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INTERNATICONAL CO-OPERATICN IN MODELLING FIRES -
& SUGGESTED PROGRAMIME

D. 1. Lawson Director, Fire Research Station,

Bngland.

SUMMARY

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

(1) Shape of compartment

(2) 8ize of compartment

il N Ey e an e It:l :IEE=' - .

(3) irea of window opening
(4) hmount of fuel

(5) Disversion of fuel

(6) Dimensions of fuel

(7) vind orientation

(8) Wind velocity

4
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INTERNATIONAL CO-OPERATION IN MODELLING FIRES -
A SUGGESTED PROGRAMME

by
D. I. LAWSON Director, Fire Research Station,

England

INTRODUCTION

During the last few years there has been a growing realization
that if progress is to be made in research into fires it will be
necessary to enquire into the effect of various parameters on the
development of fire, particularly in réspeot of fires in bu.ildings
whioch asoccount for the bulk of fire loss.

The factors influencing the development of a fire are so
numerous and fire experiments are so variable that it is unthinkable



to carry out a programme of this kind at full scale and some kind
of recourse to modelling is therefore easential, In any osase,
however large the so called full scale fires are, the ones ooourring

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

scale and model fires, but whether we tackle the problem of fire
development with a proper understanding of what is really taking l
place,

A fire is such a complex happening that it would be quite l
impossible to formulate a modelling technique from & consideration .
of the heat and mass transfer processes taking place; 1in faot
different modelling technigques may be applicable to different I
stages of development of the fire. The approach most likely to
¥ield results is to ocarry out a graded series of small scale
experiments in a simple structure ani from these experiments to try
to ldentify the dominant transfer prooesses for a series of pre-
arranged and different conditions. The simplest unit is the ainglel
compartment whioh would represent a factory, warehouse or the fire
resisting compartment of a bullding, The development of fire in
such a unit is of international interest, This paper sets out
deta;led proposals for a graded series of experiments which would
break down into a number of easily related programmes of work 1in
whioch various countries oould participate, It is suggested that
all results should be freely interchanged through the Seoretary
of the C,I.B. Working Party on Fire Research, who will arrange
for their distribution in partioipating countries.

PARAMETERS AFFECTING THE DEVELOPMENT OF A FIRB
The following parameters may be assumed to affeot the growih
of a fire and the communiocation of fire from one building to

another: -
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Yo/
R/AH%
o, K
Scale
Fire load density
Fuel spacing
Fuel thickness
Width/height
Depth/height

Distance between
stick centres

Correlation matrix showing correlations between the variables

Table 3

1,00
0.08 | 1,00
0.75 [-0.08 | 1.00
Oa 59 "0633 Oo 55 1 -OO -
0.21 |-0.30| 0,05 0.32| 1.00
-0,18 | 0,14 | =0,51 | -0,04 [ -0.08 1,00
0,081 0,02 | 0,25] 0,011 0,03 0,56 1.00
0.45| 0.,51{ 0,27 | 0.05|[-0.04 |-0,05 0,02 1,00
-0,50 | -0,03 | -0.61 | -0.21 | 0.01 -0,0% | =0.04 -0,21 1,00
-0.,08| 0.16 | -0,21 | -0.03 | -0.04 0.33 * -0.03 | -0,07 [ 1.00
I Fire Fuel Fuel width/ Depth/ { Distance
= R | 9 WBeale| 100 | 5acing | thickness | height | height | between
AH? density stick
centres
Notes

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

1 spabing data is omitted.

* Not obtained.

=28—
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(1) Shape of compartment
(2) 8Size of compartment
(3) Area of window opening
(4) Amount of fuel
(5) Dispersion of fuel
(6) Dimensions of fuel
(7) Wipd orientation
(8) wind velooity
(9) Thermal properties of the ococmpartment
In order to reduce at this stage the number of experiments it
is not proposed to investigate in this serles the effeoct of changing
the thermal properties of the compartment but rather to investigate
this separately with a few oritical experiments.
(1) Shape of compartment
The shape of a reotangular compartment may be designated by a
three figure code representing the three principal dimensions (a b o)
as sbown in Figure 1. Thus a (111) type

of campartment would be a eubical box;

a (441) oompartment would be a box with a

square ground plan area and having a height

' o
equal to % that of one of the sigdes. Pigure 1.

Using this nomenclature it is suggested that the following

| shapes of bulldings be explored initially:-

(111) (121) (211) (=221) (441)
(2) 8sigze of ocompartment
The size of the compartment is to be determined by the emallest
linear dimenslons and this to be either %, 1 or 1% metres,



(3) Window opening
Windows to extend from the floor

to the ceiling and always be placed in
the 'a o' gide of the box., It is
suggested that the following window
openings be explored:-

(a) Side a o fully open

(b) Side a ¢ half open

(¢) side a ¢ guarter open.

(4) Amount of fuel

side a o
: fully open

gide a o
half open

side a o
one guarter
open

Figure 2,

Square section wood fuel should be used, the amount should be

expressed in kilograms per sgquare metre, and experiments should be

carried out at 20, 30 and 4O Kg/m? on the model scale. These

figures should cover all normal occupancies, warehouses excepted.

(5) Dispersion of fuel

Fuel should be arranged in cribs
with a cuble lattioce formation (not
face centred) as shown in Figure 3,
The density of packing to be indicated
by the gap between two consecutive
stioks in both horizontal dimensions
expressed in terms of the section of
the stiok, e.g. % packing would mesdn
that the sticks were closer together
than 2 packing as illustrated in
Figure 4,

Three dispersions should be
investigated:

% packing -
1 packing
5 packing.
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(6) Dimensions of fuel

The sticks should have cross-sectional dimensions of 1, 2 and
L om.

(7) Wind orientation

This should be taken in three {ollowing
directions; cross wind, following wind, Cross
and head wind relative to the 'a ¢ head
dimensions as illustrated in Figure 5. Figure 5,

(8) wind velooity

Winds to be investigated at the following levels:-
0, 12 and 24 Km/hr.
EXPERIMENTAL PROCEDURE
It is proposed that the experiments be carried out in a
non-combustible ocompartment (so far the compartments have been
constructed of asbestos wood, % in. thick, at the Joint Fire

Research Organization and this appears to have a reasonable life)

and that the folloﬁing 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
compartmeht from a cantilever beam to which strain gauges are
fixed.

(b) Temperature in Celsius 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.

(6) Radiation from the windows one 'a’
dimension centrally in front of the
'a ¢' face (if necessary details of

calibrated radlometers can be

radianeter

obtalned from the Joint Fire Research

Organization). Figure 6.



(d) Radiation from the flames

radiometer

measured by a radicmeter placed
centrally 1/10 of the 'o' dimensions
and in the plane of the 'a o' face
as shown in Figure 7. This will

give some idea of the hazard in any

roam above the burning ocmpartment. Figure 7.

The thermal properties of the box would have to be standardized
and it is suggested that agreement on this be reached with parti-
oipating countries. In the same way the method of ignition would
also have to be standardized at a later date,

INTERCHANGE OF RESULTS OF EXPERIMENTS _

It is suggested that the results of experiments be exchanged
immediately they are available through the Secretary of the Working
Party on Fire Research of the Consell International du Batiment.

To reduce the burden of ocorrespondence and reporting to a minimum

the attached form should be used, and coples should be exohanged

only between countries actually partioipating in the work.
PUBLICATION

It is understood that eaoh laboratory will be free to publish
ite own results, but that the results of other laboratories shall be
regarded as being submitted 'in confidence' and that they shall not
be avallable for publiocation until the permission of the originating
laboratory has been obtained,

PARTICIPATION AND GENERAL REMARKS
The foregoing proposals are only to be regarded as proposals

and any ocomments and suggestions would be appreoiated.



APPENDIX 1

Inte t1 1 tmenxts on fires in 8 le o rtments

REPORT FORM

Description of Experiment

Relevant paremeters to be ringed.

(1) Shapg

(111) (121) (211) (221) (4u41)
(2) Bgize |

¥ 1 1% metre
(3) nt eni

fully half quarter open
(4) Amount of fuel

20 30 40 Eg/m®
(5) s ton of fuel
| 1 3 paocking
(6) Dimensions of fuel '
1 2 L om, side

(7) Wing oriemtation
(1) oross, (11) following, (41i) head wind
(8) ¥ind velooity
0o . 12 24, Xn/he

Expepimental reguitg
Time (mins) O 2 L4 6 8 10 12 ¥ 16 18 20
Wt Kg

Temp.%0 ceiling

Temp.% f£loor

Radiation from
window
cal/sq.cm/sec

Radiation from
flame
cal/sq.om/se0




l 50ME GENERAL QUESTIONS IN THE
B $TUDY OF FIRES IN ROOIS
by

P. H, Thomas

SUIFARY

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 workl at the Joint Fire Research Organization has been
circulated and some of the main results are summarised here.

april 1960



SOME GENERAL QUESTIONS IN THE STUDY OF FIRES IN ROOMS

by
P.H, Thomas

Ventilation and fireload controlled fires

(1) With relatively large windows there is a rapidly moving flame zone in the fire
and there is little or no part of the enclosure where the gases may be regarded as
nearly stationary. Hence the pressure diff'erences do not attain the full value
corresponding to the buoyancy head. Air is therefore entreined into the flame
gone by eddies and the flow is not given by the same formulae as for asmall

windows. The fire burns more nearly as in the open and the rate of burning is
generally proportional to the available surface area. If the fuel is in the

form of a crib there ia 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 packed
a crid may reduce the available surface for burning.

For these fires it seems that the heat from the flames felling on the fuel
surface is the controlling factor and it should be possible, 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
fuel/air ratio is approximately constant but in theory the air flow through the
window is not the only air involved in c¢ombustion, 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 posaible factor which prevents the gross burning rate increasing in
proportion to the fuel surface is that any tendency to incresase 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 fuel surface, The maximum velocity head of air is proportional
to the height H oﬁ the W1ndows and the maximum velocity head of the fuel geses is
proportional to ( Aw) where R is the gross rate of burning and Aw the windows
area. If the latter were large compared with the alr velocity head combustion
could not occur within the enclosure and there would be insufficient heat received
by the fuel, Hence considerations of mixing place an upper limit on the ratio
R/Aw,/ H.

It is therefore posaible that the observed burning behaviour R [ 4 Aw,,'
‘arises from mixing considerations.

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?l



2
H R
3=f(;5)
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 assumed
constant here, '

The height of flames from open cribs is being studied and appearsto
follow this relation. Flames from cubes with one side open follow an
approximate power law s

2
1« &)
D 'p

where D is the cube dimension

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

2
¥
3 ¥ &

where R’ is rate of burning per unit length of window, i.e. H X K.
independently of D. This law can be derived directly assuming the flame

from a line source hes a trisngular cross section and that air is entrained

into the flame with a mean velocity proportional to /H. The flane
surface per unit length js 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 Buildings using Models. Research
1960 13 Part 1 69-77, Part 2 87-93.
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PHELIMINARY EXP:RIVENTS FOR THE C.I1.B. PROGRAIIE -
AILLYSIS OF RATE OF BURNING
by

K. Kawogoe, P. H. Thomis and R. Pickard

SULEA HY

snalyses hoave been made of the measurements of the rate of burning -
obtained in a ypreliminary series of eight tests by eight laboratories
as part of an international vyrogramme studying fully-developed fires
in single compartments,

The variation betwcen laboratories was found to be too great
for different lzboratorics tc carry out separate parts of a larger
prozramme,

The behaviovr with & fully open window was neither wholly
ventilation controlled nor fire load controlled.

Harch 1961



PRELILINARY EXPERINENTS FOR THE CIB PROGRAMME
ANALYSIS OF RATE OF BURNING
by |
K. Kawagoe, P, H. Thomas and R. Pickard
Introduction

Model experiments on Ihg growth of fire in compartments are being made under
the auspices of the C,I.B.\1). The first stage of this programme has been com-
pleted. Eight laboratories have performed 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 loas. A second report will deal with the
results of the temperature and radiation measurements. Since a preliminary
examinagtion 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 into 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 inoclude as little of the charcoal burning as
possible,

The report points out the existsnce 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, 8. A,, Canada, Holland, Australia
and the participating laboratories in Berlin, Braunschweig, and Karlsruhe.! Table
1 shows the mean rates of burning obtained from the reports.

#* Zm scale, 121 shave, Zem for stick thickmess,

% Joint Fire Research Organisation, UK; National Bureau of Standards, USi;
Hational Research Council, Canada; Instituut TNO, Holland; Commonwealth
Experimental Bullding Station, Australia; Bundesanstalt fir Materialprtifung,
Berlin; Institut fHr Baustoffkunde und Materialprfifung, Braunschweig;
Porsclungsatelle fiir Brandschutztechnik, Karlsruhe,.



Table 1

Rate of Burning (Kg/min)

Opening | Spacing F:(L;Z/ig;d U.EK, | U.5.A, | Canada | Berlin | Braunschweig | KEarlsruhe | Holland | Australia g‘: :'2 ri:ﬁﬂ?’i‘i’
4 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
N
. . - —
] 20 0.130 | 0.280 | 0.244 | 0,179 0.269 0,238 0,260 0,205 T 0,226
s 30 0.173 | 0.254 | 0,240 |} 0.178 0.277 '0.240 0.214 0.1489 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 ] 0.340 | 0.299 | 0.25% 0,340 0,414 0.280 0.266 0.298
; -

e e e



Analysis

The data for each ventilation condition were analysed separately and the
results are shown in Tables 2A and 2B which summarise the analysia 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 n Mean Results of

degrees of freedom [squares x 10 [squares x 10 significance tests
Between S (Spacing) 1 693.8 693.8 S x Wand L x W Interactions
Between W (Fire load)1 75.0 75.0 significant at 5 per cent
Between L (Lab. ) 7| 1015,0 145.0 level. Spacing effect
S x W Interaction 1 b5 344.5 significant assuming a
¥ x L Interaction 7 65342 93.3 “fixed effects" model,
L x S Interaction 7 4L91.4 70.2
Residual 7 143.8 20.5

Total : 31 3416.7 110.2

Table 2-B (% Opening)

Source of variance and Sums of Mean n - Results of

degrees of freedom |squares x 10 |squares x 10 significance tests
Between S (Spacing) 1 254,03 294,03
Between W (Fire load) 1 9.03 9,03
Between L (Lab.) 7 433,97 62.00 Spacing and laboratory
5 x W Interaction 1 22.79 22,79 effects significant at 5
W x 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 1 94bH.22 30.49

-4

(Pooled residual 9.44 x 10 T with 23 degrees of freedom).

-3 -



We assume that a change of spacing, fire load or ventilation has a "fixed
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. .

TABLE 3
Source of Variance Components of Variance®
o " 16 G.¢
Between S (Spacing) 4 {0 + 2 G T $ )
A
> i b Gw
Between W (Fire load) 4 |Ge + 20w +

2

Between L (Laboratories) N .

S x ¥ interaction ' 1 | Oe
PY >
¥ x L interaction 710y + 20w
;Y 2
L x S interaction 716 + 205

“- l
L x S x W interaction Residual) 7 [le *+ 0w

*The variances have the usual meaning and (7@_ is the experimental vgriance.
In these tests one must either assume one of the variances other than O¢ is sero
or obtain an estimate of 6}, independently. This is now available from tests
including repeats performed by Nijverheidsorganisatie voor Toegepast
Natuurweternschappeli jk Onderzoek, Joint Pire Research Orga.nmation and National
Bureau of Standards laboratories on three woods. These testis give O with 8
degrees of freedom as 2.2c x 10™% and we assume this is applicable to all
laboratories, Consider Table 24, With & § per cent significance level, all
the variances exist except for {5 80 that the effect of firq load varies from
one laboratory to another without an ovegﬁll effect, If Gi¢w is assumed non-
existant so that the residual of 20 x 10 7 is used for testing the other
variances, we reach the same conclusion except that ¢ ts is now ,just below the
§ per cent level. In Table 2B the use of 2,25 X 10-4 for the variance 0o’
shows G375, to be significant. Gw, and Og. although not significant are
large. 6‘8,, G land G" are significant.
Using the residual variance of 11.99 x 10 =l
are significant.

> Y
ons finds only 6, anda Oy

We conclude that:

(1) There are significant differences between the mean levels of differeat
laboratories,

{2) There are no overall effects of fire load as such but almost certainly
in the case of the fully open window and possibly in the case of the
% 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 spacing increases the Burning rate by amounts which
vary significantly between laboratories in the case of the fully open
window.

(&) On the basis of the recent estimate of experimental error the way in
which the level of fire load affects the magnitude of the spacing
effect varies significantly between laboratories,

-4 -
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Table 4

Analysis of variance for separate laboratories

(Variance x 10L)

Source of Variance D;g:z;:mof U.K. U. 5. A, Canada Berlin | Braunschweig | Karlsruhe | Holland | Australia
Between V (Opening) 1 648,00 | 840,50 | 820.13 | 1128.12 144,50 1431.13 | 684.50 1770.13
Between W (Fire load) 1 8.00 0.50 21,13 0.12 0.00 378.13 18,00 78.13
Between S (Spacing) 1 60.50 18.00 28.13 105.12 50,00 253.13 338,00 325,13
V x W Interaction 1 18.00 2.00 3,13 1.13 0.50 91.13 50.00 120,13
W x S Interaction 9 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 3,13 450 3.13 162,00 136,13
WxVzx S Interaction 1 0,50 0.00 36,09 21,12 12,50 153.43 60,50 136,13
Total 7 119.43 | 124.86 | 131,26 181.27 32,86 330,84 189.36 372.98
[
Y‘ Table 5
Analysis of variance for each laboratory
(Variance x 10“)
Source of Variance D;g::::mof U.K. U.8.A. Canada Berlin | Braunschweig | Karlsruhe | Holland | Australia
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
W x S Interaction 1 60,50 12,50 10.13 10.13 18.00 . 6.13 12,50 45.13
Residual I 16,75 0.75 15,00 Eols bk 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 decimals,




In neither Table 2A nor 2B is W (fire load) a factor compared with the variation
in its effect from one lahoratory to another,

In an analysis of the date for each laboratory (Table 4) one finds +that the W mean
square in 4 cases is not significant compared with the variance of an individual
result of 2.2 x 10~%. 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 sonme
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 ).

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 spacing,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 laborateries are in
the opposite order flor 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.

For each laboratory the effects of the three factors which are consistently
significant, or nearly so, ventilation and spacing and the W S5 interaction have
been evaluated together with the variation remaining, (see Table 5), 1In 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.

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

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 consegquence 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 faet 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 conditions to be somewhat
'abnormal' in the sense used here,

General discussion

The nagnitude of the effects due to changing the sise of the opening and
the spacing will not be discussed in detail becsuse these differ between labora-
tories but in approximate terms the effect of increasing the opening from a ¥
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 fully 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 fully 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.



The effect of spacing varies between laboratories for the fully open condition
though not for the % 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 spacirg. 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 teats 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,

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(z)
that the rate of burning in kg/min is approximately given by 6 Ajﬁ"where A is the
window opening in square metres and H is the window height. For the I open
condition this gives 0.26 kg/min and this agrees closely with the value 0.25
kg/min, the mean velue for ell laboratories for the % 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 thickness
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.

Conclusions

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

2, The resulis for these eight tests suggeat that the behaviour with the
fully open window was neither wholly ventilation controlled nor fire
load controlled,

3. With the } open window the grand mean result for all laboratories agrees
well with the wvalue predicted from the assumption that the fire was
ventilation controlled. However, the results show that spacing hetween
sticks, i.e. the design of the crib itself, had some influence also.
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PRELTITINARY EXPEIMANTS POR THE C.I.B. PROGRAIDE -
AFALYSTS OF CEILING TEHMPERATURES AlD R.DIATION FROI THE OPENING

I(. I(,(.‘W’&‘l Oe, .J'.:]. H.o ThOl’ﬂ&.S Elnd pn G’. Smith

SUTTLRY

Analyses have been made of the measurements of ceiling temperature
and rt,dlat:.on from the opening obtained in a preliminary series of
eight tests performed by eight leboratories as part of an intermational
programme of compartment fires

important unexplained variations between laboratories, but the analyses
do show certain changes in the experimental conditions to have
significant ei'fects.
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l Due to insufficiently specified experimentzl conditions, there are



PRELIMINARY EXPERIMENTS FOR THE CIB PROGRAIVE
ANALYSTS 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 fire in compartments are ?e'ng made
under the auspices of the Conseil International du B&timent (CIB) 13.

The first stage of this programme has been completed, Eight laboratories
have performed the same eight tests, in a compartment % mXx % nxim

with an opening in one end. The detailed resullts were given in the report
forms completed by the‘ggrticipating laboratories and circulated between
them., A first report (2) 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 from the opening which were measured by

each laboratory continuously throughout each test according to procedures
described elsewhere \!). The following gquantities are dealt with in this
report: the maximum ceiling temperature, the maximum radiation from the
opening and the mean radiation from the opening during the period in which
the weight of fuel fell from 90 percent of its initial weight to 30 per cent.
There are differences in these quantities between one laboratory and another
which are in many cases significant and for which little explanation can be
offered, hut there are certain differences between the different test
conditions which are significant, and these are discussed.

2. Results
2.1. Maximum ceiling temperatures

The maximum ceiling temperatures obtained from the reports from each
laboratory are shown in Fig.1 and Table 1. These results have been analysed
statistically, and the analysis of variance is showmm in Table 2. To test
the significance of any factor we compared the mean square for that factor
with the mean square for the variation of that factor between laboratories,
On this basis we find that the températures are higher for the fully open
window condition than for the % open condition, and are higher for the 1:: 1
spacing than for the 1 : 3 spacing between sticks in the wood crib. The
interaction between ventilation and spacing is large but not significant at
the 5 per cent level. Similarly, the interaction between ventilation, spacing
and fire load is large but not significant at the 5 per cent level compared
with the variation of that effect from one laboratory to another., After
performing these experiments a further set of experiments in which repeat tésts
weré made has been completediby three of the eight laboratories, and from
these it is possible to obtain a true residual variance, and this is equal
to 109 with nine degrees of freedom, If this result can be generalised to
these earlier experiments, then a number of the interactions and variations
of interactions between laboratories are significant. The meanings of these
are uncertain but they suggest that there are probably important differences
in tecohnique of measuring temperatures between one laboratory and angther,
and these will have to be reduced in magnitude for future work of this kind
by better specification of the experimental technique.

It has been shown previously (2) that the burning rate like the temperatura
is higher for the fully open than for the 3 open condition and unlike the



temperature slightly higher for the 1 : 3 spacing than for the 1 : 1 spacing.
Thus, the temperature differences do not correlate with the rate of burning
differences qualitatively . The faster rate of burning with the fully open
condition would be expected to be associated with higher temperatures in the
enclosure because higher heat transfer rates are necessary in order to
increase the rate of decomposition of the fuel bed, and this is in fact what
is seen from these results. However, the higher rate of burning with the

1 : 3 spacing is associated with lower temperatures. But as is seen below
this is not accompanied by a significant radiation difference. Fig.2 shows
the maximum ceiling temperature plotted against the mean rate of burning,
and clearly there is no obvious correlation. There may be some correlation
if systematic differences between one laborgtory and ancther are eliminated
before such a correlation 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
pericd. 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 cent is given in Table 5, and
the analysis of variance on these results in Table 6. As ore 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 significant 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
interaction is significant for both maximum and mean radiations compared
with its variation between laboratories. The interaction between the
spacing effect and the fire load is significant for the mean but net 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 recent 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 variance with
these ratios being given in Table 8,

This analysis has several points of interest. Firstly, because the
‘radiation level is markedly af'fected by the size of the window as is ths
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 significantly between the two ventilation
conditions. The ratio also varies significantly between the two different
spacings. No interactions are significant. The results have been averaged,
and assuming that only the spacing and the ventilation are real effects,
Table 9 gives the expected mean ratios for all laboratories except the

-2 -

e e e ———————————



Braunschweig laboratory where there was very much less difference between
the rediation 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 flor 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'z, 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

a measured radiation intensity window ares
configuration factor of rate of burning
radiometer with respect to

cpening.

is a constant characteristic of the c¢rid and the geometry of the window
and enclosure. This quantity is listed in Tables 7 & 9. The significance
of the results will be discussed elsewhere.

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 becomes significant,that is to say,
effects such as variations between ventilation and fire load from one
laboratory to another mgy 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 enocugh, Thus, the eight laboratories did nct 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 ¢pen conditionm,
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, and
a more detailed specification is necessary in ordex to try to reduce the
variability between one lsboratory and another, and the way in which
dif'ferent laboratories assess the extent of verious physical effects.

3. Conclusions

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

2. The analyses show there are significant differences in
(2) maximum ceiling temperatures between the two levels of
ventilation and the two spacings used;
(b) radiation from the opening between the twe ventilation

conditions;
(c) mean radiation from opening between the two fire loads;
. , mean radiatioh from opening between the ventilation
(d) the ratio- meen rate of burning. and spacing conditions.
-3 -
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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 & 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. Bstimates have been made of the values of

the constante of propertionality between these two quantities=-
averaged for all laboratories.
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TABLE 1.
Maximum Ceiling Temperature (°C)
Fire
Opening | Spacing i;dz U.K. U.S.A. Canada |Berlin |Braunschweig |Karlsruhe |Holland|Australial Mean
m
1 20 (®1) 995. 1025, 935. | 895. 810, 817. 1020. | 1010. 938,
(81) 30 (¥2) | 1035. 1000, 957. | 958. 812, 892, 1055, 990. 962,
Full
(V1)
a 3 20 (F1) 915, 900, 936. | 880. 705. 892, ~965. 865. 882.
‘l” (82) 30 (®2) 990. 890. 906. | 793. 760. 905, 960. 840. 881.
1 20 (1) 895. 960, 870 808. 748, 880, 1025. 905. 886
(81) 30 (¥2) 885. 925, 849. | 745. 870. 818. 945, 895. 867
(v2) -
3 20 (®1) 905. 875. 835. | 783. 790. 867. 950. 805, 851.
(32) 30 (F2) 885. 910. 838. | 8o7. 760. 817. 900. 845. 845.
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TABLE 2

Maximum Ceiling Temperature

Analysis of variance

Source of variance

Degrees of freedom

Sums of squares

Mean squares

L (laboratory) 7 222,219,359 31,745,623
V (ventilation) 1 45,849,515 45,849,515
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
Lx38 7 22,485,985 3,212,284
LxF 7 5, 148,985 821,284
VxS 1 6,662,642 6,662,642
VxF 1 2,316,020 2,316,020
SxF 1 141,017 141,017
LxVx8 7 8,812,983 1,258,998
LxVxPF 7 9,562,108 1,366,015
VxSxPF 1 1,570,138 1,570,138
FxS3xL 7 3,237,608 462,515
Residual 7 13,732,480 1,961,783
Total 63 401,442, 23, 6,372,099
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TABLE 3
Maximum radiation from ovening x 100
- cal cm=2s-
Fire
Opening| Spacing iz;dz U. K, U.S.A, Canada |Berlin |Braunschwelig| Karlsruhe| Holland | Australial Mean
m
1 20 (F1)]| 42. 70. 34, | 20. 2C, 18. 45. 42, 36,5
(s1) | 30 (®2)| u5. 6. 40. | 30. 28, 30, 45, 47. | @
Fully
(v1)
3 20 (F1)| 37. 43. 35. | 22. 2. 32, 51. 45 36
(82) 30 (F2) | 36. 52. 35. | 24 29, 28. 45. 41, 36.5
!
-..,J
' 1 20 (M) | 14. 27. 16. 9. 19. 11, 20. 19. 17
(s1) 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
(s2) 30 (F2) | 14. 2k, 15. 8. 25, 12, 18. 17. 17




TABLE &4

Variance of maximum radiation from

opening x 104

Source of variance Degrees of freedom Sums of squares Mean squares
L (laboratory) 7 3293,734 470,533
V (ventilation) 1 7119.440 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
SxPF 1 9.767 9,767
LxVx$8 7 210,733 30,105
LxVxPF 7 27.983 3.998
VxSxPF 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 from window opening x 100
- cal em=2s-1

Fire
Opening | Spacing | load U. K. ‘U.S5.A. | Canada |Berlin Braunschweig| Karlsruhe | Holland | Australia| Mean
kg/mm)
1 20 (F1)| 27. 47. 2. 15. 16, 12. 30. 32. 25.4
(s1) 30 (F2) | 40. 50. 39, 21. 22. 21, 36. 37. 32.1
Full
(V1)
3 20 (F1) | 33. 2, 23, 20, 2. 23, 40. 35, 28.6
I (s2) {30 (F2)| 35. 3. 26. 22, 28. 22. 37. 28, 30. 1
O
]
1 20 (F1) | 11. 20, 12. 7. 13, 8. 14, 13, 12,4
(81) 30 (F2) | 11. 16. 12, 7. 18. 9. 13. 12. 12,4
(v2)
3 20 (F1) | 4. 18, 12. 9. 18. 8. 16. 13. 13.5
(s2) 30 (F2) | 13. 17. 13. 8. 21. 8. 15. 1. 13.6




TABLE 6

Variance of mean radiation from opening x 104

Sdurce of variance Degrees of freedom Sums of squares Mean squares
L 7 1825.750 260,821
v 1 4192,563 4192, 563
S 1 14,063 14,063
F 1 72,250 72,250
LxV 7 704,687 100,670
LxS 7 149.187 21.312
LxF 7 45,500 6.500
VxS 1 2,249 2,249
VxF 1 68,062 68, 062
SxF 1 27.562 27.562
LxVx$S 7 88,501 12,643
LxVxPF 7 33,188 4,741
VxSxPF 1 30,251 30,254
PxSxL 7 42,688 6.098
Residual 7 33,499 L.786
Total 63 7330,000
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TABLE 7 2
Mean radiation from opening — cal cm™ s~ x 100
Mean rate of burning - kg min~1

Fire Mean radiation
Opening |Spacing|load_ | U.K. |U.3.A. | Canada | Berlin |Karlsruhe | Holland | Australis | Mean [|at opening window
kg/m? (corrected for x area
configuration)
mean rate of burning
cal-g-1
1 20 &, 98 60 L0 3h 120 76 73 460
30 93 106 63 48 33 90 90 75 ' 470
Full
3 20 83 70 48 38 44 f 46 57 360
N 30 |92 |81 54 48 32 67 57 62 390
1
1 20 87 I L8 38 33 55 63 56 310
30 |65 61 52 L0 35 62 65 5k 300
. _
20 |48 - | 62 48 38 31 58 58 49 270
3 30 |57 | 56 Ly 30 20 53 5 45 250




TABLE 8
100 x mean radistion from opening

Variance of mean rate of burning
Degrees of
Source of variance freedom Sums of squares Mesn squares
L 6 15020 2503
v 1 3320 3320
S 1 1880 1880
LxV 6 1384 231
Lxs 6 654 109
LxF 6 272 L5
Vx 8 1 142 142
VxPF 1 142 142
ExF 1 z.0 3.0
LxVzxs$§s 6 1218 203
LxVxPF 6 INY/ 78
VxSxF 4 2 dy A b
FxSxL 6 576 96
LxVxS8xPF 6 3L 52
TARLE 9
mean radiation from opening ,
Expeoted mean rate of burning for all laborator%es
except Braunschwalg
measured mean radiation at opening
Opening | Spacing |radiation window area f°lj
rate corrected x configuration 4
mean rate of burning -cal &
Full 1 - 0.72 550
3 0.61 380
1 1 0.57 2L
3 0.45 248
TABLE 10
mean radiation from opening .
Expected . - compared with ratios
meen rate of burning from later tests.
radigtion radiation
Laboratory Expected Tate “Tats from later
tests
J.F.R-o.‘ 0.81 0.61
N-Bo‘s. 0.80 0.59
T.N.O. 0. 81 0.71
- 12 -
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COMP-XATTVE ©35TS BY THEEN LABORATORIES ON + FINE
"1l 4 SMALL SCALE COMPARDHENT
by

P, H, Thomas and P. G. Smith

SUIMMARY

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

There is a high correlation between the variations in the mean
radiotion from the compartment opening and the mean rate of burning
which is not the case for the temperature measurements,

lay 1961



COMPARATIVE TESTS BY THREE LABORATORIES ON A FIRE
IN A SMALL SCALE COMPARTMENT

by
Po Ht ThOma.B md P' G’. Sﬁith

Intreduction

-As a result of finding rather large, and to some extent inexpliocable varia-
tions betwe?n zh‘ results obtained by eight C.I.B. laboratories on the same
eight testsl? it was decided by the last C.I.B. Fire Research Working Party,
meeting in London, that three laboratories- should perform one experiment using
three different types of wood in a model of the same oonstruction. The
experiment consisted of burning 10 kg of wood in e model 2 m x imx 2m high with
an opening (¥ m x % ; at one end of the model, The Joint Fire Regearch
Organization (J.F. R0 , provided the material for the National Bureau of Standards
(N.B.S.), and the Nijverheidsorganisatie voor Toegepast Natuurwetenschappelijk
Ondersoek (T.N,0) laboratories to construct the experimentsal model, The
National Bureau of Standards provided the glue with which to construct the wood
oxribs, .Each laboratory performed two experiments with wood supplied by themselves
and the other two laboratories. Measurements were mede of the rate of burning,
the radlation from the opening and the flames, and temperatures near the ceiling
and the floor{1). Each day's testing was preceded by a fire in the box, This
served to reduce the moisture content of the box material,

Resulte

From the test results the following statistics have been selected:

a) The mean rate of weight loss over the period during which the weight
fell from 9 kg to 3 kg, i.e.R n{ and the mean rate for the shorter
period when the weight fell fl%) '?kg to 4 kg 280 /hO.

b) The mean radiation received by a radiometer 4 z i in front of the centre
of the opening during the longer of the above periods; the maximum
radiation and the time at which it ocourred,

o) The mean radiation from the flames for the same period; the maximum
radiation and the time.at which it occurred,

d) The maximum "oeiling" and "floor* temperatures and the time of ooocurrence,

All these data are given in Table 1%

*Since this note was written 1t has been found that the values of radiation

from the opening from the N.B.S, tests given in table 1 should be reduced 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
difference, but its effect Is negligible and such tables have not been corrected.
Where uncorrected data are listed, this is clearly marked., In some cases, as in
Tables 7, B. 13, and 14, corrections have been made,



Analysis of results.
Mean rate of burning F90/30.
The results are given in Table 2.
Table 2

Rate of burning R90/30 ~ kg/min.
(The upper value is the first test in each pair.)

