

B8st values of R80l/-z,nO 2
'L..f.;::. kg m- min-1

Area of opening (Aw) ,

---
RaO/30 .. ' .

a.'rotmer..t Window
hape opening Single val.ues Best values

still.. air 5 m 8-1 a m 8-1
---~-----

121 * 0.36- 0.27 0.37
1 0040. 0.73 0.84- -
* 0.70 0.51 0.61

211 1 0.. 63 0.97 1.08---_--...-
1 0.58- 0075 0.60 0.80

221
0068. 0.96 1.17

1 0.74- 1.13 1.53 1.74
~....-.-....... eVf-....---......

• .A".I.s"~1:'a.li,a.lJ. results. Other still air. data from U.S. results.

Camp
S

r

Wind velocity'······ , , , , , . . . . . . . . . . . .

5 m s-1 8 m s-1 ' , . ' ... , , ,

Wind angle Wind'angle' , , .....

"Part.rr·e~"l.f
Sha.p9 1'.0 600 0° ., .. '600 . , > •••....

--'-~ -
Window operri.ng Iwindow opening Window opening Window opening'

1 1 1 1 1- 1 * 'i ' '1 ' .. 1 . ..1., . '1 ' . '4' '2 4' 2' 4' 2
~- -
111 503 303 202 1.9 107 1.4 6.0 3.7 2~4 2.a 2.1 1.6
121 4.3 3.6 209 4.3 3.6 2.9 5.9 4.4 3.3 5.:9 4.4 3~3

21'1 4.0 2.8 2 00 4.0 2.8 2.0 4.9 3.2 2.2 4.9 3.2 2.2
2,2~ 4.8 309 3.1 4,,8 3.. 9 301 6.4 4.7 3.5 6.4 4.7 3.5,

-~-.~

Corr.
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Experiments are described in llhich llind was blown into model compartments
containing fires. Several positions of the compartment in. the building facade
were simulated and the fuel was either exposed directly to the wind or was
shielded from it. The effect of these factors on the rate of burning and the
intensity cf radiation at the compartment opening was measured and compared
with the effect due to changing the wind speed.

I
U 1w.'PECT Ol" lUND ON ~'IRES IN !·lODEL COMPAllTNENTS

•• by
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EFFECT OF WIND ON FIllES IN MODEL CQIlPARTllENTS

by

P. G. Smith

Introduction

The series of experimentsO assigned to the .Joint Fi~ ~esearch Organization
in the Conaeil International duBlltimentmodels p~grammel1) was intended to
provide information on the. effect of wind speed and orientation ,for comparison with
a large number of experiments in still.air.. However. the effect of wind on fully
developed fires in compartments is likely to depend not only on the speed of the
wind and its orientation but als·o on the height of the compartment above the
ground, the position of the compartment in the bUilding facade, and on whether the
fuel is directly exposed to the wind. Changes in the experimental arrangement
e.g. the provision of deflector plates adjoining the window of a compartment, ·may
produce variations in fire behaviour comparable with those due to wind speed and
orientat.ion. Therefore the sensitivity of the experimental arrangement used in
the C.I •.B. programme was measured by carrying out some additional experiments
which are described in this note.

Some of the effects of wind e.g. in deflecting flames, depend on the ratio of
the horizontal momentum force. of the wind to the vertical buoyancy force of a
flame (Froude Number) which is of the fonn v2/I!J:l. neglecting density variations in
the flame due to variation of temperature with scale, where V is the wind velocity,
H a characteristic height and g the acceleration due to gravity. Thus for a
constant wind velocity the momentum force has relatively more importance for
smaller valUes of H. Because. however, other effects of a wind e.g. on the
burning of directly exposed glowing .wood, will be dependent on the geometry of the
fuel and the fuel bed rather than the compartment i.e. will be. to some extent,
independent of compartment scale, it is not possible to scale up these results
quantitatively. It is expected, nevertheless, that the effects of wind found in
thllse experiments are greater than would be found for actual buildingl;l.

Description of experiments

To simulate a ground floor compartment. asbestos wood sheets were mounted
horizontally, level with the floor of the compartment, to fonn a "ground plate"
(Fig. 1). Adjacent walls were similarly represented by asbestos wood sheets,
or ·"baffles.", mounted vertically in the plane of the window opening near both
sides and the ceiling of the compartment (Fig. 2).

The cribs used in all the groups of experiments described in this note were
cons.tructed with a stick-spacing combination of 2 •.1 (i.e. 2 om stioks, spaced 4 em
between stick oentres) to produce fire loads of 30 kWm2. The speoies of wood
was Pinus sylvestris. A poly-vinyl-acetate emulsion glue was used to join the
sticks together.

In some experiments the orib was placed on the compartment floor and a
shield pIaoed in the wiridow opening to prevent wind being blown directly onto the
crib as shown in Fig. 1. In other experiments the orib was l'laoed just below
the compartment floor where it was similarly shielded (Fig. 2). The oribs were
ignited from ten 17 em x 1 om x 1.3 om strips of fibre insulating board,each strip
soaked in 17 ml of paraffin, pIaoed under the oribs.

0These experiments will be .reported elsewhere, although the results of some of
them have been inoluded in this note.

- 1 -



TABLE 1

GROUPS OF EXPERIMENTS

I\)

Compartment Wind

Group No. of Position of crib Ground plate and bafflesexperiments Lining SpeedShape Scale
(mls)

DirectionMaterial

Asbestos wood On compartment floor; With and without ground 00 and 501 8 111 tm 1 cm thick shielded and plate and baffles 5
unshielded

12 Asbestos wood As group 1 and below With and without ground
002 (including 4 111 t m plate; 5

from Group 1) 1 cm thick compartment with and without baffles

8 Asbestos wood With ,plain and aluminigrl
00

3 (including 1 111 tm On compartment floor; ground plates; without ' 0, 5 and 8
from Group 2) 1 cm thick unshielded baffles

.with'and without

121 tm
Asbestos mill- On compartment floor; blackened ground plate; 5 and 8 00 and 6004 32 !board 1 an thic1l unshielded with and without side

baffles

---------------------
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In 'all experiments the rate of burning and the intensity of raQiation from
the compartment opening were measured. The gold-disc radiometer 2) was shielded
to prevent radiation from flames above or to the side of the compartment being
received. The experiments fall into four groups as shown in Table 1.

Group 1. It was expected that the experiments at these two angles would show
if there was instability in the burning of the cribs when the wind was blown
directly into the compartment.

Gr~up 3. The ground plate was covered, with aluminium foil in an attempt to
discover if the effect of the ground plate on the rate of burning was due to
heating of the ground plate.

Group 4. This group includes the twelve experiments carried out by the Joint
Fire Research Organi~ation in a 121, t m asbestos millboard compartment as part of
the C.I.B. programme \1 ) . These exper-Iments were done with the window ~, t and
fully open with winds of velocities 5 and 8 m/s blown directly into the compartment
and at 600 to this direction. A..'1other similar series of 12 experiments was carried
out,with a ground plate painted black on its upper surface, and finally a set of
8 experiments for similar wind conditions was done with baffles at the sides of the
compartment with the window fully open and both with and without ground plate. In
addition to weight and radiation measurements, the temperatures near the floor and
ceiling of the compartment were recorded.

AlthOUgh the experiments in each group were not arranged to be carried out in
a completely random order, in most instances the sequence of experiments did not
follow any systematic plan.

Results and df.acussdon

Group 1.

,The rates of burning Roo/ 30· ' R80/ 55 and R55/ 30 are given in Table 2.

Table 2 - Rate of burning (kg/min)

Without ground With ground
plate or plate and

Wind Speed 5 m/s vertical vertical
baffles baffles

00 50 0° 5°

Roo/ 30 Crib unshielded 0.46 0.41 0.51 0.50
Crib shielded 0.28 0.36 0.35 0.33

R8O/55 Crib unshielded 0.46 0.51 0.58 0.56
Crib shielded 0.31 0.36 0.37 0.38

R55/ 30 Crib unshielded 0.46 0.34 0.45 0.45
Crib shielded 0.26 0.36 0.32 0.30

The rate of burni.ng Ro% O with the cri.b unshielded was about 40 per cent
higher than with crib shielded compared with a 50 per cent increase in area of
window opening, and was about 12 per cent higher with a ground plate and vertical
baffles than without. There was no change in burning rate due to the change in
angle from 0° to 5°. The other rates of burning show similar effects.

OR80/30 is the mean rate of burning during the period when the weight of the crib
was falling from 80 per cent to 30 per cent of its initial value; R

OO/55
and

R55/ 30 are similarly defined.

- 3 -



Table 3 - Equivalent intensity of radiation in the plane of the opening

(cal cm-2s-1 )

This ratio would be the mean intensity in the plane of the opening except
that radiation reflected and/or re-radiated from the ground plate may also be
received by the radiometer.

The radiation intensity (1 0 ) measured by the radiometer at a point in front
of the compartment, divided by the configuration factor (¢) of the compartment
opening with respect to the radiometer, allowing for the shielding, is given in
Table 3 for the BO/30, 80/55 and 55/30 periods.

The mean equivalent intensity of radiation in the plane of the opening over
the 80/30 period was on the average about 50 per cent higher with the crib
unshielded than with the crib shielded. A similar comparison for the 80/55
period shows that the greatest increase for a pair of experiments was 140 per
cent whilst the smallest increase was less than 4 per cent. The presence of
baffles and ground plate increased the equivalent intensity of radiation at the
opening by nearly 30 per cent in the 55/30 period .but had very little effect in
the earlier part o~ the burning. There was no consistent effect of angle.
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of burning ROO/30' RBO/55 andR55/ 30 are given in Table 4.

Table 4 - Rate of burning (kg/min.)

The rates

Without €7"ound With ground
plate or plate and

Wind speed 5 m/s vertical vertical
baffles baffles

00 50 00 50

I 80/30 Crib unshielded 1.66 1.66 1.86 1.630
¢ Crib shielded 0.90 1.02 1.07 1.51

I
o 80/55 Crib unshielded 1.71 1.93 1.73 1.40

¢ Crib shielded 0.71 0.90 0~73 1.35

I
o $5/30 Crib unshielded 1.61 1.53 1.96 1.87

Crib shielded 1.06 1.10 1.35 1.62

Group 2.

Without ground With ground plateplate

Wind speed 5 m/s Without With Without With Mean

vertiaal vertical vertical vertical
baffles baffles baffles baffles

Crib unshielded 0.46 0.55 0.49 0.51 0.50
R80/ 30 Crib shielded 0.28 0.30 0.29 0.35 0.31

Crib below compartment 0.38 0.41 0.45 0.50 0.44

Crib unshielded 0•.46 0.49 0.54 0.58 0.52
ROO/55

Crib shielded 0.31 0.26 0.33 0.37 0.32
Crib below compartment 0.38 0.38 0.51 0.50 0.44

Crib unshielded 0.46 0.63 0.45 0.45 0.50
R55/ 30 Crib shielded 0.26 0.35 0.26 0.32 0.30

Crib below compartment 0.38 0.46 0.41 0.49 0.44
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Shielding the crib produced the lowest rate of burning (Rao/30). This was
increased by 43 per cent when the crib was below the compartment and by 65 per
cent when the crib- was unshielded.

An analysis of variance showed that the presence of a ground plate si~ifi

cantly increased R80/55 whereas the presence of baffles significantly increased
R55/30' The interact10n between ground plate ana crib position on R8o/30 may
just be significant.

By taking the data in pairs the ratios listed in Table 5 were formed; each
ratio being based on four tests.

Table 5 - Effect of ground plate and vertical baffles

Ratios of rates of burning

With ground With vertical
plate baffles

Wind speed 5 m/s Without Without
ground plate vertical

baffles

Mean Mean

Crib unshielded 0.99 1.12
R80/30 Crib shielded 1.10 1.09 1.14 1.11

Crib below compartment 1.20 1.10

Crib unshielded 1.18 1.07
R80/55

Crib shielded 1.23 1.24 0.99 1.02
Crib below compartment 1.33 0.99

Crib unshielded 0.~3 1.19
R5?/30 Crib shielded 0.95 0.94 1.29 1.22

Crib below compartment 1.07 1.20

This shows that adding the ground plate increased the rate of burning in the
80/55 period, and that this increase was greatest when the crib was below the
compartment. Introducing baffles increased R55 /30 particularly when the crib
was shielded. RRol30 was increased some 10 per cent by the addition of either
ground plate or ba~f1es.

The values of radiation at the compartment opening for the three periods
considered are given in Table 6.

Table 6 - Equivalent intensity of radiation (cal cm-2s-1
)

Without ground With ground plateplate

Wind speed 5 m/s Without With Without With Mean

vertical vertical vertical vertical
baffles baffles baffles baffles

I Crib unshielded 1.66 1.58 1.38 1.86 1~62 I·
0 80/30 Crib shielded 0.90 0.98 1.20 1.07 1.04¢ Crib below compartment 0.77 0.85 0.66 0.77 0.76

I
o 80/52 Crib unshielded 1.71 1.53 1.23 1.73 1.55

¢ Crib shielded 0.71 0.79 1.18 0.73 0.86
Crib below compartment 0.71 0.76 0.61 0.69 0.69

~Q
Crib unshielded 1.61 1.69 1.54 1.96 1.70
Crib shielded 1.06 1.25 1.22 1.35 1.22
Crib below compartment 0.85 0.97 , 0.70 0.85 0.84
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The mean radiation at the opening over the 80/30 period was on the average
nearly 60 per cent higher with the crib unshielded than with the crib shielded.
This was similar to the change in the rate of burning. However with the crib
below the compartment floor the radiation fell to less than 50 per cent of the
value with the crib up-shielded compared with a corresponding decrease of less
than 15 per cerrt in the rate of burning.

Table 7 - Effe~t of ground plate and vertical baffles on
intensity of radiation at opening

Ratio of intensities of
radiation at opening

With ground With vertical

Wind speed 5 m/a plate baffles
without without

ground plate vertical
baffles

Mean Mean

10 80/30 Crib unsh'i.e Ided 1.00 1.13

¢ Crill shielded 1.21 1.03 0.98 1~O8

Crib below compartment 0.88 1.14

I e 80/$ Crib unahd.eLded 0.91 1 0.11

¢ Crib shielded 1.28 1.00 0.80 1.02
Crib be.low compar-bmezrt, 0.89 1011

I
0$5/30

Crib u"shielded 1.06 1.16
Crib shielded 1.11 1.03 1.14 1 0 16
Crib below compartment 0.85 1.17

Table 7 shows that the presence of the ground plate increased the radiation
at the opening whe.n the crib was shielded, reduced it when the crib was below
the compartment. and had little effect when the crib was unshielded. The
·greatest effect of the vertical baffles was a decrease of 20 per cent in the
radiation at the opening over the BO/55 period with the crib shielded although
this was due to the radiation obtained in one experiment over this period being
about 50 per cent higher than comparable values. In general the vertical baffles
increased the radiation at the opening.

Group 3

Table 8 - Effect of wind and type of ground plate on rate of burning

Rate of burning (kg/min) Ratio of rates of
Type of burning

grol'-'ld plate No Wind Wind Mean vel. 5 vel. 8wind 5 m/s 8 m/s - =
vel" '" 0 vel. = 0

R80/30
Plain 0.44- 0.54, 0.49 0.63 0.53 1.29 1.71Aluminised 0.42 0.59 0.88, 0.80 0.62

R8O/55
Plain 0.38 0063, 0.54 0.67 0.55 1.45 1.63Aluminised 0.52 0.71 0.83. 0.76 0.68

R55/30 Plain. 0.53 0.48, 0.4.5 0.60 0.53 1.10 1.67Aluminised 0.36 0 051 0.93, 0.84 0 0 58

Table 8 shows that the rate of burning R80/55 was higher in a wind of velocity
~ ro/s than in still air. R55/30 was much less J.ncreased, whereas an 8 m/s wind
D.creased both R80/55 and R55130 almost equally above the still air values.

- 6 -
"--

. I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

The rate of burning is higher with the aluminised ground plate in a wind"
The relatively fewer experiments in still air suggest the effect may be different
in the early and later stages of burning.. The ground plate affec~s the flow
pattern of the air incident on the fire by causing a bou~dary layer to de~elop and
also, by bed.ng heated by the fire, it tends to preheat the air entering the
compartment.. However9 the way the resulting behaviour of the fire is affected by
these changes is not yet fully understood o

Table 9 - Effect of wind and type of ground plate on equi.va.Lerrt
intensity of radiation at opening

Equivalent intensity of radiatioD. Ratio of intensities

Type of at opening (cal cm-2s-1) of rndiatio~

ground plate No Wind 8 m/s ~10-=-2 vel. 8Wir.d 5 m/s Mean --
wind vel o ,-,; 0 vel" - 0

I
o 80/30 Plain 1 0 54 1051, 1038 1 ..26 1.. 42 1,,01 0.93¢ - AluminiBed 1,,79 1.. 91 2.12, 1,,58 1085

I
a 80/55 Plain 1048 1029, 1023 00.99 1.. 24 0,,90 0085

¢ Aluminised 1081 10 70 2,,16, 1 0 43 1 .. 77

I
o ~30

Plain 1.59 10 63, 1 0 54 1,,54 1,,57 1,,09 1.01Aluminised 1.. 76 2007 2006, 1.69 1090

Table 9 shows that the effect of wind on the intensity of radiation at the
opening is less than that on the rate of burning, and that there is a tendency for
the radiation to decrease with increasing wind veloeityo Aluminising the ground
plate had most effect on the radiation during the 80/55 period - the same period
duri.ng which the rate of burning was most affected by the presence of' the ground
plate (Table 5).. However, the increase in radiation of over 40 per cent was
greater than the increase in rate of burning; poss~bly because the radiometer
received radiation reflected by the alun:iniU1IJ. o

Group 4

The burning rate values obtained are given i~ Table 100

Table 10 - Effect of wind velocity, angle, ground
plate and side baffles on burning rate (kg/min)

Without ground plate With ground plate

Rate of Side Window Wind 5 m/3 .wind 8 m/s Wind 5 m/s Wind 8 m/sburning baffleJ:l opening

0° 600 0° 60° 00 600 0° 600
,

Without i 0,,34- 0.35 0036 0032 0,,32 0,,34 0.38 0.28
.Roo/ 3O " 0039 0052 0056 0060 0.. 36 0.52 0038 00522

" 1 0.72 0071 0076 0078 0069 0,,82 0.73 0.72
With 1 0053 0078 0081 0074 0073 0.65 0091 0074

Without 1 0038 0.35 0037 0,,38 0036 0,,35 004-3 0.29f
ROO/55

11
'2 0046 0066 0,,66 00 64- 0,,37 0056 0043 0.59

" 1 0075 0087 0091 0.. 92 0077 0088 0099 0087

With 1 0.62 0090 0097 0..87 0,,81 0.77 1,,09 0,,95

Without f 0031 0,,35 0.. 35 0,,28 0029 0,,33 0.,34 0027

R55/30 " '2 0034 0.4-3 0.49 0,,56 0.,36 0,,48 0033 0,,46
" 1 0,,70 0,,59 0.. 66 0.68 0,,62 0,,76 0,,58 0.. 62

With 1 .0046 0068 0069 ,0 0 65 0,,67 0,,57 0.,78 0061
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Window opening

* i
,

1 1

Rate of Without baffles Without baffles Without baffles With baffles
burning

Rate of Rate of Rate of Rate of
Factors burning Factors burning '?actors burning Factors burning

retio ratio retio retio

AoB1 + A1Bo
1.14'

B1
1.28

AoC1
+ A

1Co
1.06 ~ 1.19'A B + A1B1 ~ • AoCo + A1C1

A
o 0 0

B Co0 1.09 1.16 BoC1 + B1Co 1.16'B
1 ~ B C + B1C100

ROO/30 A1
A 1.15

0

AoC1 + A1Co
1.13AoCo + A1C1

B B1 A1 A10 1.12 1.28' 1.13" 1.25' lB," Bo Ao A;;
~

Co AoB1 + A., Bo AoB1
+ A1Bo .,

~
1.24 AoBo + A1B1

1.10' AoBo + A1B1
1.15

Reo/ 55
A1

1.13
C

1 1.08A;; C, 0 ,
, AoC1

+ A1Cc
1.12AoCo + A1C1 I

AoB1 + A1Bo
1.19'"

B
1

1.27"
BoCo + B1C1

1.11
BoC1

+ B1Co
1.19'

AoBo + A1B1 ~ BoC1 + B1Co BoCo + B1C1

C AoC1
+ A1Co AoC1

+ A1Co A
10 1.05'" 1.21" 1.09 1.15

~ -s, + A1C1 AoCo + A1C1 r;
R55/ 30 A

1 AoB
1

+ A1Bo
,

r; 1.14"
AoBo + A1B1

1.14

Co
1.1.2'

~

Co Without ground plate

Table 11 - Greatest effects of factors on rate of burning

level

B
1

Orientation of wind .. 600

level "'Significant at .001

Bo Orientation of wind .. 00

··Significant at .01

A1 Wind speed .. 8 m/s

C1 'A"ith ground plate

.05 level

5 m/s

'Significant at

Ao Wind speed ..
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I

I , Without ground plate With ground plate

I
Intensity Side Windowof radiation baffles opening Wind 5 m/s Wind 8 m/s Wind 5 m/s Wind 8 m/s

at opening
00 600 00 600 00 600 00 600

I Without I 2.39 1.26 1.78 1.74 2.20 1.28 1.80 1.09
I o 80/30 " 1.87 2.36 3.03 2.30 1.74 1.77 1.73 2.082

" 1 1.98 2.08 2.29 1.98 2.05 2.32 2.13 2.32

I ¢ With 1 1.88 1.89 2.22 1.87 2.34 2.05 2.33 1.91

Without t 2.32 1.05 1.49 1.43 2.13 1.12 1.72 0.97

I I o 80/55 " 1.90 1.99 3.11 1.87 1.71 1.41 1.86 1.65
" 1 1.80 1.96 2.39 1.66 1.76 2.01 2.08 1.85% With 1 1.67 1.87 2.24 1.68 2.10 ' 1.73 2.28 1.77

I Without 1 2.44 1.47 2.05 1.94 2.26 1.43 1.86 1.20II " 1.84 2.61 2.98 2.67 1.77 2.13 1.62 2.42
o $5/30 2

" 1 2.12 2.17 2.22 2.24 2.30 2.56 2.17 2.62

I With 1 2.02 1.90 2.20 2.15 2.58 2.29 2.38 1.99

With the window fully open the rate of burning was hardly altered by the

I addition of side baffles. Increasing the wind speed from 5 to 8 m/s caused an
increase in the burning rate, largest at 00 with side baffles when the rate of
burning at the higher wind velocity was up to 50 per cent above that at the lower

I ve l oci t y • A statistical analysis of the complete set of results in this group
is too complicated to interpret easily due to significant interactions between the
window opening factor and the other factors. Consequently each level of window

l

ope!'i ng has been considered separately (Table 11). (Por the fully open window
condition'the experiments with and without baffles have also been separately
considered)~ ' This table gives ratios of the two levels of all main effects and
terms 'forming interactions which are statistically significant or which have ratiosI greater than about 1.1.

Unfortunately the fire behaviour is very complex and, in most instances, it is

I
di f f i cul t to decide which physical factors caused th,ese effects. The second ,order
interaction sum of squares, taken as the error sum of squares since there was no
replication, had only one degree of freedom. Therefore an estimate of the error
mean square was formed by pooling the' second order interaction sum of ~~~res with

I certain other sums of squares uaing the criterion recommended by PaullU).
Consequently some caution muat be uaed in making uae of the significance levels
obta.ined.

I ,Table 11 shows that the greatest effect of changing the levels of any factors
RIB for the window t open for a change in wind orientation. The rate of burning
without a ground plate was higher than with a ground plate whichwas the reverse of

I t h e ef:t'ect with the 111 compartment (Tables 2 and 4). The effect of orientation
of the wind was reversed between window! open and t open, There was a change
in the rate of burning of up to 21 per cent between combinations of any two factors

lat two levels~' '

The burning rate for a fully open window 'F.!lS about twice that for a i open
lwindow.

Table 12 - Effect of wind velocity, orientation, window opening,
ground plate and side baffles on radiation from the opening (oal cm-2s-1)

I

The overall effect of side baffles on the equivalent intensity of radiation

I t the opening was small (Table 12) and was similar to that on the rate of burning.
he intensities with and without side baffles differed by more than 20 per cent in

one experiment and this was not one in which the rate of burning was much affeoted

I y the presence or absence of side baffles. There was no consistent effeot on
he radiation due to the change in wind speed. However with the window i open

and the wind at 00 the radiation was between 20 and 50 per cent higher at the lower
-9 -



wind speed. The reverse effect occurred for the experiments with other windOW'.
Openill8ll With the compartment at CO but only when no .ground plate was used.
The difference ob1lained was up to over 60 per cent. Changing the wind direc- •
tion also produced inconsistent effects. The effect was greatest with the
window! open when the radiation for ()O was on the average some 50 per cent
higher than for 600 • A similar change of about 1.0 to 20 per cent was obtained •
with side baffles. The reverse effect was found in the 55/30 'period .with the
window t and fully open without side baffies. Inconsistencies were again
present in 'the effect of the ground plate. The greatest effect was with the •
window t open when the radiation without ground plate averaged between 20 and
25 :per cent higher than that with ground plate. The effect at 'a window opening
of ;\: was similar but sma;Ller - between 5 and 15 per cent higher. There was a
tendency for the reverse effect to occur with the window fully open both with I
and without side baffles; althoUgh the mean change was less than about 10 per ce •

the next
in

- 10 ,..
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Conclusions •

Experiments in which wind was blown intocompartmentil contairiingburnirig
wood cribs have ,shown that the presence of ground plates,and vertical baffles,
representing, the ground in .front of a ground floor ccmipartme:nt and walls' of ••
adjacent compartments,' can ,have a greater effect on the rate of burning and the
intensity of radiation at the window opening than a change of nearly 2~1 in the
wind speed under certain circums,tance:s. Insufficient comparable still air •
experiments to those in a wind have been carried out in this serles ,to enable
accurate estimates to be made of the effeot of wind. The results' of two still
air experim.ents given in thi.S note Sho.w.i;hat the pr.esenceof. winds of u.p toB mil
did not change the rate of burning by more than 70 per cent, 'and this change is
expected to be reduced for the same wirid speed with full size compartmeht.8. ,'It
is expected. that more comparisons with still. air 8.Jf~rimentswillbepossible
when the results from the present C.I •.B. programme l ) have been analysed. •

It is clear thlit the experimental arrangement .1s of major importance. and
that it is of doub,tful value to study all these results in detail. If th8 •
detailed behaviour'of a'fire in a wind1li tObe~iiivestii/l.tedsome.effort must be
made to study the separate ,effects .ofwind in isolation using 'a different
experimental procedure to this - the ,object of, which ,was, to survey the possible
effects of aome of the more obviously variable experimental features. ••

•
•
•
I
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h\C'fORS i,?~'EC'l'ING TIlE lU\TE O}' BURNING OP

',:OOD III i>SBE'iTOS-LINED CONPi,RTHENTS

by

P. G. Smith

Pollowing the discovery of an unexplained variation between the experimental
results from three laboratories in the C.I.B. modelling programme, further
exueriments have shown that the rate of burning can be affected by the moisture
content and/or the temperature of the compartment lining at the start of each
experiment, and also possibly by the age of the crib. These effects may
account for part of the variation in the C.I.B. experiments but there is
insufi'icient information on the earlier experimental procedure to show ~Ihether

these effects were present.

Oct abel' 1965.
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J'ACTOllS Al'DCTm 'I'HB RATE ar BURNING OJ'
WOOD IN ASBETOS-LINBD COIIPARmNTB

by

IlmlODUCTION

An international progr8JlQll8 on modelling' fires in cOlllpsrtments is beil18

oarried out under the auspices of the Conaeil International du BtUment.

In a preliminary invntigation, eight laboratories oarried out the same eight

tests (1)(::!). The repeatability of the tests carried out in eaoh laboratory

was satisfaotory, but the variation in the measured, rates of burning between

the results of the tests from the different laboratories was greater than oould

be aooepted. A restricted programme(3) was "therefore arranged in 1dUoh only

the National BlII'8au of Standards laboratory, Washington, D.C., the Nijverheids

organisatie voer Toegepsst Natuurwetenaohappelijk Onderzoek at Delft, Holland,

and 1he fire Research Station, Bareham Wood (J.J'.R.O.) took part, iil order: to
find oat further 6Xp'8rimental details needed to be'speoified. In particular,

sufficient wood for ~ tests was exohal!8ed :l.,ns:tee.d of just specifying the density

of the Jl'o,od, and the compsl"tlllllnt materia1.S were supplied to each laboratory by

the J.J'.B.;"'. Baoh laboratory oarried out the II8IIl9 experiJn8nt uaing the :three

wo,ods supplied by the t~ laborattU'ies. Even in', this restricted prograJlUlle

an unexplained variation 'If&! found over and above the normal variatio,npresent

between repeatfld tests at the same laboratory and the systell\atio variations

between ()DB ~borato.;'Y and, another. Bach laboratory had underestimated the'

burnil18 rate ~~O/30~ of its awn Jl'ood by 5 - T per cent, and had overestimated

~O/}O for wood, recaived fram oth,er laboratorie:s by 1 - 6 per cent, after'

allo,wanoe had been made tor the I17ste.u.t1o dif'filrellCes betweeIl lflboratorie.a

and woods.

Since no oomPlete axplanation:fur 'lhiB variation" Jlhich Jl'8S signifioantly

oo~lated with similar V,ariatioD8 ,in the intensity ,~f radia~on. oould be

suggested. it was deoided to carr,i out aserles of: experiments at "the Joint

1':1re Researoh Organiatio,nduring whioh difference,S in· laboratory conditions

would be noted. Although it waS unlikelY ~t the results of these

experimElDts' would explain the variation '1'ound~, it: Jl'SS thciughtthat they might

shOw if a.ny laboratOX'y oonditioils needed to be mora closely ,controlled in future

experiments.

- 1 -



Variation in laboratory conditiona

Only one type of' wood (P'inu.s sylvestris) was used, conditioned at a

temperature of' 200 C (6aOF) and a relative h1illlidity of' about 60 per cent to

a moisture content of' approximately 11 per cent. An experiment, identical

to that carried out previously ,was perf'o:nil.ed three times on the same

day each week f'or eight weeks. The !'olloWing variables were not1ld:

the temperature, relatiVB humidity, and wind conditions inside and

outside the laboratory, at the beginning and end of' each experiment;

the temperature inside the compartment immediately bef'ore each

experiment;

the time of' day each experiment was started;

the number of' sticks in eaoh crib;

the mean moisture content. of' each crib; and any other observed variations

in laboratory conditions which it was thought might ini'luence the burning

rate of' t he crib, for example, whether the main doors of tile laboratory

were opened during an experiment.

The main variables are recorded in Table I.

The experimental procedure was identical to that adopted earlier

except that no temperature measurements were made inside the compartment

whilst the crib was burning. Continuous records were taken during each

experiment of the weight of' the crib and of' the radiation !'rom the compartment

opening and from the flames above the compa;rtment. From these measurements,.

the mean rates of' burning over the periods during whioh the weights f'ell from

90 per cent to 30 per cent and !'rom 90 per cent to 60 peT' cent Of' their

initial values have been calculated. These rates ~~0/30~ and ~~0/60) are

given in Table II. The mean intensities of radiation !'rom the opening and

!'rom the :£"lames over the 90/30 period have been calculated by taking the

averages of the intensity measurements at two minute intervals, and are also

given in Table II.