Laboratory
Wood J.F.R.O. N.B.S, T.N.O. Mean
Mean Mean Mean
0.462 . 0.511 - ‘
J.F.R.O. 0.433 0.4 7 0.502 0.506 0451, 0.454 0.469
0,508 0,461 0.508
N.B.S. 0.526 0.517 0.473 0.4,67 0477 0.492 0.492
0.480 0. L4614 0.426
T.N.O. 0196 0.488 0.L82 0.473 0400 O.t13 0.458
Mean 0.48L 0.482 0.453 0.473

A statistical analysis shows that the standard deviation @ for the 8
repeats is 0.015 kg/min, This is only 3 per cent of the grand mean velue of
R90/30 which is 0.473 kg/min and implies that single values can generally be
relied on. The mean rates for the J.F.R.0., N.B.S. and T.N.0. laboratories
respectively are 0,484, 0,482 and 0.&53*, each having a standard deviation
based on the above® of 0.006 kg/min. The difference between the largest
and smallest of these three means is about 6.5 per cent . The variation
between the mean results for the three woods was alsd about the same; the
differences are small even though significant. However, there is a highly
significant interaction beiween 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 differences between the data for different

woods and laborstories 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 I). The actual results (means for each
pair) of Table 2 differ from these calculated means by amounts shown in
Table 3, which is based on 0.454 for the missing value.

*This is obtained assuming the missing value was 0.454., A better estimate
(see Appendix I) is O.h4l based on 0,396 for the missing value. This mean is
about 8.5 per cent below the other two means,



TABIE 1
TEST RESULTS
Tims to Time to Rate of | Rate of Radiatiop from window Badiation from flames Maximum temperature
réach resch burning | burning
Wood Test No. | 90pex cent | 30per cent R90/30 RBO/I..O mean 90/30 Peak at time mean $0/30 Peak at time beiling at time [floor at time
initial wt.|initial wt. a4 2 o 2 2 - . o
tgo(min) t;o(“in) (xg/min) {(kg/min) |(cal em 8 ') |(cal om 8 ') |(min) [{cal om & ') |(cal cm 2" ') | (min) | ("¢) [(min) | (°C) | (min)
J.F.R.0. Laboratoq
J.F.R. O, 20 2,00 15,00 0.462 0.415 0,264 0,338 20 0.180 0,230 5 B74 19 962 | 17.5
" 21 1.70 15.55 O.433 0,407 0.261 0.330 15 C.175 0,200 16 898 18.5  101e | 17
N.B.S. 26 3.00 14,80 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 0.328 0.442 17 0,273 0,368 Fi 915 18 980 | 21.5
T.N.0. 32 3.00 15.50 0,480 0. 484 0. 30, 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 S 16.5
N.B.S. Laboratory
»
J.P.R.0, TS::Iei"l 2,18 13.95 0.511 0.490 0.379 0.437 18 0.222 0.310 4 861 14 866 | 12
el 23 1429 | o502 | owss| o3m 0.426 18 0.236 0.350 s | &7 b ow | g0z |10
-
N.B.S. |Tostl | 2.6 15.62 0461 0 bh7 0.353 0.463 18 0.227 0.310 b | 879 | 18 | 961 j 20
S A A BRP N 1555 | 0wy [ ows7| o7 0.467 16 0.221 0.273 s6 | 863 | 16 | w3 |12
N0, |mst i 239 1531 | 0.6k | 0.450 | 0,355 0.400 18 0.197 0.270 b | 85 [ 18 | 939 [16
" Test 1,
Series 2 2,62 15.08 0.482 0. 474 0.375 0.4,8 18 0,191 0,280 4 883 16 986 | 14
T.N.C. laboratory
J.F.R.0. UK.1 3.2 - - - 0,281 0.350 20.0 0.272 0.580 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 0.392 17.8 930 17.5 11015 | 15.8
N.B.S. USA. 1 2.6 1.4 0.508 0.503 0, 344 0. 445 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 VN 15.8 0.353 0.530 1541 930 16,0 1060 {17.1
2.N.0. |N.1 . 2.7 16.8 0,426 0.413 0.289 0.340 16.5 0.296 0.360 16.8 | s10 | 16.8 | 975 [16.0
" N.2 2.7 17.7 0.400 0,38, 0.293% 0.3,2 18,0 0.290 0.350 * 925 18,0 | 970 |16.5

Por radiation from vpening N. B.S.. data uncorrected.



TABLE 3

Differences from R values (means for each pair) corresponding

to average ggéggrences between laboratories and woopds.
? Laboratory
Wood J.F.R.0. N.B.S. T.N.O.
J.F.R.O, - 0.033 0,028 0.004
N.B.S. |  0.014 - 0.034 0.020
T.N.O. l 0,019 0.006 é - 0.025

The interesting feature emerges that each laboratory, while somewhat
biased with respect to the others has, in addition to this bias, measured
its own wood at s 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 380/40’ and in the
rate of burning over a small time interval near the maximum rate of
burning.

Order of testing.

The three laboratories tested the three woods in a different order.
N.B.S. 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 (Taeble 4). For the purpose of this ahalysis we take the missing
T.N.0, result as 0.396 (see Appendix I).

Table 3 gives, in principle, the mean of each pair of the differences
in Table 4. The values do not agree exaotly because the "missing" T.N. 0.
value was taken as 0.454 originally.

TABLE L

Differences from R values expected from laboratory (column)

90/ and wood (row) means,
Laboratory
WOOd J.F!ROOQ NGB-S. TQEUOG
Order of Order of Order of
Dif‘f‘erencesI testing | Differences| testing Differences| testing
i :
- 0,012 ; 1 0,039 2 - 0,037 3
JERO gl 2 0.030 5 0.021 L
N.B.S. | 0,002 3 - 0.043 3 0.042 5
! 0.020 4 o= 0,03 6 0,012 6
: i
T.N.O., i 0.008 5 !~ 0,006 1 -~ 0.005 1
l Nl
- 4 -
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An analysis of variances, disregarding the wood factor, shows no
significant effect of order, though in the case of the J.F.R.Q. and T.N.O.
laboratories the linear component of the variation with order of testing
is nearly significant at the 5 per cent level. This is not enough support
for the view that the interaction arises from some effect such as ageing of
the box which would result in an effect of the order in which the tests were
done.

Variations in ignition.

If the ignition were not reproducible we might expect the rate of growth
of fire to vary between the tests - this might be correlated with the differ-
ences in mean burning rates.

An analysis has been made of times taken for the weight of fuel to fall
to 90 per cent of its initial value., No significant systematic variation
between laboratories or woods or interactions was found. This suggests that
the method of ignition is satisfactory and dces not lead to systematic error.

Analysis of radiation from opening.
The results are summarised in Table 5 for the 90/30 period.
TABLE 5 i

Radiation from opening (90/30) cal em™2s~]
{Extracted from Table 1, with N.B.S. data corrected by 0.77

1
: Laboratory
J.F.R.0. N.B.S. T.N.0.
Wood Mean Mean Mean Uean
0.264 " 0.292 0,281 4
J.F.R.O. oroos 0.262 | 0+232 0,291 0 5ag 04303 0.286
0.315 0.272 0.34L
N.B.S. orasp 0.321 | grol% o.28 013%s 0.341 0.3
0.304 0,273 | 0,289
7.N.0. 0306 0-301 | 0'630.280 . (*55% 0,291 0.291
Mean 0.295 0.284 L 0.312 0,297

The N.B.S. data were obtained with an unenclosed disc radiometer., The
radiometers used by J.F.R.0. and T.N.0, were enclosed to minimise convection
effects., The standard deviation for all repeats was 0.0125; the standard
deviation for all repeats excluding the T.N.0. tests on J.F.R.0. wood, where
the variation between repeats was larger than in any other case, was 0,007.

There are in these results significant differences between laboratories
and woods and there is also & significant interaction, If, as for the rate
of burning data, we calculate the difference between the actual mean for any
pair of repeated tests and the mean expected assuming no interaction, we
obtain the following table (Table 6).



TABLE 6

Differences from opening radlation values expected
from laboratory (column) end wood (row) means,
(mean of each pair).

Laboratory
Wood J.F.R.0. N.B.S. T.R.0.
J-FoRoOa - 0'022 0,020 0.002
N‘..B.BC 09009 - 0.021 0.012
| T.N.0. 0,012 0.002 | = 0,015

Based on uncocrected data. Correction only affects third place of decimals
to 1,

There is the same feature as in the rate of burning data - a low value
when a laboratory tests its own wood,

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 correlation between the two sets of data and the fact that for this .pair
the difference between the mean radiation values was greater than in any other
pair of tests, some correction is needed and we can use the correlation te
establish it. The procedure is given in Appendix 1 in which it is deduced
that the best value for the missing result is 0,396 ! 0.023. The correlation
between the radiation and rate of burning results, after allowance has been
made for systematic variations between laboratories and woods, is better than
0.1 per cent significant and the best valus of the statistical line, treating
rate as the independent variable, has a slope of 0.61 with aeo of 0.1 in the
originel units., '

We have thus established a”very usefal proportionality between the variation

in radiation from an enclosure and the variation in rate of turning in it.

This result has been obtained by correction for the slight average systematic
biases between different radiometers and measurements of weight loss, foxr the
different laboratorles and different woods., The results are shown graphically in
Fig.1. The abscissae are the values in Table 4. The ordimates are from a Table
not shovm, ut dérived from Table 5.

If the original results are averaged over all labotatories we obtain the
following data, where it is seen that the fourth column gives values similar to
those deduced above,

TABLE 7

Mean radiation and rate of burming averaged over all laboratories

Mean rate of

i Wood Mean radiation (guggéngor i = —radiation
3 il o ~ rate of burning

missing value)

J.F.R.0.|  0.286 00460 | 0,617
N.B.S. | 0,314 0,492 0.638
T.§.0. | 0,291 0,458 0.636

Analysis of quantity i, (radiation per unit rate of burning)n

An altermative approach to the analysis is to estimate ™i", the ratio of
measured mean radiation to measured mean rate of burning, for each pair of data,
the suffix "o" denoting opening. These are shown in Teble 8 for the 90/30
period, the figures listed being 100 io.in original units,

-6 -



TABLE 8

Radiation per unit rate of burning.

Laboratory

Wood J.F.R.O. N.B.S. T.N.0.
J.F.R.0. 57 57 T
&0 58 72
62 59 68
N.B.5. 62 61 e
| 63 59 68
T.N.0. 60 60 73

Correcting for the fact that the radiation unit is ecal om'2s‘1 and the
weight unit is kg min~ ., the ratio io of radiation to weight losa rate is
36.5 x 1073 cal em™2g~1 for the J.F.R.0. laboratory data (38 x 103 for all
three laboratories). The configuration factor of the rediometer with respect
to the opening is 0,24 and there is an approximate 10 per cent reduction
necessary to allow for the flame radiation received by the radiometer opposite
the opening, so that with respect to the radiation level in the enoclosurse, fhe
value of the ratio is approximately 0.14 cal cm=2g~!, This may be compared
with the value of approximately 400 cal/g .geducible from the results obtained
by Webster et al for cubical enclosures (3), with various amounts of fuel in
the form of & crib. In Webster's experiments it was this quantity, based on
the cube side (floor or window) area, not cal g-Tcm™2 that was independent of
scale, so the ? estlon arises of which area we must take to reduce our figure
of 0.14 cal g~Tem~2 to a value independent of scale. The ratio of these two
quantities is

82 = 2900 cn?
which is nearer the window opening of 2500 em? theén the floor area 5000 cm?
(for Webster's experiments these were the same)., The value for these C.I.B.tests
radiation flux within enclosure x window area

of L, where L = rate oF Durning , is 350 cal/g.
Based on floor area L would be 700 cal/g. L may be expected to depend on the
design of the crib, The experiments on which these figures are based are
biased towards fires in which the rate of burning is no longer controlled by
the air flow into the window, so one would expect the rate of burning to be
controlled by the heat flux to the fuel bed, Further experiments are necess-
ary to deolde definitely whether floor or window area is more sppropriste, A
tentative Jjustification for window aree is that the radiating area of the flame
zone is more nearly the window area than the floor (or ceiling) area.

~

Mean radiation from Flames.

The mean levels of radiation from the flames over the 90/30 period of
weight loss are shown in Table 9,

*Jince the maximum burning rates have not been evg}u@& grr t%ﬁs sernis of
C.I.B. tests, the comparison is between mean ra om _Lne ope
these tests and. max1mum radiation from opening m;anmhgigizg rate ults
maximum burning rate e or's res ’
Although the maximum values may occur at different times for the two measure-
ments, this discrepancy is too small to aff'ect the conclusions drawn from
this comparison.

or

-7 -



TABLE 9

Mean radiation (90/30) from flames in cal en” 281
(mean of each pair - see Table 1).

i Laboratory
WOOd J.F-R.o. N-BoSo T-N.Oi MEGII
J.F.R.O, 0177 0.229 0.290 0.232
N.B.S. 0.251 0,224 | 0.353 0.276
T.F.O. 0,203 0.194 0.293% 0.230
Mean 0.210 0,216 |0.312 0.246

The standard deviation for a single result based on the repeat tests
is 0.014. The interaction and main effects are significant with respect to
the 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 giving no interaction, The differences between the measured means and
these "expected" means are given in Table 10.

TABLE 10

Differences from mean flame radiation values expected from laboratory (column)
and wood (row) means.

Laboratory
Wood J.F.R.0] N.B.S. T.N.0.
JcF-RoO- - 01019 0.027 And 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 quantity if = flame radiation per unit rate of burning,
For the flame radiation the ratios 100 ip are as in Table 11.
TABLE 11

Mean flame radiation per unit rate of burning.

Laboratory
Wood )\ ; F.R.0.| N.B.S. | T.N.O.
J.F.R.O. 39 43 68
i1 L7 68
45 L9 70
N - B - S - 5 2 47 N 74
i1 L3 70
T.K.O,. 42 40 | 72

The variations between laboratories and between woods are significant.
Clearly the very large difference between the T.N:0, results and the others
shows that the mean value evaluated is subject to considerable variation

-8 =
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between laboratories which presumably arises from the rediation instrumentation.

For the J.F.R.0, laboratory data ip = 0.43 in original units which is
equivelent to 26 x 10-3 cal cm'25‘1. Webster's result for three sizes of cube
was 90 cal g~1 and the ratio of these two quantities is 3500 cm2, This is not
obviouslg in better agreement with window area (2500 cm?) than floor area
(5000 cm?).

The two sets of data were obtained with different systems of measurement
which, as we have seen comparing the results for the three laboratories, produce
considerable variation. We conclude that there is a linear variation between

flame radiation and rate of burning, but are not able to quote a definite value
until the ambiguities in the flame radiation méasurements.are resolved,

Peak radiation from opening.
The peak values of radiation from the opening are given in Table 12,

TABLE 12

Peak opening radiation cal cn—25-7,
(Bxtracted from Table 1 - the N.B.S. data corrected by 0.77.)

Laboratory
J.F.R.O., N.B.S. T.N.O. Ratio to
Wood Mean Mean " Mean Hean 90/30
radiation
| 0.338 0,337 0.350
JcF-R-O-' 0.330 0'33&" 0.328 00333 ' 0.375 Ol367 00310'5 1 '21
0.442 0.357 o 0.445
N.B.S. 0112 O 442 0360 0.358 % 0oLL5 0.L45 0.415 1.32
0.342 0.308 0.340
T.N.0. 0.33g 0340 0.3,5 0327 0.3,0 0341 0.336 1,15
Mean | 0.372 0.339 0.384
Ratio to
90/30 1,26 1,20 1.23
radiation

The ratio of the row and column means to the corresponding values for mean
radiation are shown next to sach mean.

The arithmetic differences between peak and mean 90/30 radiation are
given in Table 13,

TABLE 13

Difference between peak and mean radiation.

Leboratory
Wood J.F.R.0, N.B,.3. 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 differences between the leboratories and the N.B.S. wood
has a greater diff'erence between the peak and mean radiation reflecting a real
difference in the behaviour of this wood from the other two. This is clearly
seen in the original radiation/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 date.

Radiation instrumentation
If we take the mean over the three woods for the opening radiation and the

flame radiation, we can compare the radiations measured by the three laboratories.
These are shown in Table 14.

TABLE 4.
Radiation averaged over woods ~ cal em 25
Leboratory
'T.J.F.R-'O‘t N.B.‘s' T'oNco-
inadiation mean 0.295 0,284 0;,32 ,
froy max, 0.372 0.339 0. 384
opening )
i max /mean 1.26 1.20 1.23
{ Radiation | mean 0.210 0.216 0.312
from i .
flames max, ¢ 0.276 0.299 0.422
max/mean 1.3 1,38 1.35
mean flame radiation
mean opening radiation 0.7 0.76 1.00

The consistency of the ratios of max/haan between laboratories is a
reflection of consistent fire behaviouwr not of instrumentation. The
T.N.0. radiometer for measuring the flame radiation appears to read high with
respect to the other two (see alse Table 9).
Ceiling temperatures

The peak ceiling temperatures in °C are given in Table 45,

- 10 =



TABLE 15

Peak ceiling temperatures - °c

Daboratory

Wood J.F.R.0, N.B.S. T.N.0. Mean

874 861 930

J.F.R. 0. 898 81F7 930

890

| 915 879 905
N.RB.S. 915 863 930 901

895 875 910

Mean 900 868 922 396

An analysis of variance shows only the variation between laboratories to
be significant, the standard deviation is 13,4 C. There is no correlation
of temperature differences with rate of burning differences nor with peak nor
mean radiation from the opening.

Allowing for measured systematic differences between woods and labora-
tories gives a set of data which can be plotted against the equivalent data
for peak radiation and this is shown in Fig, 3. There is no systematic

correlation such as might be expected from the nature of the measurements
involved,

and mean radiation from the opening and mean buining rate are highly correla-
ted, it follows that it is unlikely that peak burning rates and peak ceiling
temperatures are closely correlated, although the means for each laboratory are in
the same order as are the radiation measurements,
Floor temperatures

The results are shown in Table 16,

TABLE 16

Peak floor temperatures - ¢

Wood J.F.R.0. N.B.S. T.N.0. Mean

962 866 970
J,F.R.0. 1019 902 1015 - 956

995 981 1035
N- Bn S- 980 91‘-3 1 060 999

965 939 975
T.N.O. 941 986 970 963

Mean 977 936 100k 973

- 1] -

l No attempt has been made to identify peak burning rates, but since peak



An analysis of variance shows & significant laboratories x woods
interaction. Following the procedure described above for ceiling
temperatures one finds a similar result, namely, this interaction does
not correlste with peak radiation nor mean rate of burning.

Therefore, there appears to be little significance in the temperature
measurements which might have been expected on physical grounds to be
correlated with radiation if not rate of burning.

Conoclusions.

(1) The veriation between repeat values on all measurements
is, with an occasicnal exception, very small,

(2) There is no significant correlation between vatiations in
temperature measurements and observations of rate of burning
and radiation,

(3) There is a systematic effect that each country has under-
estimgted the burning rate of its own wood when allowance has
been made for the systematic dif'ferences between laborateries
and woads, This difference is rather too large to be tolerated.
No explanation has yet been confirmed. It is reflected in
differences between the radiation measurements.

(4) One can deduce a value of 0,038 cal cm"25‘1 for the variation
in radiation at the standard position from the opening
corresponding to variation in. the rate of burning, It has been
suggested that, multiplied by the window srea, this gives an
important property of the fire.

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

(6) There are noticeable differences 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 many of the examinations of data in this report we first need to
eliminate systematic differences between woods and laboratories which arise
from slight differences in ingtrumentation and woods.

By summing over all woods {(rows) we get the mean result for each
laboratory (column). We deduct ior add) to each of the six results in any
column, a quantity (constant for each column) that makes. the mean for

esch 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 wocd means- over all laboratories are .equal to the grand mean,
This gives an "expected" value af'ter systematic differences between
laboratories and woods have been allowed for. We deduct each value from

the measured value and obtain eighteen differences or nine mean differsnces.

This procedure can be done directly by reducing linearly all row and
colymn totels to zero. An abbreviated description of this.procedure is
glven for the mean flame radiation.

TABLE 17

Mean flame radiation - cal cm 251 5 1073,

Laboratory
Wood J.F.R.O. K.B.S. T.N.0.
J.F.R,0.] 180 222 272
175 236 308
229 227 353
N.B.S. P - 32
196 197 296
T.KN.O. 210 191 250
Mean 210 216 312

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

Second stage in evaluating differences between "expectea“ values of
mean flame radiation and measured values.

Laboratory
Wood :
J;F.R-O. N.B_-S. ToNoOld TO'tE.l'B Me&n
e | = 30 6 | -u0 | _ )
N.B.S. 19 11 LA
63 | 5 11 180 30
|
- 14 - 19 - 16 P ~
T.N.O. o - 25 - 22 f 96 16
Totals 3 | -2 i o i 1

}
Add 1k to each result in the top row, deduct 30 in the middle row, and add
16 in the bottom row, and hence obtain Table 19, '



TABLE 19

Differences between "expected™ values of mean flame radiation and measured
values based on wood and laboratory means.

Laboratory
. Wood 4 yrR.0. N.B.S. 7.N.0.] Totaly

| J.F.R.0.| -16 20 - 2 1
- 21 31 10

NoBoS. - 11 - 19 11 0
33 - 25 11
2 -3 0

T.N.O. \e - W 0
Totals 3 - 2 0

The residual row and column totals can be partitioned but to simplify the
arithmetic the resulting fractions have been neglected.

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.

In the case of the rate of burning, there is a missing value which is

denoted by a symbol "y", say. 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, ‘though Table 6 gives the mean
for 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

r = 7730 = 394 &
/5866 /12753 ~ 122008+ 2342
where & = 1OOQ¥8- L00
r is a maximum when"\'m == 0,20 i,e, when y = 0.396.

Using the binomigl theorem for smalle< we obtain

r = 0,895 (1 - 0,0030%- 0,008%2)

This approximate form gives the value ofX as - 0.19, 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.

* Based on uncorrected N.B.S, radiation data. The 0,77 correction is so
nearly a simple linear difference and hence a systematic one, that 1little
change would be necessary.
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The expression for the regression coefficient of radiation on rate
of burning is

b = 1% (1 + 0,041 =« — 0.014oL2),
2
Neglecting X the velue of O 2 is 2866 $1 - £°) x 1076 - 104 x 1076,

The confidence limits for one observation are *+ to, or + 0,023
at the 95 per cent level, so that the likely range of y is
0.373 (X = - 1,5) to 0.419 (<= 1), Neglecting=< , b = 0.61.
With={ = + 1, b = 0,63 and withed = -~ 1,5, b = 0,55,

The confidence limits of the slope b obtained by treatingo{ as zero
are t t g . =+ 0.2,

- slope - . .

A best line drawn on a graph without & definite choice as to which is
the dependent variable will tend to be at a slope larger than 0.61 viz 0.76,

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 * 0.2k,
The ratios cobtained for each wood taken geparately were 0,50 for the J.F.R.O.
and T.N.0. woods (both were spruce) and 0.56 for the N.B.S. wood.
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PROPOSALS FOR NEXT STAGE OF C.I.B. PROGRANIME
O FIRLS IN COMPARTMeNTS
by

P, H. Thomas, Hra., Jane lather and P. G. Smith

SULTARY

4 design for the main programme is proposed in which there is some
replication of certain tests ("Series 1") between laboratories to permit
laboratory biases to be measured and if necessary allowed for. This is
necessary since it has not been found practiczble to reduce variation
sufficiently by close specification of experimental conditions,

The design is also shown in a tabular form,

September 1961



PROPOSALS FOR NEXT STAGE OF C..I. B, PROGRAMME ON FIRES IN COMPARTMENTS

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
various participating labératories,

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 testsi-

(1) the eight tests by eight laboratories } 2
(ii)the restricted programme by three laboratories 3

some changes are desirable in the programme originally proposed,

3¢ In that programme there were some teats which were done by two laboratories
i.e,, Experimental Group (2) (Australia) and Experimental Group (4) (Germany)
were both to perform experiments on 3m 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
mimber 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 wvariation.

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

L4, The scheme is given in Table 1. Series 1 consists of eight teats each
repaated, making sixteen. On this series of repeats is based the estimate of
experimental variation and also, because of the links between the teats of one
laberatory and another, it is this series which enables a common standard between
laboratories to be found. The majority of tests are on the im scale but suffi-
cient tests on & in and 1% in scale are planned to find scale effects.

5. The conditions for this scheme are more restricted than before.

It is now almost essential that nine laboratories participate, .but any addi-
tional participants could of course undertake other tests in part of the original
programye not included in this phase of the work., It is highly desirable that at
least the tests of the first series conducted in any one laboratory be-done in a
randenised order., This slightly increases the complications of the experimental
procedure but should jmprowe the relisbility of the resulting information

-eomaiderably., ‘Details are given in Table 2.

€. To minimise the risk of avoidable errors in instrumentation, choice :of
equipment etc, it is desirable that all laboratories first of all perform a small
number of tests nominally identical with those which the. National Bureau of
Btandards, Nijverheidsorganisatie Voor Toegepast Natuurweternschappeld jk Ondersoek
and: the Joint Fire Research Organigzation have already done. This would-.consist

of 8.} m model of shape (121) burning 10 kg of wood (20 kg/m?) of "2 cm sticks
spaced (1.3.) [The box materisl should be as near to the following specification

as possible: weight 90° 1b ou. £t (1.5 gn/cc), thermal conductivity 8.5 x 107%c.g.s.
and the wood & spruoce of density 27 1bs/cu,ft (0,43 gmfcc) and these should be the
materials chosen for the subsequent tests.

-1 -
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TABLE 1

Laboratory and

Stick spacing

No. of

Series Shape | Scale | Fireload | Ventilation combinations Repeats tests Total
Holland 211 1 20,40 . 52;1; 2
1 121 1 20,40 % (2.1 2 16
121 1 20, 30.40 i.a (2.%) (&.1) (1.3) (2.3) 1
2 121 1 30 o1 2.1; 1 26
121 i 20 .51 (2.4 (2.1) (&.1) (1.3) (2.3) 1 15 57
Australia 121 1 20,40 Fo1 (2.1) 2
1 221 1 20,40 1.1 (2.1) 2 16
221 1 20.30.40 .1 (2,%) (4.1) 1
2 221 1 30 .1 2.1) 1 10
| 221 1 20 3.3 (2.3 (2.1) (%.1) 1 9 39
Japan 221 1 20.40 Yo ! 52.1) 2
1 211 1 20.40 ‘3.1 2.1) 2 16
211 1 20, 30,40 %.1 (2.3) (4.1) 1
2 211 1 30 Z.1 2.1) 1 1
219 % 20 .31 (2.1) {2.1) (4.1) 1 9 39
Germany (1)'| 214 1 20,40 .1 Ef:?g 2
1 221 1 20,40 o 2.1 2 16
221 1| 20.30.40 o {1.3) (2.3) 1
2 229 1 30 o1 (2.1) 1 14
221 3 20 .51 (1.3) (2.1) (2.3) 1 9 39
France 121 1 20,40 o1 2,13 2
1 211 1 20,40 ~ 2.1 2 16
241 1 20,30.40 o1 {(1.3) (2.3) 1
2 211 | 1 30 o E2.1) 1 1%
211 | % 20 $.3:1 (1.3) (2.1) (2.3) 1 9 39

@ e e = e e




1 Experiments allocated °

to Germany (1) were
carried out by B.A.M.,
Berlin, gnd those
allocated to Germany
(2) and (3) by
Forschungsstelle

fiir Brandschutz—
technik, Karlsruhe.

TARLE 1 (Cont'a)

8tick spacing

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

Laboratory and ‘ s | Ko, of L
Seriss Ehapeﬂ Scale | Pireload | Ventilation ocbingtions Repeats tosts Total
Germany (2)Y 224 1 20,40 3.1 2.13 g

1 a2t 1o 20,40 .1 A2:1) 2 16
ey 1 20,40 ¥ (2,1 1 2
2 144 1 20.40 ¢ 2.4 1 2
o | 20,40 .31 241 4 6
2 4 30 ke d (2.4 T 3
121 9 30 %1 2,1 4 3
214 1 30 > 2.1) 1 3 35
* 21 | 1 20,40 EX 22.13 2
d 121 1 20,40 .1 _ _ 2,1 2 16
2 121 1% | 20.30.40 %1 (24) (2.1) (541) (1.3) (2.3) 1 30 46
U.8.A. 211 | 1 20.40 41 52.1§ 2 _
1 221 1. _20.40 o4 . 2,1 . . 2 16
2 221 1% | 20.30.40 1.1 (2.4) {2.1) (£.1) (1.3) (2.3) 1 30 16
Germany (3)T[ 121 1 20.40 o1 | 22',1% 2 ¥
1 211 1 20.40 s 3 2,1) 2 16
2 211 1% ] 20,30.40 %1 (2.4) (2.1) (&4.9) (1.3) (2.3) 1 30 L6
J.BR.0. 111 | ‘ |
121 | % 30 Fokt (2.1)
214 ,
221 Pvo wind speeds | 72
' in three
directions
w153 | 20030080 XL (2.1) 84111 air | 18




TABLE 2
Order of testing for Seriesz 1

The number or letter given to a test is defined by the followlng table:~

Y

Test 11 21 31 4} 51 61 71 81 91 0
Shape 221 [ 12172111229 [ 1211 291 Y 2247121 [ 211 | 221

S

1
Fireload | 20| 20| 20| LO| LO| 401 20] 20] 20| 40
entilation] x | x ! =2 | =z | =z | x 1

1] 1

—
RN

Order of tests

Laboratory —

First Set Seoond Set

Holland 8293)(1'52 2YB859X63

Australia 7X108524 08L51X27

Japan 04L193Y67 3L791Y60

Gerneny 97161340 74,136Y90
1

France 3YX28596 592X8Y36

Gefmg-ny 204157X8 L2718%X05
2

* X084L1275 081542X7

UuSeAs 56X3Y928 5Y23698%

Gor (3) 174L063Y9 Y109637h

* Experiments allocated, but not carried out.



If this one test is repeated two or three times (3-4 tests in all) it will be
posgible to compare the results directly with those of the 18 tests by three
laboratories using 3 woads (two of which were spruce) and this would provide a
reference standard for

(&) the particular construction of box material and wood,
(b) the radiometers and weighing apparatus,

Combination of box material and wood giving results not substantially dif-
ferent from the best avallable results could then be employed in the tests proper.

7. In_reporting results it is suggested that each laboratory evaluate certain.
statisticos prior to correlating their detailed results., This would save consi-
dereble labour for any laboratory wishing to analyse data, If, subsequently,
other statistics are thought to be important then the original records can, of
ocourse, be used,

The statistics suggested are R80/55, R55/30, 1580/55, 1,80/55, I,55/30,
1p80/55, Ir55/30, €,80/55, €,55/30, @.80/55, 6,55/30 and tgy. R is rate of
welght loss in kg/min, I is intensity of radlation cal cm’2s~1 and O is tempe-
rature, tgp 1s time from ignition to time when weight is 8Q per cent of 1ts
initial value.80/55 denotes mean value between the times when the initial weight
has fallen from 80 per cent of its initial value to 55 per cent of its initial
value and 55/30 denotes a similar mean between 55 per cent and 30 per cent
initial weight, The suffix 0 denotes opening, f denotes flame, b floor and ¢
ceilingc .

Excluding the initial 20 per cent and the last 30 per cent lose excludes
the early growth period when the rate of burning varies most with time and the
time when the residusal charcoal burnms, A comparison between an BQ/55 value
and a 55/30 value is a measure of variation in the approximately steady pericd
and each period covers a quarter of the total initial weight. tgp gives a
measure of the repeatability and variation of ‘the early growth period, Taking
corresponding measures for I and € allow_correlatioms to be investigated between
these quentities and the corresponding B

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 sticks
should be one third the length of the model 5/ , Where L is the medel dimension
measured perpendicular to the window, still cohtaining 1cc of kerosine per cm of
igniting stick so that the total amount of keroasine is just over one third at
present specified, Thig 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.

* Tgnition is at present by sticks of fibre insulation board size 5/ Ly 4+ x§ in
(/6L x 1.27 x 0.95cm) where L is the box dimension perpendicular to the

plane of the window with 1 c.c. per om. of stick of kerosine added to each
length. One of these sticks is laid in each space between 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 cm (" x 4"} and 0.5cc kerosine per cm of sticke
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COMPARTMENT SHAPE

121 211 221 i
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A Australia N Netherlands All 1m scale, 20 & 40 kg/m2 fire load, (2.1)
B United Kingdom J Japan stick spacing. 4,and 1 opéening experimentsa
F France U UsS.Ae repeated except by Japan and by Germany (2) for
G4 Germany 1)(Berlin) 211 compartment shape,
G» Germany 2 Circles indicate the results which have been
a3 Ge 3 (Karlsruhe)

circulated between the laboratories. (June 1964)
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'50ME: OBSERVATIONS OF THi EFYECT OF WIND

CH COMPARTYERT FIRES

by

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

SUMRY

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

The rate of burning was not more than 100 per cent higher for a wind
of 8 n/s than for still air; the direction of the wind was unimportant
except for the 111 shape where the effect was substantial.

The data also enable some comparisons to be made between differeant
shapes,

March 1964



SOME OBSERVATIONS ON THE EFFECT OF WIND ON COMPARTMENT FIRES

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

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

The rate of burning

A statisticsl analysis has been made of the rate of burning data measured as
the burning rate per unit floor area. Por a first 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 RSQ/}O/ATI’

where Afl denotes the floor area.

The snalysis showed:-

(a) The rate of burning per unit floor area was less than 10 per cent higher
for the larger compartments (211) and (221) than for the corresponding small
compartments, and the effect is not statistically significant. The shapes
(111) (121) 6211) and (221) can therefore be considered in pairs, e.g. {241)
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 from (114) to (121) end similarly from (211) to (221)

produced a significant change in the burning rate. The absolute rate of

burning R /30 increased by about 50 per cent, This is5 less than the

increase in floor area so that the rate of burning per unit floor area

RBO/BO/Afl gecreased as the length of the room, perpendicular to the window,
inereased in relation to the height.

(¢) The increase in wind speed from 15 ft/s to 25 ft/s which, for the purposes
of this report, can be regarded as neminally equivalent to 5 m/s and 8 w/s,
produced only an approximately 20 per cent increase in the burning rate.

(d) The change in wind direction produced no significant effect, except for
the (111) shape, where the effect was substantial,

(e) #n increase in window size increased the burning rate.

The best values of the burning rate per unit floor area, averaged from the
experimental results to sllow for only those factors found significant, are shown
in Table 1. An inspection of the walues of R8Q/55 shows that those results
follow a very similar pattern.

The walues shown in Table 1 have been recalculated in Table 2 as rates of
burning per unit window area. As for still air, this is highest for the smallest
window, The results for still air and small windows can be calculated from the
formula



R/A = 6JH ign Zmin™

where Aw and Hw are the area and height of the window in

m2 and m respectively.

Since H equals % m this equation gives the rate of burning per unit window
area as 4.2 kg m~“min~1, A comparison with the results for 3 opening in
Table 2 suggests that the effect of wind on the burning rate is not large.

Comparable values of RBO/}O for still air have elready 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 1s seen
to be less than 100 per cent increase.

Anslysis of IBQ/BO
A provisional analysis was undertaken on the effective mean radiastion
intensity corrected for the geometric shepe factor, i.e. the results were
nermalised to a mean radiation levei i* the plane of the window., The values
lie in the range 1.2 to 3.5 cal cm “s” ', but the effects of wind direction,
compartment shape and window size are interdependent and a more detailed
analysis is required before the effects of each can properly be discussed.

Discussion and Conclusion

A mumber of other experiments of a similar kind but not yet reported
have been conducted in which baffles were constructed at the sides of the
compartment and a horizontal ground plate placed on a level with the compart-
ment floor and projecting in front of it., Additional experiments were made
in which the oril was shielded from the direct path of the wind. The
difference between the rates of burning in sti1l 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 flemes is greatly influenced by the
presence or absence of baffles.

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, partiocularly 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 of fire spread to other
buildings or pairts of the same building.

— - = -



TABLE 4

Summary of best values of 380/30 per-unit floor area
for effects found to be significant

—2 o
Rgo/30 4y k& m min

Wind velocity

SmB_“ . . .B.m,B—'l...A...,.....

Conpartment;

Wind angle Wind angle -~ -

Shape 0o 6o . | 0o

Window opening|Window opening|Window opening|Window opening

U sf b 5] sb o sl sb o ]
111 1.32[1,.68{2.24) 0.48[ 0,841 .44]1.52|1.88]2.44[0.68[1.04]1 .64
124 {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 0.6010.96]1.52]0.60]0.96]1 .52 0.8011 611,720,801 160172

g~ for single value is 0.24 kg o Zmin |

-2 ., -1
~ Mean Values RBO/}(/Afl kg m min

111 1ohb
Compartment 121 1,08
‘shape 211 1.56
221 1.12
Window i ?"gi

3 2 o
opering ] 1.80
Wind 5m g 1.20
velocity _ 8 n g™ 1.40
Wind 0° 1,40
angle 600 1.20
Grand mean 1.32




TABLE 2
Best values of R
80/30 kg m-2 m:'Ln-1
Area of opening (A )
Wind veloeity - -
Conpartrent Wind anglse Wind angle-
Skaps o €00 I 600 -
Window cpening|Window opening|Window opening|Window opening:
RN EIE IR
111 503 303 292 109 107 1a}+ 6.0 3n7 2,’-{. 2?'8 2.1 1.6
121 493 336 209 4:3 596 209 5n9 )+ql+ 3.3 50"9 2+01i- 3r3
211 Lo.O] 2.8] 2.0] 4.0 2.8] 2,0] &.9( 3.2] 2.2} 4.9] 3.2| 2.2
224 LeB| 3.9) 301 LoB) 3e9] 31| 6el] 47| 3.5] 6ok| LeT] 345
TABLE 3
-1
Values of R80 /30 kg min
Ra0/30
Comparitmert Window
Shage opening Single values Best values
8till air 5 g~ 8 m g~
B 121 3 0,36* 0,27 0.37
1 0.40% 0.73 0.84
3 0.70 0454 0.61
211 1 0.63 0.97 1.08
i 0.58e 0.75 0.60 0.80
221 k-3 0068. 0.96 1.17
' 1 0,74 1413 1.53 1 o7l

*Rcsiralian resuvlts,

Other still sir date from U.8. results.
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EFFECT OF WIND ON FIRES IN MODEL COMPaRTMENTS

by

P. G, Smith

SUMMARY

Experiments are described in which wind 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 eifect of these factors on the rate of burning and the
intensity of radiation at the compartment opening was measured and compared
with the effect due to changing the wind speed.

December 1964, -
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EFFECT OF WIND ON PIRES IN MODEL COMPARTMENTS

by
P, G, Smith
Introduction

The series of experiments® assigned to the Joint Fir? %esearch Organization
in the Conseil International du Bftiment models programme 1) 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 also 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
orientation. 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 (Proude Number) which is of the form V2/gH, 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
these experiments are greater than would be found for amctual buildings.

Degcription of experiments

To simulate a greound floor compartment, asbestos wood sheets were mounted
horizontally,level with the floor of the compdrtment,to form 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
constructed with a stick-spacing combination of 2,1 (i.,e. 2 om sticks, spaced 4 cm
between stick centres) to produce fire loads of 30 kg/m?. The species of wood
was Pinus sylvestris, A poly-vinyl-acvetate emulsion glue was used to join the
sticks together,

In some experiments the crib was placed on the compartment floor and a
shield placed in the window opening to prevent wind being blown directly onto the
erib as shown in Fig. 1. In other experiments the crib was placed just below
the compartment floor where it was similarly shielded (Fig. 2). The cribs were
ignited from ten 17 cm x 1 ¢m x 1,3 cm strips of fibre insulating board each strip
soaked in 17 ml of paraffin, placed under the cribs,

*These experiments will be reported elsewhere, although the results of some of
them have been included in this note,

-1-



TABLE 1

GROUPS OF EXPERIMENTS

Compartment Wind
No, of ‘4 .
Group °, . Position of crib Ground plate and baffles
experiments Lining Speed . .
Shape | Scale Material (n/s) Direction
On compertment floor; . .
1 8 111 % m As?e:;o:h;gﬁd shielded and With ;ﬁgéwzzgqufgizznd 5 0° and 5o
unshielded P
! . 12 4 Ashestos wood | As group 1 and below With end without ground )
po 2 (including & 111 z I 4 om thick compartment plate; 5 0
I from Group 1) with and without baffles
8 With_pléin and sluminisd
3 (including 1 111 = m As?ezgo:hggzd On compartment floor; ] ground plates; without | O, 5 and 8 o°
from Group 2) unshielded baffles
With 'and without
Agbestos millq On compartment floor: | blackened und plate; o} o
1 H gro P H
b 32 127 1 22 Board 1 m thick unshielded with and without side 5and 8 | 0" and 60
baffles




In all experiments the rate of burning and the intensity of agiation from
the compartment opening were measured, The gold-disc radiometer 2 wag 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 c¢ribs when the wind was blown
directly into the compartment.

Group 3, The ground plate was covered with aluminium foil in an ettempt to
discover if the effect of the ground plete 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 Organifafion in a 121, + m asbestos millboard compartment as part of
the C.I1.B. programme 1}. These experiments were done with the window % ¥ and
fully open with winds of velocities 5 and 8 m/s blown directly into the compartment
and at 60° to this direction. Another similar series of 12 experiments was carried
out with a ground plate painted black or 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 discussion
Group 1.
-.The rates of burning R80/30" 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

. vertical vertical

Wind Speed 5 n/s baffies baffles
00 50 OO 50
R, /30 Crib unshielded 0.46 041 0,51 0,50
Crib shielded 0,28 0.36 0.35 0,33
Re /55 Cridb unshielded 0. 46 0,51 0,58 0.56
Crib shielded 0., 31 0,36 0,37 0,38
R /30' Crib unshielded 0,46 0,34 0.45 045
Crib shielded 0,26 0,36 0,32 0.30

The rate of burning RBQ/ 0 with the ¢rib unshielded was sbout 40 per cent
higher than with crib shieldeg 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 59, The other rates of burning show similar effects,

*RBO/ o 1s the mean rate of burning during the period when the weight of the crib
was ?alling from 80 per cent to 30 per cent of its initial value; R8q/55 and
_R55/50 are similarly defired,



The radiation intensity (Io) 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 80/30, 80/55 and 55/30 periods,

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

cal cm-2s-1)
(

Without ground With ground
plate or plate and
. vertical vertical
Wind speed 5 /s baffles baffles

o° 50 o° 50

o 80/30 Crib unshielded 1.66 1.66 1.86 1.63
Crid shielded 0.90 1.02 1.07 1.51
I0 80 Crib unshielded 1.71 1.93 1.73 1 <40
B Crid shielded 0.71 0,90 0.73 1.35
IO O Crid unshielded 1.61 1.53 1.96 1,87
5 Crib shielded 1,06 1,10 1,35 1462

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 alsc be
received by the radiometer.

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 psir .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 of. the burning., There was no consistent effect of angle.

Group 2.
The rates of burning 380/30’ RSQ/55 and,R55/30_are given in Table 4.
Table 4 - Rate of burning (kg/min,)

Without ground ,

plate With ground plate
Wind speed 5 m/s Without | With | Without | with | MeeR

vertical | vertical | vertical | vertical

baffles baffles | baffles baffles
Crib unshielded 0,46 0.55 0.49 0,51 0.50
RBO/}O Crib shielded 0.28 0,30 0.29 0.,3%5 0.3
Crib below compartment 0,38 041 Q.45 0,50 Ouly,
Crib urshielded 0.46 0ck9 0.54 0.58 0.52
R80/55 Crib shielded 0.31 0.26 0.33 0,37 0.32
Crib below compartment 0,38 0.38 0.51 0,50 0.4
Crib unshielded T 046 0.63 0.45 0.45 0,50
355/30 Crib shielded 0.26 0.35 0.26 0.32 0,30
Crib below compartment 0,38 0,46 O.41 0.49 0.kl
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Shielding the crib produced the lowest rate of burning (Rgo/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 signifi-
cantly increased Rggp whereas the presence of baffles significantly increased
Rs5/30. The interacglon between ground plate and crib position on Rgo/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 testa.

Table 5 - Effect of ground plate and vertical baffles

)} Ratios of rates of burning
With ground | With vertical
plate baffles
Wind speed 5 n/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 1.1
Crib below compartment 1,20 1.10
Cridb unshielded 1.18 1.07
R&Q/Bs Crib shielded 1.23 1.24 0.99 1,02
Crib below compartment 1.33 0,99
Crib unshielded 0.85 | 1.19
R55/30 Crib shielded 0,95 0,9, 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/ particularly when the crib
was shielded, was increased some 10 per ctent by the addition of either
ground plate or bgg/ 65

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-25-1)

Without ground .
plate With ground plate
Wind speed 5 n/s Without | With | Without | witn | Meen
vertical | vertical | vertical] vertical
baffles baffles baffles § btaffles
I_ go/so| Crib unshielded 1.66 1.58 | 1.38 1.86 | 1.62
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
Io 80 Crid unshielded 1.71 1.53 1.23 173 1.55
7455 Crib shielded 0.71 0.79 1,18 0.753 | 0.86
Crib below compertment 0.71 0.76 0.61 0.69 0,69
11, oo /zo| Crib unshieldea 1.61 1,69 1.54 1,96 | 1.70
—%515— Crib shielded 1.06 1.25 1,22 1.35 | .20
Crib below compartment 0.85 0,97 } 0,70 0.85 0.8,
-5 -



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 fioor the radiation fell to less than 50 per cent of the
value with the crib unshielded compared with a corresponding decrease of less
than 15 per cent in the rate of burning.

Table 7 ~ Effect of ground plate and vertical baffles on
intensity of radiation at opening

Ratio of intensities of
radiation at opening

With ground With vertical

) . plate baffles
Wind speed 5 m/s without withoub
ground plate vertical
baffles
Mean Mean
IO 80/30 Crit unshielded 1.00 1.13
4——Er£3— Crib shielded 1.21 1.03 0,98 1,08
Crib below compartment 0,88 1.14 ﬂL
I go/es | Oril wishielded | c.ot | 1,41
“‘if‘ﬂiﬁ Crib shielded 1.28 | 1.00 | o0.80 | 1.02
Crih below compartment 0.89 1071
IO /20 Crib urshielded 1,06 1,46
___5212_ Crib shielded 1.1 | 1,05 | 1.0 | 1.16
Crib below compartment 0.85 1.17

Table 7 shows that the presence of the ground plate increased the radistion
et the opening when the crib was shielded, reduced it wher the crib was below
the compartment; and had little effect when the erib was uvnshielded. The
greatest effect of the vertical haffles was a decrease of 20 per cent in the
radiation at the opening over the 80/55 perind with the crib shielded although
this was due to the radiation obtaired in one experiment over this period being
about 50 per cent higher than comparsble 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
ground plate] No Wind Wind M
. ean| vel, = 5| vel, = 8
wind 5 m/s 8 m/s vor 6| vor =0
R Plain C.hdi | OuBhL, 0,49 0,63 0,53
80/30 ! sleminisea | O.42 0.59 0.88, 0.80f 0.62( 1-22 o7
R~ s | Plain 0.38] 0,63, 0.54|  0.67 0.55 _ 4
80/55 | aluminisea | 0.52]|  0.71 0.83, 0,76} 0.68] 140 063
R_. Plain 0053 0.48, 0.45 0,60 0.5
55/30 | luminised } 0.36 0.51 0.93, 0.,84:) 0.58] 11° 1.67
Table 8 shows that the rate of buining Rgy/55 Was higher in a wind of velocity
5 m/s than in still air. R o was much less ihereased, whereas an 8 m/s wind
inereased both Rgp/55 and R55/30 almost equally above the still air values,
-6 -
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The rate of burning is higher with the aluminised ground piate in a wirnd,
The relatively fewer experiments in still air suggest the effect may be different
in the early and later stages of burning, The ground plate affects the fiow
pattern of the air incident on the fire by causing a boundary layer to develop and
also, by being heated by the fire, it tends to preheat the air entering the
compartment., However, the way the resulting behavicur of the fire is affected by
these changes is not yet fully understood,

Table 9 - Effect of wind and type of ground plate on equivalert
intensity of radiation at opening

Equivalent intensity of radiation | Ratio of intensities
Type of at opening (cal om=2s~") of radiation
ground plate Yo ]
. . . vel, = 5] vel, = 8
wind Wird 5 m/s| Wind 8 m/s | Meaxn rel =01 ver =0
I Plain 1.54F 1,51, 1,38 1,26 1.42
© 80730 | pyuminisea | 1.79] 1.91 | 2.12, 1.58| 1.85] 1O 0.93
1 Pl&in 10’-!-8 1n299 1023 00'99 1H2}+
_EL%QZEQ Aluminised 1.81 1.70 2.16, 143 177 0..30 0.85
I Plain 1.59] 1.63, 1.54 1.54 1.57
-E-fFZZQ Muninised | 1.78]  2.07 | 2.06,71.69] 1.90] -9 1.01

Table 9 shows that the effect of wind on the internsity 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 velocity. Aluminising the ground
plate had most effect on the radiation during the 80/55 period - the same period
during 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; possibly because the radiometer
received radiation reflected by the aluminium,

Group 4
The burning rate values obtained are given ixu Table 10,

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 .
burning| baffled opening | Tird 5 n/s | Wind 8 m/s| Wind 5 n/s Wind 8 m/s
0° | 60°] 0° | 60°] 0° | 60°] o° | e0°
Without 1 0.34] 0.35| 0.36] 0.32] 0.32] 0.34] 0.38] 0.28
qu/30 " i 0,39] 0,52{ 0.56| 0.60] 0.36] 0,52} 0,38] 0,52
" 1 0.72] 0.71] 0.76] 0.78] 0.69] 0.82] 0.73] 0. 72
With 1 0.53)] 0.78] 0.81] 0, 74| 0.73] 0.65] 0.91 | 0,74
Without 3 0.38] 0.35] 0.37] 0.38] 0.36] 0,35 0.43] 0.29
R80/55 " % 0.46} 0.66| 0.66] 0.61] 0.37] 0.56} 0.43] 0.59
" 1 0b75 0087 0091 Oo 92 0077 0088 Oo 99 0., 87
With 1 0.62) 0.90]| 0.97} 0.87] 0.81] 0.771 1.09] 0.95
without| % | o.31 0.350 0.35] 0.28} 0.29] 0.33] 0.3, | 0.27
355/30 " i 0.34) 0.43) 0.49) 0.56] 0.36] 048] 0,33 | 0.46
" 1 0,701 0.59] 0.66] 0,68 0.62} 0,76 0.58) 0,62
With 1 0.46) 0.68) 0,690 0.65] 0.67} 0.57) 0.781 0,61
- 7 -



Table 11 - Greatest effecta of fectors on rate of burning

Window obening

3 ¥ 1 1
Rate of Without baffles Without baffles Without baffles With baffles
dburning
Rate of Rate of Rate of Rate of
Pactore burning Factors burning “actors burning Factors burning
ratio ratio ratio ratio
A% * P 1,14* i} $. 1,28 fg%l_:_flfg 1,06 M 1,19
AOBO + A1B1 Bo Ao P A1C1 Ao
Bo co
— — -]
E, 1,09 z, 1,16 13°c1 + 3100 1,16
BC + B.C
00 171
"80/30 A :
i"' 1015
° i
i
A°C1 + A1C° 113 :
AC + AC * !
oo 171 ]
X i
B B A A
2 1.12 31 1,28% Il 1,130 Il 1,25¢ ;
1 o ° o g
c _ AB, + AB AB, + AB 4
=2 ! 1.2, _0__1____:1__0 1.,10" o1 1o 1,15 f
R C1 AoBo + A1B1 i * AOBO + A1B1 E
80/55 :
A, , ;
e 1.13 - 1.08
A C
o o
f
A°C1 + A1co 1 {2 ‘
Aoco + A1C1 Z
A°B1 + A1B° .1gews .?.1.. 278 Boco + 13101 ro11 B°C1 + B1C° - ;
AoBo + A1B1 B° Boc1 + B1C° Boco + B1C1
EQ 1,065%0 A°c1 M 21::0 : 1,21%* M 1,09 f,l 1,15
o C1 A°C°.¢ 14 Aoco + A1C1 Ao
55/30 A AB, + AB
2 1,1, ol 12 1.14
Ao AoBo + A1B1
C 4
32 1,12
1 1

*Significant at ,05 level
A, Wind speed = 5 n/s A

Co Without ground plate

-8 -
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**Significant at ,01 level

Wind speed = 8 m/s

C1 #ith ground plate

*e¢significant at 001 level

B, Orlentation of wind = 0°

B, Orientation of wind = 60°



With the window fully open the rate of burning was hardly altered by the
Iaddition of side baffles, Increasing the wind speed from 5 to 8 m/s caused an
inecrease in the burning rate, largest at O° with side baffles when the rate of
burning at the higher wind velocity was up to 50 per cent above that at the lower
velocity. 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
opening has been considered separately (Table 1.1). (For the fully open window
Icondition' the experiments with and without baffles have also been separately
consideréd)‘._ . This teble gives ratios of the two levels of all main effects and
terms forming interactions which are statistically significant or which have ratios
greater than about 1,1,

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

difficult to decide which physical factors caused these effects. The second order

linteraction sum of squares, teken 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 ?gsmres with
certain other sums of squares using the criterion recommended by Paulli2),
angeqﬁently some caution must be used in meking use of the significance levels
obtained.

I ; Teble 11 shows that the greatest effect of changing the levels of any factors
waa for the window % open for a change in wind orientation, The rate of burning
witholt a ground plate was higher than with a ground plate whichwas the reverse of
the effect with the 111 compartment (Tables 2 and 4). The effect of orientation
of the wind was reversed between window i- open and 5 open. There was a change
in the rate of burning of up to 21 per cent between combinations of any two factors

Iat two levels,

The burning rate for a fully open window was about twice that for a % open
Iwindow. ’

Table 12 - Effect of wind velocity, orientation, window opening, 4
ground plate and side baffles on radiation from the opening (ecal cm"zg' )

. Without ground plate With ground plate
Intensity . : : ;
- Side | Window . ;
of radiation|, obui . opening Wind 5 m/s| Wind 8 m/s | Wind 5 m/a | Wind 8 n/s

[+

at opening
0° | 60° | o° |e60® 60° | o° |&o®

o

1,26 1.78 1. 74
2,36 3.03] 2.30
2,081 2.29]1.98
1.89] 2,221 1.87

1.28]1 1,801 1.09
1.771 1.73] 2.08
2,32 2,131 2.32
2005 2.33 1.91

Without
Io 80/30 "
With

NN N
-
O~ N

?\J‘I-P‘O

= e

U ]
. .\N
O

803%\0

N = =x N
JEN
C o=\

Without 1.05] 1.49] 1.43
n 1.99} 3.1111.87
1.96] 2.39] 1.66

1 .87_ 2.24 | 1.68

1,121 1.721 0.97
1.1 ] 1.86] 1,65
2,011 2,081 1.85
1.73| 2.281 1.77

1.43]1.86]1.20

”

= = b
- Y
[ I ]

L]
2BBY

With

L ]
*

N
[¢2Y

1.47]1 2,05 1,94
2.61) 2,98} 2.67 2,13 1.62) 2.42
2.171 2.22) 2.24 2,56 2,171 2.62
1.90] 2,20} 2,15} 2.58] 2.29} 2.384 1,99

Without

Qs RE

(SIS
¢ v
=y
O ~J

‘a£§ 13&?

- ol e
AN B b )
.