Q

The moisture content was obtained with an instrument which basically

measured the electrical resistance between pins pushed into the wood. Errors

of several per cent of' moisture are possible with this type of instrument.

- 2 -
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Table I

Laboratory, crib and experimental variables

Time Condi tions inside laboratory Conditiona outaide laboratory No. of Mean-
Approx.

'f'est Age of Temperature ahort density
moisture TempeI'l!ture

between Relative Relative Wind content inaideno. crib (OC) Humidity (%) sticka of
(daya)

experimenta Temperature humidity Speed Direction of compartment
(min. ) At atart of At end of At atart of At end of (OC) (%) (f/a) in crib crib (ee)

crib (ycm3)experiment experiment experiment experiment (%)

44 18 70 15.6 18.0 80 73 14 84 light variable 55 0.448 11 24.0
45 19 160 16.4 18.2 71 69 16 76 6.3 S 55 0.448 10 18.0
46 19 85 17.0 18.4 76 69 16.6 76 6.9 S 57 0.441 10 19.0

47 20 53 16.8 17.5 79 72.5 15.3 85 10.3 S 59 0.434 10 24.2
48 20 170 18.0 20.0 79 70 18.0 77.5 10'20 s 55 0.448 - 20.0
49 20 87 20.1 20.1 66 66 18.5 73.5 f.,15 S 58 0.438 11 21.5

50 34 55 15.6 16.0 66 62 13.0 84 1-5 N 62 0.425 10 21.0 •
51 34 160 15.5 16.5 49 46 14.5 55 1-8 N-E 62 0.425 10 17.5
52 35 90 15.6 16.5 49 46 13.0 59 6.7 N-W 60 0.431 10 17.4

53 32 45 15.2 15.5 56 49 12.0 68 1--13 s-sw 59 0.434 10 27.0
54 35 160 17.5 17.0 48 47 14.5 52 f--13 S 60 0.431 10 17.7
55 28 90 17.0 15.0 47 61 13.5 55 8.7 s-w 59 0.1.34 10 18.8

56 45 79 11.2 12.0 66 63 7.5 87 -6 S 57 0.441 9-11 12.8
57 44 130 13.0 15.0 64 56 10.4 77 ""'6 W-S 60 0.431 9-10 14.5
58 45 98 13.0 13.0 59 59 10.0 71 -6 w-s 57 0.441 9 14.9

59 27 70 12.7 12.2 74 78 9.5 94 9.2 s-sw 62 0.425 9 16.0
60 27 120 12.4 13.4 79 70 10.9 83 -9 S 60 0.431 9 13.5
61 27 120 12.2 12.4 84 84 10.3 95 -7 S 59 0.434 9 13.5

62 24 60 11.5 12.4 72 68 9.0 88 1--31 E 59 0.434 9 16.5
63 18 150 11 .0 12.3 72 68 9.3 82 rn E 58 0.438 9 12.0
64 18 97 10.5 11.7 77 72 8.2 91 E 60 0.431 9 12.5

65 >81 65 10.2 11.5 65 57 7.2 81 5.8 N 58 0.438 9 14.3
66 >81 160 12.2 12.0 57 57 8.0 75 1--3.3 variable 56 0.444 9 13.0
67 >81 90 11.0 11.0 61 61 6.2 80 ~.3 variable 55 0.448 9 12.7

-The denaity wea calculated from the asaumption that all aticka were of the nominal aize.

- 3 -
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Table II

Experimental reBulta

Rate of' burning Mean Radiation Mean Radiation
(kg/min) £'rom opening f'rom If'lames

Teat No. (90/30). (90/30)

~0/30 ~0/60 cal em-Z -1 cal em-2 ...,1a B

44- 0.49 0.47 0.Z9 0.Z1

45 0.48 0.46 0.Z9 0.Z1

46 0.53 0.49 0.29 0.21

47 0.50 0.45 0.28 0.21
48 0.44- 0.41 0.27 0.19
49 0.45 0.43 0.Z6 0.19

50 0.50 0.47 0.28 '0.21
51' 0.46 0.43 0.29 0.21
52 0.52 0.51 0.Z9 0.23

53 0.46 0.45 0.29 0.Z1

54 0.48 .0.45 0.29 0.Z1

55 0.50 0.49 0.31 0.22

56 0.48 0.44- 0.31 0.22

57 0.49 0.45 0.31 0.22
58 0;53 0.50 0.32 0.22

59 0.52 0.50 0.30 0.22
.. 60· 0.47 0.46 0.29 0.20

61 0.49 0.45 0.30 0.21 .

62 0.47 0.47 0.29 0.21
63 0.46 0.42 0.28 0.20
64 0.46 0.45 0.30 0.21

65 0.51 0.51 0.36 0.22
66 0.51 0.47 0.31 0.2"4
67 0.55 0.55 0.33 0.24

- 4 -



Discussion of results

The results of these experilDents have ste.ndard deviations (cr) of

0.028 kg/min for the rate of burning ~~0/30~' 0.033 kg/min for ~0/60'
-2 -1. .. -2 -10.020 cal cm s for the radiation from the openang , and 0.012 cal cm s

for the radiation from the flame·s.

The comparable values of g for the repeat experiments carried out by the

three laboratories(3) were 0.015 kgfmin*, 0.025 kg/min, 0.013 cal cm-2s-1 and
-2 ...1 .0.014 cal em s respect1vely.

Ana13ais of results

Several preliminary regreB.aion ana13:Ses "ere carried out to find "hether

there were any correlations betJreen the rate of burning and the laboratory

variables. The correlation coefficients obtained for these variables taken

separately are given in Table III.

The only laboratory conditicn that was significantly correlated With

~0/30 was the age of the crib; that Ls , the length of time it had been

conditioned before being burnt. The variation of ~0130 nth the age of

the crib is shown in Fig. 1. The ages of the cribs used in teot

Nos. 65, 66 and 67 are uncertain but are bet1l6en 80 and 110 days old. The

correlation coefficient is only slightly altered by this variation in age,

whereas if these tests are amitted, the coeffioient is no longer significant.

'!'he t JrO variables that were most nearly significant were the tilDe

since the end of the previous test, and the temperature in the laboratory at

the start of the test. '!'his time might be a measure of the amount of

moisture taken up by the compartment material and also of the temperature

of the compartment if this had not cooled sufficiently since the earlier

test. The multiple correlation of rate of burning ?~0/60~ on this time,

the laboratory tempe:mture, e.nd the age of the cribs was therefore oalculated.

*Based on 8 degrees of :freedoin.
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Table III

Correlation coe~ioients

Significance

Correlation level of
Variables oorrelationcoefficient

coeffioientIndependent Dependent (per cent)

~0/30 Age of crib. 0.523 1

R90/30 Age of crib~ 0.508 2

~0/30 Age of crib•• 0.328 -
~0/30 Time since end of -0.31 -

previous testQ

~0/30 Temperature in lab. -0.256 -
at start of test

~0/30 Temperature of -0.219 -
compartment at
start of test

~0/30 Humidity inside 0.175 ,-
lab. at start of
tellt

~0/30 Density of 1ll10d 0.124- -
in crib

~0/30 Humidity outside 0.0165 -
lab. at start of
test

Radiation from
Age of orib~openil16 90/30 0.4- 5

~0/30

Radiation from
Age of Crib;);flames 90bo 0.257 -

~0/30

* Cribs used for tests 65-67 taken as 80 days old
;); " " " " " "" 110 days old
** Omitting tests no.65-67.
g It was assumed that the duration of each experiment was 25 minutes.
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The earl:ie~ part of the fii'e was ohoB,1lll sinoe it was expeoted tha.t this would

be lIIore affeoted by c1if'f'enmcesin these: varialilils. ,ThiJl analyll::'s showed that

the age of the crib and the time between tests were both correlated with ~0/60

at the 1 per 01lllt lev:e,l, but that the temperature in thil laboratory was not

correlated. TheregreBaioh equation (omitting the 1lemperature in the

laboratory) was

The standard deviation af the residusl va.rianoe' about the regreaaion line

was 0.022 k8/min oOlllpared with 0.025 kB/min for the 3 laboratories uper1Jllents.

FroJII equation (1) es.timatea 1ftIre Jll8,de of ~O/60 and theB&·ar.e shown pla tted

against the measured ratea of burning in Jig. 2..

In the IIlU1tiple re~aaion of~/60 on A and t omitting the reaults, for

the three oldest oribs, A ill not signifioant and t ia sigidf'ioant at the 5 per
oent level, so it is very largelY these' three reslilta which are causing faotor

A to be signif'ioantin equation 1 •

The rate of b1l1'Iling '~, Il., orib 1IOllld be expe.o.ted to depend. at least

partli, on th6 re.di8.tion til: tiI.$ orib f'rODI theenolOa.iDg COIIIpa.rtm,ent and frolll

the f'laiue. !'he laJl8x' the th.el'Blli.1 eo1l.duotivity of the oOllipartlll8nt walla the

, higher the inner. aurt-aoe' teDlp8rature' and therefore the higher the' wall. .. '., . . . . - .

rac1iation. :rllm!e radiaticin, to 'the, ort}). llligbt alao be, il\.Ore.aaed sinoe a

higher wall teIIIpera~1I0~ JlllB,n a :LOwer radiation trWf'er f'rom the fls.me

to the, wall and the~tore a higher flame temperature. Henoe' the rate of

burning migbtbe expee~ to Y&.ry invers.elY with til.e thenual conduotivity

of the, walls • In01'$Jlell inb~ rate and :teiaperature with incres.aing

the:nual in:s)Ilation of the' willb have been recn<note4 by' SiIIIma et al~4) and
YokQi(5). . ..-- , , " "

If th& DUrl.a~~ c~il.t of the colllpll.1'tJll.ent lining '1npres.aea wi ih, t, then

its tlul:nual oo.nductivity.~d in'creaae with t, ilin~ the thermal conductivity

of s.abeatoa lIOod iml~with u:iBture ~nt.:·~~ore, ~0/6d W8)I1.d be

expected tQ,' vs.ry inV:e;rQJ,Y Jl;lth t l1.B eqUation (1)_~.:,' In ad4ition~ at

lrlglWr moiature ~ontenta (ad,:UDC& higher vallie. Of t),~ heat 'II'O)1l,d be

required :to, eTapcrate th$ .M..tlarll, thus uJlliiDa ~ redU.cs the: rate of burning.

~O/60 = 00482 + 0.000973A ,.. 0.000489 t

where ~0/60 is the rate of burning in kg,/Illini

A ill th1l age of the orib in daJB.

and t is the time between tests in UIu'a.

... • • • . ••• (1)
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If only a short time elapses between tests the temperature of the compartment

would be relatively high thus reducing heat transmission through the walls. This

would be expected to cause a higher rate of burlling, which is again in agreement

with equation (1).

Addi tional experiments have been carried out at the J .:P.•R.O. to provide more

detailed information on the effects attributed to the age of crib and the time

between experiments.

Effect of moisture content

Since it is unlikely that the wood itself could chaI18e markedly over a period

of up to about sixteen weeks, 'ageing' might be due to variations in moisture

content; the moisture content of wood conditioned to equilibrium at constant

humidi ty is known to v.ary in a way depending on whether the "Rlo.d was: initiaJ.ly

wetter or drier than after conditioning(6).

Appendix I disousses the moisture content attained by conditioned :wood.

Experiments, in which cribs of different moisture contents were burned" are

described elsewhere(7D The range of moisture contents was much wider thap is

possible between samples of wood conditioned in the same atmosphere. An analysis

of these results showed that the relationship between ~O/60 and moisture content

was not statistically significant, although that between the rate of burning during

the loss of the first of the ten kilograms of wood i.e. R100/90 and moisture content

was highly significant. It has no.t been possible, therefore,· to show conclusively

whether the effect due to the age of 'the crd.bs can be a.ttributed to differencfB in

their moisture contents.•

Effect of time between experiments

As stated earliet', varying the time between experiments could affect the amount

of moisture taken up by the compartment and. also its temperature. No direot

measurements were made, in the series of 24 experiments, of the temperature o£ the

compartment material but this was estimated from the diN'e:r.enoe in air temperature

inside and outside the compartment. The correlation between this estimate and

rate of burning .&.8 not significant. This may be due to different cooling

conditions changing the relation between co.mpartDlent and air temperature.

An experiment was carried out to measure the variation wi. th time of the moisture

taken up by the compartment and the temperature of it.s lining••

A 28 S.W.G.*chromel/alumel thermocouple was welded to a 28 S.W.G.* copper disc
2.5 cm. in diameter, the other side of the disc being covered with asbestos paper.
This disc was then attached with a silicate cement to the centre of the outer'
surface of one side of the compartment so that the thexmocouple was in contact
with the asbestos wood.

- 8 -



A crib, similar to those previously used" was burnt in the compartment.

Measurements were frequently taken of the total weight of compartment and crib

and of the temperature of one side of the compartment over a period of three

hours from the start o.f the experiment. It can be shown that the buoyancy

force due to the burning crib was equivalent to less than 0.02 per cent of

the we·ight of the compartment lining, so this force is neglected.

Results

The temperature rise above ambient of the outside of the compartment is

shown plotted against time in Fig. 3. The moisture content of the .compartment

was obtained by aasuming that the lowest weight measured corresponded to a

moisture content of zero. Sinoe this minimum weight occurred after the crib

had been completely burned, the weight of ash was BJII8.ll and constant and 11,0

allowance for it was necessary. The moisture content expressed as a

percentage of the drY weight o£ the compartJllent is shown plotted against time

in Fig. 4.

Discussion

Figs. 3 and 4 show that there is. a considerable variation in both the

temperature rise of the compartment lining and its moisture content over the

range of time between experiments (45 - 170 min, which is equivalent to a

range of time subsequent to ignition of 70 - 195 min) for this series of 24

experiments.

lleg~s.siOh analys.8Jl of ~0/60. all, the. age of the crib and the time between

experiments or related variablea have been carried out. The coefficients of

the dependent variableu with the· levels of significanae and values for the

standard deviation obtained from the.se analyses are given in Table IV. This

shoe that replacing 1he- term :for the tim:e between experiments (t) by _either

the temperature (-Q) or the moisture content (M) of the compartment lining

(obtained from Figs 3 and 4) left only the term for the age of the- crib.

significant. Hmrever, 1dlEin t was replaced by Q. and JI then all thre.e terms

were highJi significant, alth~ the .coeffioient. of " was negative llh1ch is

contrary :to what would be expected r'roJll physical arguments. This indicates

that it is net po:SAible to: sepaJ:"Ste the effect of changes in Q lin ~0/60 trllm

the effect of changes. in.. This. is to h.e expected since both {l and !II are

related to t, and therefore (l is. related tc)' H.

- 9 -

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I



I
I
I
I
I
I

~ III
Q)

I
.0 ....
.~ ~
o .~
Q)

~.<:l

I +'
'(j..... Q)

0 +'
Q) ~

I "" Q)

III f.<

s f.<
0

+'
~

III

I
<: +'o <:

Q) Q).... oS
.0 '" .....
~ &~

I "'l<'~ Q)

.....
0]
Ill+'

I
Q)

III <:
~:g
~$

I
III Q)

.0
<:
.~ l!l
III .....
III +'

I
Q)

Ii/,]
Q) +'
~

I
I
I
I
I
I
I

( 'U1JIlf/J[)
UOH"81=!I.Erp

N '"
,.....

'" N
l'.z"8"pU"8~S N s ~ ~ ~0
r snP1S9.I • • • • •

m.z9~ N -e- N 4-
~U"8~IlUOO s ~ ~ ~ ~• • • • •

(~U90 .zed)
19.11.91 -e-

90U"8°1J1u:il1s •

"!:a

~U9101JJ900 1
I

(~U90 .z9d) .

19.11.91
0

N

90U"8°1J1u:il1s •... 0 -e--

:>l

'"III
~U9101JJ900 s '" 4-

Q) '" '".... • • •
~

I t ~

.~
I

~ (+U90 .zed) .....
.....

i:: 19.11.91 g.~~ ...
Q) aOUl101J1u:il1s-g ..... "III
Q)

'" ell
Q)

I=l
IR

+U9101JJ900

~
0
0
0• I

(~U90 .z9d)
1ElA91

90Ul101J1u:il1s
...

+'

~
~U9101JJ900 8•I

(+U90 .z9d)
19.11.91 N•90U"8°1J1:t1:il1s .- ~ ~ 0 -e-

<II

r-- ~ C\I i r--
@ '" 8 s~U9101JJ900 0

8 0 0
0 0 0 0• • • • ,

.

- 10 -



The final regression analysis olUTiild out contained bOth the lineearand the

quadratic components o:f H. This showed that both thesee components WElrS

signi:ficant, the coe:fficient o:f the linear oomponent and also the overaU term

:for JI being positive; the residua], standard deYiatio.n was as low as that f'or

the regression of ~O/60 on A and t. :Fig. 5 shows. the values of' ~O/6Q obtained

from this analysis plotted against the measured valuell. However, this analysis

does not provide evidence to show whether or not the moisture oontent of' the

compartment lining was the major f'actor acoounting f'or the ef'fect on the rate o:f

burning of' varying the time between experiments.

Conclusions

It has been f'ound that the variation in thee rate of' burning of' woo.d cribs

in a 121, i m scale, asbe:stos 11'000 compsrtJl1ent can be reelated to the moisture

content of' the compartment sn$../or the temperature of' the compartment lining

and posllibly also to the age of' the crib. It has IIOct been pll;ssible to show,

by a separate expet"iment, that the rate of' burning ~~O/60~ is aff'eoted

significantJ,y by the moisture content of' the crib alth/);ugh this see.8lIUI to bee

the only f'actor which could aocount for an age of' crib, effect.

It is possible that thee variations in the rate of' burning obtained in the .

earlier C.•LB. experiJJlentt/3) could have been cauaed by ohangea in these factors.

but insufficient data is a'VRilable to llUbStantiate this supposition. Hmrever,

in the part of' the p~gr.amme oarried out by the J.l.R;O.' l!evecral experiJlients

were done on the, same da;y. It il! oertain that .the time beteen these ilxperiments

varied and, in tieli' of' the above conclusions, :that ins.ufficient timee was allowed

for the compartment to cool dOwn or to reach an equilibrium moisture content with

the atmosphere.

If' these variatiOn!! are to be eliminated in future experiments the condition

o:f the compartment at the start of' each exper:iJJient will have to be standardis.ed

and the moisture conbents of the cribs will possibly have to be more cloBely

controlled.
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Appendix I

Jiloi,sture content of conditioned wood

Continuous recording of the relative humidity in the room us.ed for

conditioning the 1O.od cribs has sho.1rn that the relative humidity is unlikely

to have gone ou.tside the range 55 to 65 per cent R.H. which cor-responds to

a range 'inmoisture content in the 1IOod of 2 per cent~8). The actual.

variation in moisture content should be less than this, however, since the

main fluctuationa in relative humidity would take place over a very short

period cOJllpa.red to that requireD. to produce a change in the equilib!'ium

!JIoisture content of wood. There was no indication of long term drifts in

the relative humidity of the conditioning atmosphero. Variations in

moisture c'?ntent .01' conditioned WOM due to hylJten.si8~4) caused by some

WOQtl being wette!' immediately before conditioning is started than is

finally required, and the reuindEn' being drier, would not account f'or a

change in moisture content greater than 2 per cent, provided no wood was

heated .to a temperature greater than 5clc.

.A sample of the woQ:d used in the cribs was kept in the conditioning room

for 9 months and was we1ghEid frequently. During thefirs.t 15 days thero

was ,a steady deorease in weight but aft~r this' there lOas no regular change

in weight. If':I:t is 8Jl.8lllI\ed that the JIlean moi~ture content after 15 dayS

is 11 per cent , ~n the initial value ill calculated to be 13.5 per cent

and the ~'1JP. variation .af'ter 15 days frail! 10.5 to 11.7 per cent.•
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I.J THE INFLUENCE OF 1100STURE CONTEN1'

" ON FIIDS IN A. 110DEL CmlPARrJolENT

by

m' WOOD ~'UEL
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P. G. i::hnith and A. J. N. Heselden

sur'il-lA.RY

Wood cribs containing moisture contents of 3.6 to 13 per cent have been
burned in a compar-tmenb t m x 1 m x t m, A very close empirical relationship
has been found between the rate of burning dUring the first kilogram loss
in weight and the moisture content of the wood. A.t slightly later times
this· relationship ceased to exist, and a possible explanation for this is
discussed.

November 1965
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!'IlB IliJ'LUBNCB Oi II,OISTURB C(lllnm' OJ' WOO» PlIBL
. OK JI_ IN A.omc~

by

P. ~. Jbi:1th &A~~ .X. Beselden

Introduotion
. . 1 .

PoUowiug lm8XJI1ained differences b.etwlml U1~ results obtained by several

1sboratories partioipatiug in the C.I .ll. ~1IlIIIlIe o.n the grOwth at fire in

lIIDdel oompartments" a series· of 24 experimBnts2
was oarried out by the Joint

Pire Research Organillation to diso,OveT a.rq faotors which could aocount for

these differences. One factor which po'ssibly afteQtlld the'rate of: burniug

of a crib. in a compartment waa the ~ilgth 0/ ~the orib had been conditioned

before being burned. Apart f'rom chemical cih,anges in the wood, whioh were

likely to be very ~l beoause of the oolll:pal"atively short oonditioning pljriod

(a few weeks), the 1IIOB:t; probable cause of this effeot was thought to be

differences in the moisture contents of the !lribs, AooOrdingly a few

e:lpllriments, which are dellcrib.edin this notll, we.re oarried out with cribs

haTing a range of IIIOUtu:re oontent •.

ExperiJaental ethod

The experiments wen oarried' out in aocorc1anoe with the prooelbl::re giVen

earlie~. The valuss for the: compartment and orib. pars:meterll 1IIlrei shape of

compil.rtlllent - 121) he'ight af oompartment - t m; window fully opljn; amount

of fuel - 20 kWm2; dill))llrsian of fiel - 1:3 spaoing; and dimen,sfon of fuel 

2 cm side. These were also the values ulled in the series of 24 experiments2•

The cribs were dried in' an O'yen at 75°C. for at lead 72 hours. and two

were then p1sced in each of three sealed co:ntainers into· which different salt

solutions were put so that. a_apheres of different relath:e humidities were

obtained. Another two dried cribs were conditionad in a room in "!diich the

atlllOsphere WB.4 controUed at 20°1; and 60 pe~ cent re1stive humidity. The

final value's of lIIOisture contents were 3.6, 4.4_ 5.4, 7.7, 10.6. 11.7, 12..1

and 13.0 per oentof the dry lI'lights. The experimental prooedure :was.

identical to that, adop1;ed earlier2 , except that the 1l'eight Of:. each crib :was.

not ad,1Ullted to a predeteI'lBiued 'v'"alue. The expe@8nts were carried out in

a randem,order.

·Jiormally wood i,a dried at 100°1; but. no. oven large enough was available.

The rate of loss in weight after 72 hours was amaU 80 that the rem8.1ning

'moisture oontent ,W&8, low.

- 1



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

Table 1

Experimental data (Rates of burning, radiation measurements, etc.)

Calculeted Time Mean Time Rate of
Moisture initial Rediation Radiation to lose rate of to lose burning IInitial weight Rate of burning from openinf: from flames 1 kg of burning 2 kg of 0$0/60content of (kg/min) duringTeat weight of of crib ( -2 - ) ( -2 -1) initial during initialcrib (X) cal cm a cal cm s period OR 90/60number crib (kg) with zero R90/60 R 60/30 weight period weightper cent 10 90/60 10 60130 If 90/60 If 60/30 t1 to t~moisture t 1 o to t1 t:z (kg/mincontent (kg) (min) (kg/min) (min)

82 3.6 9.1 8.8 0•.544 0.613 0.331 0.337 0.3.34 0.299 1.80 0•.566 3•.5.5 0•.572 0.608

76 4.4 9.3.5 8.9.5 0.623 0•.549 0.334 0.3.5.5 0.470 0.377 1.6.5 0.606 3.20 0.646 0•.536

78 .5.4 9.7 9.2 0•.510 0•.520 0.308 0.34-0 0.374 0.343 1.6.5 0.606 3•.5.5 0 •.527 0.604

77 7.7 9.6.5 8.9.5 0 •.567 0•.567 0.322 0.334- 0.422 0.343 2.0.5 0.488 3.6.5 0.62.5 0•.567

79 10.6 10.2 9.2 0.4.53 0.478 0.31.5 0.329 0.270 0.226 2.60 0.38.5 4•.50 0•.527 0.69.5

80 11.7 10.2.5 9.2 0•.50.5 0.633 0.321 0.329 0.293 0.273 2.40 0.417 4.20 0•.5.56 0.636

7.5 12.1 10.1 9.0 0•.52.5 0.612 0.337 0.334 0.340 0.284- 2.2.5 0.44.5 3.8.5 0.62.5 0.642

81 13.0 10.0.5 8.9 0.499 0•.542 0.323 0.33.5 0.283 0.270 2.30 0.43.5 4.10 0.5.56 0.647

•Radiation received at radiometer.
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Table 2

~xperimental data (Ceilins temperatures. etc.)

Moisture Peak Time (min) for ceiling temperature to change from:- Time (min) for I o Time (min) for If
Test content ceiling to attain to attainnumber per cent temperature

t I o 90/60 t If 90/60°c 0-200 0-400 0-600 o-Peak 20<>-400 400-600 600-Peak

82 3.6 780 0.5 1.0 4.9 14.1 0.5 3.9 9.2 0.84 0.52

76 4.4 810 0.25 1.1 5.1 14.0 0.85 4.0 8.9 0.84 0.71

78 5.4 790 0.5 1.4 5.8 14.9 0.9 4.4 9.1 1.04 0.65

77 7.7 800 0.5 1.4 6.5 14.0 0.9 5.1 7.5 1.25 ':1 1.05

79 10.6 790 0.6 1.9 9.6 15.9 1.3 7.7 6.3 1 .71 0.92

80 11 .7 750 0.6 2.1 7.9 15.8 1.5 5.8 7.9 1.70 0.88

75 12.1 790 0.4 1.9 7.4 15.9 1.5 5.5 8.5 1.43 1.03

81 13.0 760 0.7 1.7 8.6 17.1 1.0 6.9 8.5 1.71 1.00
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Table 1 gives measuremen:ts of the moisture contents and initi.al weights

10f the cribs together with the values ob.tsined for rates of bUrning. and

intensiti.es of radiation from the opening and from. th8 flames. AlthoU8h all

I
the cribs contained the same number Of stickjJ of the S8lll8 nominal thickness

there were slight differencies in their drt weights presUlllably mainly due to

variations in the thicness of the .lIticks. The mean rate of bur:niJlg durill8
Ithe period in which the orib. lost the first kg of ita initial Qight is given

in Table 1 together with the corresponding rate of b~ng for the p8rlod in

thiCh the second kg was burnt. .

Table 2 gives meaJlU1"eJl:enta:of the peak ceilin8 temperatures, the timu

For the ceiling,tell1peratur& til rise betwe9n certain values, and the :times

~or both 1
0

and If to attain o~ half their 90/60 vall.le,a.

I Table 3

Regression coefficients

I Dependent Independent Regression Significance level
variable variable(s) ooefficient (b) of b (per cent)

I
R 1st kg J( -0.022 0.1

I R 2ful kg )( -o.ooa, Not aiguificant

R 90/60 • -'0.0083 10

I R 60/30
)( -0.0001 Not significant

I
10 90/60 )( -0.0001 Not significant

10 90/60 R 90/60 0.11 13

II R 90/60 10 90/60 3.1 13

I 10 90/60/
R90/60

)( 0.0091 5

I
o 90/~0 3.1 for I o

~R 90/60 ~ Both at 7

I and • 10 90/60 -0.02,4. for Jl I q

I
If 90/60 R 90/60 0.69 1

If 90/60 J( -0.0125 1.0

If 60/30 J( -0.00092 Not significant

I
I
I

-Jt,-
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Table 3· gives the regression coefficients and significance levels from

calculations of th8. regression of some of thll rate of burning and radiation

measurements on mobture content ell), R 90/~0 and 10 90/60'

Rate of burning

The mean I'llte of burning during tlie time in which the first kg of wood

was burnt eR 1st kg) was found to be highly corl"elated with the. moiSture

content of tha wood fuel eX). Pig. 1. sll4ws the regression line fOr this

correlation which has the equation

R... = -0.02211 + 0.68
. 1st kg

The 95 per can't; colrl'iJ1ence limits for the regression coefficient are
+ 0.008.

Howe.ver the rate of we1gh't; loss during the time in whioh the weight of

fuel fell from 1 to 2 kg b.elow 't;he initial weight eR 2nd kg) wail not

significantly correlated direot:l-v with moisture content and neither were

the rates of burning ~0/60 and ~0/30'

It is unlikely ~hat the moisture Ln' all the cribs could have been

evaporated in the time taken for· the 1st. kg to be lost; indeed some oribs

oontained more than 1 kg of moisture. Furthermore it was noted in these·

experiments that the fire took several minutes to spread from front to

baok of the orib. Thus the evolution of moisture is likely to have been

spread over an extended period of the fire.

Consequently it might be expeoted that the moisture oontent should

control the rate of burning R 2n'd ktt. ~0/60 and poSSibly even ~0/30 to

some lesser but still signifioant extent oompared with R 1st kg" The

absenoe of these direot oorrelations might be because it has been assumed

that tha measured rate of weight loss equalled the rate of· burning of the

fuel. .Any moisture in the fuel must be evaporated when the fuel is

burned, and this will inorease the. rate of weight loss during the period

of evaporation. It is possible that at the higher moisture contents the

aotual burning rate of the fuel wall, lower, but that this was masked by

an increase in the rate of evaporation of moiSture so that the measured

rate of weight loils was nearly constant.

- 5 -
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......... ". (3)

. . .. ... ... (2)

This gives

- 6 -

0.007 Ii + 0,.5

0.0091 II: + 0.54

from the regression of the ratio on Ii. The approximate

from equation (2) inserting a mean 1
0

90/60 of 0.3 cal

R 90/60 = 3.1 10 90/60 - 0.024 Ii 10 90/ 60 -: 0.40

10 90/60 =

R 90/60

10 90/60 =

R 90/60

90/60·

90/60/R90/60 on Mwas higher than that ofR 90/60 on M or R 90/60 on

This suggested that it might be useful to calculate the multiple

relation derived

cm-2s - 1 ia:-

derived directly

Intensity ot: radiation ~rom the opening (1
0

)

1
0

90/60 is not correlated with R 90/60 although a relation between these

variables was found in a series of tests by three laboratories using three

woods 1 , when systematic difference'll between laboratories and 'llDods were

allowed for.

However, the significanc,e level of the regression coefficient of

1
0

90/60 is not correlated with moisture content although a correlation

would be expected i~ in ~act the cribs containing higher moisture contents

gave a lower rate of heat release (owing to a smaller rate of evolution of

combustible volatiles) as was suggested earlier.

The residual deviations of the experimental values of R 90/60 from the, values

predicted from equation (2) are uncorrelated with, M.