With

The overall effect of side baffles on the equivalent intensity of radiation
tt 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 affected
y the presence or absence of side baffles, There was no consistent effect on
he radiation due to the change in wind speed. However with the window % open
and the wind at O° the radiation was between 20 and 50 per cent higher at the lower

-9 -
i



wind speed, The reverse effect occurred for the experiments with other window
openings with the compartment at 09 but only wher no .ground plate was used. .
The difference obtained was up to over 60 per cent, Changing the wind direc- I
tion algo 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 60°, A pimilar change of about 10 to 20 per cent was obtained
with side baffles, The reverse effect was found in the 55/30 period with the
window 3 and fully open without side baffles. Inconsistencies were again
present in the effect of the ground plate. The greatest effect was with the
window # open when the radiation without ground plate averaged between 20 and I
25 per cent higher than that with ground plate, The effect at a window opening
of # was gimilar but smaller - between 5 mnd 15 per cent higher, There was a
tendency for the reverse effect to occur with the window fully open both with

and without side baffles, although the mean change was less than about 10 per ce

Conclusions

Experiments in which wind was blown into compartments containing burning
wood cribs have shown that the presence of ground plates and vertical baffles,.
representing the ground in front of a ground floor compartment and walls of I
adjacent compariments, can have a greater effect on the rate of burning and the :
intensity of radiatil_.on at the window opening than a change of nearly 2:1 in the
wind speed under certain oircumstances. Insufficient comparable still air
experiments to those in a wind have béen carried out in this series to enable
agccurate estimates to be made of the effect of wind. The results of two still
air experiments given in this note show that the presence of winds of up to 8 m/
did not change the rate of burning by more than 70 per cent, ‘and this change is I
expected to be reduced for the same wind speed with full size compartments. It
is expected that more comparisons with still alr eﬁasriménts will be possible -
when the results from the present C.I.B. programme have been analysed. I

It is clear that the experimental arrangement is of major importance, and
that it is of doubiful value to study all these results in detail, If the
detailed behaviour of a fire in a wind is to be investigated’ some effort must hel
made to study the separate effects of wind 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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l FACTORS #FFECTING THE RATE (B BURNING OF
00D I ASBESTOS-LINED CCMPARTHENTS

by

P. G, Smith

SUMMALY

_ Following the discovery of an unexplained variation between the experimental
results from three laboratories in the C.I.B. modelling programme, further
exveriments have shown that the rate of burning can be affecied by the moisture
content and/or the temperature of the compartment lining ot 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
insufiicient information on the earlier experimental procedure to show whether
these effects were present,

October 1965.



FACTORS AFFECTING THE RATE OF BURNING OF
WOOD IN ASBEST(S-LINED COMPARTMENTS

by

P. G. Smith

INTRODUCTION

An intemational programue on modelling fires in compartments is being
oarried out under the auspices of the Conseil International du Bftiment.

In a preliminary investigation, eight laboratories carried out the same eight
teata(1)(2). The repeatability of the tests carried out in each laboratory
was ab.tisfa.otory, but the variation in the measured rates of burning between
the results of the tests from the different laboratories was greater than could
be accepted. A restricted prc:'gx'a.mme(5 ) was therefore arranged in which only
the National Bureau of Standards laboratory, Washington D.C., the Nijverheids-
organisatie voor Toegepast Natuurwetenschappelijk Onderzoek at Delft, Holland,
and the Fire Research Station, Boreham Wood (7.F.R.0,) took part, in order: to
find whdat further expesrimental details needed to be specified. In particular,
sufficient wood for the tesis was exchanged instead of just specifying the density
of the wood, and the compartment materiali were supplied to each lsboratory by
the J.F.R.0. Each laboratory carried eut the same expdariment using the three
woods supplied by the three laboratories. Even in' this restricted programme
an unexplained variation was found over and above the normal variation present
between repeated tests at the same laboratory and the systematic variations
betwaen one lgboratory and another. Each laboratory had underestimated ths:
burning rate 390 /30; of its own woed by 5 = 7 per cent, and had oversstimated
By /30 for wood, received from other lahoratories by 1 ~ & per cemt, after’
allowance had been made for the systematio differences beitween laboratoriss

and woods, .

Since no complete explanation for this variation, which was significantly
correlated with mim$lar variations in.the intensity of radiation, could be
suggested, it was decided to carry out a . geries of experiments at the Joint
Fire Research Organization during which dif'ferences in. labaratory conditions.
would be noted. Although it wag unlikely that ths results of these
experiments would explain the variation found, it was thought that they might
show if any lsboratory conditions needed to b-a more closely controlled in future
experiments.



Variation in laboratory conditions
Only one type of wood (Pinus sylvestris) was uhed, conditioned at a
temperature of 20°C (68°F) and a relative humidity of about 60 per cent to
a moisture content of approximately 11 per cent. An experiment, identical
to that carried out previously , was performed three times on the same
day each week for eight weeks. The following variables were noted:
the temperature, relative humidity, and wind conditions inside and
outside the laboratory, at the beginning and end of each experiment;
the temperature inside the compartment immediately before each
experiment;
the time of day each experiment was started;

the number of sticks in each cribj

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

in laboratory conditioms which it was thought might influence the burning
rate of t he orib, for example, whether the main doors of the 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 cridb and of the radiation fram the.compartment
opening and frem the flames above the compartment., From these measurements,
the mean rates of burning over the periods during which the weights fell from
90 per cent to 30 per cent and from 90 per cent to 60 per cent of their
initial values have been calculated. These rates in90/30% and ER9Q/EO% are
given in Table II, The mean intensities of radiation from the opening and
from the flames 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.

o
The moisture content was obtained with an inatrument 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.



Table I

Laboratory, crib and experimental variables

Pime Conditions inside laboratory Conditions outside laboratory No. of | Mean® Agpzox. Temperaturs
Tect |Age of Temperature R short |density | o.o Lre P
o erib between po el?tive Relative Wind tick P content inside
SR K days) experiments (“c) Humidity (%) Temperature | humidity | Speed | Direction | oK% °.b of compartment

(min.) At start of | At end of |At start of | At end of (°c) (%) (£/8) 1’.‘b eri erib (oc)

experiment | experimentjexperiment experiment erd (g/cm?) (%)

INN 18 70 15.6 18.0 80 73 14 8y, light | variable 55 0.L48 11 24,0
45 19 160 16.4 18.2 " 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
L7 20 53 16.8 17.5 79 72.5 15.3 85 10.3 S 59 0.4 3 10 24.2
L8 20 170 18.0 20,0 79 70 18.0 77.5 p20 S 55 0.448 - 20,0
L9 20 87 20.1 20.1 66 66 18.5 73. 15 S 58 0.,38 11 21.5
50 3 55 15.6 16,0 €6 62 13.0 84 v 5 N 62 0.425 10 21,0°
51 3 160 15.5 16.5 49 L6 h.5 55 ~ 8 N-E 62 0.425 10 17.5
53 32 L5 15.2 15.5 56 L9 12.0 68 wE S-SW 59 043 10 27.0
54 35 160 17.5 17.0 L8 L7 14.5 52 3 S 60 .43 10 17.7
55 28 90 17.0 15,0 47 61 13.5 55 8.7 5-W 59 0.434 10 18.8
56 L5 79 11.2 12,0 66 63 7.5 87 ~6 S 57 0441 9-11 12.8
57 INA 130 13.0 15.0 64, 56 10.4 77 ~ 6 w-3 60 0.431 9-10 14.5
58 L5 98 13.0 13,0 59 59 10.0 74 ~6 W-S 57 .41 9 14.9
59 27 70 12.7 12,2 74 78 9.5 9% 9.2 S-SW 62 0.425 9 16.0
60 27 120 12.4 13.4 79 70 10,9 B3 ~9 s 60 0.4 9 13.5
61 27 120 12.2 12.4 8t 84 10.3 95 ~ 7 S 59 0.43% 9 13.5
62 2y 60 11.5 12.4 72 68 9.0 88 31 E 59 O3, 9 16.5%
63 18 150 11.0 12.3 7 68 9.3 82 32 E 58 0.438 9 12.0
6l 18 97 10.5 11.7 77 72 8.2 91 28 E 60 0.431 9 12.5
65 > 81 €5 10.2 1.5 €5 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 3.3 variable 56 040, 9 13.0
67 > 81 90 11.0 11.0 61 64 6.2 80 3. 3 variable 55 0. 9 12.7

-3 -

*The density was calculated from the assumption that all sticks were of the nominal sise,




Table II

Exparimental results

Rate of burning Mean Radiation | Mean Radiation
(kg/min) from opening - from flames
Test Xo. : (90/30). (90/30)
Rgo/jo 390/60 cal em 25" ] cal cm-23*1

ll"h' 0.&"9 O-LI-? 0029 0.21
L5 0.48 0.46 0.29 0.21
46 0.53 049 0.29 0.21
47 0.50 0.45 0.28 0.24
48 0.k 0.41 0.27 0.19
L9 0.45 0.43 0.26 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 0.29 0.23
53 0.46 0.45 0.29 0.24
51"' 0.1{‘8 R . 0.1-1-5 0029 0.21
55 0.50 0.49 0.3 0.22
56 0.48 0.4k 0,34 0.22
57 0.49 045 0,31 0,22

- 58 0.53  0.50 0.32 0.22
5% 0.52 0.50 0. 30 0.22

. 60 - 0.47 0446 0.29 0.20
64 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 0.5 0.47 0.34 0.24
67 0.55 0.55 0.33 0.2l




Disoussion of results

The results of these experiments have standard deviations (o) of
0.028 kg/min_go:the rate of burring %Rgo /30;, 0.033 kg/min for B90 /69‘.’2 i
0.020 cal ¢em "3  for the radiation from the opening, and 0.012 cal cm s
for the radiation ﬁom the flames,

The comparable values of o for the repeat experiments carried out by the
three J.a.bora.to’:rtie‘s(j) were 0.015 kg/min®*, 0,025 kg/min, 0.013 cal on~?s"
0.014 cal em 28~ respectively.

Analysis of results |
Seversl preliminary regresaion analyses were carried out to find whether

1

8~ and

there were any correlations betwesn the rate of burning and the lsboratory
variables., The correlation cosfficients obtained for these variables taken
separately are given in Table III.

The only lahoratory condition that was significantly correlated with
%0/30 was the age of the orib; that is, the length of time it had been
conditioned before being burnt, The variation of R90/3° with the age of
the crib is shown in Fig. 1. The ages of the cribs used in test
Nos. 65, 66 and 67 sre uncertain but are between 80 and 110 days old. The
correlation coefficient is only slightly altered by this variation in agse,
whereas 1f these tests are omitted, the coefficient is no longer significant.

The t wo variables that were most nearly significant were the time
since the end of the previous test, and the tempsrature in the laboratory at
the start of the test. This time might be & 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 390 /60 on thig time,
the laboratory temperature, and the age of the cribs was therefore calculated,

®Based on 8 degrees of freedon.




Table III

Correlation coefficients

Bignificance
- level of
Variables 22:;;1::::2 correlation
coefficient
Independent Dependent (per cent)
R90/30 Age of crib®* 0.523 1
R90/30 Age of crib* 0.508 2
Rs0/30 Age of cribes 0.328 -
Roo/30 Time since end of 0,31 -
i previous test® _
R90/30 Temperature in lab. -0.256 -
at start of test
R9Q/30_ Temperature of -0.219 -
compartment at
start of test
R90/50 Humidity inaide 0.175 =
lab. at start of
tent
R90/30 Density of wood 0,124 -
in eribd
Ry0/30 Rumidity outside 0.0165 -
lab, at start of
test
Radiation from I
oEeniEE EOZ§§ Age of orib 0.4 5
R90/3,0
Radiation from. I
flames 90730 Age of crid 0.257 -
*90/30

* Cribs used for tests 65-67 taken as 80 days old
n " " " n 110 day-s 01d
** Omitting tests no.65-67.

T+t was assumed that the duration of each experiment was 25 mimutes,

; 1 1"




The earlier part of the fire wis chosen since it was sxpected that this would
be more affected by differences in these wvariables. This analysis showed that
the age of the orid and the time between tests were both correlated with 390/60
at the { per cent level, but that the temperature in the laboratory was not
correlated. The regresaion equation {omitting the temperature in the
laboratory) was

Byg/go = O-482 + 0.0009734 - 0000489 & ... ..o (1)
whers 390/60 is the rate of hurning in kg/min,

A is the age of the oribd in days,
and t is the time betwesn tests in hours.

The standard deviation of the residual variance gbout the regression line
was 0.022 kg/min compared with 0,025 kg/min for the 3 laboratories experiments.
From equation (1) estimates were made of 3-9-0 /60 and theme.are shown pletted
againgt the meamsured rates of burming in Fig. 2.

In the multiple regression ofligu /60 on A and t omitting the results for
the three oldest cribs, A is not gignificant and t is mignificant at the 5 per
cont level, so it is very largely these three results whioh are causing factor
A to be significant in equetion 1,

The rate of burning of & oridb wonld be expected to depend; at least
partly, on the ra.d:intion to: 'ﬂ:e orib from the enologing compartment and from
the flame. The lom_r the thermal conductivify of the compartment walla the

" higher the inner surface: temperature'a.nd tharefore the highsr the wall
radiation: Flame ra.diatiun to the orib night also be increassd since a
higher wall ﬁemparatm's woulﬁ mean a lower rn.d.ia.tiom transfer from the flane
to the wall and therefore a higher flame température, Hence the rate of
burning might be expected to vary inversely with the thermal conductivity
of the walls, Inoreases in burning rate ani temperature with increasing
thermal insulatien of the walls have heen reparted by Simma et a.lq4_)' and
Yoiat 197,

If the moisture comtent of the compartment Iiﬂing incrmas with t, then
its thermal cqniuotivity muld :hwreaxe with &, Binca the therma.l conductivity
‘of ashestos wood inomm !ith moisture nan:hen‘h. !L'hﬂrafore, R90 /ﬁd would be
expected to vary inversely I;Lth t as equation (1) shews, - In addition; at
higher moisture contents (a._mi .henoe higher valuex of t) mors heat would be

required to evaporate the molature, thus tending to redurs the rate of burning.

- WD D N W NN N M WS N M M e WE W SR N NN we



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 burning, which is again in agreement
with equation (1).

Additional experiments have been carried out at the J.F.R.0. 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 change 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 eguilibrium at constant
humidity is known to vary in a way depending on whether the wood was initially
wetter or drier than after conditioning 6 .

Appendix I discusses the moisture content attained by conditioned wood.
Experiments, in which cribs of different moisture contents were burned, are
descridbed elsewhere(7‘. The range of moisture contents was much wider than is
possible between samples of wood conditioned in the same atmosphere. An analysis
of these results showed that the relationship between RBQ/GO 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. R500/90 and moisture content
was highly significant. It has not been possible, therefore, to show conclusively

whether the effect due to the age of the cribs can be attributed teo differences in
their moisture contents.

Effect of time between experiments

As stated earlier, varying the time between experiments could affect the amount
of moisture taken up by the compartment and also its tempesrature.  [No direcot
measurements were made, in the series of 24 experiments, of the temperature of the
compartment material but this was estimated from the difference in air temperature
inside and outside the compartment. The correlation between this estimate and
rate of burning was not significant, This may be due to different cooling
conditions changing the relation between compartment and air temperature.

An experiment was carried out to measure the variation with time of the moisture
taken up by the compartment and the temperature of its linings.

A 28 S.V.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 themmocouple was in contac
with the asbestos wood.

* 0,4mm,



A crib, similar to those previously used, was burnt in the compartment.
Measurements were frequently teken 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 of the experiment, It can be shown that the buoyancy
force due to the burning orib was equivalent to less than 0,02 per cent-of
the weight of the compartment lining, so this force is neglected,

Results

The tempeérature rise above ambient of the outaide of the compartment is
shown plotted against time in Fig. 3. The moisture content of the compartment
was obtained by assuming that the loweat 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 small and congtant and no
allowance for it was necessary. The moisture content expressed ag a
percentage of the dry weight of the compartment is shown plotted against time
in Fig. 4.

Discussion

Figs. 3 and 4 show that there ig & considersble variation in both the
temperaturé 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, ’

Regression analyses of RQQ/BO'on the age of the orib and the time between
experiments or related variables have been carried out, The coefficients of
the dependent variables with the levels of significande and values for the
standard deviation obtained from these analyses are given in Table IV. Thig
shows that replacing the term for the time between experiments (t) by either
the temperature (8) or the moisture content (M) of the compartment lining
(obtained from Figs 3 and L) left only the term for the age of the crib
significant. However, when t was replaced by €@ and M then all three terms
were highly significant, althaugh the coefficient of @ was negative which is
‘contrary to what would be expected from physical arguments. This indicates
that 1t is not posaible to separate the effect of changes in 9 on R90/60 from
the effect of changes in M. This ig to be expected since both O and M are
related to t, and therefore & is related to M.



Table IV

Regression analyses ofIR90/60 on the age of the crib and

the time between the experiments or related variables
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The final regression analysis carried out contained both the linear .and the
quadratic components of M. 'Fhis showed that both these components were
significant, the coeffiéient of the linear component and also the overall term
for M being positive; the residuﬁl standard deviation was as low as that for
the regression of R9Q/€O on A and t. Fig. 5 shows the values of BBQ/SQ obtained
from this analysis plotted against the measured values, However, this analysis
does not provide evidence to show whether or not the moisture content of the
compartment lining was the major factor accounting for the effect on the rate of
burning of varying the time betwesn experiments,

Conclusions

It has been found that the varieftion in the rate of burning of wood cribs

in a 121, % n scale, asbsstos wood compartment cen be related to the moimture
content of the compartment and/or the température of the compartment lining
and poasibly also to the age of the crib. It has not been possible to show,
by a separate expeviment, that the rate of burning 395/50; is afflected
significantly by the moisture content of the crib although this seems to be
the only factor which could account for an age of corib effect,

It is possible that the variationsa in the rate of burning obtained in the
earliier C.I.B, experimentﬁ(3) could have be¢n caused by changes in thess factors
but insufficient datas ias available to substantiate this supposition. However,
in the part of the programme carried out by the J.F.R.0. several experiments

were done on the same day. It is certain that .the time between these experiments

varied and, in view of the above conolusions, that inmufficient time was allowed
for the compartment to cool down or to reach an squilibrium moisture content with
the atmosphere.

If these variations are to be eliminated in future experiments the condition
of the compartment at the start of each experiment will have to be standardised
and the moisture contents of the criba will posgsibly have to be more closely
controlled,

-1 -
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Appendix I
Moisture content of conditioned wood

Continuous recording of the relative humidity in the rocm used for
conditioning the wyod cribs has shown that the relative humidity is unlikely
to have gone outside the range 55 to 65 per cent R.H. which corresponds to
a range in moisture content in the wood of 2 per ce‘ntqs)'. The actual*
variation in moisture content should be less than this » however, since the
main fluctuations in relative humidity would take place over a very short
period compared to that required to produce a change in the equilibrium
moisture content of wood. There was no indication of long term drifts in
the relative humidity of the conditioning atmosphere. Variations in
moigt_ﬁ_re content of conditioned wood due to hyste_resis'qd') caused by some
wood being wetter immediately before conditioning is started than is
finally required, and the remainder being drier, would not account for a
change in moisture content greater than 2 per cent, provided no wood was
heated to a temperature greater than 50_°G .

*A gample of the wood used in the cribs was kept in the cenditioning room
for 9 months and was weighed frequently, During the first 15 days there
was & steady decrease in weight but after this there was no regular change
in weight, If i## is assmumed that the mean moigture content after 15 days
is 11 per cent, then the initial value is calculated to be 13.5 per cent
and the maximm varistion af'ter 15 days from 10.5 to 11.7 per cent.
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THE INFLUENCE OF MOISTURE CONTENT OF WOOD FUEL
ON FIRES IN A MODEL COMPARTHENT

by
P. G, Smith and A, J. H. Heselden

SUIMARY

Wood cribs containing moisture contents of 3.6 t¢ 13 per cent have been
burned in & compartment + m x 1 m x ¥ m« 4 very close empirical relationship
has been found between the rate of burning during the first lkilogram loss
in weight and the moisture content of the wood. At slightly later times
this relationship ceased to exist, and a possible explanation for this is
discussed.
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THE INFLUENCE OF IDISTDRE CONTENT OF WQPOD FURL
ON FIRES IN A MODEL C OMPARTMENT

by

Intfoduction

Following wnexplained differences between the results’ obtained by several
lsboratories participating in the C.I.B. programme on the growth of fire in
model compartments, a series. of 24 expea{rfl.m:e'nt,sl2 was carried out by the Joint
Fire Research Organization te discover any factors which could account for
these differences. One factor which possibly affected the rate of burming
of a orid in & compartmént was the length of tms the orib had been oconditioned
before being burned. Apert from chemical changes in the wooed, which wers
likely to be very small bevause of the comparatively short conditioning peried
(a few weeks), the most probable cause of this effect was thought to be
differences in the moisture contents of the cribs, Accordingly a few
experimenta, which are described in this note, were carried out with cribs
having a range of moistuie content,

Expérimental method

The experiments were carried out in accordance with the procedure given
earlierj. The valueg for the compariment and orib parsmeters were: shape eof
compartment -~ 121; height ef compariment - % m; window fully open; amount
of fuel - 20 kg/u’; dispersion of Puel — 1:3 spacing; and dimension of fuel -
2 cm #ide. These were alao the wvalues used in the series of 24 expe'rimentaz.

The cribs were dried in an oven st 75.C* for st least 72 hours, snd two
were then placed in each of three secled containers into which different salt
solutions were put so that atmospheres of different relative humidities were
obtained. Another two dried cribs were conditioned in a room in which the
atmosphere mwaa contrulled at 20°C and 60 per cent relative humidity. The
final values of moisture contents were 3.6, 4.k, 5.4, 7.7, 10.6, 11.7, 1241
and 13.0 per cent of the dry weights. Tha experimental procedure wasg
identical to that adepted earlie'rz , exoept that the weight of each crib was
not adjusted to a predetermimed value. The experiments were carried out in
a randon order.

*Normally wood is dried at 100°C but no _mfen large enough was available.
The rate of loss in weight after 72 hours was small so that the remaining

‘moigture content .was low.



Table 1

Experimental data (Rates of burning, radiation measurements, etc.)

Calculated Time Mean Time Rate of
Motat initial | Radiation Raediation to lose rate of | to lose burning 1
otont of | Initiel weight Rate of bu’;"m frow openin from flames ! kg of | burning | 2 kg of | guring o 90/60
Test °°“ib (u? weight of of erid (ksvgdn (cal om—2s™) (cal om~2s~1) initial | during | initial period R
namber c:; cent | °FiP (ke) with zero Roo/60 | ™ 60/30 |1 I I I weight period | weight ty to t 90/60
p | motsture | ‘ 0 90/60 | "o 60/30|"t 90/60 |“¢ 60/30 ty 0 to t ts (ka/mind
content (kg) (min) (xg/min) (min)
82 3.6 9.4 8.8 0544 |  0.613 0.331 | 0.337| 0.33% 0.299 | 1.80 0.566 3.55 0.572 C.608
76 AR 9.35 .95 0.623 ! 0,549 0.33% 0.355| 0.470 0.377 | 1.65 0.606 3.20 0.646 €.536
78 5.4 9.7 9.2 0.510 | 0.520 0.308 0.340 0.374 0.343 | 1.65 0.606 355 0.527 0.604
77 7.7 9.65 8.95 0.567 | 0.567 0.322| o3 ow22| o331 2.05 0.488 | 3.65 0.625 0.567
79 10.6 10.2 9.2 0.453 | 0.478 0.315 0.329{ 0.270 0.226 | 2.60 0.385 4,50 0.527 0.695
80 1.7 10.25 9.2 0.505 0.633 0.321 0.329 0.293 0.273 2,40 Cul1?7 4.20 0.556 0.636
75 12.1 10.1 9.0 : 0.525 | 0.612 0.337 0.334| 0,340 0.284 | 2,25 0.445 3.85 0.625 0.642
81 13.0 10.05 8.9 0.499 | 0.542 0.323 0.335| 0.283 0.270 | 2.30 0.435 4.10 0.556 0.647

'Radiation received at radiometer.




Table 2

Experimental date (Ceiling temperatures, etc.)

T Moisture Pesk Time (min) for ceiling temperature to change from:- Tine (min) for I, Time (min) for 1,
est celling to attai
content ca n to attain
number or cent temperature [ 51 11
P o 0-200 | 0-400 | 0-600 | O-Pesk | 200-400 | 4,00-600 | 600-Peak o 90/60 7 14 90/60
82 3.6 780 0.5 1.0 4.9 1441 0.5 3.9 9.2 0.84 0.52
76 L. 810 0.25 1.1 5.1 14.0 0.85 4.0 8.9 0.84 0.7
78 5.4 790 0.5 id 5.8 14.9 0.9 Loy 9.1 1.04 0.65
77 7.7 800 0.5 1. 6.5 13,.0 0.9 5.1 7.5 1.25 S 1.08
79 10,6 790 0.6 1.9 9.6 15.9 1.3 T.7 6.3 1.7 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 O.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 1.74 1,00




sulta
Table 1 gives measurements of the moisture contents and initial weighta
Iof the cribs together with the values obtained for rates of burning, and
intensities of radiation from the opening and from the flames, Although all
the cribs contained theé same mmbher of aticks of the same nominal thickness
there were slight differences in thelir dry weights presumadbly mainly due to
variations in the thickness of the aticks. The meéan rate of burning during
he period in which the orib. lost the first kg of ifs initial weight is given
in Table 1 together with the corresponding rate of burning for the peried in
hich the second kg was burmt.
Table 2 gives measurements ¢f the peak ceiling tempermtures, the times
or the ceiling:temperature to rise between certain values, and the times
Eor both I, and I, to attain ons half their 90/60 values.
I Table 3
Regresgion coefficients

Dependent ~ Independent | Regression Significance level

variable variable(s) coefficient (b) of b (per cent)
R 1% kg X -0.022 0.1
R o4 X ) | -0.002L Not significant
R 90,/60 M ~0.0083 10
R 60/30 .| -0.0001 Not significant
s 90/60 N ~0.0001 Not significant
L5 90/60 R 90/60 0.11 13
R g0/60. Lo 90/60 3.1 13
Lo 90/60/ R90/60' | 0.0091 5
R 90/60 To 90/60 3.1 for I, Both at 7
and l['Io 90/60' =0,024 for K Io
e g0/60 R 90/60 0.69 1
e 90/60 X -0.0125 10
Ir 60/30 | M -0,00092 Not aignificant




Table 3 gives the ragfesaion cosfficients and significance levels from
calculations of the regression of some of the rate of burning and radiation

-~

measurements on meisture content (M), R 90/60 and I 90/60"

Rate of burning

The mean rate of burning during the time in whioch the first kg of wood
was durnt (R ;. kg) was found to be highly correlated with the moigture
content of the wood fuel (). Fig. 1 shows the regression line for this
correlation which has the equation

BR- = =0,022H + 0,68 cesnssens (1)
18t kg

The 95 per cent confidence limits for the regression coefficient are
Z 0.008.

However thé rate of weight loss during the time in which the weight of
fuel fell from 4 to 2 kg below the initial weight (R ppg kgj wag not
significantly correlated directly with moisture content and neither were
the rates of burning ng/so_and RGQ/}O‘

It is unlikely that the moisture in all the cribs could have been
evaporated in the time taken for the 1at kg to be lost; indeed scome cribs
contained more than 1 kg of moisture. Furthermore it was noted in these
experiments that the fire took seversl minutes to spread from front to
back of the crib, Thus the evolution of moisture is likely to have been
spread over an sxtended period of the fire,

Consequently it might be expected that the moisture content should
control the rate of burning R 5,3 kg R9Q/60 and possibly sven 360/30 to
scme lesger but atill significant extent compared with R 18t kg- The
absence of these direct correlations might be becsuse it hag been sgsumed
that the 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 increase the rate of weight loss during the period
of evaporation., It 18 possible that at the higher moisture contents the
actual burning rate of the fuel was lower, but that this was masked by
an incresase in the rate of evaporation of moisture so that the measured
rate of weight loss was nearly constant.



Intensity of radiation from the opening (Io)

Io 90,/60 is not correlated with meisture gontent although a correlation
would be expected if in fact 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.

Io 90/60 is not correlated with R 90//60 although a relation between these
varisbles was found in a series of tests by three laboratories using three

woad31, when systematic differences between laboratories and woods were
allowed for,

However, the significance level of the regression coefficient of
I, 90/60/R90/60 on Miwas higher than thet of390/60 on M or R 90/60 on
I0 90/60° Thia suggested that it might be useful to calculate the multiple
regression of R 9Q/60 on M Io 90,/60 and I0 90/60° This gives

R 90/60 = 3+1 I, g0/60 = 0-02k ¥ I g0 /g = 0.40 evenenne. (2)

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 I0 90/50/”390/%0 (Table 1) are

very close to the value of 0.61 (in the original umits) for the ratio
. ' .1
R

I 9Q/30/"90/30 obteined from the results of three laboratoriés™, after
allowing for systematic differences between laboratories. From equation (2)
an approximate value of 240 cal/g is derived in the Appendix for the heat
required to produce 1 gm of volatiles from wood fuel.

Al though I, 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 . :
020‘ 60 = 0.0091 ¥ + 0.5, cienreeanea(3)
R 90/60

derived directly from the regression of the ratio on M. The approximate
relation derived from equation (2) inserting a mean I, 90/60 of 0.3 cal

em~ 25”1 is:—

I
—2 90/60 - 0,007 M + 0.5

R 90/60



The time taken for radiation from the opening to attain & I 90/60
(Table 2) is correlated with moisture content at the 0.1 per cent level,
Intensity of radiation from the flames (If) N

The values for I, (Table 1) vary considerably between experiments
and are significantly Qorrelated with rate of 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
3 1o 90/60 (Table 2).ia-correlateﬂ with moisture content at the 2 per cent
level,

Although no shield wes used with the I, radiomater to cut off flame
radiation, the variatianﬁ in I were not due to” variations in the flame
radiation becauae I is not correlated with I,

Temperatures

Although the peak ceiling temperatures (Teble 2) are not signlficantly
correlated with molature content, the times taken to reach particular
temperatures are highly correlated,

The correlations are significant between the 0.1 and 1 per cent levels
not only for the time for the ceiling temperaturs ta reach 400°C, 600°C and
its peak, but also for the time for the temperature to change from 200 -
400°C and 400 ~ 600°C., Times for changes 0-200°C and 600°C-peak are not
significant. 600°C wes attalned in 5-10 minutes and the peak temperature
in 14~-17 minutes, so that even after the period in which the 1at kg of
weight losas occurred (up to 2% min) the rate of temperature rise was less
with the cribs with a higher.moiature'content, and this is in accordance
with the lower heat release rate that would be expected from the wetter
cribs if the rate of decomposition of dry wood were lower.

Similar, although less atatiﬁtibally‘aignificant, correlations were
obtained from measurements of the temperature of the outside of the
compartment. The floor temperatures were too inconsistent to show any
general trend,

Conclusiona

In these experiments decreasing the moisture content of the crib
increases the rate of loss of weight in the earliest part of the fire, but
has no statistically significant effect anll9q/50'or 3'60/30‘ This may be
because as wood molsture content increamses a lower rate of decomposition of
wood is accompanied by an increase in the rate at which moisture is driven

off.



The moisture content has no statistically significant effect on
IIO 90,/60° If 90,60 and If 60/30° but is correlated with Io 90 :60'
II R 90/60
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(1) THOMAS, P. H. and SMITH, P, G. Comparative tests by three laboratories
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" (2) SMITH, P. G, Factors affecting the rate of tuming of wood in asbestos
] lined compartments. Supplement paper I

(3) LAWSON, D, I. International co-operation in modelling fires, A suggested
programme, Supplement paper A,
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APPENDIX

Let By = rate of burning (kg/min) of wood assumed constant during the
test containing a percentage meisture content of M
R, = rate of burning of dry wood (xg/min)

Hy = heat required (cal) to produce a& loss in weight of dry wood of 1 gm

H, = keat required (cal) to produce a loss in wWeight of 1 gm of wood
containing a percentage moisture content of M,

HW." difference in enthalpy between water vapour emerging from the
fuel bed and adsorbed water in the fuel at initial fuel temperature.(cal/g).

I = radiant intensity incident on crib (cal cm—23-1), assumed to be
direotly related to Lye

A = effective surface area of crib (pm?).

Then if the burning rate is assumed to be proportional to the radiant heat
received by the crib:-

Rl ng 1000 ERD Hng

1000
g

. o e Hp
then Ry % B, 21 - M
100

M
100

assuming that moisture is liberated at a constant rate throughout a test.

By ¥ . % u
—— 1 "'"_+-— e— sesocessssos (}-I-)
Rl. 100 HD 100
Equation (2) gives Ry = 3.1 I 90/60 - 040 veesvares (B)
and Rx= 3.1 Io 90/60 - 000224- ‘ll Io, 90/60 - 0-)-]»0 s0vcceeno (6)
2 ~1

Dividing (5) by (6) gives, for I ==0.3 cal cm B,

B . 1
'i; ———r @ e eee (7)

Equating (4) and (7).

Ay . 100 100 2.36 ~ 0.0136M
A T A el a3

*Iable 3 shows that I does not depend on moisture content.
-9 -



For M = S.G’HB = -?5:3

fy
U Bt

3
4

If it is assumed that the water vapoﬁr" _eniéi'gen from the wood at 1.0000, HW can
be taken as about 620 cal/g neglecting any heat of wetting.

The Hn-'_l-.-?),.o cal!./g.

The regression coefficients in equation (2) are beat estimates and
¢aloulations similar to that carried out sbave but with the 95 per cent
confidence limits for the regression coefficients gave values of Hn of 150
and 800 cal/g, so that Hy can be gaid to 1ie probably within these limits.
These are of the same order as the value of 350 cal/g obtained by Thomas
and Smith! from correlations of burning rate and radiation intemsity in
previous experiments.

-10 -
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COMPARTMENT MATERIALS USED IN THE C.I.B. PROGRAIME
by
G+ K. Bedford

SUMMARY

This note describes the different materials which have been used as
compartment linings in the C.I.B. International Co-operation Programme
studying fully-developed fires, and gives details of their composition
and thermal properties.

April 1966
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COMPARTMENT MATERTALS USED IN THE C,I.B., PROGRAMME

by
¢. X. BEDFORD

1. Introduction

The C.I.B. International Co-operation Prdgra.nﬁne*_studying the growth of
fully-developed -fires comprises  some. 500 experimental fires in asbestos-lined
compartments, carried out by 10 laboratories. The influence of a number of
factors is being explored, notably compartment size, shape and ventilation,
and fuel quantity and dispersion. Since the laboratories could not all use
precisely the same compartment material it wag thought advisable to collect
into one report data on all the materials used, their thickness and any known
thermal properties which might influence the growth of fire. This is
particularly important in those few cases where laboratories have had to
change the material during a series of experiments; in some cases it is
clear that the fire behaviour was affected by the changs.

In the model experimenta conducted by C. T. Webster and others on the
growth of fire,{1)2(2):(3) 4 nateria) manufactured in the United Kingdom
and marketed under the name "Turnall" Asbestos Insulation Board, was used as
the lining for the compartmenta. This material which is commonly referred
to as "Asbestos wood" was known for its durability at high temperatures and
its hardness which ehabled it to be. accurately cut to size, It was used
in some of the first experiments in the C.I.B. pmgramme,(l")’w)’(s)
but when employed in large sheets, was found to orack severely and,
following the experience of -the T.N.0, laboratory, otheér boards;, in most
cages softer; had to be used for most of the programme., Table 1 lists
the C.I.B. meetings at which thé modelling programmé was discussed together

with decisiona arrived at, and the experimental work carried out between
meetings.
2. Classification of Asbestos-based boards

These are mamifactured to conform generally to one of three categories,

' depending largely on the content of asbestos fibres.

1)  Asbestos Cement is the most brittle of all asbestos-based sheets,
and consists of an inert compositlen of clean asbestos fibres bonded together
by an inorganic cement, the cement being the main constituent of the material.



In the United Eingdom the asbegtos conforms to British Standard Speoifioatiox_l
690/4963, the inorganic cement conforming to British Standard Specification
12/4958, | o

Because it is very brittlé and 1iablé to spall when heated this materdal
could not be used a8 a compartment lining for fire tests.

2) Asbestos Insulating Board and Wall Boards have been used in the
C.I.B. modelling programme, and like asbestos cement conaist of asbestos
fibres bondéd together with an inorganic cement, an approved medium being
china clay. Unlike asbestos cement gheet their main constituent is
asbestos fibres, They oconfor:m in the United Xingdom to British Stendard
Specification 3536/1962. '

3)  Asbestos Millbogrd is very similar to Asbhestos Insulating Board
and Wall Board, eince the asbestos fibres maké up the greater proportion of
the material. The content of asbestss fibres is mich higher however, and
never accounts for less than 97 per cent of the Pimished millboard. In the
United Kingdom millboard may. conform to a Ministry of Defence Speoiﬂoaticnc7)._
The borrd is very soft, it can stand very little handling and is therefore
diffioult to work with and fix. It is however, a suitable material for use
a8 a lining for compartments con'l;aining- fires, though it dosa need to be
extensively suppoxted. ‘ .

Table 2 gives the density, thermal conduetivity and commercially availabls
thickness of the categories of asbhestos-based gheets. Details of proprietary
boards used in the programmeé are given in the Appeéendix.

3. JMaterials upmed in C,I.B. programme
The C.I.B, modelling prugramme consists of threa main seotions;~-
~8) Initial tests in 121 ¥ m compartments oconduoted by the T.N.0,,
J.P.R.0., and K.B.8, lsboratoriest’) and the preliminary tests
conducted by momé other laboratories prior to starting Series I

: experimsnts 7

b) Series T experiments conducted by mine mmtonea@)-

o) Series II experimerita condiuoted by ten hb&ntﬂﬁes(a)

Tables 3 to 9 show the types of asbestos board used in the prograums and their
properties,

During the Series I experiments the £.E.B.8. found that asbeates wood was
unsuitable for large compartment fires. MAsbestolux™ was tried as an
alternative but proved to be no more satisfactory. An asbeéstos millboard
compartment was then conatrusted and used to complete the remaining tests
in hoth Series I and IT. Difficulties with other materials were also
experienced by the B.AM. (Germany(I)).

- -



Tables 5, 6, 7 and 8 show the different types of agbestos boards used
in both Series I and Series II experiments conducted by the C.E.B.S. and
B.A.M. and the actual tests in which the boards were used. The N.B.S.
used "Superhestos” for their compartments and since it cracked severely
during the initial tests repairs were effected by spraying a thin layer
of fire—}esisfing plaster over the board. Large fissures were also

made good with this plaster whose thermal conductivity was the same as
that of the’ "Superbsstoa®,

The 1% m 441 experiments by the J.,F,R.0., proved to be so severe that it was
necessary to use a composite construction for the walls and ceiling, consisting of
a 6 mm thicknsss of "Fihrefrax Locon Felt" (see:Appendix), mamifactured 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 1em layers of asbestos millboard,
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APPENDIX
DESCRTIPTIONS OF PROPRIETARY MATERTALS USED

"Agbestolux"

Is a low density asbestos board of British manufacture consiting of
amosite asbestos fibres and silica. A silica/lime bond between the asbestos
fibrea is obtained by the addition of hydrpted'lime during the manufacturing
process.

"Superbestos” _

Is a low density asbestos board of Canadian manufacture very similar
to Asbestolux,
"Pearlite Board"

Is a low density asbestos board of Japanﬁae manufacture consisting of
Pearlite, asbestos fibres and cement in the ratio 5 : 7 : 8 by weight.
"Pical" -

Is a low density asbestos board of French manufacture consisting of
approximately 70 per cent of asbestos fibrs and 30 per cent of perlite,

" sand and cement binder,

"Fibrefrax Locon Feld™

e e =

Is made by the Carborundum Co. {New York) and consisis of ceramic alumina-sili

fibres with up to 3% of a non-flamming organic binder added 30 increase the
handling strength. Melting point of the fibres is above 1760 C and they will

withdtand contimious use at 126000. There is no water of combination. To improve

further the ease of handling, the felt was treated with a rigidiser,



TABLE 1

C.I.B. meetings and Modelling Programme Decisions

€.I.B. Yenue Date Decisions in future Work carried out
meeting programme between meetings
3rd |Brussels [September|Draft programme to6 be
and 1958 produced -
The Hague {8 laboratories carried out
: experiments in 121 % m,
% laboratories to carry Model Compartment (ma.terial
out experiments using not specified)
asbestos wood as supplied
Lth |London |May 1960 |by J.F.R.0., with wood
from several countries.
Experimental procedure more
closely specified.
3 laboratories carried out
1 experiments as decided.
10 laboratories each to
carry out parts of & large
: gramme shapes
5th Rome October gr:cales), h{nhe g?N:o, Soma of the 10 laboratories
1961 design of box would be completed their experiments,
adopted if it proved A few laboratories used
satisfactory. different compartment
materials to those used by
T.N.O.
Data to be analysed and
6th | Berlin April more experiments completed
1964 before any extension of Moat laboratories circulated
the programme. complete results to the
other participating

laborateries,




Categories of asbestos-based sheets

TABLE 2

Range of

Range of

Range of
Material thickness | Density Thermal Conductivity
om g/on’ cal cm"la-"de'g " 'x 1
Asbestos cement board 0.5 - 1.25 1.36 5-7
Asbestos wall board - 0.9 = 1.45 £ 8.6
Asbestos insulating bosrd [0.62 - 1.25 | 0.5 - 0.9 &L 3.4
Asbestos millboard 0.5 ~ 1.5 0.7% - 1.25 2.5 = I
-6 -

——-——-————-——-——---—‘



TABLE 3

Asbestos boards used in Preliminary Tes‘l:’s'(s)’(g) (121, 4+ m)

Approeximate . ‘Thermal Condugtivity
Material Ma.nufact];g-er Laboratory Average De;:;; } &t roam temperature
or Supp-isr thickness I -1 &
it calom 8 degC x10
C.E.B.S,
(Auatralia)
"Turngl1"™ N.B.5.
Asbe_sl;co: ' Asbost (U.8.4.)
Insulation Turner's Asbestos
Board Cement Co., Ltd. T.X.0, 1.0 1.25 7
(As'mst'os (Nethﬂ rmﬂ )
Wood ) J.E.R.0,
(United Kingdom)
st€. au Fi:er?mnt
A et des RevEtements c.S5.T.B,
"Pioal” | g0 ¥ TRIEL (Franpe ) 1.6 0. 64 (p) 1.9 (0)
(Seine~et-0ise)
B-"&.'uc‘
(Germany (1))
Asbestos *F.B.K,
Millboa German (Germany (2)) 1.0 1.0 L
*F_B.K.
(Germany (3))

*F,B.K. = Forschungsstelle filr Brandschutstechnik, Karlsruhe

/'APSO DIN 3752 (60 per cent asbestos, 40 per cent mineral fibre)

(®) =

Dry material




TABLE L
Asbe stos boards used in Series I Experiments

Mamfachs Approximate . Thermal Conduotivity
"Material 18 _ arer labaratory average Density at room temperature
or gupplier thickne ss ‘&/en’ -1 -1 -1 o
om oal om '8 degC 'x1
Turner's Asbestos
Cement Go., Ltd.
anﬂ JOF.R.O'
Bell's Asbestos (United Kingdom) 1.0 1o 3.k
& Engineeri
Astestos | o, Ltd,
Millboard ) CEBS
| Australian (Mustralia) 1.2 1.06 2.8 (D)
1
T.N. Q.
o Dutch (Nethorlands) 1.0 1.1 3.9 (W)
1
Asbestos B.AM 1.0 and
Millbeara/|  GeTman (Gernany (1)) 1.0 1.1 b
Millboarg®|  06TRAR _ (Germany” (2)) 1.0 1.1 L
F.B.EK.
1.0 1.1
(Germany (3)) “

’4%0 kinds of asbestos millboard used, See Table 7,
®AP60 DIN 3752 (60 per cent asbestos, 40 per sent mineral fibre)

(D)
()

Dry material

Material containing equilibrium moisture content at roam temperature



TABIE 4 (Cont'd,)

Asbestos boards used in Series I Experiments

Appraximate | pengi Thermal Conduotivity
Material Reaufashurer Labaratory average on> | et room tomperature
OF SUppALET thickness oal tm-‘lsdd'eg G"1x'1 o
o
Reinforced
Sprayed German (Germany (1)) 1.5 0,3 -
Asbestos
Fibres
"furnall”
Asbhestos
Insulation Turmer's Asbestos C.E.B.5S, 1.0 1.25 7
Board Cement Co, Ltd, (Australia) ) ‘
i (Asbestos
o Wood)
1
_ James Hardie and Co, C.E_B.S.
Ashestolux Pty. Ltd. (Australia) 0.95 0.82 (M) 2.8 (D)
Pearlite Asano-Slate Co, 9%B,R,T. _
Board (Japan) (Japan) 1.2 .66 2.8
Superbe st Turner Newall N.B. 8.
porbestos (Canada) Ltd. (U.8.4.) 0.95 0. 67 2.9 (0)
Pical See Table 3 ¢.5.T.B, 1.6 0.69 (D) 1.9 (D)
_ (France )

**B R.I. = Building Research Institute, Tokyo, Japan.
(D)
(¥)

]

Dry material

Material containing equilibrium moisture content
at room temperature



TABLE 5

Asbestos Board distribution in C.E.B.S. Series I Experiments

-421 shape | 221 shape
JFire load . _
Scale density Window i '
ope o1 b 2. rib
m kg/m2 pening 2.1 or i1c
Matexrial | Test No. Material Teat No.
1/)4‘ ALX 7 AWB 3
ALX 15 AMB 13
20
1 AWB 5 AWB 1
ALX 10 AMB 16
1
1 /l+ AWB 6 ALX 8
ALX 14 AMB 11
ll-o .
1 AWB 2 AWB I
ALX 12 AMB 9
ALX = 1 ¢m thick "Asbeatolux™
AWB = {1 cm thick Asbestos Wood Board
AMB = 1.25 cm thick Asbestos Millboard.

- 10 =
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TABLE 6

Asbestos Board Distribution in B.A.M. (Germany(I))
Series I Experiments

conl Fire losd 121 shape 221 shape
cale! densi 1
::;mg' Sponing 2.1 orib 2.1 erib
Material | Test No. | Material Test No,
bL AMB 60 6 AMB 97 10
AMB 60 SAF 15
20
1 AMB 60 L AMB 60 9
AMB 60 2 SAF 12
yi_ AMB 60 5 AMB 97 11
AMB 60 8 SAF 16
L0
1 AMB 60 3 SAF 13
ANB 60 7 L SAF 14

AMB 97

2

-11 -

Key: AMB 60 = Asbeatos Millboard APSO (DIN 3752) containing 60 per cent
asbestos fibres, 40 per cent mineral fibres (Density 1.1 g/om

Asbestos Millboard AP97 (DIN 3752) containing 97 per cent
asbeatos fibres, 3 per cent mineral fibres (Density 1.0 g/cm

Sprayed Asbestos fibres reinforced with expanded metal,

5).

3)‘



TABLE 7

Asbestos Boards used in Series II Experiments

Laboratory Boards used
CQE.BISQ ; n‘_!; ..:-‘IA.'.VL’.L‘C lj‘
(Australia) See Table 9
B.AM,
(Germany (1))| See Table 10
F.B.K.
gr;emany Ez;; Asbsstos Millboard AP60, (as in Series I)
Germany (3 ’
T.N.Q.
(Holland) Asbestos Millboard, (as in Series I)
B.R.T.
(Japan) Pearlite Board, (as in Series I)
N.B.S8.
(U.8.4.) Superbestos, (as in Series I)
C.s.T.B.
(France) Pical, (as in Series I).
J.F,R,0, Asbestos Millboard for the % m 441
(U.X.) fires (Table 4). Composite

construction for the 13 m 441
fires (section 3).

-12 -



TABLE 8

Asbestos Board Distribution in C.E.B.S, Series II Experiments

‘ 221 shape
Scale F:é.:amload Window _ — —
n /2 |opening 2.5 orip 2.1 oribd 4.4 crib
Msterial|Test No.|Msterisl|Test No.|Material|Test No.
Vi AWB 31 AWB 32 | AWB 33
V2| 20 A AWB 3h AWB 35 AWB 36
1 AWB 377 Awﬁ 38 AWB 39
1, AMB 17 AMB 19
20 1/2 |
1 AMB 18 B 20
Vi | A 21 AMB 29 AMB 23
1 30 1/,
1 AMB 22 AMB 30 AMB 2%
1), AMB 25 AMB 27
40 1/, |
| 1 P 26 AMB 28
Key: As for Table 6.
.13 -




Asbestos Board Distribution in B.A.M. (Germany (1))
Series II experiments

TABLE 9

211 shape

Scal Fire load ‘ ,
cale | depsity |Window '
m 'kg";;gy oponing| 1.3 orid 2.1 orib 2.3 crib
MateriallTest No.|Material|Test No.|Material|Test No.
Yo | MR | m | MR | % | R |
1/ 20 1 AMB 9 AMB 38 AMB LY
2 . /2 60 ? 60 60
AMB AMB AMB |
1 60 35 60 32 60 3
A “gg 28 “gg’ 21
20
1 AMB 25 SAF 17
60
R - T - I -
1 30
AMB AMB SAF
1 P 26 €0 19 18
AMB AMB
A 60 30 60 23
L0 - .
AMB AMB
1 60 27 60 20
Key: As for Table 7.
- 14 -
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ANALYSTS OF THE EXPERTMENTS
L PART 1. VARIATION BETWHEN LABORATORIES
by

R. Baldwin, A, J. M, Heselden and P, H. Thomas

SUMIARY

There are significant variations between the results of laboratories
participating in Series I for the rates of burning and intensity of
raediation from the flames above the window, This veriation 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 between compartment materials,

October 1965



ANALYSIS OF THE EXPERLLENTS
PART I VARIATION BETVEEN THE LABORATORIES,
by
R. BALDWIN, A.J.M. HESELDEN and P. H, THOMAS,

Introduction

This report desoribes an analysis of Series 1 of the experiments on the
modelling of fires in compartments carried out by different countries under
the suspices of the Conseil International du Bitimentl. Previous preliminary
experiments aimid at standardization of technique and experimental method
showed unexplained differences in the rates of burning measured by different
laboratories under similar experimental conditions>’>'* . Series 1 of the
programme, has been designed with the object of measuring and where necessary
allowing for these differenoeaS. The application of the laboretory dbisses to
these data and the results of future experiments as a means of standardizing
the results so that real physical effects 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 search for significent differences between laboratories.

5. The estimation of the bias to be associated with each laboratory and =
discusgsion of itg application.

Design of the experiments

Bach lsboratory carried out a series of experiments on fires in model
compartments in which the fire load ventilation and compartment shape were
varied in order to measure their effect on the rate of growth, intensity and
duration of fires. The design of the series was such thit an estimate of the
variation between laboratories, and also of replications in any one laboratory,
could be obtained with the minimum number of experiments. This was achieved
by considering three different compartment shepes, but only two of these were
studied by each laboratery, as shown in Table 1; this scheme forms a balanced
incomplete block design, in which each compartment shape is studied by four
different laboratories giving an estimate of variation between laboratories.

A definition of the notation used is given in Appendix I. The original series
included nine laboratories, but two of these have not completed thé experiments
allotted to them. Since the remaining date no longer formed a balanced
incomplete block design, making analysis very difficult, if not impossible,



11
L2

Table 1
Compartment shape

studied by the participating laboratories

Laboratory
11 12 L3 L, 15 | 16

211 - X X - X X

121 X - X X - X

221 X X - X X -

Participating laborataries

Commonwealth Experimental Building Station Australig
Bundesanstalt filr Materialprifung Germany (Berlin)
Brandveiligheids Instituut T.N.O. Netherlands

L3
L4
L5
L6

The two

Forschungsstelle filr Brandschutztechnik
Wational Bureau of Standards
Forschungsstelle fllr Brandschutztechnik

shapes studied by each laboratory are denoted by X.

Germany (Karlsruhe)
U.S '.A.t
Germany {Karlsruhe)

|



the resulis 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 form a balanced
incamplete block design. The data of the Building Research Institute,
Ministry offConstruction, Japan, or any other labdratory 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

experimenta.

Table 2

Fire load-ventilation combinations

Ventilation

Fireload % 1
20 2 ‘ 2
LO 2 2

All of these experiments were conducted on compartments 1 metre high
with (2.1) stick size and spacing and as far as possible the materials end
experimental techniques used were standardized. During the course of each

experiment, the following quantities were recorded.

I intensity of radiation from the window opening.
Ip intensity of radiation from the flames above the window opening.
6y temperature near the floor of compartment,
9, temperature near the ceiling of cémpartment.
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 each laboratory have been circulated to each of the participating
lsboratories and will not be reproduced in the present report in which

certain average statistics only will be considered, as described below.



l. Presentation of resulta

(1.1) Time-mean statistics

The period of the fire in the compartment of greatest relevance to the
predictian 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 80 per cent to 30 per cent of its
initial value. This excludes the early growth period when the rate of
burning veries most with time and the final period during which theé residual
charcoal burns. The 80/30 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 peried. The values of these time-
mean statistics have been calculated from the recorded values and are
presented in Table 3. . The notation used may be defined by the following

example:

8, 80/55 denotes the time-mean value of @}, over the period during which
the weight of the fuel falls from 80 per cent to 55 per cent of its initial
value and 55/30 denctes a similar mean between times corresponding te

55 pér cent and 30 per cent of the initial weight.

tgo is the time from ignition to the time when the weight is 80 per cent

of its initial walue.’

During the 80/55 and 55/%0 periods the loss of weight is one-quarter of
the initial weight. A comparison between an 80/55 value and a 55/30 value is
a measure of the variation in the approximately steady period, whilst tgg is

one measure of the duration of the early growth period,

(1.2) Recalculations by J.F.R.0.

Each of the time-mean 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 recalculated from the original data., Values missing
in the original data becauge, for example, of instrumental limitations or
failure have been inserted by interpolation where possible or by comparison
with replicates, since for the statistical calculationg 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.




Laboratory L1 experienced difficulty with the material out of which
the model compartment was constructed. The original material was specially
imported but failed before completion of the planned series of experiments, -
and in order to avoid delays a different material, locally obtainable, was
employed which also proved unsatisfactory. Thus during the course of the
experiments, three different materials were used. In order to minimise any
effects due to different materials the results of this laboratory's
experiments have been normalised to one of the materials used, by finding
for each fire load and ventilation, at least one value for an experiment
conducted with a compartment of that particular materisl, and then replacing
this value by two values whose mean is that of the value they are replacing,
separated by & value commensurate with the diff'erences between replicates
of other laboratories. The details of the calculations are illustrated by

the following example.

Table 4 shows the Australian results for R80/55 and the figures in
brackets beside esach value indioste the box materials used during the

+ experiment.

Table &

Original Australian data for R80/55, showing
dompartment materials used

Fireload 7 20 LO
Ventilation | % 1 % 1
121 1,19 @ |1.92 M) |1.39 (1) |2.00 (1)
147 (@) |2.38 @) |1.85 (@) |2.q, (2
2,9 (1) [3.33 (1) [3.20 (2) |h.22 (1)
221 3.70 (3) |5.26 3) [3.50 (3) |5.72 (3)

(1) Turnalls asbestos board
(2) Asbestolux
(3) Asbestos millboard

Since there is one value' for Material 1 for each fire loasd-ventilation
combination except 121/20/4 and 221/40/4*, these data will be normalized to

*121/20/1 refers to the experiment with a compartmeht of shape 121, fireload
20 kg/m? and ventilation I.



!ab_I_Lo 3a)
Tine-mean statistics = rates of burning, B (xg/min)

YIRZLOAD
20 | 40 20 ) 80 | 20 ! 40
5‘ VENTTLATION

5 5 % l 1 | 3 1 1 3 ! T ] b [ > S | [ 1| $ | 1

3 R 80/55 R 55/30 R 80/30
211 11 - - - - - - - - - - - -
12 3.0 240 2.9% 3.17 3,12 1.76 2,68 2.2% 3,08 2,04 2.78 2.92
2.9 2.6% 3.5 4.00 .n 2,22 2, 2.5h 2.0 2.52 2,76 3.11
L3 3.57 2.50 3.13 (4.25) 2.50 1.67 2.50 2,27 2.9% 2.00 2,78 2,96
3.97 2.27 3.13 3.88 2.1 1.2 2.38 2,00 3.12 1.96 2.70 2.63
“ - - - - - - - - - - - -
7] 345 2.33 3.23 3.5 2.2 147 2.56 2,53 2,70 1.80 2.86 2,98
' 3A5 2.56 3.28 3.70 2.22 1.96 2.50 2,67 2.70 2.22 2.8 3.10
WS 3.45 1.82 s.02 521 2,68 1.59 2,76 2,62 3.1 1.70 2,89 3.23
3.6, 2.40 3.16 5.18 3.88 2,03 2.78 2.68 3.76 2,20 2.96 3,27
w %Y 1.08 2,06 104 2.08 1.02 1.53 1.26 1.24 1.08 1.1 1,34 1.54
0.96 1.7 1.5 192 0.98 1.29 1.18 1.12 0.98 1.59 1.26 1.42
g L] - [ -] [ _J - - - - - - - -
Ly 1,25 2.9 1.25 2.50 1.4 1.56 0.89 1.56 1.19 1.88 1.08 1.92
1,25 2.50 1.A3 2.78 (1.34)° 1.67 1.02 1.67 1.19 2.00 1.19 2,08
Ly 14 . 2,66 145 2.7 14 2,13 1.21 2,08 1.5 2.3 1.3 2.%7
1.30 2.% 1.47 2,86 1.A9 2,89 1.2 2,29 1.49 2.51 1.35 2.54
L6 1.5 2.0 1.8 2.7 1.3 2.0 1.22 2.12 1.35 2.0 1.29 2,38
(1.23) 2.4 1.2 2,63 (1.33) 2,03 1,18 2.13 1.28 2,20 1.25 2.%
2 151 3,10 3.50 M;T hobT 2.11 3.30 1.9% 2,99 2.47 3.43 2.28 3.59
2.78 3,06 2.78 3.77 2.01 3.16 1.84 2.% 2.%7 3.13 2.2 2.89
12 3.51 6.25 3.20 534 3.18 4,55 2,76 3.01 354 5.27 2,96 3.85
17 £.90 3.33 €48 2.9% 465 2.50 3.96 345 5.56 2.86 4.90
L, - - - - - - - - - - - -
Lh 3. 5.55 3.66 5.50 3.30 b A0 2./ 5.10 | . 3.5 4.91 3.18 4.70
3.33 $.00 3.0 5.50 3.28 (%.99) 282 5.08 3.5 4.50 3,17 4.67
13 3.5 (5.69) .R A08 2.87 5.00 2,44 3.20 3.19 5.70 2.8 3.87
3.56 5.26 ..n 5,00 2.93 4.00 2.4 5,12 3.21 K54 2.8 485

| -
-6 -




Table 3b)
Time-mean statistics - intenaity of radiation from the
window openings, I, (cal c™2 sec-1)
RIRELOAD
20 40 20 ' 20 L0
B VENTILATION
[=]
2 | B 4 : : 1 3 S 1 o] 3 )
| | f
- I, 80/55 I, 55/30 I, 80/30
211 L1 - - - - - - - - - - - -
L2 .070 .100 .100 .310 2130 .130 L0 .240 .10 .12 12 .26
.070 .110 .120 .280 .130 175 140 .260 .10 .15 W13 .27
L3 .10 <11 <10 22 o 14 +11 .12 20 .12 <11 «11 21
A1 J1 .1 21 RN .12 .13 .19 .13 .12 .12 .20
Ly - - - - - - - - - - - -
L5 40 7L .154 .360 .169 46 164 .308 .16 .16 .16 .33
173 .19 151 374 .176 .181 .163 312 .18 .19 .16 o3
L6 14 .080 .15 .308 .19 .085 .19 .283 W17 .08 .17 .29
.103 .]-2 0]-‘06 029 .166 0110- 0193 027 013 llj -17 028
121 Ll 153 o3 175 . 365 196 «35 203 32 .17 «35 .19 34
.133 .22 .165 .355 .186 .25 .197 26 16 24 .18 .30
L2 - - - - - - - - - - - -
L3 .13 3 .16 .50 .20 .35 .18 .38 .17 .35 17 243
A4 40 .19 51 (.20)* A2 .19 43 .17 WAl .19 L6
Ly .21 52 .21 .61 .25 .62 22 57 .23 57 .22 .59
.17 .32 21 (.60) 2L b7 .22 (.64) .21 .38 .22 .62
L5 - - - - - - - - - - - -
L6 RN 26 .18 53 21 35 .19 (.52)* 17 30 .19 53
33 .35 .17 53 .18 43 .185 52 .15 .39 .18 52
221 L1 121 247 112 <359 149 .223 41 .296 A 23 .13 3R
.099 .153 .108 .321 131 177 .139 224 .12 .17 .13 26
L2 .100 .320 115 .350 .130 .335 .155 .290 .12 o33 TR Il
140 456 .125 360 .170 .380 .160 435 .16 A1 .15 A1
L3 - - - - - - - - - - - -
L& 1 35 BT 24 .19 .36 .16 o34 .17 .36 .15 .30
013 .2!& .m .52 .18 .}3 .16 .yﬁ .16 Q29 015 .33
LS .181 406 48 .396 161 317 43 291 .17 .35 .15 .33
016’{» .Mo olkus 01}21 0156 .378 .]Jvl»l .559 .16 .ho .m 039
L6 - - - - - - - - - - - -
} r i
- 7 -




Time-mean statistics - intensity of radiation from the

Table 30)

flames above the window, Ip (cal ca™2 sec=l)

N lmll——llll——4llll——llllg— l*]l MU BEE AN N BN AEE NSNS N EE - ..