From the experimental data the values of 1
0

90/60/R90/60 (Table 1) are

very close to the value of 0.61 (in the original units) for the ratio

10 90/30/R90/30 obtained from the reaulta of three laboratories
1

, after

allowing for systematic differencea between laboratories. From equation (2)

an approximate value of' 24D cal/g La derived in the Appendix for the heat

required to produce 1 gm of volatilea from wood fuel.

Although 10 90/60 is not directly correlated with R 90/60' the ratio of

the two depends on moisture. in a relation of the form:-

I
I
I
I
I
I 1

0

I 10

regression o~ R 90/60 on M 10 90/60 and 10 90/60'

I
I
I
I
I
I
I
I
I
I
I
I
I
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The time taken for radiatio.n from the opening to attain i 10 90/60

(Table 2) is correlated with mois1;ure content at the 0.1 per cent level.

Intensity of ra.diation from the flames (If)' -,

The values for If (Table 1) vary considerably betwe'en experiments

and are' significantly correIated with rate ~f burning over the 90/60

period but not with moisture content of the orib over either the 90/60

or 60/30 periods.

The time taken for the intensity of radiation from the flames to attain

i If 90/60 (Table 2), is' correlated with moisture content at the 2 per cent

level.

Although no shield was used wi th the 10 radioDlllter to cut off flame

radiation; the variatiol14 in 10" were not due to variatioI'lfl in the fl8Il\e

radiation because 10 is'not oorrelated with If'

Temperatures

Al though the peak ceiling temperatures (Table 2) are not significantly

oorrelated with moisture content,' the times taken to reach particular

temperatures are highly ,correlated.

The o.orrelations are significant between the 0.1 and 1 per cent levels

not only for the time for the oeiling temperature to'reach 400°C, 600°C and

its peak, but also for the time for the temperature to change from 200 

400
0C

and 400 - 6000 c. Times for ohanges 0-2000C and 6000C-peak are not

significant. 6000:C was attained in 5-10 minutes and the peak temperature

in 14-17 minutes" so that even after the period in which the 1st kg of

weight loss OCCurred (up to 2f min:) the rate of temperature rise was less

with the cribs with a higher moisture content, and this is in accordance

with the lower heat release rate that would be expected from the wetter

cribs if the rate of deoomposition of dry wood were lower.

Similar, although less statistically significant, correlations were

obtained from measurements of the temperatUre of the outside of the

compartment. The floor temperatures were, too ;nconsis1;ent to show any

general. trend.

Conclusions

In these experiments deorealling the moi,sture content of the. orib

increases the rate of loss of weight in the earlieat part of the fire, but

has no statistically significant effect cnR 90j60 or R 60/30' This may be

becauae as wO,od 1Il0isture content increases a lower rate of decomposition of

wood is accompanied by an increase in the rate at whioh moisture is driven

off.
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The JIIOisture oontent has no statistically signifioant effeot on

IIo 90/60' If 90/60 a.nd If' 60/30' but is correle.ted with I o 90/60'

R 90/60
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(2)
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I
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THOMAS, P, H. and SMITH, P, G. Comparative tests by three laborato:des
on a fire in a small soale oompartment. Supplement paper E.

SMITH, P. G. Factors affecting the rate of burning of wood in asbestos
lined oompartments. Supplement paper I

LAWSON, D. I. InternatiOnal co-operation in modelling fires. A suggested
programme. Supplement paper A.
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&.Bsuming that moisture is liberated at a constant rate th;rougho.ut a test.

APPENDIX

Let 1ia: = rate of burning (kg/min) of ,,"ood as.sumed constant during the

test containing a peroentage moisture cQntent of M
~ =rate of burning of dry wood (kg/min)

~ = heat required (cal) to prodUce a loss in weight of dry wood of 1 gm

liI =heat requ.ired (cal) to prnduce a Loaa in weight of 1 gm o.r wood

containing ~ percentage moisture content of JI.

Hw. = diff'erenoe in enthalpy betwe.en water vapour emerging from the

fuel bed and .adsor..,ed watar in the £'uel at imtial f\1el temperature. (callg) 0

I =radilmt intenaity incident ~n crib (cal cm-2s-1), assumed to be

direotly related to 1
0

•

A = effective surface area of crib (cm2) .

Then if' the .burDing rate is a~8umed to be proportional to the, radiant heat

received by the crib:-

• ••••• CI •••

• • • • • . • •• (4)

.0.0., •• 00 (6)

• • • • . • • •• (7)

~ (1 -.JL) + Hw JI
(100) "1150

Tllen

~_~_-1L+Hw.JL '
R;. - 100 a; 100

~.:= 1,
ii 1 - 0.0136.

( ) ) -2 -1Dividing 5 by (6 gives, for Io~ 0.3. cal cm s ,

E~tion (2) gives ~. = 3.1 1
0

90/~o ... .0.40

~quatiDg (4} awl (7)·

~ • 1.00 _ 100 + 1 _ 2.36 - 0.01i611
1il • - 0.0136 .2 T - 1 - 0.013 •

·Table 3 aho:u that 1
0

does not ~d on moisture oontent.
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o
100 C, Hw can

Yor- !l =l.:th l'n :: ~3

lor )( =13, lin =~5
-

If it is' assumed tbat ~ wate! vapour' .ergea :t"rom. the woo..d at

be taken as about 620 ca1/6 neglecting a.n:y heat of. lI'.ettblg.

The Hn~240 caVg.

The regress.ion co'efficients in' equ;ation (2) 'are beat estimates and

oaloulations similar. to that oarried out above but lrl.th t~ 95 PEn" cent

confid.eno.e li:aits for the regre88~on ooefflcients: gaye valU&8 G.t. Un af 150

and 800 caJ./g, ao that lin can be said to lie probably lIithin these limit.a.

'mese are of the s.wae order aJl the value- o£ 350 oa1/g obtaine-d by ThoiJra.&

and SDlith1 from ·oorrela..tiona of burni,ng' rate and radiation intensity in

previous. experiment.s •
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caMPAR~T MATERIALS USED III THE C.I.B. PROGRAMME

by

G. K. BEDPORD

1. Introduotion

The C.I.B. International Co.,.operation Pro~studying the growth of'

fUlly-developed'f'ires comprises'some. 500 exp~rimental f'ires in asbestos~lined

compartments, carried out by 10 laboratories. The inf'luence of' a number of'

f'actors is being explored, notably compartment size, shape and ventilation,

and fuel quantity and dispersion. Since the laboratories could not all use

precisely the same oompartment material it was thought advisable, to' collect

into one report data, on all the materials used, their thickness and an,y knoWn

thermal properties which might inf'luence the growth of' fire. This is

partioulArly important in th01le f'ew cases where ;lahoratories have had to

change the material during a serie's of' experiJllentsl in some oases it is

clear that the f'ire behaviour was af'f'eoted by the ohange.

In the model experiments conducted by C. T. Webster and others on the

growth of' fue,(1),(2),(3) a material ms,nuf'actured in the United Kingdom

and marketed under the name ,"Turnall"' ASbestos Inllulation Board, was uaed as

the lining f'or the oompartments. . This material which is commonly z:ef'erred

to as "Asbe'stas wood" was known f'or itlr durability at high temperatures and

its hardness whioh enabled it to be, accurately cut to size. It JIB.&' used

in some of' the f'irst experiments in the C.I.B. programme, 0..),(5), (6)

but when elllp1.oYed in arge sheets, was' f'ound to craok severely and,

f'ollowing the experience of': ·the T.R.a. laboratory; other boards; in most

cases llof'ter; had to be used :for most of' the programme. Table 1 lists

the C.I.B. meet1nga at which the modelling programme was discussed together

with decisiona arrived at, and the experimental Wbrk carrie'd out between

meetings.

2. Classif'ication of' AsbEistoa-based boards

These are lIl8nllf'actured. to' con::f'orm generally to one of' three categories ,

depending largely on the content of' ashestolr f'ibres.

1) AsbestoS.Cem.ant is the moat brittle ot all asbEistos-based sheets,

and consists of' an. inert· cOlllpQsition of clean allbeatos fibres bonded together

by an inorganic cement, the cement being themain,oonstituent of' the material.

- 1 -



In the United Kingdom the a.abestos oonforms to British Standsrd Speoifioation

690/1963. the inorganio cement oonf'orDling to British Standard Speoifioation

12/1958.
Beoause it is very brittle and l1ablil to spall when heated this· material'

oould not be used a.a a o·ompartment l1ningfor fire tests.

2) Asllestos Inaulatill3 Board and Wall Boards have been used in the

C.r.B. IIIOdelling P~gr&IIIIIlll, and li.ke aab.elItos oelllent oonsist of asbestos

fibres bondS together with an inorganio omaent, an approved mediUIII being

ohina 01sJ'. UIIllke asbeaws omaent shHt their. main oonstituent is

asbestos fibres. They conform in the United Xi.D8dOm to British Standard

Speoifioation 3536/1962.
3) Asbestos Jlillboard 1.Ii very a1m1.lar to As'beaws Inaulat1ng Board

and Wall Board, aince the lI.Ilbeatoa fibres JII&Ice' up the greater pl'Oport:l.on of

the lIIatllrial. The oontent of asbestos fibru is lIlUoh h:1ah8r however, and

IlBVllr aoooun:ta for lesa than 97 plfr ollnt ot the fiDillhed lIl111board. In the

United Kingdom lllillboard may. COnf'orIIl to a. Jlinistry of Defenoe specifiOation( 7) •
The bor..rd is very soft, it oan atand very little handling and is ~fo1"8

diffioult to work with and fix. rt is however, a BUitable lIl&ter1.a.1 for 118e

a.a a. ;Lining for oompartments oontainiD8 fires, though it dees need to be

extensively supported•.

Tablil 2 give/! the density, the:mal oondUot1"fity and oOllllllBro~availab18

thiolmusof the oategories of .asbestos-bued sheets. Details of FOpl'llltary

boards. used in the prO"gr&IIIIIIe are given in the Appendix.
3. Jlateriala used in C.r.B. pro:gr8lllll8

The C.r;B. IIIOdeIHng prograJlllll8 consists of three IRB.1n lieoticna:-

a) Initial testa in 1.21 i m oOlllpartlllllnta oouduc-ted by the T.lf.-O.,

J .1.R.O., and ••B.B. laborat.Ories(5) and 1he prelillinary testa·

conducted by sOlll& other laboratoriea po:i.or to starting Series r

exper:Lmenta:

b) Seriea I exper1m&nts oClndl.iOted by ~e l.a.beOrator:l.es(8)

0) Series II experilllentll ooudlioted bi ten labOratories(8)

Tab.les 3 to 9 ahOwthll types of aa'b.estlJB board uiled in thepl"0grum8 and their

propertiils.

During t:tle SeriO I -a;peru.nts the "~:S.B.S. fowl thAt asbeiJtos 1lOO4 1IU

unsuitable for large oompartment fi1'8s. I'Aabea1Dluxll . waa tried as an

alternative but proved to be 120 IIIOre satiJttaotoi';r. .An asbestos IIli.llbOarl1
oOlllpB.rtment 1laJI then cionstructed AII4 UJled to OOq1Bte the' rt'I'ai 'Ii Dg teats

in both Seriss I and II. J)l.f'tiou1tiea wi1:h Other aiaf;er.t.a.1S wei'e also

expllrienoed by the B.A.ll. (~(I»).
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Tables 5, 6, 7 and 8 show the di~erent types o~ asbestos boards used

in both Series I and Series II experiments conducted by the C.E.B.S. and,
B.A.II. and the aotua1 tests in whioh" the boards were "used. The N.B.S.

used "Superbestos" ~or their oompartments and since it oracked "severely

during the initi.&l tests repairs were effeoted by spraying a thin layer

o~ ~-reaisti.ngplaB"ter over the board. Large fissures were also

made good with this plaster whose thennal conductivity ~s the same as

that o~ the" "Superbestos" •

The 1i m 441 experiments by the J .F.R.O. proved to be so severe that" it was
necessary to use a oomposite oonsbuotion for the walls and ceiling, consisting of
a 6 mm thickness of "Fibrefrax Locon Felt" (seecAppendix), manufaotured by
Carborundum Co.LDtd., treated with a rigidiser and cemented with silicate
adhesive to a suporting exterior layer of 6mm thick asbestos wood. The floor was
formed of two 10m layers of asbestos millboard.
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APPENDIX

DE3CRIPrIONS OF PROPRIETARY MATERIALS USED

"Fibrefrax Looon Felt"

Is made by the Carborundum Co. (New Yo:rll:) and oonsists of oeramio alumina-sllioaa
fibres with up to Jfo of a non-namming orl!lmio binder added to inorease the •
handling strength. Melting point of the fibres is above 17600C

and they will
withStand oontimous use at 1260oC. There is no water of oombination. To improve I
further the ease of handling, the felt was treated with a rigidiser.

I
I
I
I
I
I
I
I
I

Is a low density asbestos board o£ Japanese manu£aoture consisting of

Pearlite, asbestos fibrea and oeJIlent in the ratio 5 : 7 : 8 by weight.

"Pical"

Is a low denaity asbestos board o£ Ca.nlldian manU£acture very similar

to Asbestolux.

Is a low denBi ty asbestos board o£ ll'rench manu£aoture oonsisting o£

approximately 70 per oent o£ asbestos fibre and 30 per cent o£ perlite,

sand and oement binder.

Is a low density asbestos board o£ British·manU£acture conaiting o£

aIDOsite asbestos fibres and ailica. A silica/lime bond betwe.en the asbestos

fibres is obtained by the addition o£ hydrated lime during the manuf'acturing

prooess.

"Superbestos"

"Asbestolux"

"Pearlite Board"
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TABLE 1

C.LB. meetings and Modelling Programme Decisions

c.r ,s.
Venue Date Decisions in fUture Work carried out

meeting programme between meetings

3rd Brussels September Draft programme to be
and 1958 produced
The Hague (8 laboratories carried out

experiments in 121 ~ m.
3 laboratories to carry Model Compartment (material
out experiments using not speoif'ied)
asbestos wood as supplied

4th London Kay 1960 by J.F.R.O., with wood
£'rom several countries.
Experimental procedure more
closely specif'ied.

3 laboratories carried out
experiments as decided.

10 laboratories each to
carry out tarts of' a large

5th Rome October
programme 4 shapes ,

Some of' the 10 laboratories3 scales). The T.N.O.
1961 design of' box would be completed their experiments.

adopted if it proved A f'ew laboratories used
satisf'actory• different compartment

materials to thOS13 used by
T.N.O.

Data to be analysed and
6th Berlin April more experiments completed

1964 bef'ore any extension of' Most laboratories circulated
the programme. complete results to the

other participating
laboratoties.

1-5 -



Categories of asbestos-based aneeta

, , -,

Range of Ra.n8e of Range of
Material thiokneas Density Thermal ConduetiYity

om ,yom) -1 -1 -1 (fcal em 8 deg C x 1

,
Asbestos cement board 0.5 - 1.25 1.36 5 - 7

1.5 7 - '10

2.0 10 - 15

Asbestos wall board - 0.9 - 1•.4-5 < 8.6

Asbestos insulating board 0.62 - 1.25 0.5 - 0.9 <3..4-
. '

Asbestos millboard 0.5 - 1.5 0.75 - 1.25 2.5 ..... .4-

- 6 -
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--------------------TAllLE 3

Asbestos boards used in Preliminary Tests(6), (9) (121, i m)

I

-..l

Material Manu:f'aoturer
Approximate Density Thermal Cond~tivity

or supplier LabClt"atory average g/am3 at roam temperature
thiokness -1 -1 -1 I;-

Gill oa.l am s deg C xi 0

C.E.B.S.
(Australla)

"TumBll" N.».S.
Asbestos: (U.S.A. )
Insulation TUrner's Asbestos:

Board cement Co. Ltd. T.N. O. 1.0 1.2:5 7

(Asbestos (Netherlands)
Wood) J.F.R.O.

(United Kingdom)

stL. du Fibrooiment

"Pical" et des Revttements C.S.T.B. 1.6 0.64 (D) 1.9 (D)sre it 'l'RIEL {Franae~
(Seine-et-Cise)

B.A..1(.c
(Germany (1»

Asbestos: *F. B. K.
Millboarif German (Germany (2» 1.0 1.0 I;-

*F.B.K.
(Germany (3»

*F.B.K; = Forsohungsstelle fftr Brandsohutztechnik~ Karlsruhe

f AP60 DIN 3752 (60 per cent asbestos, 1;-0 per cent minerlll fibre)

(D) = Dry material



I

(J)

TABLE 4

Asbestos boards used in Series I Experiments

1Ianuf'e,oturer
Approximate Thermal Conduotivity

'llaterial laboratory average Density at room temperature
or wpplier thiokness glcm3 -1 -1 -1 d+

cm oalom . s liegC x1

Turner'.s Asbestos
Cement Co. Ltd.

and J.Y.R.O. 1.0 1.1 3.4Bell's Asbestos (United Kingdom)

Asbestos
& Engineering

Co. Ltd.
)(illboard

Australian C.R.B.S. 1.2 1.06 2.8 (D)
(Australia)

Dutoh T.N.O.
1.0 1.1 3.'9 (ll)

(Netherlands)

Asbestos German B.A.M 1.0 1.0 and
4Jlillbcrardf ,(Germany (1» 1.1

AsbestaB German' F.B.Ie. 1.0 1.1 4llillboard* (Germany (2»

F.B.Ie. 1.0 1.1 4(Germany (3»

I Tiro kinds of asbestos millboard used. See TabJe 7.

*AP60 DIN 3752 (60 per oent asbe.stas, 40 per aent mineral fibre)

(D) = Dry material

(ll) = Material containing equillbriUlll. moisture oontent at roam temperature

1- - .- - - - - - - - - - - - - - - - - - -j



---------------------
TABLE 4 (Cant' d. )

Asbestos boards used in Series I EXperiments

I

xo

Ha.nui'aoturer
Appraximate

DellS~y
Thermal Conduotivity

Material Laboratory average at room tempera.ture
or supplier thiokness

glom
oal llIIl-1s -1 deg C-1% 104

cIIl

Beinf'orced
Sprayed German (Germany (1» 1.5 0.3 -

Asbestos
Fibres

"Turnall"
Asbestos
Insulation Turner' 8 Asbestos C.E.B.S. 1.0 1.25 7Board Cement Co. Ltd. (Australia)
(Asbestos

Wood)

Asbestolux James Hardie and Co. C.E.B.S. 0.95 0.82 (M) 208 (D)
Pty, Ltd. (Australia)

Pearlite Asano-Slate Co. ·*B.R. I. 1.2 0.66 2.8Board (Japan) (Japan)

Superbe stos Turner Newall NoB. S. 0.95 0.67 2.9 (D)
(Canada) Ltd. (U.S.A. )

Pieal See Table 3 C.S. T.B. 1.6 0.69 (D) 1.9 (D)
(France)

**B.R.I. =Building Researoh Institute, Tokyo, Japan.

(D) = Dry material

(M) = Material oontaining equilibrium moisture oontent
at room temperature



TABLE 5

Asbestos Board distJ;'ibution in C.E.B.S. Series I EXperiments

121 shape 221 shape
.Pire load

WindowScale
densi~

m kgjm
2 opening 2.1 crib 2.1 crib

lIater.l.al Test No. Katerial Teat No.

1/4- ALX 7 AWB 3
ALX 15 AlIB 13

20

1 AWB 5 AWB 1
ALX 10 AlIB 16

1

1(4 AWB 6 ALI 8
ALX 14- AlIB 11

40

1 AYfB 2 AWB 4
ALX 12 AlIB 9

ALX = 1 cm thick nAshestolux"

AWB = 1 cm thick Asbestos Wood Board

AlIB = 1.25 em thick Asbestos IIillboard.

- 10 -
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Fire load 121 shape 221 shape
Scale densi:f<y Windew

m kgjm2 opening 2.1 crib 2.1 crib

Material Test No. Material Test No.

%. AllB 60 6 AllB.97 10

AJ(B 60 1 SAF 15
20

AJ(B 60 4- AlIll 60 91
.AJ(B 60 2 SAF 12

1

V4- AllB 60 5 AllB 97 11

AMll 60 8 SAP 16
40

1
AMB 60 3 SAF 13
AllB 60 7 SAF 14-

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

Key:

TABLE 6

AsbestoB Board Distribution in B.A.M. (Germany(I»
Series I Experiments

.A1dlI 60 = Asbestos Millboard AFI50 (DIN 3752) containing 60 per cent
as.bestoa fibres, 4-0 per cent mineral fibres (Density 1.1. gjom3) .

AMB 97 = Asbestos Millboard AP97 (DIN 3752) containing 97 per cent
asbestos fibres, 3 per cent mineral fibres (Density 1.0 glcm3) .

SAP = Sprayed Asbestos fibres reinforced with expanded metal.

- 11 -



TABU 7

Asbestos Boards used in Series II Experiments

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

.. 12 -

Bo&rd.s uae d

Pearlite Board, (as in Seriea I)

SuperbeatoJJ, (sa in Se~.s I)

Asbestos Millboard for the t m 441
fires (Table 4). Composite
construction for the 1~ m 441
fires (section 3).

See Table 10

Asbestos !illboard~ (a.a in Series I)

. '")r: ·.:;...b.Lo )

See Table 9

Pical, (as in Series I) .

Aabesms lillboard .AF60, (as in Series I)

N.B.S.
(U.S.A.)

C.S.T.:B.
(Franoe)

J .F.R.O.
(U.K. )

Labora.tory

T.N.D.
(Rolland)

C.E.B.S.
(Australia)

B.A..lI.
(Germany (1»
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TAllL:S 8

Asbestos Board Distribution in C.E.B.S. Series II Experiments

Pire load
221 shape

Soale
den.sip

i'ind01r
2.1') oribIII Will . opening 2.1 orib 4.1 crib

llaterial Test No. Katerlal Test No. llaterial Test No.

114 An 31 AD 32 An 33

1/2 20 ~ .m 34 .m 35 AWB 36

1 An 37 AlB 38 AD 39

1/4 AJ(B 17 AlIB 19

20 112

1 AJIB 18 AlIB 20

1/4 AJ(B 21 AXIl 29 .urn 23

1 30 112

1 AJIB 22 AlIB 30 .urn 24-

1/4
AJ(B 25 A!IB 27

40 1/2

1 AD 26 AlIB 28

Key: As for Table. 6.

- 13 -



TABLE 9

Asbestos Board Distribution in B.A.M. (Germany (1»
Series II experiments

Fire load
211 shape

Scale density Window
m kgjm2 opening 1.3 orib 2.1 crib 2.3 crib

Material Test No. Material Test No. Material Test No.

1~ .AJm 34- .AJm 36
AMB

3560 60 60

1/2 20 1/2 AMB 39 AMB 38 AMB 37
60 60 60

1 AMB
33

AJAB 32 AMB 3160 60 60

% Al!B 28 AMB 2160 60
20

1 AMB 25 SA]' 17
60

1/4
Al!B

29
AMB

24-
AMB 2260 60 60

1 30

1 AMB 26 AMB 19 SAP' 1860 60

1/4
AMB

3Q
AMB 2360 60

4D

1 AMB
27

AMB 2060 60

Key: As for Table 7.

- 14 -
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October 1965

'i'here are significant variations betvreen the results of laboratories
participating in Series I for the rates of burning and intensity of
radiation from the flames above the uindm1. This variation is found to
be due to one laboratory only, and although it is fairly large for the
rates of burning, there is some evidence that the greater part of the
variation is due to differences betueen ,compartment materials.
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L ANALYSIS OF TJlE8XPERIMJ~NTS

PART 1. VA..1UATION BETW8EN LABORATORIES

by

R. Baldwin, A. J. M. Heselden and p. H. Thomas
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ANALYSIS OF 'I'HE EXPERniENTS

PART I VARIATION BET','IEEN THE LABORATORIES.

by

R. BALDWIN, A.J .M. HESELDEN and P. H. THOMAS.

Introduction

This report describes an analYllis of'Series 1 of' the experiments on the

modelling of' f'ires in compartments oarried out by dif'f'erent countries under

the auspioes of' the Conseil International du Batimentl• Previous preliminary

experiments aim3d at standardization of' teohnique and experimental method

showed unexplained diff'erenoes in the rate's of' burning measured by dif'f'erent

laboratories under similar experimental oonditions2,3,4 Series 1 or the

programme, has been designed with the object of' measuring and where necessary

allowing f'or these dif'f'erences 5. The application of' the laboratory biases to

these data and the results of' f'uture experiments as a means of' standardizing

the results so that real physical ef'f'e6ts may be investigated is discussed

below. The present report is' divided into three parts:-

1. The presentation of' the results of' the experiments.

2. The searoh f'or signif'icant dif'f'eren6es between laboratories.

3. The estimation of' the bias to be assooiated with each laboratory and a

discussion of' its application.

Design of' the experiments

Eaoh laboratory oarried out a series of' experiments on f'ires in model

oompartment's in whioh the f'ire load ventilation and oompartment shape w'ere

varied in order to measure their ef'f'eot on the rate of' growth; intensity and

'duration of' f'ires.: The design of' the series was such that an estimate of' the

variation between laboratorieS', and also of' replioations in any one' laboratory,

could be obtained with the minimum number of' experiments. This was achieved

by considering three dif'f'erent oompartment shapes, but only two of' these were

studied by each laboratory, as shown in 1able 1; this scheme f'orms a balanced

inoomplete block: design, in which each compartment shape is studied by f'our

dif'f'erent laboratories giving an estimate of' variation between laboratories.

A def'inition or the notation used is given in Appendix I. The original series

included nine laboratories, but two of' these have not completed the experiments'

allotte-d to them. Since the remaining data no longer f'ormed a balanced

incomplete block design, making analysis very difficult, if' not impossible,

- 1 -



'l'able 1

Compartment shape stUdied by the partioipating laboratories

Laboratory

Ll L2 L3 u.. L5 L6

211 - X X - X X

121 X - X X - X

221 X X - X X -
Partioipating laboratories

L1 Corrnnonweal th Ex]:Jerimental Building Station

12 Dundesanstalt fUr 1futerialprQfUng

13 Brand.veiligheids Institulit T.N.O.

14 Forschungsstelle fnr Brandschutztechnik

L5 Nat Lonal, fureau of Standards

16 Forschungsstelle fUr Brandschutztechnik

The two shapes studied by eaoh laboratory are denoted by X.

-2-

-. .)

Australia

Germany (Berlin)

Netherlands

Gennany (Karlsruhe)

U.S.A.

Geunany (Karlsruhe)
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the results of one of the laboratories, the BUilding Research Institute,

Ministry of Construction, Japan, have not been included in the present

analysis so that the data- of the remaining six laboratories :r0nI! a balanced

incomplete block design. The data of the Building Research Insti tute,

Ministry of Construction, Japan, or any other laboratory not examined here

will be compared separately with the data of other laboratories in order

to estimate its bias.

This design was repeated twice for each of four different combinations

of fire load and ventilation, this replication giving an estimate of

experimental variation within each laboratory.- The following table defines

the- combinations of fire-load and ventilation studied in this series of

experiments.

Table 2

Fire load-ventilation combinations

Ventilation
Fireload t 1

20 2 2

40 2 2

All of these exp-eriments were conducted on compartments 1 metre high

with (2.1) stick size and spaoing and as far as possible the materials and

experimental techniques used were standardized. During the course of each

experiment, the following quantities were recorded.

1
0

intensity of radiation from the window opening.

IF intensity of radiation from the flames above the window opening.

Gj, temperature near the floor of com~artment.

9 c temperature near the ceiling of compartment.

R rate of burning of fuel.

The position at which each of these readings was taken, in relation to the

shape and scale of the compartment, is defined in Appendix 1. The results

of eaoh laboratory have been circulated to eaoh of the participating

laboratories and will not be reproduced in- the present report in which

certain average statistics only will be considered, as described below.

-3-



1. Presentation of results

(1.1) Time-mean statistics

The period of -the fire in the compartment of -greatest relevanoe to thEi

prediction of fire resistance and for which useful results are available

from the present series of experiments is the approximately steady period

when- the fire is fully developed, defined approximately by the period during

,which the weight of the fuel falls from ao per cent to 30 per cent of its

initial value. This excludes the early growth period when- the rate of

bUrning varies most with time and the final period during whi.ch the residual

charcoal burns. The aO/30 period is most conveniently studied by averaging

the values of intensity of radiation, temperature and weight loss during the

period or over shorter periods within this period. The values of these time

mean statistic's have been calculated from the recorded values and are

presented 'in Table 3. _ The nctatiLcn used may be defined by the following'

example:

~ aO/55 denotes the time-mean value of 9b over the period during whi.ch

the weight of the fuel falls from ao per cent to 55 per cent of its initial

value and 55/30 denotes a similar mean between times corresponding to

55 per cent and 30 per cent of the initial weight.

tao is the time from ignition to the time when the weight is ao per cent

of its initial value.'

During the aO/55 and 55/30 periods the loss of weight is one-quarter of

the initial weight. A comparison between an aO"5 value and a 55/30 value is

a measure of the variation in the approximately steady period, whilst tao is

one measure of the duration of the early growth period.

(1.2) RecalCUlations by J.F.R.O.

Each of the timEHllean values of Table 1 was calCUlated initially by the

laboratory of its origin, but inspection of the data showed a few obvious

errors which have been recaloulated from the original data'. Values missing

in the original data becau~e, for example, of instrumental limitations or

failure have been inserted by interpolation where possible or by comparison

with replicates, since for the statistical calculations it was essential

for the data to be complete. Details of alteration to all values calculated

by the different laboratories are given in Appendix 2.

-1>-
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Laboratory LI experienced dif'f'iculty with the material out of' which

the model compartment was ccnstructed. The oripnal material was specially

imported but f'ailed bef'ore completion of' the planned series of experiments , 

and in order to avoid delays a dif'f'erent material, locally obtainable, was

employed which also proved unsatisf'actory, Thus during the course of' the

experiments," three diff'erent materials were used. In order to" minimise a:ny

ef'f'ects due" to diff'erent materials the results of' this laboratory's

experiments have been normalis"ed to one of the materials used, by f'inding

f'or each f'ire load and ventilation, at least one value for an experiment

conducted with a compartment of' that particular material, and then replacing

this value by two values whose mean is that of' the value they are replacing,

separated by a value commensurate with the diff'erences between replicates

of' other laboratories. The details of' the calculations are illustrated by

the f'ollowing example.

Table 4 shows the Australian results f'or R80/55 and the figures in

brackets beside each value indioate the box materials used during the

, experiment.

Table 4

Original Australian data f'or R80/55, showing
compartment materials used

Fireload 20 40

Ventilation 1- 1 1- 14 4

121 1.19 (2) 1.92 (1) 1.39 (1) 2.00 (1)

1.47 (2) 2.38 (2) 1.85 (2) 2.94 (2)

2.94 (1) 3.33 (1) 3.20 (2) 4.12 (1)
221 3.70 (3) 5.26 (3) 3.54 (3) 5.71 (3)

(1) Turnalls asbestos bo~d

(2) Asbestolux

(3) Asbestos millboard

Since there is one value"f'or Material 1 f'or eaoh fire load-ventilation

ccmbination exoept 121/20/t and 221/40/~, these data will be novmalized to

.121/20/!, ref'ers to the experiment with a compartment of shape 121, f'ireload

20 kg/m2 and ventilation t.