FIRELOAD
20 LO 20 L0 20 40
b VENTILATION
R § % 1 3 ] 1 ¥ | 1 3 1 3 1 % 1
a | 2 ' '
- Ip 80/55 Ip 55/30 Ip 80/30
211 ] 11 - - - - - - - - - - - -
L2 .230 040 506 .00 .700 .050 770 .160 46 .05 .65 25
230 .060 .830 .360 .715 .080 .790 .170 L8 .07 .80 24
L3 .60 .08 055 058 058 007 063 .25 059 007 .60 050
- o9 07 .55 .37 42 .08 .51 27 45 .08 53 .30
Ly - - - - - - - - - - - -
L5 69 .080 .808 407 L482 oA £ .225 .57 .06 .73 .30
.628 10 805 S L17 .05, .68 .318 .50 .08 oTh 41
L6 .15 .09 .23 .38 .20 .10 .16 .30 .17 .095 .19 .34
.118 .11 208 .33 .163 .13 165 .26 1L .12 .19 .29
121 | L1 J122 113 .196 .27 .136 .106 .184 45 .13 .11 .19 .19
.068 047 VAR .21 .108 O7h .156 075 .088 .06 .15 .13
L2 - - - - - - - - - - - -
L3 .15 .16 .19 39 .22 Ak A4 .21 .19 .15 .16 .28
17 .18 .28 L6 (.19) .16 .17 .30 .18 .17 .22 .36
L& 402 .318 379 . 478 243 557N 260 olla .28 5N b
527 Tl 424 (. . 492 .198 267 (.260)* .51 3 3 S
LS - - - - - - - - - - - -
L6 .33 .015 723 .305 42 .018 .785 .208 .38 .017 .76 25
+255 Ol .633 .28 .348 .05 .73 21 .30 045 .69 24
221 - L1 057 0312& 0529 -I&9 olb99 om oll-ll -273 053 023 01&6 -36
.13 .106 277 A5 .181 .078 .159 .227 .16 .09 21 .31
L2 .61? .525 595 (.965)° .730 440 .320 (.430)* .69 .48 45 .62
(i.15)* 1.010 .915 .965 (1.15)* 405 .700 430 1.15 RIN .79 .63
L3 - - - - - - - - - - - -
L, (.69)° . . 178 (.729)* 291 62l 405 .68 42 Ry4 57
% | 2 | B | B R || 2|82 &4 2 | %
L5 (.65)* 554 .729 778 (.70)* .291 624 405 .68 40 .67 .55
.250 .618 562 .738 .216 370 438 .359 W23 48 49 52
L6 - - - - - - - - - - - -
-8 -




Table 3d)

Time-mean statistics - floor temperature, €, (°C)

FIRELOAD
20 | 40 | 20 | 40 | 20 | 40
P VENTILATION
o 1 1
é ‘g ¥ I 1 ] 3 1 1 ‘ 1 l 1 ] 1 i I 1 ! 1
F=
I 3 8, 80/55 &, 55/30 8, 80/30
gou | u - - - - - - - - - - - ¥
' L2 611 460 997 982 855 578 1095 798 730 530 1050 860
720 486 (997)* 412 931, 595 (1095)* 504 830 550 1050 470
ll L3 955 745 810 €85 990 703 1020 740 980 720 930 720
945 610 695 585 1160 565 (1040) 680 1070 580 890 650
l Ly - - - - - - - - - - - -
L5 1016 639 947 981 1031 542 97 949 1020 580 970 960
1055 737 927 1006 1023 709 958 990 1040 720 950 1000
|| L6 793 573 623 683 50 535 890 835 880 550 760 780
690 665 805 615 70 630 965 730 780 650 890 690
|121 Ll 700 910 750 750 830 920 890 695 770 920 820 720
625 820 630 690 800 810 820 655 710 810 730 670
l L2 - - - - - - - - - - - -
L3 660 890 730 8n5 910 860 870 835 790 870 810 84,0
645 875 505 930 (910)* 890 970 905 780 880 780 910
Ly 785 995 595 615 94,0 1070 835 760 860 1040 730 700
700 860 725 520 895 980 950 740 800 900 850 64,0
LS - - - - - - - - - - - -
3 640 675 615 780 900 700 855 860 770 690 740 830
(545) 785 64,0 775 890 910 850 875 7o 850 750 830
221 | 11 880 1020 995 1060 1040 945 1050 1155 980 980 1030 1120
- 840 9,0 895 780 1000 905 9,0 655 930 920 920 700
L2 94,7 1018 L54 901 1110 1028 639 1065 1030 1020 550 1010
881 1060 597 150 1106 1088 845 23, 1010 1080 740 200
L3 - - - - - - - - - - - -
LY, 860 995 715 345 970 1000 95,0 780 920 1000 850 600
830 800 535 390 1060 960 845 625 950 890 710 530
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
L6 - - - - - - - - - - - -
4 .
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Table 3e)

Time-mean statistics - ceiling tempersture, @, (%)

T————-’ SN N -
Shape

- 10 -

FIRELOAD
20 40 20 | 40 | 20 40
n VENTILATION
g 3 1 I l 1 I 1 \ 3 [ 1 I 1 L 1
£ -
C, 6, 80/55 8, 55/30 8, 80/30
211 | L1 - - - - - - - - - - - -
' L2 769 552 884 895 1030 590 963 805 900 570 930 840
828 530 (- 2IN 996 1068 608 1065 879 950 570 1050 930
. L3 890 496 930 830 1065 498 1030 745 990 500 990 780 .
l 1023 650 975 895 1070 525 1070 82% 1050 580 1030 850
Ly - - - - - - - - - - - -
I L5 1027 598 964, 969 1078 500 1056 93, 1060 540 1020 . 950
1074 660 936 991 1093 556 1027 961 1090 600 990 970
L6 875 L65 940 950 1100 490 1070 830 990 480 1010 880
I 800 475 955 915 1010 543 1085 845 900 510 1030 870
121 | L1 730 925 750 910 875 930 890 960 800 930 820 9,0
: ' 670 825 720 860 845 830 860 880 760 830 790 870
L2 - - - - - - - - - - - -
l L3 675 815 795 930 9,0 805 905 (945) 810 810 860 94,0
720 815 815 785 (940)* 790 895 760 830 800 860 770
Ll 810 980 770 960 1005 1060 965 1085 910 1020 880 1030
l 760 760 830 960 995 905 1005 1090 880 820 930 1030
| L5 - - - - - - - - - - -
L6 700 700 135 950 965 830 930 1055 8% 770 84,0 1010
(612) 780 7u8 955 916 960 955 1080 760 880 860 1020
h 221 | L1 815 990 870 1055 955 900 950 1050 900 9,0 920 1050
765 880 860 955 885 84,0 930 1020 830 860 900 990
L2 876 1000 716 955 1110 975 955 1089 1000 990 8,0 1040
' 798 1093 724 908 986 1100 951 1088 910 1100 860 1020
L3 - - - - - - - - - - - -
L4 900 975 850 665 1050 970 985 927 980 970 930 820
860 770 845 890 1060 930 1000 995 960 860 930 950
L5 919 977 870 982 1090 1002 995 1049 1010 990 94,0 1020
; 902 959 857 946 1028 1028 952 1027 970 1000 910 1000
, L6 - - - - - - - - - - - -




Table 3f)

Time-mean Statistics - time from ignition to 80%
of the initial weight, tg, (min)

Fireload
20 l 40
Ventil&tion
3 N 1
Shape Laboratory
t80
211 L1 - - -
L2 7.10 | 11.80 8.60
6.80 9.50 9.00
L3 8.k 12.8 (10.9)
8. 11.6 11.6
L4 - - -
L5 7.1 8. 8.7
5.8 8.6 8.1
7.11 9.69 8.31
121 L1 1043 15.6 12.5
9.1 4.0 11.5
L2 - - -
L3 11.8 [(18.9) 12,8
9.4 15.2 12.0
Ly 7.37 | 15.57 10.58
8.51 | 16431 9.23
L5 - - -
9.13 | 17.59 11.96
221 L1 8.7 16.9 1003
7.3 14.5 9.1
L2 7.40 | 16.40 7.60
4..80 12.00 9430
L3 - - -
LY 6.21 | 15,21 8.7
7.02 | 13.47 8.9
L5 642 1445 9.8
5:5 13.7 8.8
L6 - - -~
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Tablé 3g)

Data of Commonwealth Experimental Building Station, Australia,
before correction for the effects of different
compartment materials

20 10
Statisti Sha
atistic pe v i 1 % 1
R 80/55 121 1.19 | 1.92 1439 2,00
147 | 2438 1.85 2.9k
221 2,94 | 3433 320 | 412
3.70 5.26 354 5.71
R 55/30 121 1.06 | 1.41 1.22 1.18
1.04 1.52 1.28 1.72
221 2406 323 2419 2.67
2456 3413 243k 2450
I, 80/55 121 .15 28 .17 .36
22 43 .22 <20
221 a1 «20 A 3
llh 132 ilh l}j
I, 55/30 121 «20 «30 «20 29
«2h «37 23 45
221 <14 «20 +16 26
.18 32| a8 <31
Iz 80/55 121 JAh .08 217 a2k
«25 .16 «35 52
221 «35 «21 «55 it
13 53 -84 .65
Ip 55/30 121 .1y <09 <17 .11
.22 .11 25 .32
221 c3h .11 t37 ﬂ25
<75 «31 .63 «39

(Conttd) crsaew

-42 -
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Table 3g) (cont'd)

20 40
Statistic Shape 1
: 1 3 1
8, 80/55 121 725 863 690 720
810 925 800 790
221 860 978 910 920
830 975 920 790
e, 55/30 121 873 865 855 676
855 875 908 840
221 1020 925 1040 905
1080  |1025 1055 1070
8, 80/55 121 750 | 874 735 88
785 910 810 955
221 790 93l 890 1005
840 950 915 1030
8, 55/30 121 950 880 875 920
850 870 908 1010
221 918 870 1005 1035
1015 995 1040 1050
t80 121 13 o_2 907 1)+n8 12 .:O'
1040 7.8 16.0 9.2
221 9-9 8'0 15¢5 9-7
8.3 6.2 13.2 104
13 -




Material 1. TIn the cases in which there is no value for Material 1, the
missing value has been inserted by multiplying the exisfing\ggadings for.
other box materials by suitable ratios calculated from the experiment with
the same shape and ventilation. Thus, the value for Material 1 in the
experiment 221/40/% is' 3.54 x 2.9 + 3.70 = 2.72 and for 121/20/% the

appropriate Material 1 value is (1.19 + 1.47) + 2 x 1.39 5 1.85 = 1.00.

now have a teble of values for Materiel 1 as follows:

We

20 40
& 1 * 1
121 1.00 1.92 132 2,00
221 294 3433 272 4412

A table of the original form has been constructed by taking replicates with'
the above values as mean, separated by the mean value of the difference
between the replicates obtained by other laboratories for the same experiment.
2. Investigation of significant differences
between laboratories

The initial stage of the analysis i1s concerned with investigating whether
there are any significant dif'ferences between laboratories, before proceeding
to the calculation of biases. For this purpose an analysis of variance
technique is appropriate, but as there are grounds for believing that rates
of burning, for example, do not satisfy the normality postulate necessary for
the statistical interpretation of the results, it is necessary to find a
suitable iransformation with the following objects, a) to render the data
normally distributed, b) to produce a constant standard deviatiom in all parts
of the table, c¢) to minimise any interaction between factors. This
transformation may then be applied to the data and an analysis of variance

performed on the balanced incomplete block of transformed data.

-4 -




(2.1) Transformation of the results

A transformation is sought from the family of transformations of the
form

ok

= 3?: log .‘JC_U'S o = 0O (1)

where Xijis 1is the Sﬂ'l replicate time-mean valus corresponding to
laboratory i and shape j .

z iJ‘s is its transformed value.
> is the geometric mean of the DC'U'S .
X is a parameter to be determined,

This transformation is not a continuocus funotion of o(, at &€ = O
but it can be made so by the addition of a constant, and therefore the
different sums- of squares of the.analysis of variance and in particular the
residual sum of squares, are continuous functions of 0L . The continuous
form of the transformation is not used in the present report, since when 8¢<< 1

congiderable mumerical accurascy would be lost.

A range of suiteble values of €4 may now be found so that the transformed
data ZE{is satisfy the conditions of normality and constancy of variance
with minimum interaction between factors, by first minimising the residual sum
of squares with respect to & at, say, &= Kmin and then choosing the
limits of the range about Xy by the methods of Box and Coxs. From this
range a convenient integral value of 0& is chosen as near as possible to

& min , Tor ease of interpretation, although any value in the range found is
satigfactory.

Since the distribution of errors is likely to be characteristic of the
type of observation being considered and not a function of the current
experimental configuration, it is probable that the value of && found by
this procedure is itself characteristic of the type of observation for which

it is calculated. That is, we should expect one transformation to be
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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
invelved, only a selection 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 K min giving a
minimum residual sum of squares, and the last column gives the integral value
of 00 chosen. The results confirm that for the experimental configurations
examined , the same transformation is applicable to observetions of the same
type. The transformation for both R and I is logarithmic, of the form

Zjs = 2 log Xijs

implying that errors are proportionsl to the observation. No transformation

is required for temperatures, but for tgp the wvalue of o wvaries with fire
load and ventiletion.. No explanation for this behaviour has yet been found,
but it is thought that it may be asgsociated with the different rate-controlling

processes in the dif'ferent conditionas.

(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 ©¢ given in Table 5. These values form a
balanced incomplete block design, for which the analysis is given in standerd
textbooks. The mean squares calculated are given in Teble 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 diffeerences between shapes

are congiderably 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 obltained by considering
the differences between replicates. It is believed that thls interaction is
real and the part it plays in the subsequent analysis will now be discussed.
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Table 5
Values of the parameter 0.

Range of Centre | Integral
Statistic|Period| F | V Min. | Max. Ra?lze val;; of
R 80/55 |40 | 4 |-1.0| 0.6 | -0.2 0
55/30 |40 | 1 |-0.5| 0.8 0.15 )
I, [80/55 |20 % {-0.5] 1.9 0.7 0
55/30 120 | 1 }-0.4} 0.7 0.15 0
Ip |80/55 |40 ) & |-0.6| 0.9 0.15 0
55/%30 |20 | 1 |-0.2]| 0.6 | 0.2 0
6, [55/30 (20 |1 [-0.k| 2.3 1.35
o, [80/55 |40 | % |-0.5] 2.3 1.k
tag 20 | £ |-2.2| 0.3 -0.95 -1
20 |1 |~0.5| 2.0 0.75 1
40 | § |-1.3| 1.3 0.0
Lo |1 |{~0.51] 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
Between laboratories
Interaction 4
Residual 12
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Table 7

Mean squares calculated from transformed time-mean data

Mean Squares

Time-mean P v Geometrio
Statistic Mean Shapes Laboratory Interaction Residual
R B80/55 20 I 2,4225 11.8879 .2282 0.1181 0.0179
1 2.9833 10,4872 1.0382 0.1226 0.0836
40 3 25174 7.9331 0.0654 0.0358 0.0113
1 3.7243 11.2530 0.8321 0.0364 0.0756
55/30 20 % 2.1049 6.0465 0.4645 0.0845 0.0249
1 2.3,96 6.7027 0.4946 0.0782 0.0701
40 3 1,9183 L,3048 0.1157 0.1216 0.0081
1 2,4277 4.0990 0.8555 0423 0.0628
80/30 20 3 2,246 8.3030 0.3175 0.0531 0.0136
1 2,6225 8,2560 0.6062 0.0404 0,0532
40 % 2,137 5.6977 0.0878 0.0842 0.0050
1 2,935 6.3928 0.8573 0.0201 0.0694
I, 80/55 20 | % 1.2849 0.2657 0.2759 0.0927 0.0270
1 2,3130 1.3855 1.3630 0.1962 0.2740
40 3 1.4355 0.5923 0.1328 0.0384 0.0076 | ..
1 3.6460 9.2987 1.,1213 1.0564 0.0658 | iean
55/30 20 1 1.7082 0.3952 0,1415 0.0483 0.0171 |Sauares
1 2.5073 }x 1071 | 1,.8532 1, 3422 0.0139 0.2022 » x 10%
40 1 1,6537 0.3883 0.07T71 0.0908 0.0014
1 3.2774 6.593% 1.7450 0.4623 0.1653
80/30 20 P 1.5195 0.2571 0.1883 0.0722 0.0225
1 2.4287 13,9651 1.251, 0,0480 0.2277
40 % 1.5652 0.4927 0.0891 0.0660 0.0043
1 3414366 7.6800 1.3406 0.6002 0.0921 |
(Cont'd) seeesces
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Table 7 (Cont'd)

Mean Squares

Time-mean P v Geometric
Statistic Mean Shape Laboratory Interaction Residual
Ip 80/55 | 20 | % 3.1053 | 10,7350 5.2225 7.3716 1.9966 )
1 1.5388 16,1062 3.2081 0.4834 0.3767
40 1 I .5385 28,5782 5.0484 1.1524 1.0916 |,
1 4.,5508 18,7079 4.6468 0.5887 0.1864 | Mean
55/30 20 X 3.6398 9.,1836 7.8510 3,0263 2.3616 Squares
| 1 1.227% Yx10°1 | 6.9224 1.0968 0.1810 0.1295 Sx 1072
40 3 3.8055 33.5260 3,1427 0.9662 1.1515
1 2,5363 5.3811 2,04,00 0.5789 0.2077
80/30 20 3 3.1416 10,7879 54,0838 1.8425 2,663
1 1.4004 10.6158 1.9790 0.2195 0.2166
40 3 4,1610 31,0376 3.9112 0.6889 0.9759
1 3.3507 / 9.7883 2,7546 0.5768 0.1712 |
tgo 20 | 3 9.0467 45,5745 6.8811 0.8915 1.2516
1 7.6334 5.9802 3,2267 0.2760 0.8929
40 3 13,3714 66,1014 54,0118 3.3872 1.9211
1 9.8163 7.2868 3.3251 0.8056 0.4470
(Cont'd) ceceves
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Table 7 {Cont'd)

Mean Squares
Time-mean ¥ v Geometric
Statistic Mean Shape Laboratory Interaction Residual
@, 80/55 20 | % 7.8466 ] 6.9928 2.1856 2.5085 0.2216 )
1 7.9101 18,4346 0.6400 2.2723 0.5080
40 3 7.2871 7.3824 3.6503 4.2969 0.8016
1 6.,7258 1,8173 12,7647 3.8590 4.1909
55/30 20 i 9.6365 4.1820 0.6145 1.0252 0.2328 Al
| 1 8.0832 {x 10° | 21.7480 0.8381 0.817% 0.5357 { Mean
40 3 9.2233 3.6391 0.5419 2,2289 0.4128 :1 oA
1 7.6306 0.9478 5.1405 1.7357 L4774
80/30 | 20 X 8.7935 5.7917 1.0452 1.7079 0.1817
1 8.0042 20.2179 0.4372 1.2185 0.5267
INo] X 8.3888 5.1163 1.3413 3.0663 0.4629
1 7.3077 0.6979 7.2234 2. 3008 4.2295 |
o, 80/55 20 3 8,1710 ] 5.7666 1.8075 0.5725 0.,2306 -
1 7.5387 23.8733 1.0711 0,701 0.6502
40 % 8.4381 6.3057 0.3621 0.4868 0,1169
1 9.1756 0.1232 0.8589 1.1530 0.4326
55/30 20 i 10,0372 1.7311 0.9271 0.0518 0.1559 Mf;lli
1 7.7124 Sy 10° | 31.7303 1.1461 0.5265 0.3319 p5quares’
40 3 9.7678 2.5200 0.3681 0.0738 0.0787 | x 104
1 9.4866 5.0335 1,3503 1.3741 0.2505
80/30 20 3 9.1492 3.6262 1.0348 0.2738 0.1579
1 7.6351 28,4054 0.6867 0.4423 0.4325
0 | % 9.1883 1850 0.2765 0.1338 0.0950
1 9.3650. 1.7663 0.9733 1.0913 0.2862 )
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NS means not significant at 5% level

Table 8

Ratios of mean squares of Table 7

o] o =
751 g' 2 /3] ©
g @ L g g 5 4y g
S5 | %5 B | %%
8% | kg #s | %
bl s 98 | 3
Time Mean P v ol o %) o o
ge ) A g | F
5 & e
R 80/53 20 ey 6.6 19 1.93 NS
1 1.466 NS 8.5 5%
40 3 3.18 NS 1.82 Ns
1 0.4818 NS 22,9 0.5%
55/ 30 20 % 3.39 5% 5.5 NS
1 1.16 NS 6.3 5%
40 3 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 Z 16.71 1% 1.04 NS
1 0.29 NS 42.6 0.5%
I, 80/55 20 3 3 5% 2.98 NS
1 0.7 NS 6.95 5%
L0 X 5.1 5% 3,46 NS
1 16.0 1% 1.06 NS
55/30 20 % 2,8 NS 2.93 NS
1 0.07 NS 9.65 2.5%
L0 3 63.1 1% 0.85 NS
1 2.8 10% 3.79 N3
80/30 20 1 3.2 5% 2.61 NS
1 0.2 NS 26.1 0.5%
40 3 15.5 1% 1.35 NS
1 6.5 1% 2.2, NS
(Cont'ad) ...
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Table 8 (Cont'd)
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Table 8 (Cont'd)

k p
3|8 a
als Bl &
52 | o3 | Ey g
§17 | w5 | i | s
Ti F v g = ™ —~ .
e fean ot 23y 413 23
al 3 3 & |5 L+
a ] o] wl Q a)
[ T8 s {7 ] Al 0
3 ! Al
=] 1’3 +3
~ ha
8, 80/55 20 1 |11.3 1% 0.87
' 1t 4.5 5% 0.28
L0 3| 5.4 1% 0.84
1 .9 NS 3.31
55/30 20 3] b 5% 0.6
1 | 1.5 NS 1.025
w | 2|54 | 1% 0.3 | ™
1| 0.4 Ns 2.9
80/30 20 3 | 9.k 1% 0.61
1 | 2.3 NS 0.36
40 i ] 6.6 1% 0.4
1| 0.5 NS 3.14
6,.8/55 (20 | % | 2.5 | Ns 3.16
1| 1.1 NS 1.53
L0 3 | 4.2 5% 0.75
1 | 2.7 NS 0.7%
55/30 20 % | 0.3 NS 17.9
1 1.6 NS 2,18
1 . ‘NS
Lo X 0.9 NS 4,98
1 | 5.5 1% 0.98
80/30 20 1 1.7 NS 3.78
1 | 1.0 NS 1,55
LO 1 1.4 NS 2.07
1 | 3.8 4 0.89
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(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 elther 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 1. 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 1is 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, tends to follow fire load,
and is significant when F is 4O and not significant when F is 20. The
interactions for Iy, tgp and 8, 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 thdat for comparison with
the residual, clearly a comparison with the interaction is a far more stringent
test for significance. Thig'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 g measure of all
the variation that cannot be agcribed either to systematic variation between
shapes, laboratories or between replicates. In subsequent analyses
therefore, comparisons flor significance will be made with reference to the

interaction sum of squares.
(2.2.2) Differences between laboratories

We are now in a positioh to examine whether éhere are any. significant
differences between laboratories and the ratios of leboratory mean squares
to interaction mean squares are given in Table 8, There are significant
differences between laborateries for the rates of burning, but for radiation

intensities only the experiments in which F is 20 and V is 1 appear to



produce significant differences. This may be due to a redistribution
between interaction and residual, but strictly we are only Jjustified in
considering the laboratory bias for this particular fire load ventilation
combination. However, the object of the subsequent snslysis will be to
calculate one bias for each particular statistic irrespective of fire load

or ventilation and it would be pointless therefore to study this fire load

ventilation combination only.

There are no significant diff'erences between laboratories for the
temperatures and therefore no biases will be calculated.

3. Calculation of Laboratory Biases

|

|

i

l The object of Part 3 is to estimate the bias to be attributed to each

' laboratory, and to express it in a convenient form for application to the

data of the present report and to data to be obtained in future experiments.

Initially, one bias will be calculated for each laboratory for each time

l mean statistic and fire load ~ ventilation combination, but as the next series

of experiments will be conducted on model compartments with different fire

I load and ventilation to the present series, clearly it is desirable to see if

the changes in the biases from one fire load - ventilation combination to

I another are significant. If not, then it is possible to simplify considerably

the subsequent application of the biases. Thus, although in Part 2 it was

' found that only one fire load and ventilation produced significant differences

in intensities of radiation between laboratories, it will be necessary to

calculate the biases for all fire leoads and ventilation so that it may be

l ascertained whether there are any significant differences between the bi\ases
calculated for the diff'erent fire load -~ ventilation combinations. Thus the

I laboratory biases will be calculated for 211 the statistics except
temperstures.

|

(3.1) Definition and calculation of biases

We define laboratory and shape biases b; and HJ respectively,
where L =1,2, 3, 4,5, 6, j =1, 2, 3, such that any component of the
balanced incomplete block design, ICijs , defined as the $ +h replicate of
the (.,‘H' laboratory for the compartment of shape J , may be expressed as

x;js:x+bt+55+e (2)
where & is some error term and

b = Zgj =0 (3)
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The data DC]-js may thus be corrected for laboratory bias by subtrecting
the laboratory bias:
i
X jjs <= Xijs — b;
i

where 2C iJ‘s is the value of xiis corrected for laboratory bias.
Similarly the data may be corrected for shape bias, or using both b: and

Hj 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 biages, which is outside the scope of the pregent report.

However, the original data has been transformed to ZEijs using a
logariﬁhmic transformation and the biases bj; calculated from the
transformed data. It can be shown (Appendix 3) that the value of xiis

corrected for laboratory bias is given by
_b-!
(&)

t
x;js = x:J'S e

where by = b,("z-g) denotes the biases calculated from the values zijs .

Thus a correction factor for each laboratory can be calculated from
A\ -—
the values of b /x s b, = b; (Z) , which will be defined as the relative

bias of Laboratory L; .
(3.2) Calculation procedure

Consider one of the time-mean statistics DC , say, arranged in the
balanced incomplete bleck design. Let B} be the total of all the
observation of >C by Laboratory Lj ,

Sj be the total of all observations of 2C by all laberatories
for shape | .

be the total of all the readings of 2 = Z.-SL = %-_ SJ'

= number of lsboratories with at least one shape in common.

= number of shapes studied by one laboratory.

= number of leboratories with two shapes in common,

et | LIigP, I£j&Q , 1 &£s&K

Then the bias to be attributed to Laboratory Li‘ R

3o
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(8)
where BJ' is the bias to be attributed to shape J' , given by
9; naR Y
Laﬁj
L #£ +3
Table 9
Relative Laboratory biases 4
Statistic [Period | F | V Iy | Lz L3 Ly, Lg Lg

R 80/55 (20 | £ |~ .200 |- .015 051 .070 .033 .061
1(-.321 .212 .04l .05 .101 [~ .078
40 | 3| - .067 .005 | - ,027 .087 ,031 | - .029
1}- .251 .08y 046 066 | - 015 .070
55/30 (20 | £|~ .264 074 | ~ .039 54 [ ~ 088 .162
1|~ .246 .138 | ~ .092 .157 | ~ .008 .050
l}o % — -088 n035 - 3123 ollll- 0005 -056
1]- .33 .007 | - .091 .189 07 .155
80/30 (20 | 4| - 232 033 .002 Al | - .033 .115
1|~ .276 JA72 [ - 03 .105 .039 [ - 006
Lo | -~ .079 .021 | - 081 .10, .018 .018
1)~ .301 .037 |~ .038 139 .040 .123

- 27 -
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Table 9 (Cont'd)

Statistic [Period | F | V Ly L2 L3 I'h- L5 Lg
I, 80/55 (20 | (- .01l 026 { - .008 .013 032} ~ 001
1 .037 011 - .002 .002 04 | - 018
4 [ |- .011 .010| - 013 | .,012 .017| .005
1 .019 007 - 015 |- .003 .025 .004
55/30 {20 | % 009 .012| -~ .007 018 .005 00k
1 .037 .020| - .011 .020 .022 | - .013
4 | $]- .002 |- .002|~ 014 | .010 .001 .008
1 .033 .008 | - .018 .018 014 012
80/30 (20 | & .009 | - 018} - .006 .017 .017| - .001
1 036 | ..017} - .007 012 .031! ~ .018
40 | + - 006 |- .005] -~ 014 .010 008 .007
1 .027 007 | ~ 016 .009 .018 ~009
I 80/55 |20 | & .058 .011 .009 043 026 | - .031
1 .085 .028 .018 .056 048] - 065
5 | 1 NoAl .015 | = 014 .028 .019 | - .007
1 045 .021 .009 .009 .019| - .013
55/30 |20 | & .052 .060 | = .007 030 |- .006 | - .026
1 .072 .02 023 030 Ol | - 036
Lo | % .030 015 | -~ .023 .032 013 | - .006
1 .058 |~ .003 .022 .009 015 .017
8o/30 |20 [ £ |- .037 [- .001 |- .001 .053 016 | - 031
1 077 .036 .017 046 .0321 - .053
30 | & .036 .016 | -~ .019 .030 .015 | - 006
1 .052 .007 .013 011 .018 .003

(3.3) Analysis of biases

A
Table 9 shows the values of the relative laboratory biases, bL/ x

calculated for the different fire load ventilation combination for each time
mean statistic. Now the values of b]
, obtained from the original data by e logarithmic transformation.

date Z‘Us

The correction necessary to the original data for laboratory bias is given by
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A
Equation (4) but for small values of kﬁ//az it is clear that
, ’ — 4
Xijs Y Xijs (' ba/Q)
and thus bﬁ/@& is approximately the relative correction to be applied ta the
original data for laboratory bias. i.e.(kﬁ/‘ié)x 100 is the percentage
correction to be applied to the original data for laboratory bias. Thus b; / 3

is defined as the relative bias of lLaboratory 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 varistion must be determined for comparison
with the mean squares obtained. One stén@ard already exists in the highest
order interaction obtained in each analysis, but a more meaningful standard
would be the.experimental variation hlready existing in the original data as
measured by either the residual mean squareés 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 mainly
attributable to one laboratory, Lj, which has consistently large biases, and
the calculated biases will therefore be examined to see whether the variation
between laberatories is eliminated when IL; is removed. In additiop to this
the biases are to be examined to see whefher the variation between fire load
end ventilation is significant. Two analyses of variance have therefore been
performed on each of the tables of bi /% for the rates of burning, R80/55,
R55/30, R80/30, the first analysis including the biases of all six

laboratories and the second excluding the biases of Ll..