- 5 -
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'fable 38)

Th. liB natUtioa - ..... or 1Iund.DI. Il (qI.sa)

n1ng,aaD

20 I ~ I ao I 110 I 20 I lllO

I .UftLAftCil

i • t 1 r • 1 1 • t 1 , i- t 1 i- r 1 I i- 1 1

.! Il 8QI'5J Jl 55/30 Il 8QIJO

au Ll - - - - - - - - - - ~ -
La ,.o. 2~ 2.~ ,..17 ,.12 1.76 2.~ 2.25 '.08 2.at. 2.78 2.n

2.11 2£ ,.". ..00 2.71 2.22 2,\" 2.51. 2."'" 2042 2.76 '.11
'"

'057 2$ "1' (",.25) 2.50 1.&7 2.50 2.a7 2.~ 2.00 2.78 2.96
'..97 2.27 ,.u ,.as 2.71 1.72 2.}8 2.00 '.12 1.96 2.70 2.6,

14 - - - • - - • - - - - -
'"

,.45 2.}J ,.a, ,.&. 2.22 1~7 2.56 2.5' 2.70 1.80 2.86 2.~

,.45 2-" ,.. '.1'0 2.22 1.96 2050 2.67 2.70 2.22 2.&. '.10
W '"" 1.12 IoCR 4.21 2.88 1.59 2.76 2.62 ,.~ 1.70 2.89 3.23

'A 2040 '.1£ ..18 ,.sa 2.o, 2.78 2.68 '.76 2.20 2." '.27
121 III 1.elI 2.~ . 1~ 2.ellS 1.0lZ 1.53 1.26 1.2J. 1.cr. 1.71 1.",- 1.51.0." 1.11 I.'" 1.~ 0." 1~ 1.18 1.12 0." 1.5' 1.26 1042

101 - - - - - - - - - - - -
L, 1025 2"" 1.25 2.50 1.~ 1056 0'" 1.56 1.19 1.88 1.cr. 1.92

'1.25 2$ 1..0 2;11 (l.~). 1.&'7 lA 1.&'7 1.19 2.00 1.19 2.08
14 1. 2." 1...., 2.76 1~ 2.1) 1.21 2.08 1.4 2.36 1.}I 2.37

1.50 2." 1~7 I,M 1M 2." 104 2.29 1.49 2..51 1.35 2.51.
L5 - - - - - - - - - - - -
" 1.". 2.0 1." 2.7 1." 2.CIR 1.22 2.12 1.35 2.01 1.2J 2.}8

(I.a,) 2~ 1.}I 2-" (1.,,) 2.0' 1.18 2.U 1.28 2~ 1.2' 2.35

221 101 '010 ,.~ 2At. "'~7 2.11 '.30 1.'" 2." 2~7 3.l,.' 2.28 3.'9
2.71 ,.Ge . 2.71 '.77 2.01 '.1& 1.11. 2.35 2.37 3.U 2.2l,. 2.89

L2 ,.51 '.a, ,.zo 5.'" '.18 4." 2.7& '.01 ,.,.. 5.27 2.96 3.85
..17 6.~ '.J) ,...., 2.'" .." 2.50 '.J' ,04.5 5.56 2.86 l,..9O

L, - - - - - - - - - - • -
14 ,.• '''" 'M 5.50 ,.,. 401lO 2.8l 4.10 ,04.5 l,..,1 3.18 4.70,." ,.00 ,.61 5.so ,.. (4eOJ) 2.82 4.05 '.)0 4.50 '.17 l,..67

L5 ,.". (,.,,) '.ll .... 2'" l,..CIO 2~ ,.ao '.19 l,..70 2.8l 3.87

''''' ,.26 '.)1 ,.. 2." 4000 204l. 4.12 '.21 ..51. 2.81 ",.a5

" - - - - - - - - - - - •
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1

.26

.27

.21

.20

.33

.31.

.29

.28

.53

.52

.31

.41

.30
'03}

.33

.39

.32

.26

40

I

.13

.13

.14

.15

.15

.15

.15

.14

I

1 I *
10 80130

.12 .12

.15 .13

.11 .11

.12 .12

.35 .17

.41 .19

.57 .22
•.38 .22

.16 .16

.19 .16

.08 .17

.13 .17

.35 .19

.24 .18

'0}6
.29

.35

.40

.23

.17

.33

.41

.}O .19

.39 .18

20

I

.12

.13

.17

.15

.17

.17

.23

.21

.17

.16

.14

.12

.12

.16

.17

.16

.17

.16

.16

.18

.17

.13

.10

.lv

I

1

.291

.359

.296

.224

.290

.435

.34-

.34

.240

.260

.20

.19

.308

.312

.283

.27

.32

.26

.38

.43

.57
( .64)

( .52)*
.52

40

I

.l4O

.140

.l4l

.139

.155

.160

.19

.185

.164

.163

.19

.193

.18

.19

.22

.22

.203

.197

.16

.16

.143

.141

.12

.13

I

1 I

llIRELOAD

'0}5
.42

VENTILATION

.}5

.43

.35

.25

.223

.vn

.335

.380

.36

.33

.317

.378

.62

.47

.130

.175

.11

.12

.146

.181

.005

.14

20

I

.19

.18

.161

.156

.21

.18

.149

.131

.130

.170

.196

.186

.130

.130

.14

.14

.169

.176

.19

.166

.20
(.20)·

.25

.24

Table 3b)

1

.360

.374-

.308

.29

.53

.53

.24

.32

.396

.421

.310

.280

.22

.21

.365

.355

.359

.321

.350

.360

.50

.51

.61
(.60)

40

I1
4'

.14

.14-

.us

.146

.112

.100

.115

.125

.18

.17

.16

.19

.21

.21

.175

.165

.154

.151

.15

.l46

.100

.120

.10

.11

Time-mean statistics - intensity of radiation from the
window open1nS8 , 1 0 (cal cm-2 8eo-1)

t

1 I

.34

.22

.24.7

.153

.320

.456

.26

.35

.100

.110

.11

.11

.174

.194

.080

.12

20

I

.14

.).3

.14

.13

.181

.164

.153

.133

.121

.099

.100

.140

.070

.070

.10

.11

.13

.14

.21

.17

.140

.173

.14

.103

L5

L2

Ll

L3
L4

Ll

L6

L3

L4

L5
L6

L6

L2

L3

Ll

L2

L4
L5

211

121

n

II 221

I
I
n

I
I
I
I,........__..,..-__-+- .......I ~ .J.- _J_ J._ ---I

I
I
I
I
I
I
I
I
I
I

II

I
I
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T1me-mean statistics - intensity of radiation from the
flames above the window, IF (cal =-2 88C-l )

I20I40I
FIRELOAD

Table 30)

20I20

I~-------'

I

I
I
I

1

.24

.24

•.30
.30

.25

.24

.28

.36

.~

.~

.30

.41

.34

.29

.19

.13

r
1
4

.65

.80

.60

.53

.73

.74

.19

.19

.19

.15

.76

.69

.16

.22

.0&.

.~

1 r

.05

.07

.07

.08

.15

.17

.28

.JJt.

.11

.06

.06

.08

.095

.12

.017

.045

1
\
4

.13

.088

.19

.18

.~

·ll

.57

.50

.17

.14

.38

.30

.46

.48

.59

.45

1

.208

.21

.225

.318

.30

.26

.160

.170

.25

.27

.145

.075

.21

.30

.~
(.260)·

1
.!
4

.785

.73

.672

.684

.16

.165

.184

.156

.nO

.790

.63

.51

YmTILATION

IF 55/}0

1 1

.106

.074

.018

.05

.04l

.054

.10

.13

.050

.000

.07

.08

* I

.42

.348

.100

.715

.58

.42

.482

.417

.20

.163

.136

.108

.22
(.19)
.~

.~

1

.27

.21

.30

.28

.407

.534

.38

.33

.400

.360

.38

.37

1
1
4

.808

.805

.23

.2OA

.723

.633

.505

.8}0

.55

.55

.19

.28

.196

.l.44

1 l

.015

.04

.113

.047

.0ItD

.060

.080

.102

.09

.11

.16

.18

.~

.474

.08

.07

* r

.122

.068

.33

.255

.15

.17

./i.02

.527

.694

.628

.15

.118

.230

.230

.60
.•49

Ll

L4

L5
L6

L4

L5

L1

L2

L3

L6

L2

L3

211

121

I

II
8.

II a
I
I
I
I
I---+-~---+--+----+---+--~---+--+----+--+----+---+----I

I
I
II
I

I
I

221 L1

L2

L3
L4

L5

.57

.13

.635
(4,.15)·

(.~.

.§£
( .65)·

.250

.314

.106

.525
1.010

:~
.554
.618

.529

.zrt

.595

.915

:~
.729
.562

.49

.45
(.965)·

.965

.499

.181

.730
(1.15)·

(·W·
.216

( .70)·
.216

.l42

.078

.440

.405

·m
.IZQ.
.291
.370

.411

.159

.320

.700

.273

.227

(.430)·
.430

.~

.ill.

.405

.359

.53

.16

.69
1.15

.~

.ll

.68

.23

.23

.09

.48

.64.

.~

.~

.40

.48

.46

.21

.45

.79

.U

.~

.67

.49

.36

.31

.62

.63

.5.2.

.~

.55

.52

I L6
I

I
I
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Time-mean statistics - floor temperature, ~ (oc)

Table 3d)

-

!'IRELOAD

I 20 I 40 I 20 I 40 I 20 I 40

I t
to

YmTILATION

0 a I I 1

1 a I I 1

1 a I 1 a I... 1 « 1 1 « 1 1 1
tl

I ~
0

~ ~ 80/55 ~ 55/30 ~ 80/30~

1211 Ll - - - - - - - - - - - .-
L2 611 460 997 982 855 578 1095 798 730 530 lOS0 860

I
720 l,B6 (997)· 412 934- 595 (1095)· 504 830 550 lOS0 470

L3 955 745 810 685 990 703 1020 740 980 720 930 720
945 610 695 585 1160 565 (1040) 680 1070 580 890 650

I L4 - - - - - - - - - - - -
L5 1016 639 947 981 1031 542 974 949 1020 580 970 960

lOS5 737 927 1006 1023 709 958 990 1040 720 950 1000

1 L6 793 573 623 683 -150 535 . 890 835 880 550 760 780
690 665 80s 615 70 630 965 730 780 650 890 690

1121 Ll 700 910 750 750 830 920 890 695 no 920 820 720
625 820 6.30 690 800 810 820 655 710 810 730 670

I L2 - - - - - - - - - - - -
L3 660 890 730 845 910 860 870 835 790 870 810 840

645 875 50s 930 (910)· 890 970 905 780 880 780 910

I L4 785 995 595 615 940 1070 835 760 860 1040 730 700
700 860 725 520 895 980 950 740 800 900 850 640

I
L5 - - - - - - - - - - - -
L6 640 675 615 780 900 700 855 860 770 690 740 830

(545) 785 640 775 890 910 850 875 710 850 750 830

1221 Ll 880 1020 995 1060 1040 945 lOS0 1155 980 980 1030 1120
840 940 895 780 1000 90s 940 655 930 920 920 700

I L2 947 1018 454 901 1110 1028 639 1065 1030 1020 550 1010
881 1060 597 150 1106 1088 845 234- 1010 1080 740 200

I
L3 - - - - - - - - - - - -
L4 860 995 715 34-5 970 1000 940 780 920 1000 850 600

830 800 535 390 1060 960 845 625 950 890 710 530

I L5 906 959 872 980 1048 980 985 984 980 970 940 980
895 949 857 943 1009 998 952 995 960 980 910 980

lJ
L6 - - - - - - - - - - - -

I
1
1

I
I

- '-< -



Table Je)

T1me-mean statistics - ceiling temperature. 90 (OC)

I
I
I
n 20 I. I 20

FIRELOAD

40 I 20 I

9
0

80/55

1I
,
4t1t1t

YmTILATION

1 t .\1
,
4(11

1
41. . . 1f

II

..

I~

211

II
II
II
'I

L1

L2

L3

L4

L5

L6

769
828
890

102}

1027
1074
875
800

552
5,0
496
650

598
660

465
415

884
624

9}0
975

964
9}6

940
955

895
996
8}0
895

969
991
950
915

1030
1068

1065
1070

1078
1Q9}

1100
1010

590
600

498
525

500
556
490
543

963
1065
10JO
1070

1056
1~7

1070
1005

805
879

745
825

934
961
8}0
845

900
950
990

lOS0

1060
1090

990
900

570
570
500
580

540
600
480
510

930
lOS0

990
1030

1020
990

1010
1030

840
930
780
850

.950
970
880
870

41 121

I
I
I

L1

L2

L}

L4

L5
L6

730
670

675
720

810
760

700
(612)

925
825

815
815
980
760

700
780

750
720

795
815

770
830

7}5
748

910
860

930
785
960
960

950
955

875
845

940
(940)·

1005
995

965
916

930
830

805
790

1060
905

8}O
960

890
860

905
895

965
100S

9JO
955

960
880

(945)
760

1085
1090

1055
1000

800
760

810
830
910
880

8~
760

930
830

810
800

1020
820

no
880

820
790

860
860
880
930

84.0
860

940
870

940
770

1030
10)0

1016
1020

I 221

I
I
I

Ll

L2

L}

L4.

L5

L6

815
765

876
798

900
860

919
902

990
880

1000
1093

975
770

9n
959

870
860

716
724.

850
845
870
857

1055
955
955
9a3

665
890
982
946

955
885

1110
986

1050
1060

1090
1028

900
84.0
975

1100

970
930

1002
1028

950
930
955
951

985
1000

995
952

1050
1020

1009
1008

927
995

104.9
1027

900
8JO

1000
910

980
960

1010
970

94.0
860

990
1100

970
860

990
1000

920
900

840
860

930
930

940
910

lOS0
990

1040
1020

820
950

1020
1000

I
I
I
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Table 3f)

Time-mean statistics - time from ignition to 80%
of the initial weight, tao 'min)

Fireload

20 I 40

Ventilation
01 I 1 I 1 I 1'4

Shape Laboratory
tao

211- Ll - - - -
L2 6.10 7.10 n.80 8~60

6.60 6.80 9.50 9..00

L3 7.2 8..4 12.8 (10..9)
7.2 8.4 11..6 11.6

L4 - - - -
L5 5.4 7.1 8.4 8.7

5.6 5..8 8.6 8..1

L6 6..90 8..22 9.57 8.79
8.08 7..11 9.69 8.31

121 Ll 11.3 10.. 3 15..6 12.5
10..1 9.1 14.0 11..5

L2 - - - -
L3 16.4 11.8 (18.9) 12.8

14.4 9.4 15.2 12.0

L4 12..50 7.37 15.57 10.;58
13..64 8..51 16..31 9.23

L5 - - - -
L6 14.17 9.36 17.4 1l.15

13.54 9..13 17.59 11.96

221 L1 10.9 8..7 16..9 10... 3
8.9 7.3 14.5 9..1

L2 10.70 7.40 16.40 7.60
7.50 4'0180 12.00 9.30

L3 - - - -
14 9.08 6,,21 15.21 8.7

8.44- 7~02 13.47 8.9

L5 6.1 6.2 14.5 9.8
8.0 5...5 13..7 8.8

L6 - '- ""'I -

- 11 -



Table 3g)

Data of Commonwealth Experimental Building Station, Australia,
before correction for the effects of different

compartment materials

F 20 40
Statistic Shape t tV 1 1

R 80/55 121 1.19 1.92 1.39 2.00
1.47 2.38 1.85 2.94

221 2.94 3.33 3.20 4.12
3·70 5.26 3;54 5.71

R 55/30 121 1.06 1.41 1.22 1.18
1.04 1.52 1.28 1..72

221 2.06 3.23 2.19 2.67
2.56 3.13 2.34 2.50

1 0 80/55 121 .15 .28 .17 .36
.22 .43 .22 .50

221 .11 .20 .14 .34
.14 .32 .14 .33

10 55/30 121 .20 .30 .20 .29
.24 .37 .23 .45

221 .14 .20 ;016 .26
.18 .32 .18 .31

IF 80/55 121 .14 .08 .17 .24
.25 .16 .35 .52

221 .35 .21 .55 .47
.73 .53 .84 .65

IF 55/30 121 .14 .09 .17 .11
.22 .11 .25 .32

221 .34 .11 .37 .25
.75 .31 .63 .39

(Contt-d) ..

-12 -
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Table 3g) (cont'd)

F 20 40
Statistic Shape

.\ 1V 1 ..- 1

~ 80/55 121 725 863 690 720
810 925 800 790

221 860 978 910 920
830 975 920 790

'\ 55/30 121 873 865 855 676
855 875 908 840

221 1020 925 1040 905
1080 1025 1055 1070

Gc 80/55 121 750 874 735 884
785 910 810 955

221 790 934 890 1005
840 950 915 1030

Gc 55130 121 940 880 875 920
850 870 908 1010

221 ·918 870 1005 1035
1015 995 1040 1050

t80 121 13.2 907 14.8 12.0
10.0 7~8 16.0 9.2

221 9.9 8.0 15.5 9.7
8.3 6.2 13.2 10.4

- 13 -



Material 1. In the cases in which there is no value ~or Material 1, the

missing value has been inserted by multiplying the eXisting ~,eadings ~or,

other box materials by suitable ratios calculated ~rom the experiment with

the same shape and ventilation., Thus, the value ~or Material 1 in the

exp¢mEmt 221/40/i is 3.54 x 2.94';' 3.70 '" 2072 and ~or 121/20/:! the

appropriate Material 1 value is (1.19 + 1.47) + 2 x 1.397' 1.85 = 1.00. We

now have a table of values ~or Material 1 as ~ollows:

20 40

1,. 1
,

1.. -;1-

121 1.00 1.92 1.39 2.00

221 2.94 3.33 2.72 4.12

A table o~ the original ~orm has been constructed by taking replicates with'

the above values as mean, separated by the mean value o~ the d~~erence

between the replicates obtained by other laboratories ~or the same experiment.

2. Investigation o~ significant d~~erences

between laboratories

The initial stage o~ the analysis is concerned with investigating whether

there are any signi~icant di~~erences between laboratories, before proceeding

to the calculation o~ biases. For this purpose an analysis of variance

technique is appropriate, but as th~re are grounds ~or belieVing that rates

or burning, ~or example, do not sati~y the normality postulate necessary ~or

the statistical interpretation o~ the results, it is necessary to ~ind a

suitable tran~ormationwith the ~ollowing objects, a) to render the data

normally distributed, b) to produce a constant standard deviation in all parts

o~ the table, c) to minimise any interactio~between~actors. This

tran~ormationmay then be applied to the data and an analysis of' variance

per~ormed on the balanced incomplete block o~ tran~ormed data.

- 14-
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- 15 -

A transformation is sought ~rom the ~amily o~ transformations of" the

(2.1) Transformation o~ the results

~~s is its trans~ormed value·.

A
::ll; is the geometric· mean o~ the X:~s

oc is a parameter to be determined.

is the S -#t replicate tim·e-mean value corresponding to

laboratory and shape j .

Dt
i!.. -
~ ot¢O!J5 oc 0<-- '03 X~s

(1)- X Dt 0-

where X~s

Since the distribution o~ errors is likely to be chaI';ro1;eristic o~ the

type ~ observation being considered and not a ~unction o~ the ourrent

experimental conf'Lguratdon , it is probable that the value of ()(, f'ound by

this procedure is itsel~ characteristic o~ the type o~ observation ~or which

it is caloulated. That is, we should expect one trans~ormation to be

A range of" suitable values of' oC. may now be f'ound so that the transfonnal.

data i! Us satisfy the conditions· of' normality and constancy o~ v;>-riance

with minimum interaction between ~actors, by ~irst minimising the residual sum

o~ squares with r-espect to ot at, say, ()(.:: "'min and then choosing the

limits of' the range about ()(.""In by the methods o~ Box and cox6• From this

range a convenient integral value o~ oG is chosen as near as possible to

0( min , ~or ease ~ interpretation, although any value in the range f'ound is

satisfactory •

This transformation is not a continuous f'unctd.on of' ()(, at l>G lII: 0

but it can be made so by the addition o~ a constant, and ther~ore the

d~~erent sums· o~ squares o~ the. analysis of' varianoe and Ln particular the

residual sum o~ squares, are continuous f'unctd ons o~ o; The continuous

f'orm o~ the transformation is not used in the present report, since when 1)(.« 1
considerable numerical acouraoy would be lost.
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appropriate for all rates of burning and another·for all intensities and so

on. With this in mind, and in view of the extreme length of the calculations

involved, only a seleotion of the experimental configurations for each

statistic have been examined.

The values of the transformation calculated are given in Table 5. The

first two columns give the' limits of the range of ol. the next the middle

of the range corresponding approximately to the value of O'min giving a

minimum residual sum of squares, and the last column gives the integral vaLua:

of at. chosen; The results confirm that for the experimental configurations

examined,. the same transformation is applicable to observations of the same

type. The transformation for both R and I is logarithmic, of the form

implying that errors are proportional to the observation. No transfonnation

is required for temperatures, but for tao the value of oG varies with fire

load and ventilation.· No explanation for this behaviour has yet been found,

but it is thought that it may be associated with the different rate-controlling

processes in the different conditions.

(2.2) Analysis of transformed data

An analysis of variance was now. performed on the transformed data given

by equation 1 and the values of g(. given in Table 5. These values form a

balanced incomplete block design, for which the analysis is given in standard

textbooks. The mean squares calculated are given in Table 7 and the degrees

of freedom to be associated with each are given in Table 6.

It is observed that for rates of burning the differences between shapes

are considerably greater than the differences between laboratories, but although

for intensities, in general, the differences between the shapes are greater

than the differences between laboratories, this is· not always statistically

significant. In many cases the interaction between laboratory and shape is

significantly greater than the residUal sum of squares obtained by considering

the differences between replicates. It is believed that this interaction is

real and the part it plays in· the subsequent analysis will now be discussed.

- 16 -
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Table 5

Values of the parameter 0(..

Range of Centre Integral
Statistic Period F V of value of'

Min. Max. Range 0(

R 80/55 40 ir -1.0 0.6 -0.2 0

55/30 40 1 -0.5 0.8 0.15 0

I o 80/55 20 ir -0.5 1.9 0.7 0

55/30 20 1 -0.4 0.7 0.15 0

IF 80/55 40 ir -0.6 0.9 0.15 0

55/30 20 1 -0.2 0.6 0.2 0

~ 55/30 20 1 -0.4 2.3 1.35 1

9c 80/55 40 ir -0.5 203 1.4 1

t 80 20 .1- -2.2 0.3 -0.95 -1.4

20 1 -0.5 2.0 0.75 1

40 ir -1.3 1.3 0.0 0

40 1 -0.5 2.4 0.95 1

Table 6

Degrees of freedom to be associated with
the mean squares of Table 7

Source of Variation Degrees of
freedom

Between shapes 2

Between laboratories 5
Interaction 4

Residual 12

- 17 -



Mean Squares

Time-mean p V Geometric
Statistic lIean Shapes Laboratory Interaction Residual

R 80/55 20 t 2.4225 11.8879 .2282 0.1181 0.0179
1 2.9833 10.4872 1.0382 0.1226 0.0836

40
,

2.4174 7.9331 0.0651,. 0.0358 0.0113"4

1 3.721,.3 11.2530 0.8321 0.036/0. 0.0756
55/30 20

,
2.101,.9 6.01,.65 0.1,.61,.5 0.081,.5 0.021,.9"4

1 2.31,.96 6.7027 0.1,.946 0.0782 0.0701
1,.0

,
1.9183 4.3048 0.1157 0.1216 0.0081"4

1 2.42n 4.0990 0.8555 ~.0423 0.0628
80/30 20 t 2.246/0. 8.3030 0.3175 0.0531 0.0136

1 2.6225 8.2560 0.6062 0.0404 0.0532
1,.0 I 2.1374 5.6977 0.0878 0.081,.2 0.0050"4

1 2.9325 6.3928 0.8573 0.0201 0.0691,.

1080/55
I

.
0.0270 -20 "4 1.281,.9 0.2657 0.2759 0.0927

1 2.3130 1.3855 1.3630 0.1962 0.2740
1,.0 t 1.1,.355 0.5923 0.1328 0.0384 0.0076

All
1 3.6460 9.2987 1.1213 1.0564 0.0658 Mean

55/30 20 I 1.7082 0.3952 0.lI,.15 0.0483 0.0171 Squares"4

.1 2.5073 x 10-1 lI,..8532 1.3422 0.0139 0.2022 > x 10-01

40 ~ 1.6537 0.3883 0.0771 0.0908 0.0011,.
1 3.2774 6.5931,. 1.7450 0.4623 0.1653

80/30 20 a 1.5195 0.2571 0.1883 0.0722 0.0225
1 2.4287 13.9651 1.25l1,. 0.0480 0.2277

40 t 1.5652 0.1,.927 0.0891 0.0660 0.0043
1 3.4366~ 7.6800 1.3406 0.6002 0.0921 .

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

Table 7

lIean squares calculated from transformed tim-mean date
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Table 7 (Cont'd)

Menn Squares
Time"'1ll9an F V Geometric !
Statistic Mean Shape Laboratory Interaction Residual

IF 80/55 20 1 3.1053 10.7350 5.2225 7.3716 1.9966 '4"

1 1.5388 16.1062 3.2081 0.4834 0.3767

40 * 4.5385 28.5782 5.0484 1.1524 1,0916 All
1 4.5508 18.7079 4.6468 0.5887 0.1864 Mean

55/30 20 1 3.6398 ,.1836 7.8510 3.0263 2.3616 Squares
4"

1 1.2174 x 10-1 6.9224 1.0968 0.1810 0.1295 ~x 10-2

40 1 3.8055 33.5260 3.l427 0.9662 1.15154"

1 2.5363 5.3811 2.0400 0.5789 0.2077

80/30 20 * 3.1416 10.7879 4.0838 1.8425 2.6634

1 1.4004 10.6158 1.9790 0.2195 0.2166

40 1
4.1610 J 31.0376 3.9112 0.6889 0.97594"

1 3.3507 9.7883 2.7546 0.5768 0.1712 _

t80 20 1 .
9.0467 45.5745 6.8811 0.8915 1,25164"

1 7.6334 5.9802 3.2267 0.2760 0.8929

40 1 13.3714 66.1014 4.0118 3.3872 1,92114"

1 9.8163 i 7.2868 3.3251 0.8056 0.4470
,

(Cont'd) •••••••
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Table 7 (Cont'd)

Mean Squares
Time-mean F V Geometric ,
Statistic Mean

Shape Laboratory Interaction Residual

~ 80/55 20 1 7.8466 6.9928 2.1856 2.5085 0.2216 •4"

1 7.9101 18.4346 0.6400 2.2723 0.5080

40
1 7.2871 7.3824 3.6503 4.2969 0.8016..
1 6.7258 1.8173 12.7647 3.8590 4.1909

55/30 20 1 9.6365 4.1820 0.6145 1.02.}2 0.2328 All4"

1 8.0832 "x 102
21.7480 0.8381 0.8174 0.5357 Mean

a 3.6391 0.4128
Squares

40 9.2233 0.5419 2.2289
x 104

1 7.6306 0.9478 5.1405 1.7357 4.1.774

80/30 20 a 8.7935 5.7917 1.0452 1.7079 0.1817

1 8.0042 20.2179 0.4372 1.2185 0.5267

40
1 8.3888 5.1163 1.3413 3.0663 0.46294"

1 7.3077 0.6979 7.2234 2.3004- 4.2295 _

Qc 80/55 20 a 8.1710 5.7666 1.8075 0.5725 0.2306 -

1 7.5387 23.8733 1.0711 0.7014 0.6502

40 1 8.4381 6.3057 0.3624 0.4868 0.11694"

1 9.1756 0.1232 0.8589 1.1530 0.1.326

55/30 20 1 10.0372 1.7311 0.9271 0.0518 0.1559 All
4"

x 102 1.1461 0.5265
/;lean

1 7.7124 31.7303 0.3319 Squares

40 1 9.7678 2.5200 0.3681 0.0738 0.0787 1044" x
1 9.4866 5.0335 I 1.3503 1.3741 0.2505

80/30 20 1. 9.1492 3.6262 1.0348 0.2738 0.15794

1 7.6351 28.4054 0.6867 0.4423 0.4325

40 a 9.1883 4.1850 0.2765 0.1338 0.0950

1 9.3650 1.7663 I 0.9733 1
1.0913 0.2862 ~

- 20 -
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Table 8

Ratios of mean squares of Table 7

NS means not significant at 5% level

e e
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~ a .~ ::J \l ~C/)
0
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::&I Q) 'M ~g fiI>'~.... ..... .s '<l ::J ....

Time Yean F V +' al +'
0 .g 00 0 'Me 'M • al C/)

'M
C/) III M.s " ~

Q)

M +'

~ <l
H

R 80/55 20 1 6.6 1% 1.93 NS"1 1.466 NS 8.5 5%
40 :1;: 3.18 NS 1.82 NS

1 0.4818 NS 22.9 0.5%

55/30 20 :1;: 3.39 5% 5.5 NS

1 1.16 NS 6.3 5%
40 :1;: 15.0 1% 0.95 NS

1 0.6734 NS 20.2 1%
80/30 20 :1;: 3.9 5% 6.0 5%

1 0.76 NS 15.0 1%
40 i 16.71 1% 1.04 NS4

1 0.29 NS 42.6 0.5%

I 80/55 20 :1;: 3.4 5% 2.98 NS
0

1 0.7 NS 6.95 5%
40 ~~ 5.1 5% 3.46 NS.:J,

1 16.0 1% 1.06 NS

55/30 20 1 2.8 NS 2.93 NS"1 0.07 NS 9.65 2.5%
40 * 63.1 1% 0.85 NS

1 2.8 10% 3.79 NS

80/30 20 :1;: 3.2 5% 2.61 NS

1 0.2 NS 26.1 0.5%

40 1 15.5 1% 1.35 NS"1 6.5 1% 2.24 NS

(Cont'd) •••
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IF 80/55 20 i 3.7 '3% .71 NS4

1 1.3 NS 6.65 :tfo
40 t 1.1 NS 4.37 NS

1 3.2 :tfo 7.9 :tfo
55/30 20 t I

1.3 NS 2.6 NS
1 1.4 NS 6.05 '$

40 t .8 NS 3.25 NS
1 2.8 NS 3·53 NS

80/30 20 i .7 NS 2.22 NS4

1 1.0 NS 9.0 :tfo
40 t .7 NS 5.68 NS

1 3.4 '$ 4.78 NS

t 80 20 .1. .7 NS 7.72 :tfo4

1 .3 NS 11.7 2.'$

40 t 1.8 NS 1.18 NS
1 1..8 NS 4.12 NS

(Cont1d) 0 ••

Table 8 (Cant ld)
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Table 8 (Cont'd)

e e'" e::l I '"0' '" e 50CIJ 50 '" CIJ, s CIJ Q)

,~ s
Q)

~ ~~ CIJ ~
~~::01

~:l::ll 0 D
Time mean F V <l .-i OM .-i oM

0 ~?;::I ::ll a ~?;::IOM .-i
+' '" o-Stb OM o-SfoD .g . +'

~
OM '" ~

oM
oM CIJ j CIJ

Q) '"
~ &l Q)

+'
<l
H

'\ 80/55 20 .1- 1l.3 1% 0.874

1 4.5 5% 0.28
40 .1 5.4- 1% 0.844

1 .9 NS 3.31
55/30 20 .1 4.4 5% 0.64

I
1 1.5 NS 1.025 !

40 .1 5.4 1% 0.243
NS

4

1 0.4 NS 2.96
80/30 20 t 9.4 1% 0.61

1 2.3 NS 0.36

40 t 6.6 1% 0.44
1 0.5 NS 3.l4

Q 80/55 20 .1 2.5 NS 3.16
0- 4

1 1.1 NS 1.53

40 t 4.2 5% 0.75
1 2.7 NS 0.74

55/30 20 .1 0.3 NS 17.94

1 1.6 NS 2.18

40 .1 0.9 NS 4..98 NS
4 I1 5.5 1% 0.98

80/30 20 1- 1.7 NS 3.784

1 1.0 NS 1.55
40 1- 1.4 NS 2.074

1 3.8 5% 0.89

- 23 -



(2.2.1) Interaction

The ratio of the interaction to the residual mean squares is given in

Table 8. In many cases the interaction is significantly greater than the

residual sum of squares and its significance tends to follow a pattern

according to either the fire load or ventilation. Thus the laboratory

shape interaction for R and ~ tends to be significant (at 5 per cent

level) when V is!, but not significant when the ventilation is I. This

pattern of significance is generated by an increase in the residual mean

squares, whilst the interaction mean squares remain approximately constant,

and one explanation may be that, for compartments in which V is 1, the

fires tend to be controlled by the fuel bed, so that any variation

existing in the initial, less controllable,ignition period is likely to

have a more marked effect during the period in which the fire is fully

developed. However, the interaction for I o tends to follow fire load,

and is significant when F is' 40 and not significant when F i.s 20. The

interactions for IF, t80 and Gc tend to be not significant, although they

are nearly always larger than the residuals.

Thus, in general the interaction mean squares are greater than the

residual mean squares and since the F ratio for significance of the other

mean squares compared with the interaction is twice that for comparison with

the residual, clearly a comparison with the interaction is a far more stringent

test for significance. This' analysis indicates that the laboratory-shape

interaction is a more important source of variation than the residual sum of

squares. The laboratory-shape interaction is essentially a measure of all

the variation that cannot be ascribed either to systematic variation between

shapes, laboratories or between replicates. In subsequent analyses

therefore, comparisons for significance will be made with reference to the

interaction sum' of squares.

(2.2.2) Differences between laboratories

We are now in a position to examine whether there are any, significant

differences between laboratories and the ratios of laboratory mean squares

to interaction mean squares are given in Table 8. There are significant

differences between laboratories for the rates of burning, but for radiation

intensities only the experiments in which F is' 20 and V is 1 appear to

-24-
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3. Calculation or Laboratory Biases

There are no signiricant dirrerences between laboratories ror the

t emper-atur-es and thererore no biases will be calculated.

(3.1) nerinition and calculation or biases

We def'Lne laboratory and shape biases bj and ~j respectively,

where i. = 1, 2, 3, 4, 5, 6, j = 1, 2, 3, such that any component or the

balanced incomplete block design, x: Us , def'd.ned as the S -HI replicate or
the L ih laboratory f'oz- the compartment or shape j , may be expressed as

produce signifioant difrerences. This m~ be due to a redistribution

between interaction and residual, but strictly we are only justiried in

considering the laboratory bias ror this particular rire load ventilation

oombination. However, the object or the sUbsequent analysis' will be to

calculate one bias ror each particular statistic irrespective or rire load

or ventilation and it would be pointless thererore to study this rire load

ventilation combination only.

(2)

(3)

Xijs. - X + b· + ~j + el.

where E. is some error term and

Eb· = ~~j - 0I

- 25 -

The object or Part 3 is to estimate the bias to be attributed to each

laboratory, and to express it in a convenient rorm ror application to the

data or the present report and to data to be obtained in f'utur-e experiments.

Initially, one bias will be calculated ror each laboratory ror each time

mean statistic and rire load - ventilation combination, but as the next series

or experiments will be conducted on model compartments with difrerent rire

load and ventilation to the present series, clearly it is desirable to see if

the changes in the biases rrom one rire load - ventilation combination to

another are signiricant. Ir not, then it is possible to simpliry oonsiderably

the subsequent application or the biases. Thus, although in Part 2 it was

round that only one rire load and ventilation produced signiricant dirrerences

in intensities or radiation between laboratories, it will be necessary to

calculate the biases ror all rire loads and ventilation so that it may be
....

ascertained whether there are any signiricant dirrerences between the biases

calculated ror the difrerent rire load - ventilation combinations. Thus the

laboratory biases will be calculated ror all the statistics except

temperatures.
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Then the bias to be attributed to Laboratory Li '
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for shape J •
be the total of all the readings of :x,::.?- B t =~ Sj. ~

= number of laboratories with at 'least one shape in common.

=number of shapes studied by one laboratory.

=number of laboratories with two shapes in common.

be the total of ,all observations of ~ by all laboratories

~ i ~ P )

T
P
tt.-

1'\

s·J

Let

The data X~~ may thus be corrected for laboratory bias by subtracting

the laboratory bias:

Consider one of the time-mean statistics :x: , say, arranged in the

baLanced incomplete block design. Let Bi be the total of all the

observation of ~ by Laboratory Li ,

X a~s == X ~S - b;
I .,

where X. ljs is the value of X~s corrected for laboratory bias"

Similarly the data may be corrected for shape bias, or using both b~ and.

Yj the missing values, demanded by the balanced design, may be inserted

for each laboratory by the use of (2). However, this requires an analysis

of the shape biases, which is outside the scope of the present report.

However, the original data has been transformed to ~ ljs using a

logarithmic transformation and the biases b: calculated from the

transformed data. It Can be shown (Appendix 3) that the value of ~js

corrected for laboratory bias is given by

b'

:X:'~S = XU" e"" (4)

where b; =bi!=) denotes the biases calculated from the values 2Us
Thus a correction factor for each laboratory can be calculated from

the values of b.' /~ ,hi:: bj(i!) , which will be defined as the relative

bias of Laboratory Li •

(302) Calculation procedure



statistic Period F V Ll L2 L3 L4 L5 L6

R 80/55 20 i - .200 - .015 0051 .070 .033 .0614-

1 - .321 0212 .041 .045 .101 - .078

40 i - .067 .005 - 0027 .087 .031 - .0294-

1 - .251 .084 .046 .066 - 0015 .070

55/30 20 i - .264 .074 - .039 .154- - .088 .162

1 - .246 .138 - .092 .157 - .008 .050

40 i - .088 .035 - .123 .114 .005 .056

1 - .334- .007 - .091 .189 .074 .155

80/30 20 i - 0232 .033 .002 .114 - .033 .1154-

1 - .276 .172 - .034- .105 .039 - 0006

40 i - .079 .021 - .081 .104 .018 .0184-

1 - .301 .037 - .038 .139 .040 .123

where .!Jj

I
I
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Table 9

Relative Laborato~ biases~

- 27 -
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Table 9 (Conttd)

statistic Period F V L1 L2 L3 L4 L5 L6

1 0 80/55 20 i - .011 - .026 - .008 .013 .032 - .0014

1 - .037 .011 - .002 .002 .044 - .018

40 i - .011 - .010 - .013 .012 .017 .0054

1 - .019 .007 - .015 - .003 .025 .004

55/30 20 i - .009 - .012 - .007 .018 .005 .004

1 - .037 .020 - .011 .020 .022 - .013

40 i - .002 - .002 - .014 .010 .001 .008

1 - .033 .008 - .018 .018 .014 .012

80/30 20 i - .009 - .018 - .006 .017 .017 - .001

1 - .036 .017 - .007 .012 .031 - .018

40 i - .006 - .005 - .014 .010 .008 .0074

1 - .027 .007 - .016 .009 .018 "009

IF 80/55 20 i - .058 .011 .009 .043 .026 - .031

1 - .085 .028 .018 .056 .048 - .065

40 i - .041 .015 - .014 .028 .019 - .0074

1 - .045 .021 .009 .009 .019 - .013

55/30 20 i - .052 .0100 - .007 .030 - .006 - .0264

1 - .072 .042 .023 .030 .014 - .036

40 i - .030 .015 - .023 .032 .013 - .0064

1 - .058 - .003 .022 .009 .015 .017

80/30 20 i - .037 - .001 - .001 .053 .016 - .0)14

1 - .077 .036 .017 .046 .032 - .053

40 i - .036 .016 - .019 .030 .015 - .0064

1 - .052 .007 .013 .011 .018 .003

(3.3) Analysis or biases

Table 9 shows the values of the relative laboratory biases, b~/2
calculated for the different fire load ventilation combination for eaoh time

mean statistic. Now the values of b: have been calculated from transformed

data rUs ,obtained from the original data by a logarithmic transformation.

The correction necessary to the original data for laboratory bias is given by

- 28 -
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Equation (4) but for small values of bi /Q it is clear that

~'Vs rv xys (,- b:/Q)
and thus bi />l. is approximately the relative correction to be applied to the

original data for laboratory bias. i.e. (b,'Ix.) x 100 is the percentage

correction to be applied to the original data for laboratory bias. Thus bJ:>z.
is defined as the relative bias of Laboratory Lj •

We now examine the biases to' see whether they may be simplified by

removing the variation between the different fire load-ventilation

combinations and where possible by removing the variation between laboratories.

For this purpose clearly an'analysis of variance technique is once more

appropriate, but some standard of variation must be determined for comparison

with the mean squares obtained. One standard already exists in the highest

order interaction obtained in each analysis, but a more meaningful standard

would be the experimental variation \lready existing in the original data as

measured by either the residual mean squares or the interaction mean squares

of Table 7. The means by which the variation between the biases may be

compared with this experimental variation will be discussed below.

(3.3.1) Rates of burning

For these statistics the magnitude of the correction necessary for

laboratory bias is quite large, the largest being about 20-30 per cent in

most cases. However, the size of these corrections seems to be main~

attributable to one laboratory, Ll' which has consistently large biases, 'and

the calculated biases will therefore be examined to see whether the variation

between laboratories is eliminated when Ll is removed. In additio~ to this

the biases are to be examined to see whether the variation between fire load

and ventilation is' significant. Two analyses of variance have therefore been

performed on each of the tables of hI / X for the rates of burning, RaO/55,
R55/30, RaO/30, the first analysis including the biases of all six

laboratories and the second excluding the biases of Ll •.

It should be' noted that since ~ bl/Q =0, in the analysis including all

six laboratories, the sums of squares due to differences between fire loads,

differences between ventilations and the fire load-ventilation interaction

are all zero and any effects due to differences between ventilations or fire

loads would only be apparent in' the laboratory-fire load and laboratory

ventilation interactions.

- 29 -



The mean squares obtained in the two analyses are shown in Table 10, in

which Al is the analysis· excluding Ll, A2 is the analysis including the

biases of all laboratories. It is clear that the mean squares due to

laboratory differences is considerably reduced by removal of the biases of

Ll and it remains to discover whether the laboratory mean square is now

signif'ioant. As mentioned above, the standard against which the variance

should be tested is a measure of the variance already existing in the

experiments. Previously, in testing for significance, the laboratory-shape

interaction mean square obtained in Table 7 has been used and this would

seem to be appropriate for examining differences between biases.

Since bi (:/X) = bi (~V~
therefore bijQ is the laboratory bias of ~51~ The i~eraction
mean square to be used in examining the differences between hi / X is there

f'o.r-e that obtained from an analysis of X;j'S/~ and since the mean squares

obtained in an analysis of variance are homogeneous, therefore the appropriate

l.aboratory shape interaction mean square may be obtained from Table 7 by

dividing the interaction mean square of Table 7 by ;;;t.2. •
However, for each mean statistic there are four· values of interaction

mean square, one for each fire load-ventilation combination, but testing each

group of four values by a range test (7j shows that there are no significant

differences between them and thus the arithmetic mean value may be taken as

representative. These values are:

Time mean· Combined Interaction
Statistic Mean Square

R 80/55 0.0107

R 55/30 0.0184

R 80/30 0.0093

Each value is based on four values, each of which is based on four degrees of

freedom and thus each combined interaction mean square is based on 16 degrees

of freedom.

- 30 -
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Table 10

Mean squares obtained rrom an analysis or relative

laboratory biases - rates or burning

R 80/55 R 55/30 R 80/30 Degrees or
Freedom

Source or
Al A2 Al A2' Al A2 Al A2variation

Between F .002 a .0004 a .0008 a 1 1

Between V .005 a .003 a .004- a 1 1

Between L .003 .045 .035 .080 .013 .058 4 5

Fx V .0002 a .004 a .002 a 1 1

Vx L .005 •OlD ,001 .004 .001 ,005 4 5

Lx F .002 .004- .0004- .004 .002 .002 4 5

L x F x V .006 .005 .003 .007 .001 .005 4 5

Al analysis excluding Ll

A2 analysis or all laboratories

We are now in a position to test ror signiricance in Table 10 with the

rollowing results:-

(i) None or the interactions F x V, V xL, Lx F, Lx F x V, are

signiricant. This implies that there are no signiricant dirrerences between

the laboratory biases obtained ror the dirrerent rire loads and ventilations

ror each statistic and thus one value or the bias may be taken ror each

laboratory ror each time-mean value or R.

(ii) There are signiricant dirrerences between biases or dirrerent

laboratories when Li is included, but there are no signiricant dirrerences

between the remaining rive laboratories. This implies that one bias may be

used ror each or L2-L6 and another ror Ll' The biases to be applied are given

in Table 11. On average, the data or Ll must be increased by 25 per cent

and the data or all other laboratories decreased by 4 per cent and within the

accuracy or the data these f'Lgur-as may be taken to apply to each or the time

mean values or R.
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Table 11

Biases and percentage corrections for

R 80/55, R 55/30, R 80/30

Relative bias Correction factor
(per cent)

Time-mean' 11 12 to 16 11 12 to 16

R 80/55 - 0.209 0.042 123 96

R 55/30 - 0.233 0.047 126 95

R 80/30 - 0.222 0.044 125 96

There are no differences between the laboratories 12' 13' 14' 15, 16,
and any bias attributed to them arises only from a comparison with the results

of 11' It seems reasonable, therefore to adopt the results of 12, 13' 14,
15' 16 as definitive and to adjust the data 11 using these results as a

standard. For this purpose a 130 per cent correctiop to the data of 11 is

necessary.

The experiments of laborato~ 11 were conducted with compartments

constructed of three different materials and in section (1.2), the differences

between materials have been minimised by deducing a Table of values for

Turnalls Asbestos board (Material 1) from the original time-mean statistics.

However, the experiments of all other laboratories were conducted with

compartments constructed of Asbestos Millboard (Material 3) and it is apparent

from the original time-mean statistics of laborato~ 11 that there are

considerable differences between the rates of burning obtained with different

compartment materials. The biases calculated above, therefore, may only

reflect the differences between the compartment materials. We now examine the

data to test this hypothesis.

The experiments of laborato~ 11 with a compartment of shape (221)

include data from compartments constructed of both Material 1 and Material 3
and these data show that, on average, the Material 1 values are 20 per cent

lower than the Material 3 values, althOUgh there is a large scatter about this

mean value. Furthermore, comparing the Material 3 values of 1, with the

- 32 -
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(3.3.2) Intensity of radiation I o

(3.3.3) Intensity of radiation from flames above the window, IF

The combined interaotion mean squares obtained from Table 7 are shown

below. Since there are significant differences between the 4 values obtained

for IF 80/55, these values have been grouped in pairs, providing two estimates

101

the following

9694

L2, L4, L5 gives

laboratories.

Ll

110

Laboratory

Correction factor
(per cent)

These calculations on the limited data available thus indicate that,

of the .30 per cent adjustment necessary for the bias of laboratory Ll'

approximately %is due to the different materials used whilst the remaining

adjustment mayor may not be a true laboratory bias.

The largest correction to be applied to the original data for laboratory

bias for intensity of radiation is about 4 per cent, and since this is less

than the aocuracy of instrumentation, the biases for I o can be ignored. It

should be noted .• however, that in Table 7 the laboratory mean squares are

comparable with the shape mean squares, and hence there are unlikely to be

any measurable effects on radiation due to shape.

The average correction factor for L2, 14 and L5 is thus approximately

97 per cent and if the results of these three laboratories are adopted as

definitive, as suggested above, the percentage correction factor necessary

to adjust the results of Ll is then 113 per cent.

(221) experiments of laboratories

percentage relative biases for the

The largest correction for laboratory bias is approximately 8 per cent,

o00urring in the experiments where F is 20, V is 1, but as for the rates of

burning analysis, consistently large biases are given by laboratory Ll'

although some of the correction factors for other laboratories are almost as

large. A similar analysis to that of R has been carried out, therefore,

in which the relative biases are examined for significant differences between

laboratories, fireloads and ventilations when the results of Ll are removed.

The results of this analysis are shown in Table 12. It can be seen that at

least 50 per cent of the variance due to laboratories can be attributed to Ll'
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o~ the combined interaction mean square, one high and one low, to be used as

a standard o~ comparison.

Time-mean Combined Interaction
Statistic Mean Square x 102

IF 80/55 .4843 ~ each based on
.0372 2 mean squares

IF 55/30 .2536

IF 80/30 .0974

The mean squares o~ Table 12 were then compared with the combined

interaction mean squares above. The interaction terms L x V, L x F are not

significant, and thus there are no real di~~eren¢es between the relative

biases o~ the d~erent combinationso~ ~ire load and ventilation. The

laboratory mean square is signi~icant except f'or- IF 55/30, but when the

results of' Ll are removed the laboratory mean square is not signi~icant

althOUgh ~or IF 80/55 it is jUst signi~icant at the 25 per cent level

compared with the lower estimate o~ the interaction mean square when the

results o~ Ll are removed. Since, in the latter case, such a comparison is

unnecessarily stringent, a much higher level o~ ai.grrlf'Loance is demanded.

Thus one bias may be applied ~or each time-mean statistic, irrespective o~

~ire load or ventilation and since there are no signi~icant di~~erences

between the laboratories L2, L3' L4' L5 , L6' they have a common bias ~or each

statistio. The values o~ the biases are given below in Table 13. A

5-6 per cent correction is necessary ~or each time-mean statistic o~ Ll'

and a 1 per cent correction ~or eaoh o~ the remaining laboratories, but

wi thin the limitations of the accuracy of' the experiment it is suf'f'Lcderrt to

correct the data o~ laboratory Ll only, ~or a 5 per cent bias. This

5 per cent bias is applied in spite o~ instrumental limitation on the accuracy,

since the largest correction caloulated in Table 9 is approximately 8 per cent:

the value o~ 5 per cent is the mean value o~ the bias taken over ~ire load

and ventilation.

In the analysis of the biases for rates of bur-nine; an attempt V/US Dade

to attribute a large proportion of the bias of Laborator:,,- L1 to the

- 34 -
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Al - analysis exoluding Ll

A2 - analysis o~ all laboratories

di~~erences between the compartment materials. However, a similar analysis

to determine the source o~ the bias is not possible ~or IF since the values

in which comparisons are possible, namely the Material 3 values ~or the

compartment o~ shape (221) do not appear to be representative of data

obtained ~rom compartments of other shapes. For example, the average

laboratory bias calculated ~or L2 and L4 ~rom the Material 3 data o~

compartment shape (221) is large, and this is not so ~or data ~rom other

It should be noted in Appendix II that since no IF values were

recorded by laboratory L4' it has been necessary to insert the values f'ound

~rom experiments by National Bureau of' Standards (L5)' Thus the bias of

laboratory L4 ~or IF is in ~aot the bias o~ N.B.S. (L5) and thus no bias

has been ~ound ~or IF ~or laboratory L4'

Table 12

Mean squares obtained ~rom an analysis o~ relative

laboratory biases ~ intensities IF

,

IF 80/55 IF 55/30 IF 80/30
Degrees o~

Freedom

Source o~
Al A2 Al A2 Al A2 Al A2variation

Between F .0002 0 0 0 0 0 1 1

Between V 0 0 .0001 0 0 0 1 1

Between L .002 .005 .001 .004 .002 .004 4 5

FxV 0 0 0 0 0 0 1 1

V xL .0002 .0002 .0005 .0005 .0004 .0004 4 5

Lx F .0007 .0008 .0009 .0008 .0005 .0006 4 5

LxFxV .0002 .0002 .0001 .0001 .0002 .0002 4 5

compartment shapes.
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Table 13

Relative biases and percentage correction ractors ror

IF 80/55, IF 55/30, IF 80/30

Relative bias Correction ractor
bi/~ (per oent)

Statistic Ll L2 - L6 Ll L2 - L6

IF aO/55 .- .057 .011 106 99

IF 55/30 - .053 .011 105 99

IF aO/3O - .050 .010 105 99

(3.3.4) Time rrom ignition to time when weight is ao Pllr cent of
initial value, t80

The biases to be applied ror tao have not yet been analysed. The

interpretation is not altogether clear since a different transrormation has

been round ror each fire load-ventilation combination, and thus a common

standard of variance, as employed above in the value or the combined

interaction mean squares, would be inappropriate. These biases will be the

SUbject of a further report when work is complete.

(3.4) Application or biases

The laboratory biases derived and analysed in this report will have to

be applied to many dirferent situations to those rrom which the biases have

been derived .. However, the results may be extended to some other situation:

since it has been shown that one bias is' appropriate to each laboratory

irrespective of fire load, ventilation or shape, it follows that ror

compartments in which other ractors, such as scale, are the same, the biases

derived may also be applied to compartments whose shape, fire load and

ventilation lie within the range studied, e.g. F = 30, V =t. Series II or

the C.I.B. programme also includes experiments with dirferent scale

compartments, and with other stiok spacings. Strictly, the biases derived

above do not apply to these situations, but in the absence of more complete

- 36 -
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Suppose the original data was transformed to Z!Vs by a 10glU'ithmio

transformation, so that

new dataand suppose

, so that

are two sets of data.

+ ~ ~ hi (1"'3 Aj)

by the logarithmic transformation

- 37 -

, varying with shape,

original data by Aj

b~ (x) +
a. b~ (x.)

~

¢ 10J

!~ (1"5 X~S : ICJ Aj)
A (2~s + ~ 10j ~)

b~ (x:+~)

1~ (a.x.)

r.Vs =::;Z,~ XUs

be transformed to 3Us

4>tjs

Consider some factor f1j
4>~s formed by multiplying the

data taking variation of these other factors into account, the same biases

will be applied, since on the whole they are not large and are not significant

for most laboratories.

#~s --
Then

3Y5 -
--

Let ~ijs

a) Multiplication by a factor varying with shape

Now

and

A further problem arises in the use of composite statistics, such a's

R/W, R/A where A and Ware the areas of window and f'loor, or Io/VI

the equivalent intensity of radiation in the plane of the window opening,

being the configuration factor of the opening with respect to the radiometer

measuring I o• Since A varies with shape, and W varies with both shape

and ventilation, 'and since the biases derived for R have been averaged

over shape and ventilation, the way in which division by A or W will

affect the averaged biases is not clear.
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by

(11)

(10)

. -bv'x
e ,c=

from (9) and (10)

, so that

--

•
• •

•
••

Now consider the correction faotor for the original data

and let the correction faotor for the ¢~s be C~

IOj C~ =~
<P

- hi' i;ZU~) .
x.

But,

z,(f') = ~(p) 103 4) p - 1} Z .

and that 4>~s is transformed to 3~s by

3~s = $ I~ ~~s

Then

b) Multiplication and division of ~wp' different statistics, for both of
which correction factors e.-Di/~ have been obtained.

Consider two such statistics :x.li~) and x$) and let new data d>us
be formed by multiplying the two sets of data so that

1I) (2.)
ep~s = Ai} X~s

(I) (2.) (I)
Suppose that X!js and ;ll.jjS are transformed to ~ and
the transformation

Thus the same oorrection factor is appropriate to the composite data formed

by mUltiplying by a shape factor and hence also by a ventilation or fire load

faotor. Thus the averaged correction factors are unaltered by multiplication

by shape, ventilation or fire load factors.



Conclusions
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(12)

(13)

and Cl,2.\here

+

and let the correction f'actor f'or the

+loj' ell)

•
• •

Now consider the correction f'actors f'or the origiruo.l data ell)

c.(P) = exp (- b; (eij~») / ~!r) )
l\)tis lie G~ .

105 (<1> =~
$'

- b· (z·ol'»)
-~\S

AI
X

and

Then

Then

Thus the correction f'actors f'or data f'o:nned by multiplying together two

dif'f'erent sets of' data are obtained by multiplying the corresponding

correction f'actors together.

Now the index b: Ix f'or the composite data is obtained by adding the

corresponding indices, and it f'ollows that the value of' the correction f'actor

averaged over f'ire load and ventilation f'or the composite data may be obtained

by multiplying the two mean correction f'actors as in (13).

Values of' rates of' burning, intensities of' radiation and temperatures

averaged over sd.grrif'Lcant; periods of' the f'ire have been examined in order to

estimate, and where necessary, allow f'or dif'f'erences between 6 of' the

participating laboratories. The results show that there are no signif'icant

dif'ferences between laboratories f'or temperatures, and the correction f'actor

f'or intensity of' radiation f'rom the window is not signif'icant compared with

the limitations on the accuracy of' instrumentation. However, correction
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It has been shown that the biases for combinations of the various data,

in the form of a product, or for data modified by shape, fire load or

ventilation factors, may be derived by simple combinations of the correction

faotors for the various data and thus the results of the analysis are

applioable to a far wider range of time-mean statistios than those studied.

These correction factors may also be applied to the results of experiments

with compartments of thd same scale whose shape, fire load and ventilation

fall wi thin the range studied and in the absence of more complete data, and

since they are small and non-significant for most laboratories, they will also

be applied where the ccmpartment is of a different scale, as in Series II of

the C.l.B. experiments.

Howev~, it is suggested that the data of L2' L3, L4' L5, L6 be adopted

as definitive and the data of laboratory 1,1 for Turnalls aabeatos board be

adjusted Using these results as a standard. For this purpose a 130 per cent

correction for rates of burning and a 105-106 per cent correction for IF is

appropriate. The data: indicates that, for rates of burning,. of the 30 per

cent correction; the greater part, about two-thirds, is due to differences

between materials, but the remaining third mayor may not be a true laboratory

bias.
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96

Correction Factors
(per cent)

L2 , L3, L4, L5, L6

125

105

R

Observation

factors have to be applied for the time-mean values of rate of burning, R,

and intensity of radiation from the flames above the window opening, IF,

although in the latter case the mean correction factor is comparable with

the accuracy of instrumentation and is only applied because the correction

factor for one of the fire load-ventilation combination is significantly

larger. Most of the variation between the laboratories is caused by

laboratory Ll, whose data: have been normalised by J.F.R.O. to a single

compartment material different from that of other laboratories. The

correction factors are as fpllows:
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Notations

p

R

T
tao

v

•shape factor f'or shape J - (c.f." (3.4) ).

total of observations of a statistic by laborator,y L

. (0.£.(3.2»

bias of laboratory L L (3.1)

bias of laboratory L ~ calculated from the values

of z~s (3.1)
-hi I;;,

Co'rrection factor = e for original data (3.4)

Correction f'ac tor- f"or the data 4>ys (3.4)

Correotion factor for statistic r (3.4)

fire load (Appendix 1)

intensities of" radiation (AppendiX 1)

Laboratory ;, (Table 1)

Number of Labo'rator-Le s with two shapes in common (3 ..2)

Number of laboratories with at least two shapes in

common (3.2)

Number of shapes studied by one laboratory (3 .. 2)

Rate of burning (Appendix 1)

Total of all observations of a statistic by all laboratories

for shape j (3.2)

Total of all readings of a statistic (3.2)

Time for the weight of fuel to fall to 80 per cent of its

initial value (Appendix 1)

Ventilation (AppendiX 1)

5 th replicate time mean value of laboratory L i f'or

shape j (2.1)

Value of xtis for the p1h.statistic 0.4)

~eometric mean of' ~lis (2.1)
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I
I

XUs

I ~j
~I 3ys

Ij)(
E

l4>ljs

I ~

1
(221 )

(211)

(121)

L/55
';5/?IJ
f!0/?IJ

IY'
I
I
I
I
I
I
I
I
I
I
I

Value of xys corrected laboratory bias (3.1)

Bias of shape j (3.1)

Transformed value of X~s (2.1)

Transformed value of tys (3.4)

Parameter defining transformation (2.1)

Error term (3.1)

Composite statistic (3.4)

Temperatures (Appendix 1)

Shapes (Appendix 1)

Time-mean period (1.1)

ConfiGUration factor of·~indo~ opening w.r. to radiometer.
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APPENDIX I

Definition of terms

a) Apparatus

(1) Shape of compartment

I
I
I
I
I
I,

I
I
I
I
I
I
I
I
I
I
I,
I
I
I
I

side a c
one quarter
open

side a c
fully open

a
Figure 1

Figure 2

-44-

(3) Ventilation, V

Windo,~ extend from the floor

to the ceiling and are always

placed in the a c side o£ the

box, and V is defined as the ratio

of the area of side a c. ~ne followinG

window openings have been explored:-

The shape of a rectangular compartment is designated by a three

figure code representing the three princ~pal dimensions (a b c) as

shown in Figure 1" Thus a (Ill)

type of compartment is a cubical

box; a (41+l) compartment is a box

with a square ground plan area and

having a height equal to *that of one

of the sides.

Shapes investigated in Series I

are 221, 211 and 121.

(2) Size of compartment

The size of the compartment is determined by the smallest linear

dimensions, for example, t, 1 or It metres. This is also the

compartment height. In Series I the size is 1 m in all the experiments.

(a) Side a c fUlly open,. denoted

by V = 1-

(b) Side a c quarter open, denoted by V =*~

This appendix defines the geometry of compartment s , and fuel, the

measurements made in Series I of the C.l.B. experiments; and the notation

used to denote them.



(4) Dispersion of fuel

b) Experimental proe edure

The following quantities were recorded and values were reported by the

laboratories at 2 min. intervals.

Figure 3
g = space between sticks expressed.

as a multiple of the stick

thickness.

Thus the dispersion in Series I is (2.1)

5) Fire load, F

p = stick thickness in em

The fuel used was 2 em square section and was arranged in cribs

with a cubic lattice as shown in Fig.3

with a 2 em space between the sticks.

In future work the dispersion of the

fuel will be defined by a two figure

code (p g) where

F is def'ined as the amount of fuel/unit floor area J expressed in

kilograms/sq.metre. The fire loads studied in Series I were F = 20 kg/m2

and F = 40 kg/m2 •
,,
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(1) Weight of fuel .eemai.ni.ng, Tho rate of bl.rning of fuel is denoted

by R (kg/min.)

(2) Temperature in Celsius degrees at the intersection of diagonals on

the plan and a quarter of the height below the ceiling and a quarter of

the height above the floor. These quantities are denoted by 90 and

Gb respeotive~~

(3) Intensity of radiatior~ :from the windows, I o• The radiometer was

plaoed centrally one fa I dimension Ln

:front of' the face containing the

window opening, as in Fig.4, and

shielded so that no radiation fell

upon it from the :flames above the radiometer

window.

Figure 4

- 45 -



(4) Radiation from the flames above the window

was placed centrally in the plane of the

window opening, 0/10 above the window~

In praotice sootin·g proved a problem 

the radiometer was often moved baok a

short di stance.