It should be noted that since 2 bl /5?_ =, 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 intersction
are all zero and any effects due to differences between ventilations or fire
loads would only be apparent in the labordtory-fire load and labaratory-

ventilation interactions.
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The mean squares obtained in the two analyses are shown in Table 10, in
which Al is the analysis excluding L1, AZ 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
significant. 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 squere cbtained in Table 7 has been used and this woulid

seem to be appropriate for examining differences between biases.
e

therefore b.' / 9: is the laboratory bias of x.ijs / 5\6 . The interaction
meen square to be used in examining the differences between bi/SE is theré-
fore that obtained from an analysis of :cﬁg/SZ and since the mean squares
obtained in an analysis of variance are homogeneous, therefore the appropriate
laboratory shape interaction mean square mey be obtained from Table 7 by
dividing the interaction mean square of Table 7 by 22 .

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 (7) shows that there are no significant
differences between them and thus the arithmetic mean value may be taken as

representative. These values sare:

Time mean | Combined Interaction
Staetistic Mean Square

R 80/55 0.0107

B 55/30 0.018%

R 80/30 0.0093

Each value is based on four values, each of which is based on four degrees of
freedom and this each combined interaction mean square is based on 16 degrees

of freedom.
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Table 10

Mean squares obtained from an analysis of relative

laboratory biases — rates of burning

Degrees of
R gr
80/55 R 55/30 R 80/30 poooos
Source of
varistion | 21 | 42 Al | Az | A1 | A2 A1 A2
Between F | .002 0 [.0004 0 |.0008 0 1 1
Between V | .005 0 [.003 0 {.004 0 1 1
Between L | .003 LOh5 1.035 .080 [.013 0581 L4 5
FxV L0002 4] 004 ¢ 002 .0 1 1
vxL |.005 |.010 |.001 |.o04 |.001 |.005( A 5
LxF .002 004 |.000L | .00k |.002 L0021 4 5
LxFxV|.006 005 {.003 .007 | .001 005 | & 5
Ay - analysis excluding L]
A, — analysis of all laboratories

We are now in & position to test for significance in Table 10 with the

following results:-

(1) None of the interactions Fx V, Vx L, LxF, Lx FxV, are
significant. This implies that there are no significant differences between
the laboratory biases obtained for the different fire loads and ventilations
for each statistic and thus one value of the bias may be taken for each

laboratory for each time-mean value of R.

(ii) There are significant differences between biases of different
laboratories when 1] is included, but there are no significant differences

between the remaining five laboratories. This implies that one bias may be

used for each of Lg-Lg and another for Lj. The biases to be applied are given

in Table 11. On average, the data of L] must be increased by 25 per cent
and the data of all other laboratories decreased by L4 per cent and within the
accuracy of the data these figures may be taken to apply to each of the time-

mean values of 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’ Iy Ly to Lg Iq Lo to Lg
R 80/55 |- 0.209 | 0.0h2 123 96
R 55/30 |- 0.233 | 0.047 126 95
R 80/30 |- 0.222 | 0.04% 125 96

There are no differences between the laboratories Lo, L3, Ly, L5, Lg,
and any bias attributed to them arisesonly from & comparison with the results
of Lj. It seems reasonable, therefore to adopt the results of Lp, Lz, Iy,
L5, Lg as definitive and to adjust the data L wusing these results as a
standard. For this purpose a 130 per cent correctiop to the data of Ly is

necessary«

The experiments of laboratory Ly 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 laboratory Lj that there are
considerable differences between the rates of burning obtained with different
compartment materialg. 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 laboratory L 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 Materisl 3 values, although there is a large scatier about this

mean value. Furthermore, comparing the Material 3 values of L. with the
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(221) experiments of laboratories Ly, L,, Ly gives the following

percentage relative biases for the laboratories.

Laboratory N Lo Ly, Ls
Correction facter 110 | gl 96 101
(per cent)

The average correction factor for Ly, Iy 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 Lj is then 113 per cent.

These calculations on the limited data available thus indicate that,
of the 30 per cent adjustment necessary for the bias of laboratory Lj,
approximately % is due to the different materials used whilst the remaining

ad justment may or may not be a true laboratory bias.
(3.3.2) Intensity of radiation Ig

The largest correction to be applied to the original data for laboratory
bias for intensity of radiation is about L4 per cent, and since this is less
than the accuracy of instrumentation, the biases for Iy 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.
(3.3.3) Intensity of radiation from flames above the window, Ip

The largest correction f'or laboratory bias is approximately 8 per cent,
oceurring in the experiments where F is 20, V is 1, but as for the rates of
burning analysis, comsistently large biases are given by laboratory I,
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 Lj 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 Lj.

The combined interantion mean squares obtained from Table 7 are shown
below. Since there are gignificant differences between the 4 values obtained

for Ip 80/55, these values have been grouped in pairs, providing two estimates

R - 33 -



of the combined interaction mean square, one high and one low, to be used as

a standard of compariscon.

Time-mean Conmbined Interaction
Statistic | Mean Square x 102

Ip 80/55 |.L843 g each based on
L0372 2 mean sguares

Ip 55/30 [.2536
Ip 80/30 |.097

The mean squares of 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 differences between the relative
biases of the different combinatiomnsof fireé load and ventilation. The
laboratory mean square is significant except for Ig 55/3%0, but when the
results of I; are removed thé laboratory mean square is not significant
although for Ip 80/55 it is just significant at the 25 per cent level
compared with the lower estimate of the interaction mean square when the
results of Lj are removed. Since, in the latter case, such a comparison is
unnecessarily stringent, & much higher level of significance is demanded.

Thus one bias may be applied for each time-mean statistiec, irrespective of
fire load or ventilation and since there are ne significant differences
between the laboratories Lo, L3, Ly, L5, Lg, they have a common bias for each
statistic. The values of the biases are given below in Table 13. A

5-6 per cent correction is necessary for each time-mean statistic of 17,

and a 1 per cent correction for eaoh of the remaining laboratories, but

within the limitations of the accuracy of the experiment it is sufficient to
correct the data of laboratory L; only, for a 5 per cent bias. This

5 per cent bias is applied in spite of instrumental limitation on the accuracy,
since the largest correction calculated in Taeble 9 is approximately 8 per cent:

the value of 5 per cent is the mean value of the bias taken over fire load

and ventilation.,

In the analysis of the biases for rates of burning an attempt was nmade

to attribute a large proportion of the bias of Laboratory Lq fto the
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differences between the compartment materials. However, a similar analysis
to determine the source of the bias is not possible for Iy since the values
in which comparisons are possible, namely the Material 3 values for the
compartment of shepe (221) do not sppear to be representative of data
obtained from compartments of other shapes. For example, the average
laboratory bias calculated for Lp and L), from the Material 3 data of
compartment shape {221) is large, and this is not so for data from other
compartment shapes. ’

It should be noted in Appendix II that since no Ip values were
recorded by laboratory Iy, it has been necessary to insert the values found
from experiments by National Bureau of Standards (Ls). Thus the bias of
laboratory Ly, for Ip is in fact the bias of N,B.S. (Lg) and thus no bias
has been found for Ip for laboratery Ij.

Table 12
Mean squares obtained from an analysis of relative

laboratory biases — intensities Ip

Degrees of
Ip 80/55 Ip 55/30 Ig 80/30 Freedom
Source of ,

variation Ay A2 A 4 14 A2 A1 A2
Between F .0002 0 0 0 0 O 1 1
Between V 0 9] 0001 0 0 0 1 1
Between L .002 005 001 00, |.002 004 4 5
FxV 0 0 0 0 0 0] 1 1
VxIL L0002 |.0002 |.0005 | .0005 |[.0004 | Q004 | &4 5
LxPF .0007 |.0008 |.0009 | .0008 {.0005 | .0006 | &4 5
LxFxV 0002 |.0002 |.0001 |.0001 |.0002 |.0002 | 4 5

A, - analysis excluding ILj

A =~ analysis of all laboratories
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Table 13

Relative biases and percentage correction factors for

Iy 80/55, I 55/30, Ip 80/3%0

Relative bias |Correction factor
hn,féa (per cent)

Statistic L1 |Lp - Lg I3 |Lp - Lg
Ip 80/55 |~ .057 | .01l 106 99
Ip 55/3¢ |- .053| .011 105 99
1p 80/30 [~ 050 | .010 105 99

(3.3.4) Time from ignition to time when weight is 80 per cent of
initial velue, tgp

The biases to be applied for tgp have not yet been analysed. The
interpretation is not altogether clear since a different transformation has
been found fer each fire load-ventilation combination, and thus a common
standard of variance, as employed above in the value of the combined
interaction mean squares, would be inappropriate. These biases will be the
subject of a further report when work is ccmplete.

(3.4) Applicetion of biases

The laboratory blases derived and anelysed in this report will have to
be applied to many different situations to those from which the blases have
been derived. However, the results may be extended to some other situation:
since it has been shown that one bids is appropriete to each laboratory
irrespective of fire load, ventilation or shape, it follows that for
compartments in which other factors, 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 = . Series II of
thé C.I.B. programme also includes experiments with different scale
compartments, and with other stick spacings. Strictly, the blases derived
above do not apply to these situations,; but in the absence of more complete
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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.

A further problem arises in the use of composite statistics, such as
R/W, B/A where A and W are the areas of window and floor, or Io/\Y
the equivalent intensity of radiation in the plane of the window opening,
being the configuration factor of the opening with respect te the radiometer
measuring Ig,. 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.
a) Multiplication by a factor varying with shsape

Consider some factor FIJ , varying with shape, and suppose new data
4)65 formed by multiplying the original data by Aj , 8o that

q)ijs = Aj Xjjs | (9)

Suppose the original data was transformed to Z'ljs by a logarithmic

transformation, so that

Z",J's —_ ;\C '% Ejs

Let ¢'Js be transformed to 3Js by the logarithmic transformation
ﬁjjs = 103 CPIJS
3&,’5 = A\ac (Og%ijs "l“ Iﬁ AJ)

Then

H

Now bL (x-“f' ‘9) = b (‘X.) + b ( )
and b; (o.x) = a b; ()
where = const, and X and are two sets of data.

". b (3Js) = A b; (zys + ﬁé‘cb; ('03 Aj)
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But, by definition, Aj) does not vary with 1 , so that

S b (3553 = Ab; (Zijs) (10)

-b/a

Now consider the correction factor for the original data C= 8
and let the correction factor for the ¢J5 be C¢ .

men  log Co = bi(3ys)

/\-’ N

= b|- (2‘.[5)- from (9) and (10)
-~ L4
-t

= ,23 C

Thus the same correction factor is appropriate to the composite data formed
by miltiplying by a shape factor and hence also by a ventilation or fire load
factor. Thus the averaged correction factors are unaltered by multiplication
by shape, ventilation or fire load factors.

'b) Multiplication and division of twp different statistics, for both of
which correction factors g~ ~bi/R have been obtained.

) )

Consider two such statistics xu and x.}‘} and let new data d)iJS
be formed by multiplying the two sets of data s¢ that
U) (2)
d) - xys
(s @) () (2)

Suppose that x.!js) and 51’  are transformed to JS and Z'JS by
the transformation

Z(P) — ;\C{P) 103 x‘,(P) p = 12,

and that d) s is transformed to 3'5 by

.3]5 = d) 'Cﬁ @ls
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Then Rijs = 2 5},‘2’ (log DC'.J'Q) + |°j xiﬁ))
- (3J5) A( ) b (ZIJ“)) Q[U bi ( Zq‘lsm) (12)

wa consider the correction factors for the originel dats C:h) and C:&uwhare

cb exp( b‘ 'J5 /xtrj) and let the correction factor for the

Then |03 C¢ - b.. (305)
: N
by (zi‘s“) b: Z-'?)
- +t (5;“@))

|03 cW + le @

Cy = CV ¥ (13)

Thus the correction flactors for data formed by multiplying together two
different sets of data are obtained by multiplying the corresponding

correction factors together.

A .
Now the index bi//:Er for the composite data is obtained by adding the
corresponding indices, and it follows that the value of the correction factor
averaged over fire load and ventilation for the composite dats may be obtained

by multiplying the two mean correction factors as in (13).
Conclusions

Values of rates of burning, intensities of radiation and temperatures
averaged over significant periods of the fire have been examined in order to
estimate, and where necessary, allow for differences between 6 of the
participating laboratories. The resulté shaw that there are no significant
differences between laboratories for temperatures, and the correction factor
for intensity of radiation from the window is not significant compared with

the limitations on the accuracy of instrumentation. However, correction
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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, Ip,
elthough 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 varietion between the laboratories is caused by
laboratory Ll’ whose date have been normalised by J.F.R.0. to & single
compartment material different from that of other laboratories. The

correction factors are as follows:

Correction Pactors

(per cent)
Observation I Ly, L3, Ly, Ly, L¢
R 125 96
Ip 105 -

However, it is suggested that the data of Ly, L3, L), L, Lg be adopted
as definitive and the data of laboratory Lj; for Turnalls asbestos 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 Iy 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 may or may not be & true laberatory
bias.

These correction factors may also be applied to the results of experiments
with compartments of the same scale whose shape, fire load and ventilation
fall within the renge 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 compartment is of a different scale, as in Series II of

the C.I.B. experiments.

It has been shown that the biasea for combinations of the various data,
in the form of a product, or for data modified by shape, fire locad or
ventilation factors,; may be derived by simple combinations of thé correction
factors for the various datam and thus the results of the analysig are

applicable to a far wider range of time-mean statistics than those studied.
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Notations

AJ' shipe factor far shapej - (c.f. (3.4) ).

BI' ‘ total of observations of a statistic by laboratory L
(c.f.(3.2) )

bi bias of laboratory L{ (3.1)

l); (Z.) bias of laboratory L{ calculated from the values

of ZUs (3.1)

C Correction factor = e,-—b; /2 for original date (3.4)

C¢ Correction factor for the data (bys (3.4)

Clp) Correction factor for statistic P (3.4)

F fire load (Appendix 1)

i; intensities of radiation (Appendix 1)

L Leboratory t (Table 1)

" Number of laboratories with two shapes in common (3.2)

P Number of laboratories with at least two shapes in
common (3.2)

q Number of shapes studied by one laboratory (3.2)

R Rate of burning (Appendix 1)

SJ- Total of all ohservations of a statistic by all laboratories
for shapej (3.2) |

T Total of all readings of a statistic (3.2)

tgo Time for the weight of fuel to fall to 80 per cent of its
initial value (Appendix 1)

v Ventilation (Appendix 1)

xijs 5.ﬂl replicate time mean value of laboratory L|' for

shape j (2.1)
th

x!js(f’) Value of 2€;ig for the P statistic (3.4)

. Geometric mean of X (2.1)
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Value of xy_-, corrected laboratory bias (3.1)

Bias of shape J (3.1)

Transformed value cf:tﬁs (2.1)
Transformed value of ¢ij5 (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)

Confipuration factor of window opening w,r, to radiometer,
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APPENDIX I

Def'inition of terms

This appendix defines the geometry of compartments, and fuel, the

measurements made in Series I of the C.I.B. experiments, and the notation

used to denote them.

a) Apparatus
(1) Shape of compartment

The shape of a rectangular compartment is desigﬁated by a three
figure code representing the three princ@pal dimensions {(a b c) as
shown in Figure 1. Thus a (111)
type of compartment is & cubical
box; a (441) compartment is a box

with a square ground plan area and "

having a height equal to % that of one b

of the sides. .8
Figure 1

Shapes investigated in Series T
are 221, 211 and 121.

(2) 8size of compartment
The size of the compartment is determined by the smallest linear

dimensions, for example, %, 1 or 15 metres. This is also the

compartment height. In Series I the size is 1 m in all the experiments.

(3) Ventilation, V

Windows extend frowm the floor side a ¢
‘ . fully open
to the ceiling and are always
placed in the a ¢ 8ide of the
box, and V is defined as the ratio .
g8ide a ¢
of the area of side a c. The following one guarter
window openings have been explored:-— Gpen
Figure 2

(a) Side a ¢ fully open, denoted
by V = 1.
(b) side a ¢ quarter open, denoted by V = %
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(&) Dispersion of fuel

The fuel used was 2 cm square section and was arranged in cribs
with a cubic lattice as shown in Fig.3

with a 2 cm space between the sticks.
In future work the dispersion of the
fuel will be defined by a two figure
code (p g) where

stick thickness in cm

P

space between sticks expressed
as a multiple of the stick
thickness.

Thus the dispersion in Series I is (2.1)

g

5) Fire load, F

F is defined as the amount of fuel/unit floor area, expressed in
kilograms/sq.metre. The fire loads studied in Series I were F = 20 kg/bz
and F = 40 kg/m2.

b) Experimental procedure

The following quantities were recorded and values were reported by the

laboratories at 2 min. intervals.

(1) TVeight of fuel remaining., The rate of mming 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 e gquarter of
the height above the floor. These quantities are denoted by @y and
6y respectively.

(3) Intensity of radiation from the windows, Ip. The radiometer was
placed centrally one 'a' dimensgion in
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
window.
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(L) Radiation from the flames above the window Ip. The radiometer
was placed centrally in the plane of the radiometer

window opening, ©/10 above the window.
In practice soating proved a problem -
the radiometer was often moved back a

short distance.

Figure 5
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Appendix II

Details of recalculations in Table 3

1. PFigures in brackets relate to recalculation by J.F.R.0.

2. Where there is no further indication such as *® or a figure underlined,
the values are recalculation of statistics found to be in error by
inspection of the original data. '

3. Other recalculations are indicated by * or underlining, and details
are given in Table 1.

Table 14
Details of recalculsticns of time-mean statistics

Source of recalculation and
comment

Table

Statistic
Laboratory
Shaps
F
v
Indjcation
Symbol

3a) R 55/3 lL3 121 {20 [ » No measurements below 37.5 per
cent fuel weight. The missing
value has been inserted by
assuming the value for the
replicate, since the weight~
time curves are similar apart
from delayed ignition.

3b) [T, 55/30 {Ls 21 |20 | . " n n "
Lg 122 o | % * Missing value inserted from
replicate.
Io L3z The original memsurements were

made in error at 1 m, and
have been adjusted to the
correct position at 2 m by
hultiplying the measured values
by the ratio of the configur-
ation factors of the window
opening in the two positiona.
This procedure was agreed with
laboratory L3 and assumes that
radiation is emitted only from
the window.

I

(Cont'd) ...
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Table 14 (Cont?d)

P =
o, o
g R 2% | s f 1lculati a
n ® | B w O ource of recalculation an
Teble B B3 (™= ]|F& 3 E, comment
a a | @ d
43 @ £
0 W H
30) |Ip 80/55 |Lo [221 |20 | & *  [The radiometer output exceeded
. full-scale. The missing values
»
L, [221 {20 { % have been estimated by
L; (221 (20 3 . interpolation. This process of
. estimating an off scale peak is
Ig 55/30 |Lp [221 |20 | % admittedly not very accurate
I, [221 |20 | % . but necessary.
Ly |221 |20 | & *
Ip 80/55 Ly |221 |40 | 1 » Missing values inserted from
1, [121 |40 | 1 . replicates.
I 55/30 | Ly |221 |40 | 1 *
Ly, 121 |40 | 1 *
Ip Ly, . |under~ [No values of Ip were measured
lining | by Ij. The missing values
inserted are those of N.B.S.
for the same shape, fire load
and ventilation. The 121
values are from Series T and
the 221 values are obtained
from expaiments outside Series I.
34) 16y 80/55 |Lz {211 {40 | & b Missing values inserted from
8y 55/30 L3 121 |20 % . replicates
oy 55/30 |Lo |211 |40 | % .
3e) |8 55/30 Ly (121 (20 3 * Missing value inserted from
' replicate.
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. Appendix 3

To prove that, for data for which the logarithmic transformation is
' appropriate, the value of xijs corrected for laboratory bias is

! -b. /%
i X = X € TF
' We have Z,iis = 2’3 ij :Cy's (1)
l and hence ijs = /?é,' ’aj Zlys (2)
Zly's = . iJ's bl

R
i

103

L.

<
x>

-]

i

=]

i
NS
X

!

!
N

3

l

|

-

i Cx'ﬂs)al = ezys e

i = (xj; )2 o From (1) (3)
i

|

|

1.

Now take the geometric means of both sides of the equation,

2! 2 —b
A — ]

e L

Then ) —_— (x) e

But by definition b = O , so that

(A‘ Q‘ ay JX_\
= 2
which is an inecreasing monotonio function,
Ay — A
2 = X
Suhstituting in (6) we arrive at the result

=b; /2
b
Xys = Xijs € /R

- 49 -



I M PREPARATICON OF DATA FOR ANALYSIS

Lynda Griffiths

SUMHARY

A description is given of the procedure by which the experimental data
obtained from the C.I.B. programme studying fully-developed fires were
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
them and other laboratories. Finally an 2mended tape was prepared
from which data could be extracted for analysis.

September 1968



PREPARATION OF DATA FOR AVALYSIS

by

Lynda Griffiths

INTRODUCTION

_This report describes the treatment prior to analysis of the results from
experiments on fully-developed fires in compartments. Various adjustments
had 30 be applied to some data to allow for differences betveen 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.I.B. international programme making a total ofl 321 experimentsq*
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 report? presenting
the proposals for the C.I.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 wes large, it was put onto punched paper tape

and. calculationa and adjustments were made by computer programs.

The first stage in the prepsration of the daita 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 prepared

containing these values and a description of the experimeni in terms of scale,
shape etc.

The second stage was to adjust some of the data to eliminaie as far as
possible differences between laboratories.  Adjustmenis were mads to the
data from laboratory O to normalize these to one of the three compartment
materials used by them. A previous analysisz 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 gtill air



PREPARATION OF THE DATA

This section refers to all the data except the 441 shape, 1.5 metre scale
experiments for laboratory ! which were treated in a similar way but added to

the dats 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 for each laboratory. (These tapes are
in five-hole Elliott code except for laboratories 5 and 9 which are in.seven-hole
Atlas code). Each experiment was given a heading which consisted of ten numbers
forming a unique description of that experiment - a laboratory number, repeat:
number, 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 catl‘,e.m_2 s_i. Nezxt came the mean values off
these readings over the 80/55 and 55/30 periods as given on the report form in
the same order as abowe. These were followed by the time for the weight to fall
to 80 per 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 elemeng to the intensity near to the radiator). Any missing

values in these and in other tapes were indicated by -99.

A computer program was written to calculate the means of the readings over
the 80/30, 80/55 and 55/30 perioda. The t80, t55 and. t30 times were first
calculated. by working out 80 per ceat, 55 per cent and 30 per cent of the weight
at; 0 minutea then finding the times at which these weights occurred by
interpolation. The mean over the 80/30 period for a temperature or intensity
reading was calculated by taking the mean of the first reading after t80 and all
readings up {0 and ineluding the reading before ¢30 e.g. if t80 was 5 min and
£30 was 11 min thep 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 befors 55 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 calculeted by dividing the weight loss over
this period by the time interval.

On the output from the program for caleculating the means, the computed.
80/55 and 55/30 mean values were tabulated against the report form values so

that they could be compared and errors due to incorrect punching corrected.

T N R WE E W N e B IS BN N N S ER e oy aam - Em .



In mos% 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 there
was & 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 etec. into the order in
which they appear in Appendix 2. A new tape was then 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 %30 values
and the configuration factor. (This teps is in seven-hole Atlas code). The
441 shape, 1.5 metre scale experimenta 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 foxr these scales.

Pirst 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
analysiaz. This was done by taking the value given for 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. then ratios
of the other materials to this one were applied as necessary. The values then
applied to only oné 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 apalysis which showed that all the results could be pooled excepting
those from laboratory O, probably due to the effect of 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 (voth
series I and series II).

Three laboratories were not included in the previous analysis. Cne of

these, laboratory 1, did not do any series I experiments s0 no comparisons with

-3 -



the other laboratories could. ke mads. Thé other two, laﬁoratories 3 and. 8 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. TFor each laboratory, values over the 80/30 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 question were compared: with the means of the
repeats from the other laborgtories. If the overall percentage difference was
less than five per cent. then no adjustments were considered necessary. If
however, the difference was larger 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 applied.  However,
where the differences appeared to be systematic the data were examined by

analysis of wvariance.

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 deta were analyzed separately
for each ventilation or fireload. Adjustments were then made to the results

for which the laboratory effect was found to be significant.

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 were found to be almost the same: as those for
80/30 values). The actual ratios applied to the data are given in Appendix 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 & data tape containing for each
experiment the description of the experiment, the 80/30 values, t80 and other
derived values (e.g. window area, Io!ﬁ) 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 4 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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INTERNATION

AZPENDIX 1

BXFERLIEITS

REPORT TFORM

Kame of laboratory
JOINT FIRE RESEARCH ORCGANISATION, BOREHAN WOOD, HERTS, ENCLAIND,
J.F.R.0, Test No, 205

Description

1 Shupe
Size

4; Amount

of experiment

Window opening

of fuel

Dispersion of fuel

(6) Dimension of fuel

Experimental resultis

Time (min)
Veight (kg)
Temperatire
(°c)
Radiation

{cal cm'25‘1)

ceiling
floor
from window
from flame

fully
20 kga/m

an

1% metre
2

1 spacing
2 cm

0 1 4

720 7 i1
15 123 200

15 56 92
0.000 0,007 0,012
0.000 0,006 (,013

14 16 18
499 443 388
835 83 9N
696 142 783

0,209 0.214 0:214
0.570 04547 04503

28 30 32
119 84 A7
1047 991 921
972 941 830
0,166 0,174 0.134
0,233 0.112 0,060

Statistics

0if FIRES IN SIMPLE COifPARTMISNTS

6 8 10

695 661 609
356 755 792
200 635 686
0,038 0,148 0.181
0,058 0,272 0.298

20 22 24

32 267 209
983 1135 1105
931 1049 1083
0.246 0,203 0,201
0.775 0.467 0,409

34
16
836
729
0.093
0.022

12
555
803
694

0.201
04456

26
167
1100
1079
O|198
0.224

Rate of weight
loss

(ke min_1)

Mean radiation
from flames

(cal cm_2300_1)

Mean radiation

from window
-2 =1
(cal cm “sec ')

B30/55 T55/30
27,75 29.75

Trgo/55 LTss/30
0452 0,58

1055/30
0421

1¢50/55
0.21

Yean Iloor
tempenture
0

ilcan ceiling
temrelaiure

Time to 1each
80 of cuiginul

("c) (%) crib weight
(min)
®voo/s5 Owss/30 | %os0/55  Ces5/30 £80
711 921 824 1001 11.22
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Scale |Sha Ventila- | Fireload | Stick |Stick {Lab. |Rpt, [Lab. | Expt. No.
ca’e P® 1 tion |Density |Spacing |Size |No. |No. |Test | on Data
No. tape
0.5 L 0.25 20 1 2 1 0 201 53
30 1 2 | 0 [ 199 5
0.5 20 1 2 1 0 198 55
30 1 2 1 0 200 56
1 20 1 2 1 0 197. 57
1 2 A 1 203 58
30 1 2 1 0 202 59
1.0 124 0.25 20 0.33 2 7 0 17 60
( 1 2 0 0 7 61
1 2 0 1 15 62
! 1 2 3 0 20 63
} 1 2 3 1 21 6l
' 1 2 5 0 30 65
1 4 2 5 1 32 66
! 1 2 6 0 1 67
| 1 2 6 1 3 68
| 1 2 7 o 8 69
1 2 7 t1 9 70
' 1 b 7 10 26 74
: 3 1 7 0 29 72
:’ I 3 2 7 10 28 73
i . i
30 0.33 2 7 10 18 74
, 1 2 5 0 3 72
;. 1 2 7 +0 1 76
i 1 L 7 10 27 77
b 3 1 7 0 30 78
; 3 2 |7 jo0 39 79
! 40 0.33 2 7 1o 19 80
I 1 2 0 0 6 81
E 4 2 0 i 12 82
'| i 1 2 3 0 10 83
j : 1 2 3 11 11 84
1 2 5 4 0 28 85
1 2 5 1 29 86
1 2 .| 6 0 5 87
1 2 6 1 6 88
1 2 7 0 7 89
‘ 1 2 7 1 12 90
| 1 L 7 0 28 94
3 1 7 0 . 92
3 2 7 0 L0 93
0.5 20 1 2 0 3k 9
30 1 2 5 0 35 95
40 1 2 5 | 0 33 96
-8 -



Scale i Shape Vem_: i- Firelt.)ad_ St i?k St::_ck Lab. | Rpt. é:.z:é Eiitl.)af:.
. lation | Density | Spacing | Size | No. [ No.
No. tape

1.0 121 1.0 20 0.33 2 7 0 20 97
1 2 0 0 5 98
1 2 #] 1 10 99
1 2 3 0 22 100
1 2 3 1 30 1M
1 2 5 0 7 102
1 2 5 1 8 103
1 2 6 0 2 104
1 2 6 1 4 105
1 2 7 o 1 106
1 2 7 {1 11 107
1 4 7 0 23 108
3 1 7 0 32 109
3 2 7 0 35 110
T30 0.33 2 7 0 24 111
1 2 5 0 39 112
1 2 7 10 42 113
1 4 7 0 2L 114
3 1 4 0 33 115
3 2 7 0 36 116
40 0.33 2 7 0 22 117
1 2 0] 0] 2 118
1 2 0 1 14 119
1 2 3 0] 12 120
1 2 3 1 23 124
1 2 5 o] 36 122
1 2 5 1 37 123
1 2 6 0 7 124