- 46

IF- The radiometer

radiometer

Figure 5
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0 t;> a
oM 0 oM.., ..,

}
..,.--1 Source o~ recalculation andTable '" ~
Q\ 0

oM "" ~ 0,0 comment..,
~!-Q\

~
~..,

fI2 ..,. H

3&) R 55/30 L3 121 20 ;\ • No measurements below 37.5 per
cent ~uel weight. The missing
value has been inserted by
assuming the value ~or the
replicate, since the weight-
time curves are similar apart
~rom delayed ignition.

3b) I o 55/30 L3 121 20 ;\ • " " " "
L6 121 40 * • Missing value inserted ~rom

repl,icate.
'r- L3 The original measurements were

0 made in error at 1 m.and,
have been adjusted to the
correct position at 2 m by
Iilultiplying the measured values
by the ratio o~ the conngur-
ation ~actors o~ the window
opening in the two positions.
This 'procedure was agreed with
laboratory L3 and assumes that
~diation is emitted only ~rom

the window.
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2.

3.

Appendix II

Details o~ recalculations in Table 3

Figures in brackets relate to recalculation by J.F.R.O.

Where there is no ~urther indication such a's • or a ~igure underlined,

the values are recalculation o~ statistics ~ound to be in error by

inspection o~ the original data.

Other recalculations are indicated by • or underlining, and details

are given in Table 14-.

Table 14

Details ~ recalculations o~ time-mean statistics

(Oont'd) •••

- 47 -



Table 14- (Cont~d)

~
I::

0 0.,-1' 0 oM r-I
+' +' lD +' 0 Source of recalculation and

Table ...
~

P< tIl..o
''';

~
I'« ~

~~ comment+'
til

~+' I::
CI> ..:I H

30) IF 80/55 L2 221 20 t • '!'he radiometer output exceeded

L4- 221 20 t • full-scale. '!'he missing values
have been estilna.ted by

L5 221 20 t • interpolation. This process of

IF 55/30 L2 221 20 t • estimating an off scale-peak is
admittedly not ve~ accurate

L4- 221 20 t • but necesaary,

L5 221 20 t •
IF 80/55 L2 221 4-0 1 • Missing values inserted from

L4- 121 4-0 1 • replicates.

IF 55/30 L2 _ 221 4-0 1 •
L4- 121 4-0 1 •

IF L4- under- No values of IF were measured
lining by L4-' '!'he missing values

inserted are those of N.B.S.
for the same shape, fire load
and ventilation. The 121
values are from Series I and
the 221 values are obtained
from axpEr.iments outside Series r.

3d) ~ 80/55 L2 211 4-0 t • Missing values inserted from

9b 55/30 L3 121 20 .1. • replicates
4

~ 55/30 L2 211 4-0 t •
3e) ec 55/30 L3 121 20 t • /Missing value inserted from

replicate.

- 4-8 ..;
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G I )~I e. ~ijs -hi
• xus - e
•• -

"'" -hi- (x." ) X f'rom (1) (3)- ~s e

(2)

(1)

-1,'/"'"e '" X

Appendix 3

2' . = 2" - b·~5 Us I

a' fA, e iJs X (2)X .. - f'rom
~s

Zl, - i!!.bsjx' -hi/~I

~5 - e e.

We have

•

But

To prove that, f'or data f'or which the logarithmic transf'ormation is

appropriate, the value of' ~Us corrected f'or laboratory bias is

1
XUs = X.US

and hence

and

I
I
I
I
I
I
I
I
I
I "

I
I

(
A. \~ -h-
X) e '"--

L.h; = 0 1 so that

(x:,)~, ==. (~) ~

I Now take the geometric means of' both sides of' tl\8 equation.

Then

I
But by def'ini tion

I
I

which is an inoreasing monotonio !'unction.

""'I "'"• X- ==-x• •

I
SUbstituting in (6) we arrive at the result

. I _ -bi/~I x: Us - X~s e

- 4-9 -
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Se!ltember 1968

Lynda Griffiths

I
I M ::PARATION OF DATA f'OR ANALYSIS

I
I
I
I SUNNll.RY

.Ii description is given of the procedure by ~lhich the experimental data
obtained from the C.I.B. programme studying fully-developed fires were

I prepared for analysis. The data on the report forms supplied by the
laboratories were put on to punched paper tapes. The mean values of the
rate of burning, temperatures and intensities over certain specified time

,- periods were calculated and put on to one data tape which also contained
a description of each experiment. Various adjustments were then made to
some of the data for three laboratories to allow for differences between

I
them and other laboratories. Finally an amended tape was prepared
from which data could be extracted for analysis.
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PREPARATION OF DATA FOR ANALYSIS

by

Lynda Griffiths

rnTRODUCTION

. This report describes the treatment prior to analysis of the results from

experiments on fully-developed fires in compartments, Various adjustments

had to lJe applied to some data to allow for differences bet>reen laboratories

and the data had to be checked and put into a suitable form for analysis.

The data consist of results from nine laboratories which participated in

the' first C,l.B. international programme making a total o~ 321 experiments.~

The .results were submitted on report. forms as shown in Appendix 1. The types

of experiment done were mainly as described in Table 1 of the reportl presenti~g

the proposals for the C.l.B. programme. Appendix 2 shows a complete list of

experiments carried out excepting the experiments in wind which were not included,

Because the amount of data W8.S large, it was put onto punched paper tape

and. calculations and adjustments were made by computer programs.

The first stage in the preparation of the data was the calculation of the

mean values of rate of burning, temperatures and intensities of radiation over

the 80/55, 55/30 and 80/30 time periods, The 80/55 period for example is the

time interval during which the weight falls from 80 per cent to 55 per cent of

its original value. These means were checked and a data tape prep"..red

containing these values and a description of the experiment in ter-ma of scale.

shape etc.

The second stage was to adjust some of the data to eliminat.e as far as

possible di:fferences between laboratories. Ad,;ustment:s were made to the

data from laboratory 0 to normalize these to one of t.he three compar-tment.

materials used by them. A previous analYSiS2 showed that an amendment should

be applied to the rates of burning and flame radiation to allow for laboratory

bias. Two laboratories which were not included in the previous analysis

were compared separately with the other laboratories. This was done by

analyses of variance and the necessary adjustments were made where the

differences between laboratories were significant.

* In still air
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PREPARATION OF THE DATA

This section refers to all the data except the 441. shape, 1.5 metre scale

experiments for laboratory 1. which were treated in a similar way but added. to

the data tape at a later stage,

The first stage. in the treatment of the data was to punch the original

report form data on a separate paper tape f.or each laboratory. (These tapes are

in five-hole Elliott code except for laboratories 5, and 9 which are in. Beven-hole.

Atlas code). Each experiment was given a heading which consisted of tsn numbers

forming a unique description of that, experiment - a laboratory number, repeat;

numbe~, test number, shape, scale, ventilation.opening, fire load density; fuel

spacing, fuel thickness and time of final reading. These are defined in detail

in Appendix 3. This was followed by the readings at two-minute intervals of

weight in kg, ceiling temperature and floor temperature in degrees C and radiation

from window and flame radiation in caLcm-2. s-1.. Next, came the mean values ofr

these readings over the 80/55 and 55/30 periods as given on the report. form in

the same order as abose , These were followed by the time for the weight to fall

to 80 p'3r cent of its original value (t80) and the configuration factor for the

experiment (which is a geometrical factor defined as the ratio of the intensity

at the receiving element to the intensity near to the radiator). Any missing
"

values in these and in other tapes were indicated by -99.

A computer program wa3 written to calculate the means of the readings over

the 80/30, 80/55 and 55/30 periods. The t80, t55 and. t30 times were first

calculated, by working out 80 per cent, 55 per cent and 30 per cent of the weight

at; 0 minutes then finding the times at which these weights occurred by

int:erpolation. The mean over t.he 80/30 period for a temperature or intensity

reading was caLcuIa t ed by taking the mean of the first reading after t80 and all

readings up to and LncIudang the readir.g before t30 e.g. if t80 was 5 min and

t30 was 11 min then the 80/30 mean for each statistic would be the mean of the

readings at 6, 8 and. 10 minutes. Similarly, the 80/55 mean is the mean of all

the readings after t80 and bsf'o.ce t55 and. the 55/30 mean is the mean of the

readings after .t55 and before t30. The mean values of rate of burning over the

80/30, 80/55 and 55/30 periods were calculated by dividing the weight loss over

this period by the time intervaL

On the output from the program for calculating the means, the computed.

80/55 and 55/30 mean values were tabulated against the report, form values so

that they cou.Ld be compared and errors due to incorrect punching corrected.

- 2.-
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In most experiments where there were differences between means, it appeared. that

the above methods of calculation had not been used, so to ensure consistency the

computed values were used for all experiments except in some cases where thene

was a missing.value in the results. This meant that the computer gave a missing

value (-99) for the mean also, while on the report form the missing value had

been estimated by interpolation and the mean calculated. For these experiments,

the report form values were checked and used.

The experiments were then sorted by scale, shape etc. into the order in

which they appear in Appendix 2. A new tape was than prepared, using the computed

means and corrected means where appropriate, consisting of the heading for each

experiment followed by the 80/55, 55/30 and 80/30 means, t80, t55 and t30 values

and the configuration factor. (This tape is in seven-hole Atlas code). The

441 shape, 1.5 metre scale experiments for laboratory 1 were added to this tape.

For these experiments, the mean values of the readings were calculated by computer

only in the same way as previously.

ADJUSTMENTS MADE TO THE DATA

Adjustments were made only to 1 metre scale data as for 0.5 metre and 1.5

metre there are not enough data to allow comparisons between laboratories to be

made and accordingly no adjustments were made for these scales.

First it was necessary to normalize the data for laboratory 0 to one of the

three compartment materials used as indicated in the report on the series I

analysis2• This was done by taking the value given f.or this material where

possible and adding and subtracting half the mean difference between repeats

for the other laboratories to give two new values whose mean is the original

value. Where this method was not applicable, that is, where neither value given

was for the compartment material to which data were being converted, theIl ratios

of the other materials to this one were applied as necessary. The values then

applied to only one compartment material but one which was different from the

material used by the other laboratories ..

The series I results for six of the laboratories had been included in the

previous analysis which showed that all the results could be pooled excepting

those from laboratory 0, probably due to the effect o.f a different compartment

material. It was found that applying a ratio of 1.3 to rates of burning and.

1 .05 to flame radiation results allowed for the laboratory bias, so these

amendments were applied to all 1 metre scale results for laboratory 0 (both

series I a~d series II).

Three laboratories were not included in the previous ana.Lysds , One 0:1::

these, laboratory 1., did not do any series I experiments so no comparison.s with

- 3 -



the other laboratories coulfu be made. The other two, laboratories 3 aruL8 were

analyzed separately against the others. There were two shapes for each of these.

laboratories where repeat values by other laboratories were available: these

were 121 and 211 for laboratory 3 and 211 and 221 for laboratory 8, both for

1 metre scale results. For each laboratory, values over the 30/30 period for

rate of burning, ceiling temperature, floor temperature., radiation from window

and flame radiation were analyzed separately. For each shape, the means of the

repeat values for the laboratory in ~uestion were comparefuwiththe means of the

repeats from the other laboratories. If the overall percentage difference was

less than five per cent, then no adjustments were considered necessary. If

however, the difference was lar~r than five per cent. then the data were

examined to see whether the differences were systematic. Occasionally, a fairly

large percentage difference was found to be due to one result which was very

different from the mean result of the other laboratories; in this case the

difference was ignored as no overall adjustment couLd,be applLed-, However,

where the differences appeared to be systematic the data were examined by

analysis of variance.

The results for each shape were analyzed separately. If the laboratory

effect was found to be significant at the five per cent level and there were

no interaction effects, then all the data for that shape were adjusted. If

there was a significant laboratory X ventilation interaction effect or

laboratory X fireload interaction effect then the ds.ta were analyzed separately

for each ventilation or fireload.. Adjustments were then made to the results

for which the laboratory effect was found to be significan~.

The adjustments made to the results involved applying the ratio of the

mean result of repeated experiments for the other laboratories to the mean

result of repeats for the laboratory being tested. The ratios found for the

80/30 values were also applied to the 80/55 and 55/30 values (as ratios

calculated from these values ware found to be almost the same, as those for

80/30 values). The actual ratios applied to the data are given in Appendix 4"

- 4 -
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CONCLUSION

The final. amended version of the data tape was used to prepare tables of

various values for inspection, also to prepare a data tape containing for each

experiment the description of the experiment. the 80/30 values. t80 and other

derived values (e.g. window area, Ic!~) which may be frequently used during the

analyses. A program was written to extract from this tape any specified groups

of data, such as all +ventilation data for 1 and 3 spacings, upon which multiple

regression analyses could be performed. (These tapes are in Atlas seven-hole

code and the amended data together with the derived values are also stored cn

magnetic tape in I.C.T. 1900 code).
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L?PE:TDrx 1

InTEilllATIONAL EXPE:1l:::SiTTS on FLP.ES IN SIMPLE COlIIPAR'IMENTS

REPORT roRi,!

Name of laboratory

JOINT FIRE RSS",\RCH ORGANISATIOn, BOREHAM WOOD, HERTS, Ei'!GLAND.

Description of expe:ciment J .F .R.O. Test No. 205

III
Shape 441
Size

,
1'2 metre

Windo\'! open.i.ng fUlly 2

~~
Amount of fuel 20 kg/m
Dispersion of DICl 1 spacing

(6) DDnelwion of fuel 2 em

Experimental results

Time (min) 0 7 4 6 8 10 12
\7ei.:;ht (kg) 720 717 711 695 661 609 555
Temperat"lre ~ ceil in" 15 123 200 356 755 792 803

(Oe) floor 15 56 92 200 635 606 694
Ra:liation ~from window 0.000 0.007 0.012 0.038 0.148 0.181 0.201
(c31 cm- 2s-1) from flame 0.000 0.006 c. .013 0.058 0.272 0.298 0.456

1,t 16 18 20 22 24 26
499 443 388 327 267 209 167
836 83::: 911 900 1135 1105 1100
,696 742 783 931 1049 1003 1079

0.209 0.214 0;214 0.216 0.203 0.201 0.198
0.570 0.547 0.503 0·775 0.467 0.40') 0.224

20 30 32 34
119 84 47 16

1047 997 921 836
972 941 8S0 72')

0.166 0.174 0.134 0.093
0.233 0.112 0.060 0.022

Statistics

Rate of weight ;,clean radiation !:lean radiation
loss from flames from window

( . -1) (cal
-2 -1) (cal -2 -1)kg man em sec em sec

RaO/55 R55/30 ~80/55 IF55/30
T I

055/30-eGO/55

27.75 29.75 O.~12 0.58 0.21 0.21

1.~enn Floor I\lnan ceiling Time to reach
"tcmDo:l"n'tu:co tcr111;Gl.':.:', Jl,Il.l~O 80;(, of oJ_'it;ir1ul

(Oe) (oC) crib weight
(min)

QW O/55 Qb55/30
Q

000/55
Q

055/30 t80
711 921 824 1011 11.22
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APPENDIX 2
LIST OF EXPERDIENTS

Ventila- Fireload Stick Stick Lab. Rpt. Lab. Expt. No.
Scale Shape· tion Density Spacing Size No. No. Test on Data

No. tape

0.5 121 0.25 20 0.33 2 7 0 43 1
1 2 7 0 46 2
1 4 7 0 49 3
3 1

~
0 52 4

3 2 0 55 5
0.5 20 0.33 2 7 0 I 44 6

1 2 7 0 I 47 7
1 4 7 0 50 8

i
3 1 7 0 I 53 9
3 n 7 0 I 56 10z;

I 1 .0 20 0 ..33 2 7 I 0 45 11
1 2 7 0 48 12
1 ,

4 7 0 51 13
3 I 1 I 7 0 .54 14
3 2 7 0 i 57 15

211 0.25 20 0.33 I ;> 8 I 0 I 15 16
1 2 3 I 0 I 4 17
1

,., 8 0 16 18c.

1 4 8 0 I 17 19
3 1 3 0

,
1 20I3 2 3 0 7 21

0.5 20 0.33 2 8 0 I 18 22
1 2 3 0 I 5 23I

1 2 8

I
0 t 19 24

i. 8 0
,

20 . 251
3 1 3 I 0 I 2 26

----1-- 3 2 3 0 I 8 27. -
--h0~- 20 I 0.33 21 8 I 0 I 21 28

1 2 I 3 0 ! 6 29I

I 1 2 8 0 I 22 30
1 4 8 0 I 23 31

I .3 1 3 0 , 3 32
3 2 3 0 I 9 33

I 221 0.25 20 0.33 ;> 0 I 0 , 31 34
1 2 0 0 i 32 35
1 2 1+ 0) I 36 36
1 4 0 !g !33 37
.3 1 4 I 34 38
3 n b. I 0 I 35 ~9c. I

0.5 20 0.5.3 I 2 0 0

I
34· 40

1 2 0 0 .35 41
1 2 4 0 38 42
1 4 0 0 36 43
3 1 4 0 39 44
3 2 4 0 37 45

1 20 0.33 2 0 0 37 46
1 2. 0 0 38 47
1 2 4- 0 32 48
1 4 a 0 39 49
3 1 4 0 33 50
.3 2 4 0 31 51
3 2 4 1 40 52-

-7 -



:Fireload IStiok
.

Ventila- Stick Lab. Rpt. Lab. Expt. No.
Scale Shape tion Dansi ty Spaoing Size No. No. Test on Data

No. tape

0.5
1

441 0.25 20 1 2 1 0 201 53

30 I 1 2 I 1 0 199 54

0.5 20 1 i 2 I 1 0 198 55

30 1 2 1 0 200 56

1 20 1 2 1 0 197 57
1 2 1 1 203 58

30 1 2 1 0 202 59

I 1 .0 11 21 0.25 20 0.33 2 7 0 17 60

I
1 2 0 0 7 61

i 1 2 0 1 15 62
,

! 1 2 3 0 20 63

Ii I 1 2 3 1 21 64;, ! 1 2 5 0 30 65I j
I 1 2 5 1 32 66
i 1 2 6 0 1 67

I 1 2 6 1 3 68

I 1 2 7 0 8 69 ,,

II
1 2 7 I 1 9 70
1 4- 7 i 0 26 71
3 1 7 i 0 29 72

I
•, ,

38,
3 2 7 i 0 I 73,

Ii I I,
;

30 0.33 2 7 0 I 18 74- I
,

I,
2 5 0 31 75, , 1 I

I 1 2 7 ! 0 41 76
l 1 4 7 i 0 27 77
I I 3 1 I 7 ! 0 30 78

3 2 7 i 0 39 79
I

,,
4-0 0·33 i 80, 2 7 0 19I 1 2 0 ! 0 6 81 I,

I! 1 2 0 i 1 12 82, • i! ! 1 2 3 0 10 83
I 1 2 3 ! 1 11 84- ..

I 1 2 5 I 0 28 85 iI 1 2 5
,

1 29 86
1 2 6 I 0 5 87 II

I ! 1 2 6 1 6 88
1 2 7 0

I
7 89, 1 2 7 1 12 90,

I 1 4 7 0 28 91

I
3 1 7 0 • 31. 92
3 2 7 0 I

40 93I I
I I I

0.5 20 I 1 2 5 0 34 94- r

I
30 1 2 5 0 35 95 !
40 1 2 5 I 0 33 96
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Vent i- Fireload Stick Stick Lab. Rpt. Lab. Expt. No.
Scale Shape lation Density Spacing Size No. No. Test on Data

No. tape

I 1.0 121 1.0 20 0.33 2 7 0 20 97
1 2 0 0 5 98

I
1 2 0 1 10 99
1 2 3 0 22 100
1 2 3 1 30 101
1 2 5 0 7 102

I 1 2 5 1 8 103
1 2 6 0 2 104-
1 2 6 1 4 105

I
1 2 7 0 1 106
1 2 7 1 11 107
1 4 7 0 23 108
3 1 7 0 32 109

I 3 2 7 0 35 110

. 30 0.33 2 7 0 21 111

I 1 2 5 0 39 112
1 2 7 0 42 113
1 4 7 0 24 114

I
3 1 7 0 33 115
3 2 7 0 36 116

40 0.33 2 7 0 22 117

I 1 2 0 0 2 118
1 2 0 1 "14 119
1 2 3 0 12 120

I 1 2 3 1 23 121
1 2 5 0 36 122
1 2 5 1 37 123

I
1 2 6 0 7 124
1 2 6 1__ _8_ __125_
1---2 7 0 5 126
1 2 7 1 14 127

I 1 4 7 0 25 128
3 1 7 0 34 129
3 2 7 0 37 130

I
I

I
I
I
I
I
I
I
I
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Vent i- Fireload Stick Stick Lab, Rpt.
Lab. Expt. No.

Scale Shape Test on Datalation Density Spacing Size No. No. No. tape

1.0 211 0.25 20 0.33 2 8 0 1 1.31
1 2 3 0 24- 132
1 2 3 1 25 133
1 2 4 0 1 134
1 2 4 1 6 135
1 2 5 0 5 136
1 2 6 0 9 137
1 2 6 1 10 138
1 2 7 0 4 139
1 2 7 1 16 140
1 2 8 0 26 141
1 2 9 0 6 142
1 2 9 1 14 143
1 4 8 0 2 144
3 1 3 0 15 145
3 2 3 0 28 146

30 0.33 2 8 0 5 147
1 2 3 0 18 148
1 2 5 0 6 149
1 2 8 0 13 150
1 4 8 0 6 151-

40 0.33 2 8 0 9 152
1 2 3 0 13 153
1 2 4 0 5 154
1 2 4 1 8 155
1 2 5 0 25 156
1 2 .6 0 13 157
1 2 6 1 14 158
1 2 7 0 2 159
1 2 7 1 15 160
1 2 8 0 27 161
1 2 9 0 5 162
1 2 9 1 13 163
1 4 8 0 10 164

0,5 20 1 2 5 0 3 165

30 1 2 5 0 27 166

40 1 2 3 0 32 167
1 2 5 0 24 168
3 1 3 0 33 169
3 2 3 0 35 170
3 2 3 1 38 171
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Venti- Fireload Sti.ck Stick Lab. Rpt. Lab. Expt. No.
Scale Shape lation Density Spacing Si.ze No. No. Test on Data

No. tape

1.0 211 0.75 40 3 2 3 0 37 172

1.0 20 0.33 2 8 0 3 173
1. 2 3 0 26 174
1 2 3 1 31 175
1 2 4 0 2 176
1 2 4 1 4 177
1 2 5 0 9 178
1 2 6 0 11 179

.,

1 2 6 1 12 180
1 2 7 0 3 181
1 2 7 1 13 182
1 2 8 0 24 183
1 2 9 0 8 184
1 2 9 1 12 185
1 4 8 0 4 186
3 1 3 0 16 187
3 2 3 0 29 188

30 0.33 2 8 0 7 189
1 2 3 0 19 190
1 2 5 0 10 191
1 2 8 0 14 . 192
1 4 8 0 8 193
3 1 3 0 17 194

40 0.33 2 8 0 11 195
1 2 3 0 14 196
1 2 3 1 27 197
1 2 4 0 3 198
1 2 4 1 7 199
1 2 5 0 26 200
1 2 6 0 15 201
1 2 6 1 16 202
1 2 7 0 6 203
1 2 7 1 10 204
1 2 8 0 25 205
1 2 9 0 7 206
1 2 9 1 9 207
1 4 8 0 12 208
3 1 3 0 34 209
3 2 3 0 36 210
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ILab.
,

ScaleIShape Ventila- Fi.reload StiGk Stick Rpt. Lab. Expt. No.
Test on Data I

tion Density Spaning Size No. No. I
I No. tape i I,

1.0 221 0.25 20 0.33 2 0 0 17 211
1 2 0 0 3 212

I1 2 0 1 13 I 213
i 1 2 4 0 10 214

1 2 4 ! 1 15 215
1 2 5 i 0 14 216 I

I
1 2 5 I 1 15 217
1 2 8 0 30 218

I 1 2 9 I 0 1 219 II 1 2 9 1 10 220
1 4 I 0 I 0 19 221
3 1. 4 I 0 28 222

I3 2 I 4 i 0 21 223

, ,
II

30 0.33 2 I 0 i 0 21 224I

I.1 2 0
,

0 29 I 225I

1 2 4 I 0 24 i 226
i 1 2 5 0 13 227

I 1 4 0 I 0 23 228 I3 1 4 I 0 29 229, 1

i 3 2 4 I 0 22 230

I II 40 0.33 2 0 1 0 25 231

I I 1 2 0 i 0 8 232
1 2 0 i 1 11 233

i I 1 2 I 4
. j

0 11 I 234 II

I1 2 4 i 1 16 235
I I

1 1 2 5 : 0 11 I
236

I 1 2 5 i 1 12 237

I II 1 2 8 ! 0 31 I 238
1 2 9

i 0 3 I 239, i
1 2 9 i 1 16 I 240 I I,
1 4 0 i 0 27 I 241

1 3 1 4
, 0 30 242,

i 3 2 4 I 0 23 I 243, : I II I , \

0.5 20 1 I 2 5 ! 0 18 244

30 1 2 5 \ 0 16 245 I,

40 1 2 5 I 0 17 246

I
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Vent i- Fireload . Stick Stick Lab. Rpt. Lab.. Expt. No.
Scale Shape lation Density Spacing Size No. No. Test on Data

No. tape

1.0 221 1 .0 20 0·33 2 0 0 18 247
1 2 0 0 1 248
1 2 0 1 16 249
1 2 4 0 9 250
1 2 4 1 12 251
1 2 5 0 22 252
1 2 5 1 23 253
1 2 8 0 28 254
1 2 9 0 2 255
1 2 9 1 15 256
1 4 0 0 20 257
3 1 4 0 25 258
3 2 4 0 17 259

30 0·33 2 0 0 22 260
1 2 0 0 30 261
1 2 4 0 19 262
1 2 5 0 20 263
1 4 0 0 24 264
3 1 4 0 26 265
3 2 4 0 18 266

40 0.33 2 0 0 26 267
1 2 0 0 4 268
1 2 0 1 9 269
1 2 4 0 13 270
1 2 4 1 14 271
1 2 5 0 19 272
1 2 5 1 21 273
1 2 8 0 29 274
1 2 9 0 4 275
1 2 9 0 11 276
1 4 0 0 28 277
3 1 4 0 27 278
3 2 4 0 20 279

--
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Scale Shape Ventila- :Fi.reload Stick Stick Lab. Rpt. Lab. Rxpt. No.

tion Density Spacing Size No. No. Test on Data
No. tape -

1.5 211 0,25 20 0.33 2 6 0 17 280
1 2 6 0 23 281

. 1 4- 6 0 29 I 282
3 1 6 0 35 283
3 2 6 0 4-1 I 284-I

30 0·33 2 6 0 18 285
1 2 6 0 24- 286
1 4- 6 0 30 287
3 1 6 0 36 288

I

3 I 2 6 0 • 4-2 j 289i
6

I •
4-0 0·33 2 0 19 I 290 I1 2 6 0 25 , 291

1 4- 6 0 31 I 292 I
3 1 6 0 37 I 293 i

I I3 2 6 0 43 I 294-
:

1 .0 20 0.33 2 6 0 20 i 295
1 2 6 0 26 I 296
1 4- 6 0 32 ; 297
3 1 6 0 38 i 298
3 2 6 0 44- I 299

I

30 I 0.33 2 6 0 21 300 I
1 2 6 0 27 301
1 4- 6 0 33 302
3 1 6 0

I 39 I 303
3 2 6 0 4-5 304-

40 0·33 2 6 0 22 305
1 2 6 0 28 306
1 4- 6 0 34- 307
3 1 6 0 40 308
3 2 6 0 46 309

- 14- -

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

Ventila- Fireload Stick Stick Lab. Rpt. Lab. Expt. No.
Scale Shape tion Density Spacing Size No. No. Test on Data

No. tape

1.5 411 0.25 20 1 2 1 0 204 310

30 1 2 1 0 211 311

40 1 2 1 0 215 312

0.5 10 1 2 1 0 209 313
10 1 2 I 1 1 214 314

20 1 2 1 0 207 315

40 1 2 1 0 208 316

0.75 10 1 2 1 0 212 317

10 1 2 1 1 213 318

1 .0 20 1 2 1 0 205 319

30 1 2 1 0 210 320

40 1 2 1 0 206 321

- 15 -



Explanation and values of terms used in the experiment description

APPENDIX 3

Laboratory Number

o
1

3

4

~~
7
8

9

Repeat Number

o
1

Test Number

Shape

Scale

Ventilation opening

Fireload density

Fuel spacing

Fuel thickness

Laboratory Name

Cormnonwealth Egperimental fuilding Station, Australia.

Joint Fire Research Organisation, United Kingdom.

Centre Scientifique et Technique du ~timcnt, France.

fundesanstal t flir Material{irftfung, German Federal Republic.

Forschungastelle flir Brandschutztechnik an der Universit!1t,
Karlsruhe, German Federal Republic.

Centrum veor Brandveiligheid, Instituut T.H.O., Netherlands.

:rJuildinc Hesearch Institute, Ministry of Construction, Japan

National Bureau of Standards, U.S.A.

(2 vas originally designated to another labomtory wnfch

did ".1ot part Lcf.pabc , )

First experiment of this type by the given laboratory.

Repeat experiment by the given laboratory.

the original experiment number given by the laboratory
or a sequence number assigned by J.F.R.O.

width, depth and height relative to height 121, 211, 211 or
441.

height of' compartment in metres 0.5, 1.0 or 1.5.

fraction of' width of compartment f'orming an cpenl.ng
0.25, 0 •.5, 0.75 or 1.0.

density of fuel bed in kg!m2 10, 20, 30 or 40.

ratio of space between sticks to stick thickness
0.33, 1 or 3.

thickness of stick in em. 1, 2 or 4.
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APPENDIX 4

Summary of ratios applied to laboratories 3 and ~

Shape Vent In. Fireload R Se st Io-l

LABORATORY 3 121 0.25 20 0.87 0.92 0.905
40 0.87 0·97 0.934

1 .0 20 0.875 0·92 0.967
40 0.875 0.94 0.827

211 0.25 20 1-07
30 1 .15
40 1 .23

0·50 40 1-24
0.75 40 1.24
1.0 20 1-27

30 1.26
40 1.26

LABORATORY 8 211 0.25 20 0.89
30
40

1.0 20 0.743 0·54
30 0.743
40 0·743

221 0.25 20
40

1.0 20 1.263
40 1.263

-----,
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In general as the floor departs in shape from a square, fires tend to
be both longer lasting and hotter.

is very close toThe ratio between I I ¢ and R/A is 1440 Jig which
the value obtained for lRrge ventilation openings.

The variations of other measured quantities with the experimental
conditions have been established; these included temncratures, intensity
of r~diation at the ventilation opening (I j¢) and time to burn the first
20 ~er cent of the fuel. The relation be~ween 1_ I ~, temperature and .
other variables suggests that i I ¢ may be a better measure of the 'Intensity'
of a fire than that given by the o.emperature of thermocouples suspended
within the compartment.

A. J. H. Heselden and P. G. Smith

SUHlli8.RY

An analysis by means of multiple regression has been made of the results
of the fires in simple compartments with restricted ventilation openings,
i.e. with ventilation openings t of the area of the front face of the
compartment. The quanti ty H/w, where R is the mean rate of burning
and A and H the ventilation opening area and height respectively was
largely constant, depending to a significant but small extent on shape and
scale and to a much smaller extent on fire load density and fuel spacing.

August 1968
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ANALYSIS OF THE EXPER1JI!ENTS

PART 2. FIRES WITH RESTRICTED VENrILATION

~. J. M. Heselden and P. G. Smith

1. Introduction

Following the completion or the bulk or-the projected experimental rires in the

C.I.B. International Co-operative Programme on rully-developed rires in simple

compartments, the experimental data have been processed and an analysis carried out,

initially on those rires with-a ventilation area or ~ or the rront wall or the

compartment.

For brevity in this report rererence to the compartment shapes and 3xperimental

con§itions usually made by means or simple codes. These are derined in the

Appendi,,;

A tape containing all the experimental data can be- supplied to participating

laboratories, and summary data tables have been produced_

2. Results

Adjustments have been made to some or the experimental data supplied. Firstly,

some arithmetical errors were detected and rectiried and values ror all statistics

calculated ror the aO/30 period. Secondly, adjustments were made to the data

(RaO/30·' 90 aO/30' 9b aO/30' (IoJl'>a0/30' but not tao. t 55 or t 30) rrom three
laboratories whose results were systematically slightly dirrerent rrom those or the

majority or the laboratories, so that all the data could be pooled. These dirrerences

appeared to be very largely due to dirrerenoes in the material used ror lining the

oompartment and the data were normalised to rires in oompartments lined with the

thermal equivalent or asbestos millboard (thickness 1.0 om, density 1.1 g/cm3 and

thermal conduotivity 3-4 x 10-4 cal s-1 cm-1 degC-1).

-The corrections and adjustments made will be reported in detail separately.

3. AnalYsis

3.1; General

The analysis has been oarried out on the aO/30 values or those variables

wh.ich are averaged over a period or time.

Some or the experiments with i spaeIng appeared to be anomalous and in any

case many rires with fUel beds packed as closely as this tended to burn markedly

dirrerently rrom those with more widely packed fUeL The i spaoing data were

• For explanation or symbols see Appendix;

\ - 1 -



• In a completely balanced arrangement they would of course be zero.

-2-

significant at least at the 5 per cent level,and no non-Significant terms,

were obtained.

As will be seen shortly, although the existence o~ a coefficient may

be established statistically, this does not mean that it is of practical

importance~ it may govern only a small variation.

The variations produced in the dependent variables by changing the level

of the independent variable from the lowest to the highest values in the

experiment are also shown in Tables 1 and 2 where appropriate.

Owing to the design of the experiment, correlations between the

independent variables are almost all wea.k*. Table 3 shows the correlation

Analysis (continued)

3.1. General (continued)

there~ore omitted from most of the statistical calculations, and introduced for

comparison at a later stage in the analysis.

The data were not in a balanced enough form far variance analysis and were

therefore analysed by means of mUltiple regression, Certain parts of the programrn

could be analysed in a balanced form as was originally intended. This may be

necessary later but the present regression analysis refers to all the data.

To simplify the selection of data on which mUltiple regression analyses were

to be carried out, it was decided to omit all experiments for which one or more of

the 80/30 statistics was missing (except for. the statistic If 80/30 which was

treated separately). The number of experiments thus omitted for ~ ventilation.

was 3 viz: 211 shape, 40 kg/m2, 2.1 crib; 221' shape, 40 kg/m2, 2.1 crib and

441 shape, 30 kg/m2, 2.1 crib, in a total of 123. This should not affect the

analYsis.

MUltiple regressions were obtained for the dependent variables

(e.g. burning rate, temperature, radiation intensity etc.) on various combinations

- cm
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2
- kg/m

of the following independent variables:-

1. Scale (i.e. height of compartment) - m

2. Fire load density

3. Fuel stick spacing (relative)

4. Fuel stick thickness

5. Width/Height. ratio of compartment

6. DepthjHeight ratio of compartment

Both dependent and independent variables were transformed by taking

logarithrr,s to base 10. The regression coefficients, and their significance

levels, the constants and residual standard errors obtained are given in

Tables 1 and 2. As far as possible regression equations containing only terms·

3.



3.

1
Accordingly the regression equations were calculated using R/AH2

as the dependent variable.

It will be seen f'r-om regression 1 (Table 1) that although some systematic
1

variations have been ~ound, R/AH2 was not very sensitive to changes in the

independent variables, a 4 ~ ~old increase in widt~height causing a 35 per cent
,1'

increase in R/AH2, 3-~old increases in scale and f'ueL spacing causing a

15 per cent decrease and a 5 per cent increase respectively and a 2-~old

increase in ~ire load density causing a 6 per cent decrease.

Further regression analyses were made to discover whether the ef'f'ect o~

compartment shape could be adequately described in terms o~ the ratios

compartment widt~height an~ dept~height, and how much of' the variation with

scale could be ascribed to di~f'erences between t and 1 m and between 1 and 1t m

scale. These analyses were per~ormed by replacing these independent variables

by dummy variables which could assume the values a or 1 as in Table 4.

-3-

Ana~ysis (continued)

3.1. General (continued)

coe~~icients between pairs o~ most o~ the variables used, dependent and

independent. The highest correlation between independent variables is that

between ~el thickness and ~uel spacing (correlation coe~~icient r =0.56).

In some cases an equation was f'ound in which neither of' these ~ actors was

sign~icant when both were included, but when the least signi~icant one was

omitted the other could reach significance. There are low correlations between

scale and ~ire load density (r = 0.32), scale and dept~height ratio (r= -0.21)

and dept~height and widt~height (r= -0.21).

This correlation between ~uel thickness and spacing can be avoided by

taking distance between stick centres, which is less correlated with spacing,

instead of' f'uaL thickness ('the distance between stick centres would be

entirelY uncorrelated with spacing i~ the data were symmet~ical) and this was

tried in some regressions but no appreciable changes in the regression coe~~icient:

of' the remaining variable s were caused.

3.2. Rate o~ burning

Preliminary plots o~ the data showed ,that the rate o~ burning of' all the

~ ventilation experiments' (apart £'rom those with ~, spacing)was reasonably close

to that predicted by the relation:

I
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where

and

1- (1 )
R= k A H2

k is about 5.5 - 6 3

R is the burning rate (kg/min)

If. is the area of' the ventilation ' . (2)openang m

H is the height o~ the ventilation opening (m)



Table 4

Dummy variables used to
explore variation with scale and shape

Shape of Dummy variable.
compartment A B C

441 1 0 0

221 0 0 0

121 0 1 0

211 0 0 1

Scale D E

t 1 0

1 0 0

1t 0 1

Dummy variables were not of course inserted in the regression equations as
.l .

logarithms, for example· the regression equation for R/AH2 was of the form:
1

log10 (R/AH2 ) = ao'" "'4 log10 (Fire load density)

+ "s log10 (Fuel spacing)

-+ a10A + a
11

B +. a12C+ a
13

D ... a14 E
1

Dummy variable A for example gave a measure of the difference in R/AH2

between shape 441 and the other 3 shapes, and variable D a measure of the
. 1

difference in R/AH2 between the t m soal~ and the other two scales. Allowing

for the different numbers of observations for each shape and scale, differences
.l

in R/lH2 produced by deviations from an arbitrary standard shape (chosen as 221),

or scale (chosen as 1 m), were calculated from the regression coefficient and

are shown in Table 5.

-4-
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1

These relative values of R/AH" for various shapes are shown in Fig.1. on

scales of compartment dept~height and widt~height.

R/AH2 Number R/AH2 Number

Shape (relative) of Scale (relative)
of

observations m observations

221 1.00 34
1 1.09 16"

121 0.71 35 1 1.00 90

211 0.80 47 1t 0.95 14

441' 0.85 4

4 ----------------Io~~(

I
I
I
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Depth
Height

Table 5
.1

Relative values of R/AH 2 for various
compartment shapes and scales

121 221

2 ---0-~
I

~11

I 0. 801
I
I
I

I

2

.1
FIG.1. R/AH2 for various shapes relative to the

221 compartment

-5-
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--G:b,
I
I

f

t

in the region of 5.5 to 6.0·for

comvarison with values derived fr~
3 m, a stick spacing of 1 and a

scale 3 m
stick spacing ·1
Fi:roe load. density

2

-6-

1

Width
~---or----~-------or-o-----Height;

121 221

---[HJ--~
t I
I I

,.,.1111 211

1 -~-[5-61--0
I I
I t
I t

The retia of linear size in plan to the height; is
clearly less important than the relative size of the
two sides of the fLoo r , .

1

FIG.2. R/AH2 for various shapes

Dept~

Height

1,2 1

Previous work- established a value for R/AH2

fires in compartments of near cubical shape and a

regression 8 is shown in Fig.24 taking a scale of

fire load density of 40 kYm
2•
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Examination of the data showed that although interaction between variables

was not likely to be large the terms (shape-fire load density) and (spacing

fire load density) were most likely to be significant. However, product terms

for these combinations proved to be non-significa~t when included in the

*regressions •

A check on whether the fit of the final equation was satisfactory was made

by comparing the residual standard error about the regression with the standard

deviation of the replicates. Table 6 shows that these two quantities were about

the same showing that there is no point in trying to improve further the fit of

the regression equation~ except that perhaps for tao.

Table 6
Comparison between the residual variation

about the regressions and the standard' deviation
cilf replicates

Residual
standard Standard

Dependent Regression error deviation
variable number about of

(~greSsi~) (?licat~)
[ner cent [ner cent

1 1 12.3
R/AH2 a 12.0 1103

9 11.1
2 '.9

9 OK 3 .4 4.0c
10 '.a
11 E.8

\ OK 4 10.3 10.0

S 2~.a

Io/~
6 20.7

12 20.4 18.3
13 23.5

tao
7 ~4 14.5

14 33

A regression analysis was also carried out using the means of replicated

results(which are largely 2 cm stick thickness and 1 spacing) so that the bias

towards this fuel bed was eli.minated, the coefficients obtained being shown

in Table 2. The general pattern is not very different from the regression with

replicates included separately (compare regressions a & 9, Table 2) there are

significant differences in the same direction between shapes, and between

scales, but the fire load density and fuel spacing terms, which in any case

• These were included as log (spacing) x log (fire load density) etc.

- 7 -
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were not large, have disappeared.
1

Values of R/AH2 for i spacing, calculated from regression 8, are shown

in Table 7 to be greater, in some cases substantially greater, than measured

values, indicating, perhaps, that the restriction to ~he air supply was

controlled by the fuel bed itself, not the opening.

Table 7
Measured and calculated values of

1

R/AH2 and 9 for S spaoing cribso

Fire
1 .

Calculated R/AI!2 .. 9 °c ....
Scale load c

density or

kdm2 measured 211 221 121 211 221 121m

t
20 C 6.71 7.07 5.76 11.51 1006 950

M 7.13 6.79 4.75 945 825 712

20 C 6.11 6.~4 5.24 1352 1187 1122
M 5.12 4,80 1.s6 699 828 873

1 30 C 5.89 6.21 5.06 1319 1157 1094
M ~.86 5.26 4.00 10S8 927 937

40 C 5.74 6.05 4.93 1295 1136 1074
M 4.92 4.60 3.24 1051 956 746

20 C .5.70 1572
M 2.08 - - 916 - -

1t 30 C 5.50 1534
M 2.10 - - 964 - -

L 40 C 5.36 - - 1508 - -
1!I 2.29 1048

.. Calculated from regression 8
.... Calculated from regression 10 and converted from

deg. absolute to deg.Centigrade.

3. AnaJ,ysis (continued)

3.3· Temperature near ceili.~ (Ilo)
The statistffioal analysis of this variable proceeded in a similar

1

manner to that for R/AH2 but 9c was found to depend on different variables

and an interaction term (depth/height x fuel spacing) was found to be

significant. Table 1 g:i.ves parameters for the regressions with and without

the interaction term, and their relative effects on 9c OK over their

comp.Le t,e range. No improvement of fit was obtained by including an
1 0

R/AH2 term. The variables having most effect on 9c K are scale, fuel spacing

and depth/height ratio.

-8-
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Height

42
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121 221

2---~-El
I

211

~
I
I

oK f'or- various shapes relative to the 221 compartment

Depth 4
Height

Fig.3. 9
c

.. Not signllicantly di~~erent

Analysis (continued)

3.3. Temperature ?ear ceiling (gc) (continued)

As with R/AH2 the e~~ect o~ separate shapes and scales was explored

by means o~ dummy variables and the relative values o~ 9
0

OK obt~ined are

shown in Table 8. Since these were obtained without the interaction term

they should be regarded as applying mainly to the 1. spacing data.

Table 8

Relative values o~ g OK ~or various
ccompartment shapes and scales

g OK Number g
c UK Number

Shape c
o~ Scale o~(relative) (relative)observations m observations

221 1.00* 34 .1- 0.89 162

121 1 .01" 35 1 1 .00 90

211 1.11 47 1t 1.12 14

441 0.88 4

These relative values o~ gc OK ror various shapes are shown in Fig.3

scales o~ compartment depth/height and width/height.

441
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3. Analysis (continued)

3.3. Temperature near ceiling (9c) (continued)

The fall in 9c Ox with depth/height ratio predicted by regression 2 is

seen in Fig.3 but the rise with width/height ratio is more obscure.

so that'despite the low value for this shape regression 2 has just managed

to find the increase of 9
c

oX with width/height significant. The pattern

of Fig 3 should represent the real situation more closely.

The effect on temperature ~inserting the fuel'spacing x depth/height

interaction is shown in Table 9. Broadly temperature is raised for the

(D/H = 1, spacing =3), condition and lowered for the (D/H = 4, spacing

condition.

Table 9
Variation of 9 OK with and without
spacing x dept!Vheight interaction

9 oK
.~

D/H=1 D/H=2 D/H=4

I 1 1298 1140 1000.. <:
Q) 0o .p oMeo :Z;<:+,

<: .... " 3 1076 945 829*.... alo
~

" .. 6 1 1283 1146 102'3Q) ....
rl +'+'
Q) <: "" H al
~ 3 1139 912 73C!"

Each value in the table is a temperature calculated
from regressions 2 or 3 , using mean values for scale,
f:ireloan density,-fuel-thickness and width/height ratio.

*There are no experimental data for this combination of
fuel spacing and depth/height ratio.

It is fortunate that,only'one interaction containing a property of

of the crib design (stick spacing) has been found to be significant since

there are more results for 2, 1 cribs than for any other stick size or

spacing and the bias in favour of this stick thickness and spacing is not

therefore of much importance. If, for example, for 9c there was a substantial

interaction between scale and g;tick spacing then the coefficient for scale

would largely represent variation of Go with scale only for the 2,1 cribs.

-10-
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The regression with the data containing averages of all replicated tests

is very similar to that obtained with all the data (compare equations 10 and 11,

Table 2) except that the fuel thickness term, which in any case was not very

large, has disappeared.
I

Temperatures for the ~ spacing experiments, calculated from regression 10

are higher, in some cases very much higher, than those measured (Table 7).

3.4. Temperature near floor ('\)

Table 1 shows that Gb oK is closely related to G
c

oK; the coefficient of

0.99 is not significantly different from unity (the coefficient for direct

proportionality). 9
b

oK also depends. on fuel spacing and fuel thickness. There

is a sUbstantially larger variation in Qb than in 9c' In some cases 9b would have

been measured at a point just inside the crib, but no systematic effect of this

on 9
b

could be detected.

3.5. Intensity of radiation at the ventilation opening (Io/~)

Two versions of a regression equation are shown in Table 1, the first

(regression 5) having independent variables describing the compartment and fuel
1

alone, the second (regression 6) including also R/AH2 and 9 oK, i.e. measurementsc
made during the course of the fires. The fit of the second is substantially

better than the first because of the heavy dependence of Io/~ on the temperature.

The effect of separate shapes and scales is shown in Table 10, and relative values

for various shapes are shown in Fig.4 on scales of compartment depth/height and

width/height.
Tabl.e 10 I

Relative values of o/~ for
various soal.es. and compartment shapes

Shape J.oli' . Number Scale
1.041 Number

(relative) b of t" (rela .ve) obser?~tionso serva l.ons m

221 1 .00* 34
1 0.72 162

121 1 .08'" 35 1 1 .00+ 90

211 1 • 2.5 47 1t 1.02+ 14

441 1.54 , 4

.,+ Not significantly different

"-11-



IFIG.4. o/~ for various shapes relative to the
221 compartment.
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1

Replacing the term R/AH2 in regression 6 by a term R/A gives

essentially the same equation, with an adjustment to the coefficient of

scale (i.e. height, H).
1

Several sets of data for well ventilated fires in compartments have

given a relationship of the form:-

I
~ ~ a constant, of value about 1450 - 1650 Jig (350-400 c~g)

The mean value for this quaht~ in the present restricted ventilation

experiments is 1440 Jig (340 cal/g) which is very close to the values obtained

for well ventilated fires, emphasizing still fUrther the fundamental importance

of the quantity (Io/ ,0)/ (R!.A) •. Regression 6a in Table 1 shows that this quantity,

though not strongly dependent on any variable, does depend to some extent on a

number of variables, particularly scale and depth/height ratio of the compartment.

The regression of I o/¢ with the dat~ containing averages of all replicated

tests is generally similar to that obtained with all the data (compare.

regressions 12 and 13, Table 2) except that the dependence of Io/~ on temperature

is weaker and on fire load density is opposite in sign but still small ~

As for G , values of Io/~ for ~ spacing calculated from regression 12 arec .
much larger than the measured values but have not been included in Table 7.

3.6. Time to burn the first 20 per cent of fUel (tao)

The time to burn the first 20 per cent of the fuel is strongly influenced

by many factors (Tables 1 and 2) and has a very high residual variance. No

significant interactions could be found however. Relative values for various

shapes and scales are ahown in Table 11 and Fig.5o

Table 11
Relative values of tao for

various scales and compartment shapes

tao
Number

tao
Number

Shape of Scale of
(re.lative) observations m (relat.ive) observations

221 1.00 .34
1 1.24 '162"

121 1.12 35 1 1.00* ·90

211 0.69 47 1~ 1.02* 14

441 1.50 4

*Not significantly dif.ferent
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4. Discussion
1

The relative constancy of the ratio R/AH2 shows .that these fires were

substantially ventilation controlled as expected. The biggest variations in
1

R/AH2 were produced by changes in shape, the largest difference (some 30 per
1.

cent) being produced between shapes 121 and 221. Highest values of R/AH'
1.

were obtained with compartments having a square floor, although R/AH'

appeared to fall slightly as the compartment became relatively less tall.
1

As the floor shape departed from a square, R/AH2 decreased somewhat.

A 3-fold increase in scale gave only an 18 per cent decrease in
1

R/AH2, and this was caused by differences between both the ~ and 1 and the 1

and 1~ m scales. The reason for this decrease with increasing scale is not

clear. The effects of fire load density and fuel spacing were very small,

although in some cases the closely packed cribs (t spacing) burned at a much

lower rate than the more loosely packed cribs indicating some control by the

fuel bed. A number of fires with t spaoing cribs went out and had to be

relit.

The temperature registered by a thermocouple near the ceiling depended

mainly on the scale, the fuel spacing and the shape of the compartment. The

substantial increase with increasing scale between both ~ and 1 and 1 and 1~ m

scales is very much to be expected. Such an increase has been found before3•

Although the heat release should depend, in these ventilation limited fires,

on AH~, i.e. on L5/ 2 for a given shape where L is a characteristic length,

the heat conducted into the walls and ceiling and the heat radiated from the

ventilation opening will depend on areas, i.e. on L
2

terms, so that as L

increases temperature must also increase.

Increasing the depth/height ratio of the compartment decreased the

temperature, and this may be either because the depth of the flame zone was

limited or because the wall and ceiling surfaces over which heat could be

lost were increased in area.

Increasing the fuel spacing may affect the position of the flame zone

to which the thermocouple may be sensitive. Increasing the fuel spacing

with constant fire load density increases the height of the crib and so far

as the flame above the crib is concerned may have some similarities with

increasing the depth/height ratio of the compartment. Increasing the fire

load density has the same effect, though much smaller Temperature. near the

ceiling was the IllOsti ;reprcducible of all the measurements.

-15-



It is to be expected that Io/~ should depend almost entirely on the

temperature of the fire, indeed in one series of experimental fires at the

Fire Research Station the expected 4th power relation-with absolute temperature

was f'ounn
4• In the present experiments a substantially better fit is obtained

in the regressions when a temperature term is included, but the coefficient,

i.e. the power to which absolute temperature is raised is only about 1.6, and

many other factors are found to be statistically significant, which would be

expected to influence Io/~ only through their effect on temperature. Some of

these factors even had opposite effects on temperature and radiation intensity,

e.g. increasing fire load

intensity of radiation.

density decreased temperature but increased the

The effect of scale is however understandable - thicker flames at the

The residual standard error of Io/~ is rather large.

Thus although the rate of burning of fires in compartments with restricted

ventilation openings (and hence their duration) can be predicted with some

accuracy from equation (1) using only the area and height of the ventilation

opening, regressions 8 to 13 show that there are small residual effects of

shape. These cause shapes differing from the 221 shape to give hotter and

-16-



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

slightly longer lasting fires than would be predicted by equation (1).

The time taken to burn the first 20 per cent of the· fuel is a measure of

the rate of growth of the fire in its early stages and is compounded of a time

to attain full development, broadly "flashover" (this being determined in part

by the linearrate of spread of fire through or over the fuel bed)and a time

after full development when the rate of burning should approach that of the

aO/30 period. Some factors m~ therefore influence tao by their effect on the

earliest stages of growth of the fire and some factors by their effect on the

fully developed fire.

The regressions in Tables 1 and 2 show that a good many factors influenced

tao' some, for example compartment shape, quite strongly. The residual standard

error is large, and much greater than that of the replicated tests (Table 6)

but an examination of the residuals from the regressions failed to show any

explanation beyond their considerable irregularity. No systematic non-linearity

in the main effects, nor low order interactions, nor any correlations with

additional variables could be found. Nevertheless several clearly defined

relations emerge from the regressions as follows.

The largest effect was produced by the depth/height ratio of the compartment

and this will be due to the larger fire load (total amount of fuel) of the deeper

compartments, 20 per cent of which would take longer to burn. It is also probable

that with deeper compartments the fire, lit at the front, had to travel further

into the compartment before the transition to a fully developed fire occurred

and if so should have given longer development times since the initial rate of

spread fs similar to that for the fuel in the, open and is therefore largely

set by the stick thickness and spacing in the early stages5. No direct evidence

is however available to support this possibility.

tao decreased strongly with increasing fuel spacing, a reflection of a

faster initial rate of spread since fuel spacing had a very small effect on the

fully developed rate of burning. It increased strongly with fire load density;

although a taller fuel bed should have given an earlier flashover the major

part of this effect will be related to the higher fire load.

It is hard to see why thicker fuel or larger scales should have given

shorter times.
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Table 1 (contfd)

Coefficients

a1 a2 a3 a4 a5 a6 a7 a8 a9
Residual

Dependent Regression Constant
variable number tenn Fire Fuel Fuel Fuel standard

R
gc% Scale load spacing thick- Width Depth spacing - error

1.J density (reL) ness Height Height D/H

kg/m 2 cm w/H D/H interaction +
ao m

5 0.4627 - - 0.592 0.064 -0.128 -0.039 0.344 -00301 - 0.093
IcI~ .... NS • • ••• ••• (24$6)

cal cm-2s-1
~ -13% -5% 6010 -35%

6 -5.0297 0.287 1.640 0.269 0.188 0.128 - 0.208 - - 0.082

• ••• •• •• •• ••• (2-1%)

19% 15010 35% 14% 1~ 39%

I/~
6a -0.4157 - - 0.232 0.160 -0.160 - 0.120 -0.320 - 0.096

RIA •• • ••• • ••• (25%)

3010 12% -16% 18}& -35%

7 0.2842 - - -0.227 0.486 -0. 45-j -0.220 -0.305 0.760 - 0.126 ,

too • ••• ••• • ••• ••• (34%)

min -22% 4010 -4010 -26% -35% +18~ _.

N
I

Notes: t spacing data omitted
logarithmic transformation (to base 10) of all variables
+ inserted as log-IO (spacing) x log1o (D/H)
.. significant at 5% level

*. " "1%"
**. " n 001% tt

NS Not significant-----------

The %value quoted in the columns for
a1 to a 9 is the change in the dependent
yariable produced by changing the level of
the indepe~dent variable from the lowest to
the hd.ghe s t value of the experiment. (When
R/AHt and gc were used as independent
variables a change of 4 standard deviations

_wa'Wlilfen_ _ _ _ _ _ _ -



---------------------Table 2

Parameters of the regression equations
, (Second series)

Coefficients

a1 a2 Scale a4 a5 a6 Shape of compartment
ResidualDependent Regression Constant Fire Fuel Fuel A B C standardData R QcC1c D E load rthick-variable number term ..· .. l G-m) (1~m) spacing (441 ) (121 ) (211 ) error

.AH2 density ness
kg/m2 (reI. ) (em)

Including R 8 0.9457 - - 0.041 -0.030 -0.089 0.044 - 0.013 -0.089 -0.023 0.049replicates I"<i
( 12%)

-.AH2 •• •
0.037 -0.023 -6% 5% -0.071 -0.146 -0.097

R 9 0.8184 - - 0.037 -0.067 0.004 0.025 - 0.030 -0.107 0.014 0.046Averaging
replicates r~ • .1

NS NS (11%)".AH2

0.017 -0.062 -0.031 -0.137 -0.050

QcC1c 10 3.1567 - - -0.057 0.055 -0.051 -0.184 1-0.046 -0.073 -0.020 0.047 0.024Including
replicates •• ••• • (EJ%)

-0.051 0.048 -4% -1~ -6% -0.054 0.003 0.045

Averaging Qc"K 11 3.1908 - - -0.061 +0.050 -0.098 -0. i 31 - -0.050 -0.017 0.060 0.029
replicates ••• ••• (7%)

-0.050 0.035 -7% -13% -0.019 0.014 0.064

et
N
I

(Cont'd) .....



Notes: i spacing data omitted
logarithmic transformation (to base 10) of all variables

except scale and shape.
• significant at 5% level

•• " "1% level
••• " "0.1% level

NS Not significant

Table 2 (cont'd)

Coefficients

a1 a2 Scale a4 a5 a6 Shape of compartment
Fire Fuel Residual

Data Dependent Regression Constant R QcCX D E load Fuel thick- A B C standard
variable number term -;=; (tm) (1tm) spacing (441 ) (121 ) (211 ) error.Jili2 densiP,y ness

kg/m2 (re!. ) (cm)

Including 1 0 12 -3.4034 0.437 1.098 -0.144 0.031 0.159 - - 0.138 -0.030 0.071 0.081
replicates ""j"" •• ••• • (2q&)

30% 85% -0.143 0.009 12% 0.187 0.033 0.097

Averaging 1 0 13 -1.5334 0.353 0.628 -0.215 - -0.095 - - 0.159 -0.050 0.137 0.092
replicates r NS • NS (23%)approx

40% -0.238 -0.072 -6% 0.278 0.096 0.216

Including too 14 0.3715 - - 0.094 -0.006 0.499 -0.465 -0.230 0.228 0.134 -0.198 0.124
replicates .. ••• ••• • (33%)

0.095 0.009 40% -4~ -27% 0.177 0.051 -0.164

For a given regression the values in the first
line are the regression coefficients obtained for the
variables shown. The second line gives the statistical
significance level of the coefficie~ts a1' a2' a4, a5
and a6 and the third line gives the change in the
dependent variable produced by changing the level of
these variables from the lowest to the highest value of
the experiment. For the dummy variables A, B, C (shape)
and D, E (scale), described in Section 3.2 the values
given in the third line are the differences in
dependent variable between each shape and the 221 shape
and each scale and 1 m scale. For example, in
regression 8, increasing the scale from 1 m to 1t m
decreases log10 R/AHt by 0.023 and changing the shape
from.221 to 121 decreases log10 R/AHt by 0.146.---------------------
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APPENDIX

Key to symbols. and codes for. the
e!eerimental conditions
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121

211

A

9 andc9
b

80/30--

is the rate of burning (kg/min)

is the intensity of radiation receiyed at a radiometer in front of
the ventilation opening (cal cm-2s-1)

is ~he confiGuration factor of the ventilation o~ening with respect·
to the radiometer

are the temperatures attained by thermocouples placed centrally in
the compartment and a quarter of the height below the ceiling and
above the floor respectively

is the ventilation opening area ( m2)

is, the ven~ilation opening height (the same as the compartment
height in t heee experiments) (m)

is the time for the fuel weight to fall to 80 per cent of its
initial weight (min)

.refers to the period over which the weight of fuel fell from 80 to
39 per cent of its initial value

Sha;pe ,The code, describing shape gives in order the compartment width, depth
and height, relative to the height:-

R

t
'0

H
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Stick thickness and spacing

~
~
~

:'/:
~
%
~
~

~

~
~

~C}D D D
.4 em. +4 ern... .

1
2"

Scale This is the height o~ the compartment.

Ventilation This is the fraction of the area of the £'ront of the
compartment le~t open

The ~irst ~igure in the code is the stick thickness in em, the second is
the spacing between sticks expressed in stick widths. Thus 4,1 stands ~or

4 ern thick sticks 1 x 4 ~ 4 em apart:
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SUHHil.HY

A. J. H. Heselden

by

January 1970

The temperature of a thenilocouple near the ceiling varied strongly with
6rate cf burning per unit ventilati·on opening, as in previous experiments.

intensity of radiation from the ventilation opening varied strongly with
rate of burning per unit ventilation opening area.

The variations of other measured quantities with the eA~erimental

conditions have been established; these included temperatures, intensity of
radiation at the ventilation opening and time to burn the first 20 per cent
of the fuel.

An analysis has been made by means of multiple regression of the results
of the experimental fires in simple compartments with large ventilation
openings, i.e. with the front of the compartment completely open. The rate
of burning per unit floor area lms independent of scale and stick thickness
but vnried SUbstantially with the fuel spacing, fire load density and shape
of ccmpartment. Fuel spacing and fire load density had most effect on
burning rate in those compartments which were shallow from back to front and
little effect in deep compartments.

the
;£he
the

O ANALYSIS 01" THE BXPERHbNTS

PARr 3. F'IHill UITH LAHGE VENTILATION OPENING AREAS
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. ANALYSIS OF THE EXPERIMENTS

PART 3. FIRE WITH LARGE VENTILATION OPENING AREAS,

by

A. J. M. Heselden

1. Introduction

Following the completion of the bulk of the projected experimental fires in

the C.I.B. International Co-operative Programme on fully~developed fires in single

compartments and an analysis of the data for f'ires with restricted ventilation1

an analysis has now been performed on the results of tho.se fires in which the f'ront

of the compartment was completely open ("Full ventilation" fires).

As before, f'or brevity, reference to the experimental conditions is usually

made by means of simple codes, defined in the Appendix.

A tape containing all the experimental de.ta can be supplied to participating

lab.oratories and summary data tables have been produced.

2. Results and processing of results

Adjustmenti have been made to some of the experimental dat.a supplied. Firstly

some arithmetical errors were detected and rectified and values. for all statistics

calculated for the 80/,}0 period. Secondly ad.justments were made to th'l data £'rom

3 laboratories whose results were systematically slightly different £'rom thqse of

the majority of the laboratories, so that all the data could be pooled. These

dif'ferences appeared to be very largely due to dif'ferences in the material used

f'or lining the compartment and the eff'ect of the adjustments has been to norm,alise

all the data to fires in compartments lined witl1 the thermal equivalent of 1 em

thiok asbestos millboard (density 1.1 glcm,} and thermal conductivity

3-4 x 10-4 cal s-1cm-1degC-1).
2

The corrections and adjustments have been reported in detail separately •

3. Analysis

3.1. General

The analysis .has been carried out ~nly on the 80/30 values of those

variables which are averaged over a period of time.

Some of the experiments with i spacing appeared to be anomalous and in

any case many fires with fuel beds packed as closely as this tended to burn

markedly differently from those with more widely spaceo, fuel. As bef'ore

the i spacing data were therefore omitted from most of the statistical

.calulations, and. introduced for comparison at a later stage in the analysis.

- 1 -



The data were not in a balanced enough form for variance analysis and

were therefore analysed by means of mUltiple regression. Certain parts of the

programme could be analysed in a balanced form as was originally intended.

This may be necessary later.but the present regression analysis refers to all

the data.

To simplify the selection of data on which multiple regression analyses

were to be carried out, it was decided to omit all experiments for which one

or more of the 80/30 statistics was missing (except for the statistic If 80/30

which will be treated separately). The number of experiments thus omitted for

full ventilation was 6 viz: 121 shape, 40 kg/m2, 2.1 crib; 211 shape, 20 kg/m2

4.1 crib; 221 shape, 40 kg/m
2,

2.1 and 1.3 cribs; 441 shape, 2.1 cribs •

30 and 40 kg/m2 (Radiometer failure) ,with a remaining total of 123 experiments.

This should not materially affect the analysis.

Multiple regressions were obtained for the dependent variables (e.g.

burning rate, temperature, radiation intensity etc.) on various combinations

of the following independent variables:-

1. Scale (i.e. height of compartment) - m

2. Fire load density kg/m2

3. Fuel stick spacing (relative)

4. Fuel stick thickness - em

5. Width/Height ratio of compartment

6. Depth/Height ratio of compartment

Both dependent and independent variables were transformed by taking

logarithms to base 10. The regression coefficients, and their significance

levels, the constants and residual standard errors obtained are given in

Tables 2 and 3. As far as possible regression equations containing only

terms significant at least at the 5 per cent lev.el, and no non-ed.grrl.f'Lcarrt

terms, were obtained.

Although the eXistence of a coefficient may be established statistically,

this does not mean that it is of practical importance; it may govern only a

small variation.

3. Analysis· (continued)

3.1. General (continued)

I
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• In a completely balanced arrangement they would of course be zero.

Owing to the design of the experiment, correlations between the independent

variables are almost all weak-. Table 1 shows the oorrelation coefficients

between pairs of most of the variables used, dependent and independent.

---------------•
••
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3. Analysis (continued)

3.1. General (continued)

Some o~ the values in this table were obtained with the complete data and

some ~rom the data with the replicates averaged. This is not very important in

·judging whether one variable is correlated with another since the change in

correlation coe~~icient obtained when the data with replicates averaged are

used is small.

The highest correlation between independent variables (apart ~om

interaction terms) is that between fuel thickness and fuel spacing (correlation

coe~~icient r = 0.56). There are low correlations between scale and fire ~oad

density (r.= 0.33), scale and depth/height ratio (r = -0.30), and depth/height

and width/height (r = -0.22).

In the regression equations ~or the fUll ventilation ~ires interaction

terms are usually more important than in the equations o~ the t ventilation

data1• An interaction between two variables shows that the e~~ect o~ each o~

the variables depends on the level o~ t.lle other.

3.2. Rate o~ burning (R)

Preliminary examination of the data showed that the quantity R/17' where ~

is the floor area, appeared to be nearly independent o~ scale end accordingly tbis

was used as the dependent variable in the regression ~or rate of' burning;

equations employing this variable can o~ course be converted into equations

employiI'.(,; R/A, where A is the ventilation opening area, by introducir.g thew w
DepthjHeight ratio.

The best regression e~lations ~ound are given in Table 2, and illustrate

various possibilities in ~itting regression equations to the data. These have

been obtained with the replicates averaged.

Equation 1 o~~ers the best overall ~it to the C.I.B. data but employs 6

independent variables, one o~ the interaction terms being rather complicated••

It reproduces the ~all of' R/~ with increasing ~ire load density in the 441

compartment (Fig. 2) discernible in the "experimental data (Fig. 1) but

because it has a very large W/H term predicts very low burnfng rates ~or

cubical compartments. Although this shape has I'~t ~ormed part o~ the

o~~icial C.I.B. programme, Webster et aI' carried out a number o~ experimental

~ires in cubical compartments very similar in style to those o~ the C.I.B.

programme and in Fig. 1 a value ~or R/17 has been inserted derived ~om

their data. This suggests that the extrapolation o~ equation 1 to cubical

compartments is not permissible.

.An interaction term o~ this power had to be used to enable the ~ire load density

main e~~ect term to be overridden at high D/H and w/H ratios.

- 3 -
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Analysis (continued)

3.2. Rate of burning (R) (continued)

Equation 2, with only 4 independent variables, gives a better fit for

shallow compartments at the expense of a worse fit f'or- the 441 compartment

(Fig. 3), by omitting all W/H terms and interactions. An attempt to

improve the fit by including a W/H x D/H interaction term (Regression 3)

was unsuccessful since this term was not significant.

One of these equations has also been obtained with ~he fUll data, i.e.

without averaging the replicates, (Regression 15, Table 3). Very similar

coefficients were obtained, although the D/H term is now just significant.

Figures 4 and 5 show how the rate of burning per unit ventilation

opening area increases with depth, average experimental· values being shown

in Fig. 4 and values calculated from regression 2 being shown in Fig. 5.
The residual standard deviation about the various regression equations

is compared in Table 4 with the standard deviation of replicated data.

We can compare the measured rate of burning with that calculated from

the relation derived by Thomas and Smith '1- for cribs of wood burning in the

open, viz

where r is the rate of burning

Av is the horizontal cross-sectional area of the vertical passages

in the crib (cm2)

2
As is the surface area of the exposed wood (em)

H is the height of the crib. (em)

The ratios of measured/calculated burning rates are given in Table 5 in

full and a condensation of the data in Table 6. This .has been formed by

averaging 2 em stick data over 1 and 1t m scales, which appear to give very

similar ratios, and neglecting t spacing data since they are irregular.

Slower burning cribs (20 kgjm2
and '1' spacing) in the larger compart

ments (1 and 1t m scales) for all shapes of compartment burn at a rate about,.
~ of that predicted by the relation. There is direct. experimental evidence:>

that for fire load densities of up to 30 kgjm2 fuel can burn in a shallow

compartment at the same rate as in the open. Thus it is likely that there

is a bias of about 25 p~r cent in the extrapolation of the relation to the

present conditions and further that for the conditions described above the

burning rate of the crib even in a deep compartment is virtually the same as

that of the same crib in the open air.

I
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g/s.
0.5

Hr = 0.0017
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3. Analysis (continued)

3.2. Rate of burning (R) (continued)

If we turn to conditions where the oompartment might be expected to

exe:o:-·t more influence on the rate of burning', e.g. higher fire load density,

higher fuel spacing and deeper compartments we. find generally that the

measured burning rate falls well below that calculated from the relation.

For example, a '1' spaoing 40 kg/m2 crib has a ratio of R Measured!

R Calculated of 0.60 (Table 5) for the 211 compartment, a little below the

values for this shape for 20 and 30 i<:g/m2
, but a ratio of only 0.22 for

the 441 compartment.

At the t m scale there is more change in the ratio with ir.0:r'easing

depth of compartment than for the same fire .Ioad density at the Laz-gez

scales.

The calculated. values of R/~ for i apacd.ng cribs are compared with

measured values in Table 7. The diff'erences, whieh are substantial, seem

to be related to the laboratory carJ.'ying out the experiment, suggesting

that the rate of burning. of fires wi.th ve:::y closely packed "ribs is more

sensit:;'ve to the experimental conditi.ons than the fires with 1 oz- 3 spacing

cribs.

3.3. Temperatures near ceiling (Gc OK)

Regression 4 (Table 2) shows the equation obtained using properties

of the compartment and fuel alone as indeper,dent variables. Only the fire

load density coefficient is signific'mt and the temperature r.ise produced

by an increase of fire load density from 20 to 40 kg/m2 is only 10 per cent.

A substantially better fit, as judged by the reduDtion in residual standard

error, is obtained when quantities which were measured during the tests such

as burning rate and temperatUZ'e near floar (~ OK) are included. Thus

regression 5 shows that gc varies markedly with %' though:it is not

proportional to it as was found for the t ventilation fires1; although the

coefficients of 5 other te=s become signifioant none of these has a
;i

specially large effect on Gc• As would be expected- G
c

varies mar'ked'Iy

with R/Aw (Regression 6) in addition to fuel spacing and shape of compart

ment. Provided a n/H term is included the regression coefficient for a

R/~ term is the same as for a R/Aw term, but the regression with the

latter is preferable since a sma'l.Lez- coefficient is then obtained for

the n/H term.

- .5 -



'3. Ana1ysis (continued)

3.3. Temperature near ceiling (gc OK) (continued)

Regressions similar to numbers 4, 5 and 6 have also been obtained

with replicates included (regression numbers 16, 17 and 1a). The

coefficients obtained are very similar, apart from the coefficient for

niH in regression 16 which is highly significant and accounts for a

variation in gc OK as large as that of fire load density.

3.4. Intensity of radiation in the plane of the ventilation

opening (l0M)

Average experimental values for Io/¢ are given in Fig.6.

Table 2 gives four regression equations, numbers 7 and a with

variables of compartment and fuel, number a having interaction terms which

have reduced the residual standard error, and numbers 9 and 10 with R/Aw

and gc tems.

As With gc, the inclusion of quantities measured during the fire has

produced a substantially better fit.

Regressions 19 and 20 (Table 3) show that including replicates has

little effect on the coefficients, apart from that for niH in regression

19 which is about 50 per cent larger than that for niH in regression 7.

3.5. Io/¢.;. RjAw

Three regression equations are given for Iol¢.;. R/Aw in Table 2,

number 11 with variables of compartment and fuel but no interaction terms,

number 12 withan interaction term added and number 13vrith a gc term. The

fi t of number 13 is substantially better than that of number 11.

'Phe coefficients of regression 22 vlith replicates included aret oimt.Lar

to those of the correGponding regression ",ith replicates averaged (13).

3.6. Time to reach ao per cent of initial fuel 'weight (tao)

The regression (No.14) obtained for tao with replicates averaged is

given in Table 2. To illustrate the action of the interaction term, values

,for tao calculated from equation 14 for one set of condition& are given

in Table a. The coefficients of regression 23 (replicates included) are

similar to those of regression 14 (replicates averaged).

- 6 -
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4. Discussion

4.1. Rate of burning (R)

Unlike the analyses for rate of burning of fires with t ventilation

opening all the independent variables appear in significant interaction

tems and this means that the rate of burning depends in a muchraor-e

complicated way on the independent variables. For example, in regression 2,

Table 2, since the coefficient for (~~e-load density) x (niH ratio) is

statistically significant and negative, whilst the coefficient for fire-load

density is positive, the effect of a change in fire-load density is largest

for small values of niH and becomes smaller as niH increases. This

can also be seen in the experimental data in Fig. 1.

The factors which influence R/~ are:

(a) The relative spaoing between the sticks

(b) T~e fire-load density

(c) The shape of the compartment

Scale and stick thickness have no detectable effect on R/~.

The relative spacing and the fire-load density have most effect on

R/~ for shallow oompartments (niH", 1) see Fig. 1. For niH", 2 the

effects of both are smaller and at niH '" 4, R/~ actually decreases

slightly with increasing fire-load density whilst the regression equatio~~

predict that the relative spacing has virtually no effect. However it must

be remembered that since only one stick spacing was employed in the 441

compartment fires there is no direct experimental data to veriry the

predicted effect of spacing for this shape.

Increasing the width alone by changing from the 121 to the 221 shape

appears to cause a slight increase in R/~ (Fig. 1).

The sensitivity of burning rate, and hence fire duration,of these

full ventilation fires, to the relative spaoing of the fuel creates a

diffioulty in the application of these data since it is not known what

types of wood cribs represent fire-loads encountered in practice. This

is of little importance with a small ventilation opening since the burning

rate largely depends only on the ventilation opening area and height and

is insensitive to the stick spacing.

However there is a decided tendency for variation in burning rate

to be accompanied by variation in temperature (Regression 6) so that a

fire having a higher burning rate and hence a shorter duration will have

a higher temperature whilst a 1.::l~.ger fire will have a lower temperature.

The fire resistance required of the compartment to contain the fire will

thus be much less sensitive than the burning rate to the relative spaoing

of the fuel. This is being explored further.

- 7 -



Discussion (continued)

4.2. Temperature near ceiling (gc oK)

Table 2 shows that· gc has highest cor-ral.atdone with R/Aw' '\,

and fire-load density. Regression 4 of Table 2 shows that fire-load

density has much more effect on temperature then the relative .fuel

spacing and this is surprising since both factors might be expected to

influence temperature through burning rate whioh is affected by bo bh

variables to a considerable extent (Fig. 1). The inclusion of a rate

of burning term as RIA, in regression·6, renders the fire-load densityw
term superfluous whilst the fuel spacing term is enhanced.

Although gc va.J:?es strongly with '\, it is by no means

proportional to it as was found for the t ventilation data1 and this

shows that the temperature varies more within the compartment when the

ventilation area is l~ge.

A strong variation of gc with R/Aw is very much to be expected
:r"

from previous experiments'.

IntensiZ of radiation in -the plane of the ventilation
openi_ (lo/P)

lo/p cannot be very satisfactorily related to va.J:?ables of the

compartment or fuel since· tlie residual standard error about regression 7
is 35 per cent. Only a small improvement results when interaGtion terms

are included (Regression 8).

The residual standard error can only be reduced to a value comparable

with that for rate of burning as dependent variable by including tams in

go (Regression 9) or R/Aw and gc (Regression 10). The coefficients

for gc OK in equation 9 of 1.8 or in equation 10 of 1.4 are high, showing

a strong variation with g ~ but they are not as high as the value of 4
c

that would be expected if the thermocouple indicated· the radiating tempera-

ture of the enclosure.

Both for regressions 9 and 10 there are a number of significant

independent variables which would be expected to influence lo/p only

through their influence on temperature and this suggests thet the thermo

couples do not give a true measure of radiating temperature.

4.4. IJp ~ R/Aw

There is a strong correlation between Io/P and R/Aw (Correlation

coefficient = 0.68, Table 1) and this explains why the quantity lip:. R/A ,o • w
with a standard deviation of 29 per oent, has less variation than either

lolp (standard deviation 50 per cent) or R/Aw (standard deviation

43 per cent).

- 8 -
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4. Discussion (continued)

I I~ .: R/A (continued)
o .. w

The ratio does depend to some extent on the fuel thickness and spacing,

the :fire-load density and the compartment shape, but the mean value corresponds

to 490 ca~g and this can be compared with the values o:f 350-400 cal/g obtained

previously :fer well-ventilated :fires in compartments 7.
4.5. Time to reach ao per cent o:f initial fuel weight (tao)

Most o:f the parameters o:f fuel and compartment have a significant ef'f'e et

on tao either because they influence the rate o:f growth :from ignition to the

stage o:f :full development or because they influence the time the :fire then

takes, burning at a comparatively steady rate, to reach a point at which

20 per cent o:f the weight o:f the fuel has been lost.

With shallow compartments (D/H = 1) increasing scale increases tao

and this can only be due to an e:f:fect in the early stages o:f growth since

it has been shown in Section 4.1 that the burning rate o:f the :fully developed

:fire, per unit :floor area, is independent o:f scale. The li..'lear rate o:f spread

soon a:fter ignition depends only on the thiokness and spao.i.ng o:f the stioks

in the crib- and it thus seems that as scale increases tao increases because

the cribs are larger and in some way the fire has to spread a longer distance

be:fore it can become fully developed; but tao is not by any means

proportional to the scale, Le. the linear size o f the crib.

However the negative interaction term (Scale x D/H) causes tao to

increase less with scale as D/H increases, ir~eed :for D/H = 4, tao

actually appears to decrease with scale. This is what wag f'ound :for the*ventilation fires1 , suggesting that there are some similarities in

behaviour between deep compar~~ents and ventilation controlled :fires.

A larger :fire-load density should cause a :fire to develop more rapidly

and this is contrary to regression 14 which shows that tao increases as

fire-load density increases. The e:f:fect o:f fire-load density on tao

must be mainly due to the change in the absolute amount of' fuel required

to be burnt in the fully developed period to I~ach the aD per cent point;

the burning rate does not increase nearly in proportion to fire-load

density, except :for the 211 shape.

The stick spacing influences tao more than any other variable and

its influence is two:fold. Firstly, in' the earliest stages the fire will

spread at a higher linear rate at wider stick spacings and secondly, :for

most compartment shapes the steady state burning rate is higher :for wider

stick spacings. No reasons can be advanced :for the decreases observed

in tao with increasing stick thickness and with increasing w/H.

- 9 -
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1. The rate of burning per unit floor area (R/~), though independent of

soale and stick thickness, depends markedly and in a complex way on fuel

spacing, fire-load density and shape of compartment. Fuel spacing and

fire-:load density have most effect on burning rate for compartments which

are shallow from back to front.

2. However the fire protection requirement will not vary so muoh as fire

duration since an increase in the duration of a fire caused by a change

in fuel spacing affecting burning rate is aocompanied by a decrease in

the temperature of the fire and tilis will compensate to some extent,

though not completely.

3. The temperature of the thermocouple near the ceiling (e OK) depends

strongly on R/Ay" as in previous experiments 5. Once the ~ariation of

ec OK with R/Ay, is taken account of, the influences of fuel spaoing

and compartment shape, the only other statistically significant variables,

are fairly small.

There is more variation of temperature wi thin the compartment than with

small ventilation openings.

4. Much more of the variation in I Ip can be aocounted for if e oro . c
R/Ay, are inoluded as independent variables. The variation with eo is

less than would be expeoted if ec represents the radiating temperature,

and other variables such as fire load density fuel spacing and compartment

shape have a substantial influenoe on I If;.
o

5. The mean ratio between Ijp and R/Ay, is 490 cal/g, rather higher

than the values obtained previously for well ventilated fires.

Disoussion (continued)

4.5. Time to reach ao per cent of initial fuel weight (tao) (continued)

Increasing n/H increases tao (although because of the Scale x niH
interaction the increase is less for larger scales), probably because of· its effect

on both periods. The initial linear rate of spread of a fire is set by

the design of the crib am it is possible that the fires, lit at the front,

have to travel further into the deeper compartments before transition to

the fully-developed stage can oceur, In any case the steady state rate

of burning per unit floor area deoreases as niH is increased (Fig. 1.).

Conclusi'JnB5.

4.
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5. Concl~!~ (continued)

6. tao' the time to obtain 80 per cent of the initial weight of fuel,

depends on most of the parameters of fuel and. compartment, particularly

the stick spacing, the scale and the depth/height ratio. The signs of

the oo-efficients are the same for those of the oorr-eaponddng regression

for !.ventilation fires1 , exoept for scale.
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APPENDIX

Key to symbols and oodes for the
experimental conditions

is the rate of burning (kg/min)

is the intensity of radiation receiv~~ ~f a radiometer in ·front
of the ventilation opening (cal em s )

is the conf'iguration factor of the ventilation opening with

respect to the radiometer

are the temperatures attained by thermocouples placed centrally
in the compartment and a quarter of tile height below the ceiling
and above the floor respectively

is the ventilation opening area ( m2)

is the ventilation opening height (the same as the compartment
height in these experiments) (m)

is the time for the fuel weight to fall to SO per cent of its
initial weight (min)

refers to the period over whioh the weight of fuel fell from
SO to 30 per cent of its init:ia1 value

code describing shape gO-vas in order the compar-tmezrt width, depth
height, relative to the height:-

211

, - 13 -
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stick thickness and spacing

The first figure in the code is the stick thickness in om, the second is
the spacing between sticks expressed "in stiek widths. Thus 4,1 stands for
4 em thick sticks 1 x 4 = 4 em apart:

Scale Thi.s is the height of the compa.::ctment~

.Ventilation This is the f'raction of the area of the front of the
compartment left open
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(2)
(,)
(4)

(5)

AU data eci}O .-u (acept taO)
,. apac1D& data oaittecl .
Logaritbmic t:ranafO~t1Oll to ba•• 10 of aU nrtablea
+ iUertecJ. .. lOS10 (h.l lIpllc1%lc) x lOS10 (DID 1'lltio).
Sia1lArl:J for otbe:r iDtcaotiOllll
• 81cDifiout at ~ In'e1... . • 1"
- • 0.1"as lot a1p1t1C81lt

(6)



TABLE 3. PAlWIl'rEBS OF THE IlEGRmSION EQUATIONS (INCLUDING IlEPLICAT>ll)

Coefficients

Fuel ""dthick-~ Depth
ness Height Height

Mean Standard
Dependent Regression v"lu8 ot deviation ot Ccnstant
variable number dependent dependent term

variable variable

ka' min-1 11.-2 OX

Seale
(H)

a

Fire Fuel
load spacing

density (relative)

ca _/H DIH

Fu.l
8paciDg %

D/H
inter
action

+

DIB % I -IF. %

_/8 % Pire WB:z S 1 DIH x
thick- ce 8 % Fire

DIH loed DIB
inter- density ne88 inter- load
aotion inter- .inter- action density

actiOD etien inter-
action

Residual
standard

.rror

15

16

1.31
-0.655

2.757

0.348-
0.013 0.209

liS -
':' '6:'

0.689...
-0.025

liS
-3:'

0.909 0.568 -1.374.- ... ....
-0.066 -0.078 0.116

liS • -
-~ -10% 1'/jb

-1.740- 0.068
( 1'/jb)

0.058
(14%)

0.441 -0.097 0.248-. ... ....17

18

1090 18:'
1.366

2.972 0.519-110%

-10% 1~

0.065
•

-0.243-
-0.083 -0.037 0.116

• liS -
-11:' -5:' 1'/jb"

- -0.127 -0.198
... *...*

-16% -24%

I

e-

19

20

21

22

1.83

0.908

-0.568

-0.859

0.160

0.991 -
•••

0.083 0.559
liS -
10% 4'/jb

0.564....
0.144
liS
1'/jb

0.174
•

21:'

0.473
•••

-0.307...
-28%

-0.279...
-26%

-0.350 0.239 0.339... - *-

-0.337 1.038 1.329 -1.797... .. ... ..-
-3'/jb

-0.302 0.217 -0.389
... ..*. •...

-34% 35:' -42%

-2.388
•

0.250 -0.243
liS ...

0.137
( 3'/jb)

0.125
( 33:')

0.110
(2~)

0.088
(22%)

t80 23 53:'
0.493 -0.766 -0.270 -0.255 0.227... ......- ....

-5'/jb -31%-30%

-0.955.. 0.086
(22%)

Notes ae tor Table 2.

- - - - - - - - - - - - - - - - - - - - -



TABLE 4. CQMB\RISON BETWEEN THE RESIDUAL VARIATION ABOUT THE
REGRESSION AND lliE STANDARD DEVIATION OF REPLICATES

Residual standard Standard deviationDependent Regression error about of replicatesvariable number regression
(per cent) (per cent)

1 16

R/~
2 18 10.9
3 17

15 17

4 15
5 10

g "x 6 11 8.1c 16 14
17 11
18 11

7 35
8 27

IjIJ 9 14.5. 21.0
10 12
19 37
20 33

14 18
23 22

t 80 18.0

- 18 -
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TABLE 5. RATIOS OF MRASUBED AND CALCULATED BURNING RATES

Stick

Scale. thickness Fireload BMeasured ~ RCalculated
and density .

spacing
kg/m

2m 211 221 121 441

2,1- 2.00 1.35 0.1 -
2,1 0.94- 0.62 0.53 0.54-

~ 4-,1 20 1.08 1.15 0.56 -
1,3 0.57 0.28 0.18 -
2,3 0.87 0.39 0.30 -

20 1.96 1.09 -
2,1- 30 1.68 0.74- 0.20 -

4-0 1.64- 0.60 0.24-

20 0.72 0.85 0.73
2,1 30 0.74- 0.57 0.53 -

4-0 0.55 0.4-2 0.39

20 0.79 1.12 0.60
1 4-,1 30 0.91 0.91 0.72 -

4-0 0.90 0.65 0.58

20 0.57 0.36 0.37
1,3 30 0.4-5 0.27 0.27 -

4-0 0.4-7 0.22 0.20

20 0.68 0.55 0.4-3
2,3 30 - 0.4-0 0.31 -

4-0 0.61 0.36 0.26

20 1.04-
2,-! 30 0.54- - - -

4-0 0.59

20 0.7.5 0.74-
2,1 30 0.71 - - 0.4-3

4-0 0.64- 0.22

20 0.93
1t 4,1 30 0.94- - - -

4-0 0.88

20 0.51
1,3 30 0.4-0 - - -

4-0 0.35

20 0.92
2,3 30 0.70 - - -

4-0 0.60

Calculated values f'rom relation of Thomas and Smith'4 for wood
cribs burning in the open. Wood density taken as 0.4-3 gfcm3•

- 19 -



TABLE 6. CONDENSED TABLE OF RATIOS OF MEASURED
AND CALCULATED BURNING RATES

Relative Fire load ~easured .:. RCalculatedScale stick density •

(m)
spacing

kgjm2
211 221 121 441

1 20 0.94 0.62 0.53 0.54

t
3 20 0.87 0.39 0.30 -

,

20 0.73 0.85 0.73 0.74

1 30 0.72 0.57 0.53 0.43

1 and 40 0.60 0.42 0.39 0.22

1~
0.8020 0.55 0.43 -

3 30 0.70 0.40 0.31 -

40 0.60 0.36 0.26 -

Stick thickness : 2 cm

Derived from Table 5 by omi tting ~ spacing data and averaging data for
2 cm stick thickness over 1 and 12 m ·scales.
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TABLE 7. MEASURED AND CALCULATED VALUES OF R/~ FOR i SP.I\.CING- CRIBS

Fire
Calculated'" R/ -1 -2

. Scale load (C) ~kgmin m
or

density Measured
2 (M) 211 221 121m kg/m

t 20 C 0.59 0.66 0.66
M 1.36 (J) 0.85 (A) 0.06 (N)

20 C 0.59 0.66
M 1.15 (j) 0.60 (A). -

30 C 0.71 0.77 0.77
1 . M 1.44 (J) 0.59 (A) 0.17 (N)

40 C 0.81 0.86 0.86
M 1.85 (J) 0.63 (A) 0.27 (N)

20 C 0.59
M 0.56 (G-3) - -

1t 30 C 0.71
M 0.42 (G-

3
) - -

40
C 0.81
M 0.61 (G-

3
) - -

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

J 

A -

N -

"'Calculated using regression 2.

Building Research Institute, Japan.

Commonwealth Experimental Building Station, Australia.

Brandveiligheidsinstituut T.N.O., Netherlands.

Forschungsstelle fUr Brandschutztechnik an der Universitat,
Karlsruhe, G-ermany.
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TABLE 8. VALUES FOR t 80 CALCULATED FROM EQUATION 14

Values of t 80 calculated from equation 14.

Fire load density _ 20 kg/m
2

t 80 - min

Scale
D/H = 1 D/H = 2 D/H = 4

m

1 Spaoing 3 Spacing 1 Spacing 3 Spacing 1 Spacing 3 Spacing

1 5.4 2.4 8.4 3.8 13.1 5.9"2

1 7.2 3.2 9.3 4.2 12.1 5.4

1t 8.5 3.8 9·9 4.5 11 .6 5.2

Stick thickness

W/H ratio

- 2 om

- 1

- 22 -
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W/R

40

4

20441

Fire load density (kg/m 2)

20 40

Relative 1 0.76 0.58stick
spacing

3 - -

Compartment
shape
441

*Value from Webster's dat.. 3 0.9 m scale, 25 mm sticks.

- 23 -

Each entry in this and the followinG similar tables is in an abbreviated
form, for example, in full; the top right hand entry wou.Ld be:

The entries for the 441 shape are inte,rpolations between t and 1t m scale data

Fig.1. Mean experimental values of R/AF (kg min-1m-2) for 1 m scale

compartments averaged over all stick thicknesses

1 0.76 0.58
-

3 - -

20 40 20 40

1 0.85 1.15 1.14- 1.18 1
,- 121 221

3 1.48 1.59 1.53 1.88 3

20 , 40 20 40

1 - - 0.95 1.70 1

- 111 211

3 2.7* - 2.30 3.80 ,3

I , I

2

o

4

D/HI
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
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2 4 W/H

20 40
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(kg min-1m-2) calculated using regression 1Fig.2. Values of

1 0.75 0.67

- 441

3 0.72 0.64

20 40 20 40

1 0.86 1.18 1.07 1.32 1

- 121 221

3 1.20 1.65 1.49 1.84 3

20 40 20 40

1 0.60 0.83 1.18 1.63 1
- 111 211

3 1.23 1.69 2.43 3.33 3

• I ,

2

o

4

niH

;



W/H

o

4

20

2
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Fig.3. Values of R/AF (kg min-1m-2) calculated using regression 2

1 0.74 0.90

- 441

3 0.73 0.89

?O A.O 20 40

1 0.94 1,21 0.94 1,21 1

- 121 221

3 1.34 1.72 1.34 1.72 3

?O 40 20 40

1 1.20 1.63 1.20 1,63 1
- 111 211

3 2.43 3.31 2.43 3.31 3

, I Io

2

n/H
4

I
I
I
I
I
I
,I

I
I
I
I
I
I
I
I
I
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I
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wlH

o

42
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The values for the 441 shape are interpolations between 1 and 11 m scale'data.

*Value from Webster's data3, 0.9 m scale, 25 mm sticks.

Fig.4. Experimental values of R/Aw or R/AwAi (kg min-1m-2) 1 m scale,
averaged over all stick thicknesses

1 3.03 2.32
441

3 - -

20 40 20 40

1 1.70 2.30 2.28 2.34 1

- 121 221

3 2.96 3.18 3.06 3.76 3

?O .10 20 40

1 - - 0.95 1.70 1
- 111 211

3 2.7* - 2.30 3;80 3

I I To

1

2

4-

niH



u

I

4 W/H

20 40

I

2
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I
1

Values of R/Aw (or ~ on 1 m scale) calculated using regression 2

1 2.96 3.60

- 441

3 2.92 3.56

20 ..40. 20 40

1 1.88 2.42 1.88 2.42 1- 121 221

3 2.68 3.44 2.68 3.44 3

20 40 20 40

1 1.20 1.63 1.20 1.63 1- 111 211

3 2.43 3.31 2.43 3.31 3

o

Fig.5.

4

2

n/H
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4 w/H

20 40
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2

Fig.6. Experimental values of Io/¢ (~al cm-2s-1). 1 m scale,

averaged over all stick thicknesses

The entry for the 441 shape is an interpolation between t and 1t m scale data

1 2.61 -
- 441

3. - -

20 40 20 40

1 1.39 2.04 1.76 2.28 1- 121 221

3 2.21 1.83 2.57 2.27 3

20 4.0

1.09 1.90 1

- 211

2.69 2.99 3

, I I

1

2

o

4

niH