1 2 | 6 } 2 | 8 ) 126}
J I — 1 [ 2 7 0 5 126
1 2 7 1 14 127

1 4 7 0 25 128

3 1 7 0 b 129
3 2 7 0 37 130




. . . . Lab. |Expt. No.
Venti- { Fireload { Stick  |Stick |Lab, |Rpt.
Scale | Shape lation | Density [ Spacing {Size |No. No, T:T:‘: o:agaemta

1.0 214 0.25 20 0.33 2 8 0 1 13
1 2 3 0 2h 132

1 2 3 1 25 133

1 2 L 0 1 134

1 2 L 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 b 139

1 2 7 1 16 140

1 2 |1 8 Q 26 144

1 2 9 0 6 142

1 2 9 1 14 143

1 L 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 L 8 0 6 131

40 0.33 2 8 0 9 152

1 2 3 0 13 153

1 2 4 0 5 154

1 2 I 1 8 155

1 2 5 0 25 156

1 2 .6 0 13 157

1 2 6 1 14 158

1 2 7 Q 2 159

1 2 7 1 15 160

1 2 8 0 27 164

1 2 9 0 5 162

1 2 9 1 13 163

1 & 8 o 10 164

0.5 20 1 2 5 0 3 165
30 1 2 5 Q 27 166

10 1 2 3 0 32 167

1 2 5 0 2l 168

3 1 3 0 33 169

3 2 3 0 35 170

3 2 3 1 38 174
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. . . . Lab. } Expt. No.
Venti- | Fireload | Stick |[Stick |Lab. [Rpt.
Scale | Shape lation | Density | Spacing | Size {No. |No. T;zf ogagzta

1.0 211 Q.75 40 3 2 3 ¢ 57 172
1.0 20 0.33 2 8 0 3 173
1 2 3 o 26 174

1 2 3 1 by 175

1 2 4 0 2 176

1 2 4 1 4 177

1 2 5 0 ) 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 2l 183

1 2 9 0 8 184

1 2 9 1 12 185

1 4 8 0 L 186

3 1 3 0 16 187

3 2 3 0 29 188

30 0.33 2 8 o 7 189

1 2 3 0 19 190

9 2 5 0 10 191

1 2 8 0] 14 192

1 L 8 0 8 193

3 1 3 0] 17 194

40 0.33 2 8 0 1 195

1 2 3 0 14 196

1 2 3 1 27 197

1 2 I 0 3 198

4 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 10 200

1 2 8 0 25 205

y/ 2 9 0 7 206

1 2 9 1 9 207

1 I 8 0 12 208

3 1 3 0 34 209

3 2 3 0 36 210

A

1




| Ventila- |Fireload | Stick [Stick [Lab. |Rpt. [Leb. | Expt. No. !
Scale|Shape tion Density (Spacing (Size |No. |No. Test on Data i
No. tape i
1.0 | 224 0.25 20 0.33 2 0 0 17 214

1 2 0 0 3 212

4 2 0 1 13 213

1 2 A 0 10 2L

1 2 b 1 15 215

4 2 5 0 14 216

1 2 5 1 15 217

4 2 8 0 30 248

1 2 9 0 1 219

4 2 9 1 10 220

1 4 o }o 19 221

3 1, L [0 28 222

3 2 b 0 21 223

30 0.33 2 0 |0 21 221

1 2 0 0 29 225

1 2 h 0 ol 226

1 2 5 0 13 227

1 N 0 0 23 228

3 1 b} 0 29 229

3 2 L l 0 22 230

40 0.33 2 0 i 0 25 231

1 2 0 {0 8 2352

1 2 0 |4 11 23%

1 2 L 1 0 14 234

1 2 Lo 16 235

, 1 2 5 10 11 236

3 2 5 11 12 237

4 2 8 {0 3 238

1 2 9 0 3 239

A 2 9 i1 16 | 240

1 ¥ 10 o 27 24

3 1 L {0 30 2L2

3 2 » bo 23 | 243

B

0.5 20 1 2 5 ! 0 18 24 b

30 1 > s 1o |46 245

L0 1 2 5 I 0 17 246

- 12 -



. . . . Lab. [ Expt. No.
Venti- | Fireload |. Stick |[Stick | Lab. | Rpt.
Scale | Shape | i:on | Density | Spacing | Size | No. [No. |1e5% | on Data
_ No. tape
1.0 221 1.0 20 0.33 2 0 0 18 2L7
1 2 0 0 1 248
4 2 0 1 16 249
1 2 4 0 9 250
1 2 N 1 12 251
1 2 5 0 22 252
1 2 5 1 23 253
| 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 14 0 17 259
30 0.33 |. 2 0 0 22 260
1 2 0 0 30 261
1 2 A 0 19 262
1 2 5 0 20 263
1 L Q 0 24 26l
3 1 L o} 26 265
3 2 L o] 18 266
40 0.33 2 0 0 26 267
1 2 0 0 4 268
1 2 0 1 9 269
1 2 N 0 13 270
1 2 I8 1 14 271
1 2 5 o} 19 272
1 2 5 1 24 273
1 2 8 0 .29 274
1 2 g 0 L 275
1 2 9 0 11 276
1 4 0 0 28 277
3 1 4 0 27 278
3 2 I 0 20 279
- 1% .




Soale [Shape |Ventila- [Fireload | Stick |Stick [Lab, [Rpt. [L8D, | Fxpt. To.
tion Density |Spacing |B8ize [No. [No. N S on bata

0. tape

1.5 241 0.25 20 0.33 2 6 0 17 280

1 2 3 0 23 281

"1 I 6 0 29 282

3 1 6 0 35 283

3 2 6 0 I 28

30 0.33 2 6 0 18 285

1 2 6 0 24 286

1 L 6 0 30 287

3 1 6 0 36 ;288

3 2 6 0 i 42 { 289

40 0.33 2 6 0 19 | 290

1 2 6 0 25 294

1 L 6 0 b1 292

3 1 6 0 37 293

3 2 6 0 L3 294

1.0 20 0.33 2 6 0 20 295

1 2 6 0 26 i 296

1 4 6 0 32 297

3 1 6 0 38 298

3 2 6 0 L 299

30 0.33 2 6 0 24 300

1 2 6 0 27 304

1 4 6 0 33 302

3 1 6 0 39 303

3 2 6 0 L5 304

40 0.33 2 6 0 22 305

1 2 6 G 28 306

1 L 6 0 34 307

3 1 & 0 40 308

3 2 é 0 L6 309

-4l -



. . . . . |Lab, | Expt. No.
seste. |ahage | VOGS | Doty [spesine [sie. [N [N [0 | on ete
1.5 | 411 0.25 20 1 2 1 0 204 310

| 30 1 2 4 0 211 311
40 4 2 1 0 215 32

0.5 10 1 2 1 0 209 33
10 1 2 1 1 214 4
20 1 2 1 0 207 35
40 1 2 1 0 208 36

0.75 10 1 2 1 0 212 317
10 1 2 1 213 318

1.0 20 1 2 1 0 205 349
30 1 2 1 0 210 320
40 1 2 1 0 206 323

- 15 -




Explanation and values of terms used in the experiment description

Laboratory Number

0

O @~ AN b L -
p L

Repeat Number

0

Test Number -

Shage -

Scale -

Ventilation opening

Fireload density

Fuel spacing

Fuel thickness

APPENDIX 3

Laboratory Name

Commonwealth Experimental Building Station, Australia.
Joint Pire Research Organisation, United Kingdom.
Centre Scientifique et Technique du Bdtimen%, France,
Bundesanstalt fir Materialpr#ifung, Geman Federal Republic,
Forschungsstelle f#r Brandschutztechnik an der Universitit,
Karlsruhe, German Federal Republie,

Centrum voor Brandveiligheid, Instituut T.N.0., Netherlands,
Building Research Institute, Ministry of Construction, Japan
Hational Pureau of Standards, U.S.A.

(2 was originally designated to another laboratory which

did 0t participate.)

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 heighit relative to height 121, 211, 211 or
Ly,

height of compartment in metres 0.5, 1.0 or 1.5,

fraction of width of compariment forming an cpening
0.25, 0.5, 0.75 or 1.0,

density of fuel bed in ka/m2 10, 20, 30 or A0,

ratio of space between sticks to stick thickness
0.33, 1 or 3.

thickness of stick in cm. 1, 2 or k.

- 16 -
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APPENDIX 4

Summary of ratios aﬁplied to laboratories 3 and ¥

Shape | Ventln. | Firelcad R 8¢ Gy Is
LABORAT(RY 3 121 0.25 20 Q.87 | 0.92 | 0.905
40 0.87 { 0.97 | 0-934
1.0 20 0.875) 0.92 | 0.967
40 0.875] 0.9 | 0.827
211 0.25 20 1.07
30 4.15
L0 1.23
0.50 40 1.2k
0.75 40 1.2h
1.0 20 1.27
30 1.26
LO 1.26
LABCRATORY 8 241 0.25 20 0.89
30
40
1.0 20 0.745 C.54
30 0.743
40 0.743
221 0.25 20
40
1.0 20 1.263
40 1.263
-7 -




N ANALYSIS OF THE EXPERIMENTS

PLRP 2., FIRES VITH HESTRICTED VENTILATION
by

f. J. . Heselden and P. G, Smith

SUMMARY

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 ovpenings 4 of the area of the front face of the
compartment. The quantity R/AHZ, where R is the mean rate of burning
and A and H +the ventilation opening ares and height respectively was
largely constant, depending to & significant but sma2ll extent on shape and
scale and to & much smaller extent on fire load demsity and fuel spuacing.

The variations of other measured quantities with the experimental
conditions have been established; these included temperatures, intensity
of radiation at the ventilation opening (X_ /@) and time to burn the first
20 per cent of the fuel, The relation begween I / ﬁ, temperature and )
other variables suggests that I_/ ¢ may be a better measure of the tIntensity!

of a fire than that given by thé “vemperature of thermocouples suspended
within the compartment.

In general as the floor departs in shape from a square, fires tend to
be both longer lasting and hotter.

The ratio between I / ¢ and R/A is 1440 J/g which is very close to
the value obtained for large ventilation openings.,

August 1968



ANALYSIS OF THE EXPERIMENTS
PART 2 . PIRES WITH RESTRICTED VENTILATION
by
A. J. M. Heselden and P. G. Smith

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 simple
compartments, the experimental data have been processed and an analysis carried out,
initially on those fires with a ventilation area of % of the front wall of the
compartment.

For brevity in this report reference to the compartment shapes and :X%perimerntal
conditions usually made by means of simple codes. These are defined in the

Appendix.

A tape containing all the experimental data can be. supplied to participating
laboratories, and summary data tables have been produced
2. Resgults

Adjustments have been made to some of the experimental data supplied. Firstly,
some arithmetical errors were detected and rectified and values for all statistics
calculated for the 80/30 period. Secondly, adjustments were made to the data
(380/30*, 8, 80/350° ®b 80/30° (10/6)80/30, but not tg, g, or tjo) from three
laboratories whose results were systematically slightly different from those of the
majority of the laboratories, so that all the data could be pooled. These differences
appeared to be very largely due to differenges in the material used for lining the
compartment and the data were normalised to fires in compartments lined with the
thermal equivalent of asbestos millboard (thickness 1.0 cm, density 1.4 g/cm3 and
thermal conductivity 3-4 x 107% a1 s™Ten™ degG_1).

. The corrections and adjustments made will be reported in detail separately.
3. Analysis ‘
3.1. General
The analysis has been carried out on the 8Q/30 vaiuea of those variables
which are averaged over a period of time.
Some of the experiments with ¥+ spacing appeared to be-anamalous and in any
cagse many fires with fuel beds packed as closely as this tended to burn markedly
differently from those with more widely packed fuel., The % spaocing data were

® For explanation of symbols see Appendix.



3. Analysis {continued)
3.1. General (continued)
therefore 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 encugh form for variance analysis and were
therefore analysed by means of multiple regression. Certain parts of the programm
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 simplifyy 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/m°, 2.1 crid; 221 shape, 40 kg/m>, 2.1 crib and
441 shape, 30 kg/m>, 2.1 crib, in a total of 123. This should not affect the
analysis.

Multiple regressions were oﬁtained for the dependent variables
(e.g. burning rate, temperature, radiation intensity etc.) on various combinations
of the following independent variables:- '

1. BScale (i.e. height of compartment) - m

2, Tire load density - kg/n°
3. Tuel stick spacing (relative)
Lo Puel stick thickness - ¢om

5. Width/Height ratio of compartment
6. Depth/Height ratio of compartment

Both dependent and independent variables were transformed by taking
logarithrs 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.
significant at least at the 5 per cent level,and no non-signifiicant terms,
were obtained.

As will be seen shortly, 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.

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 weak*. Table 3 shows the correlation

* In a completely balanced arrangement they would of course be zero.
-D_




3. Analysis (continued)
3.1. General (continued)
coefficients between pairs of most of the variables used, dependent and
independent. The highest correlation between independent variables is that
between fuel thickness and fuel spacing (correlation coefficient r = 0.56).
In some cases an equation was found in which neither of these factors was
significant when both were included, but when the least significant one was
omitted the other could reach significance. There are low correlations between
scale and fire load density (r = 0.32), scale and depth/height ratio (r= -0.21)
and depth/height and width/height (r= -0.21).

This correlation between fuel thickness and spacing can be avoided by
taking distance between stick centres, which is less correlated with spacing,
instead of fuel thickness ('the distance between stick centres would be
entirely uncorrelated with spacing if the data were symmetrical) and this was
tried in some regressions but no appreciable changes in the regression coefficient:
of the remalning variables were caused.

3.2. Rate of burning

Preliminary plots of the data showed that the rate of burning of all the
% ventilation experiments' (apart from those with § spacing)was reasonably close
to that predicted by the relation:

where Xk is about 5.5 - 6 3

R 1is the burning rate (kg/min)

A 13 the area of the ventilation opening (m2)
and H is the height of the ventilation opening (m)

Accordingly the regression equations were calculated using R/.AH1§
as the despendent variable.

It will be seen from regres§ion 1. (Table 1) that although some systematic
variations have been found, R/AHE was not very sensitive to changes in the
indEpendent vari§b1es, a 4 = fold increase in width/height causing a 35 per cent
increase in R/AH®, 3-fold increases in scale and fuel spacing causing a
15 per cent decrease and a 5 per cent increase respectively and a 2-fold
increase in fire load density causing a 6 per cent decrease,

Further regression analyses were made to discover whether the effect of
compartment shape could be adequately described in terms of the ratios
compartment width/height and depth/height, and how much of the variation with
scale could be ascribed to differences between % and 1 m and between 1 and 13 m
seale. These analyses were performed by replacing these independent variables
by dummy variables which could assume the values 0 or 1 as in Table 4.

-3
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Table L

Dummy variables used to
explore variation with scale and shape

Shape of )
compartment Duiéy ;arlgble_‘
L 41 0 0
121 0 1 0
211 0 0 1
Soale D E

z 10
1 0
1% ]

Dummy variables were not of course inserted in the Eegression equations as
logarithms, for example'th? regression equation for R/AHE was of the form:-

log, q (R/AH?) = a, + & log, (Fire load density)

+ ag log, (Fuel spacing)

+ a10A+ a,, B, 31204- 83 D« 9.14E

11
Dummy variable A for example gave & measure of the difference in R/AHE

between shape 44 a§d the other 3 shapes, and variable D a measure of the

difference in R/@HE between the % m scale and the other two scales. Allowing

for the different numbers of observations for each shape and scale, differences

1
in R/KH? 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.



Table 5

Relative values of R/AHE for various
compartment shapes and scales

Shape (rﬁiﬁfive) Ng?bef Scale (f&éﬁgfve) NE?bef
observations m observations

221 1.00 3l T 1.09 16

121 0.7 35 1 1.00 90

211 0.80 47 1% 0.95 14

LA’ 0.85 L

These relative values of R,/AH§ for various shapes are shown in Fig.1. on
scales of compartment depth/height and width/height.

Depth 44
Jepin
Height L e el i 0.85
]
)
l
I
|
I
121 221 !
24-=-=l0.71 k~-| 1.00 '
T |
! |
211 !
§ |
0.80 |
\ 1
i )
" |
| ! Width
L} L J H x t
2 b sigh

1
FIG.1. R/AHZ for various shapes relative to the

221 compartment
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1,2 1
Previous work™ established a value for R/AH? in the region of 5.5 to 6.0 “for

fires in compartments of near cubical shape and a comparison with values derived f‘r.ln
regression 8 is shown in Fig.2. taking a scale of 3 m, a stick spacing of 1 and a

fire load density of 40 kg/mz.

b L4
Depth e e — m o - = = —m
Height A Lok
‘ {
|
|
|
|
121 221 |
24 === 3.7 |==f 5.2 I
t { i
[ [
7444 291 |
== =]5.5-6 |- b1 !
i 1 |
{ ) |
| ' ' Width
T ! Y Height
1 2 I
FIG.2. R/A‘HE for various shapes scale 3 m

stick spacing !

Fire iocad density LO kg/mz

The ratio of linear size in plan to the height is
clearly less importani than the relative size of the
two sides of the floor.’



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-significant 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 t80'

Table 6
Comparison between the residual variation
about the regressions and the standard deviation
af replicates

Residual
standard Standard
Dependent Regression error deviation
variable number about of
regression replicates
(per cent) (per cent)
1 1 12.3
R/AH? 8 12,0 1.3
9 11.1
0 2 4509
8, K 3 Dol 4.0
10 5.8
11 6.8
eb SK 4 10.3 10,0
5 23.8
4 20.7
10/;6 12 20a L 18.3
L S
t80 Th 33 14.5

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 eliminated, the coefficients obtained being shown
in Table 2. The general pattern is not very different from the regression with
replicates included separately (compare regressions 8 & 9, Table 2) there are
significant differences in the same direction between shapes, and between

scales, but the fire ioad density and fuel spacing terms, which in any case

‘ -t .
These were included as log {spacing) x log (fire load density) etc.
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were not large, hav? disappeared.

Values of R/AHZ? for 4 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 ithé air supply was

controlled by the fuel bed itself, not the opening.

Table 7

Measufed and calculated values of

1

spacing cribs

R/AHZ and 9c for 3
Fire L x *%
Soald  load Calgﬁlated R/AH? 6, °C
o iZ?;ﬁty' measured 2111 2211 121 211 221 4z
1 20 c 6.71 | 7.07| 5.76| 11541 [ 1006 950
2 M 7.130 6.79| 475 9u5| 825 T2
20 c 6.11 | 6.44 | 5.24) 4382 | 11871 1122
M 5.12 | 4,80} 3.56| 699| 828| 873
1 30 ¢ 5.89| 6.21| 5.06] 1319 1157| 1094
M 5.86 | 5.261 4.0C| 1058] 927| 937
L0 c S5.74| 6.05| 4.93 1295 1136] 1074
M L.92|( 460} 3.24| 1051 956| 746
20 c 5. 701  _ | _ 15721 _ -
M 2.08 916
] 30 c 5.50(  _ | _ {53 _ _
M 2.10 96l
40 C 5.36| - - | 1508| - -
H 2.291. 1048

¥ Calculated from regression 8

** Calculated from regression 10 and converted from
absolute to deg.Centigrade.

deg.

3, Analysis (continued)

3.3. Demperature near ceiling (8,)

The statistfcal a§alysis of this variable proceeded in a similar
mammer to that for R/AH® but @, was found to depend on different variables
and an interaction term (depth/height x fuel spacing) was found to be
significant.
the interaction term, and their relative effects on 6
comp}ete range. No improvement of fit was obtained by including an

R/AH? term. The variables having most effect on 90 °K are scale, fuel spacing

and depth/height ratio.

c

o .
K over their

Table 1 gives parameters for the regressions with and withou%




.

3. Analysis (continued)

3,3. Temperature near ceiling (Qc) (continued)
1

As with R/.AHE the effect of separate shapes and scales was explored
by means of dummy variables and the relative values of Gc °k obtained 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 of € °k for various

compartment sha.pgs and scales

°K

e, Number B QGTK Number
Shape . of Scale . of
(relative ) observations m (relat ive) observations

221 1,00% 3L = 0.89 16
I 121 1.01* 35 1 1.00 90
l 211 1.11 47 1% 1.12 14
l 41 0.88 k

* Not significantly different

. These relative values of Qc °k for various shapes are shown in Fig.3

on scales of compartment depth/height and width/height.
1
. Depth ==
Height 41— — — — — — = — — — 0.88
) |
|
!
121 221 '
29 ==} 1.01 |- 1.00 !
T /
211 I
1,11 '
1 |
| [
| | Width
—r —r Hei ght
2 L

Tl

Fig.3. 90 °k for various shapes relative to the 221 compartment
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3. Analysis (continued) l
3.3. Temperature near ceiling (@) (continued) l

The fall in @_ °k with depth/height ratio predicted by regression 2 is
well seen in Fig.3 but the rise with width/height ratio is more obscure,
It must be remembered that there are far fewer observations for the Li1 shape
50 that'deSPite the low value for this shape regression 2 has just managed
to find the increase of 90°1<: with width/height significant. The pattern .
of Fig 3 should represent the real situation more closely.

The effect on temperature of inserting the fuel spacing x depth/height l
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 = 3) l

condition.

Table 9
Variation of 8_ OK with and without
spaocing x deptﬁ/height interaction

0 °K

L +)

D /H:‘l D /H:Z D /H-“—‘I&-

1 1298 1140 1000

No
inter~

Fuel spacing
zi

action

3 1076 o5 829«

e —

e e - —

1283 1146 1023

Inte
actl

3 1139 M2 150¢

Each value in the table is a temperature calculated
from regressions 2 or 3 , using mean values for scale,
fireload density, ~ fuel thickness and width/height ratlo.

*There are no experimental data for this combination of

fuel gpacing 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 2y 1 cribs than for any other s{ick size or
spacing and the blas in favour of this stick thickness and spacing is not
therefore of much importance. If, for example, for Gc there was a substantial
interaction between scale and astick spacing then the coefficient for scale

would largely represent variation of 90 with scale only for the 2,1 cribs.

-4 0=



alone, the second (regression 6) including also R/AH? and e,

The regression with the data containing averages of all replicated tests
is very similar to that obtained with all the data (dompare equations 10 and 14,
Table 2) except that the fuel thickness term, which in any case was not very
large, has disappeared.

Temperétures 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 (eb)

Table 1 shows that Qb %% is closely related to Gc 0K; the coefficient of
0.99 is not significantly different from unity (the coefficient for direct
proportionality). Gb °K also depends on fuel spacing and fuel thickness. There
is a substantially larger variation in Qb than in 90, In some cases Qb would have
been measured at a point just inside the crib, but no systematic effect of this
on Gb could be detected.
3.5. Intensity of radiation at the ventilation opening (Iq[ﬁ)

Two versions of a regression equation are shown in Table 4, the first

(regression 5) having independent variables describi?g the compartment and fuel

o .
K, i.e. measurements

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/ﬂ 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.L on scales of compartment depth/height and

width/height.
Table 10 I
Relative values of ~o/f for
various scales and compartment shapes

I 3l T 1
Shape (relgég;e)- obz:;§::ionsi Sc;le (rel%é?ve) obsei;EEjZns
221 1 .00 3 5 0.72 16
121 1,08 35 Aﬁ 1 1.004 90
214 1.25 W7 1% 1.02+ 14
441 1.54 . b

* + Not significantly different

11
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| I
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FIG.4. Iq/ﬂ for various shapes relative to the
221 compartment.
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1
Replacing the term R/AH? 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).

Several sets of data for well ventilated fires in compartments1
given a relationship of the form:-

have

I 1
i;ﬁﬁ_ = a constant, of value about 1450 - 1650 J/g (350-400 cal/g)

The mean value for this quahtity in the present restricted ventilation
experiments is 1440 J/g (340 cal/g) which is very close to the values obtained
for well ventilated fires, emphasizing still further the fundamental importance
of the gquantity (Iq[ﬂl/(njh).‘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 varisbles, particularly scale and depth/height ratio of the compartment.
The regression of Iq/ﬂ with the datg 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 Iqu on temperature

is weaker and on fire load density is opposite in sign but still small.

As for @ _, values of Iq/ﬁ for % spacing calculated from regression 12 are

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 (tBO)

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 shown in Table 11 and Fig.5.

Table 11
Relative values of t,, for
various scales and compartment shapes

+ Number £ Number
Shape | '8C of Scale 80 of
(relative) | observations m (relative)| observations
221 1,00 34 3 24 16
121 1.12 35 1 1.00* 30
211 0.69 b7 1% 1.02% 1%
e 1.50 b

¥Not significantly different
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Le Discussion

The relative constancy of the ratio R/AH1§ shows that these fires were
subs?antially ventilation controlled as expected. The biggest variations in
R/AH? were produced by changes in shape, the largest difference (some 30 per
cent) being produced between shapes 121 and 221. Highest values of 1:2/AH§
were obtained with compartments having a square floor, although R/AH?
appeared to fall slightly as {the compartment begame relatively less tall.

As the floor shape departed from a square, R/AH? decreased somewhat.

1A 3~fold increase in scale gave only an 18 per cent decrease in
R/AH?, and this was caused by differences between both the % and t 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 (% 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 i spacing 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%
scales is very much to be expected. Such an increase has been found before3.
Altho?gh the heat release should depend, in these ventilation limited fires,
on AH§, i.e. on L5/2 for a given shape where L 1is 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 L2 terms, so that as L
increases temperature must alsc 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 crid 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 most repreducible of all the measurements.

~15-




It is to be expected that Io/ﬂ 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 found4. 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/ﬂ only through their effect on temperature. Some of
these factors even had opposite effects on temperature and radiation intensity,
e.g8. increasing fire load density decreased temperature but increased the
intensity of radiation.

The effect of scale is however understandable - thicker flames at the
same temperature should radiate more. The change in radiation intensity
for a 5-fold change in scale was less than would be expected from the change in
flame thickness alone, and this is probably a reflection of the compound nature
of the radiation from the opening., Part of the radiation was emitted from the
flame and part from the walls and ceiling, emerging from the ventilation opening
after transmission through the flame, so that although thicker flame should
radiate more itself it would absorb more of the wall and ceiling radiation.

The presence of so many significant terms in regression 6 suggests that
the thermocouple does not give a proper measure of the effective temperature
of the radiator., TFor example, the thermocouple may not always be immersed in
flame, but may be in relatively cooler gases recirculating behind the flame
zone, or the radiation emitted from the fuel bed may be more important than
expected. The former effect may expléin why the 41 compartment gave a high
value for Iq/ﬂ but a low temperature. It has been observed that the erib
in this shape of compartment quite clearly burns in a thin zone from the
front and sides, towards the centre}; the latter effect may explain why
increasing either fire load density or fuel spacing (i.e. increasing the height
of the crib) increases Iq[ﬁ.

The residual standard error of Io/ﬂ is rather large.

Thus although the rate of burning of fires in compartments with restricted l

ventilation openings (and hence their duration) can be predicted with some
accuracy from equation (1) using only the area and height of the ventilation l
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
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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
80/30 period. Some factors may fherefore influence t80 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
t80’ 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, 1it 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 is similar to that for the fuel in the open and is therefore largely
set by the stick thickness and spacing in the early stage35, No direct evidence
is however available to support this possibility.

t80 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 (cont'd)

Coefficients
a as a a a ag a ag a
: ! 5 a > ! 9 Residual
Dependent {RegressionjConstant
. . . Fuel standard|
variable . number term R Fire Fuel Fuel Width |Deoth .
0.% |Scale |load ing|thick- e |[=2E22 |spacing - error
L % SPACINg) LALCR= i T eht |Height
AH® density |[(rel,) |ress D/H
o a ke/n2 cm WH D/H |interaction +
5 0.4627 | - - 0.592| 0.064 |-0.128 |=-0.039} O.344|-0,3 - 0,093
Io/ﬁz , FaR NS » » L1 1) sk (24L%)
calomTs 90 % | o | 6Bl -35%
1
&
6 -5,0297 |0.287|1.640| 0.269| 0.188 | 0.128 - 0,208 - - 0.082 )
" *on 20 T P e (21%)
19% | 15081 35K 14k | 156 35
Io/'@ 6a |=-0.4157 | - - 0.232( 0,160 |=-C.160 | - 0,120(-0,320 - 0,096
WA" il * £ 2 L] * E-3 2] (25%)
| 38| 2% | -6k 188  -35%
7 0.2842 | - - |-0.227| 0.486 |-0,451 |-0,220{-0,305] 0.760 - 0.126 |
t80 * & Hadk & e & . (314%)
min 22| 4O% | -0 | -26%| -35%| +185% ;
Notes: T spacing data omitted The % value quoted in the columns for
logarithmic trensformation (to base 40) of all variables a4 to ag is the change in the dependent
+ inserted as logyo (spacing) x logsg (D/H) variablé produced by changing the ievel of
* significant at 5k level the independent variable from the lowest to
e " "% the highest value of the experiment, (When
Hw " "0.1% " ' R/AHL and ©, were used as independert
NS Not significant variables a change of 4 standard deviations
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-—n--—--__—----------l
Table 2

Parametérs of the regression equations
+ (Second series)

Coefficients
&1 22 Scale &l ) 26 |Shape of compartment
Dependent|Regre ion thstant Fire Fuel -{Residual
pendent|Regress -
Data . R D N Fuel . o A B C standard
variable]! number term =1 |6,k load . fthick- . ]
kg/m? | (rel.) (cm)
Including R, 8 0.9457 | - | - | 0.041{-0,030]-0,089 | O.0uk| =~ | 0.013{-0,089/-0.023| 0,049
replicates AR
- AH o * (12%)
_ 0.037]-0.023| -6% 5% -0.0711-0.146|-0,097 \
j ol
Averaging R 9 0.818, | - - | 0.037)-0.067| 0.004 | 0.025| -~ | 0.030(-0.107{ 0.014| 0.046 g
replicates N NS NS (11%)
0.0171=0,062 -0.0311-0.137]|-0.050
Including QCOK 10 - 3.1567 - - |-0.057} 0.055|-0,051 [-0.184 [-0,046|~0.073(=0.020| 0,047| 0.024
replicates =% . " (&)
-0,051] 0.048| -4% ~t8%| -6% |-0.054} 0.003| 0.045
Averaging QCOK 11 3.1908 - - j~0.061}+0,050]-0,098 [-0,131 - |«0.050|-0.017] 0.060| 0.029
replicates e P (ﬂ)
-0,050| 0,035 =-7% ~13% | -0.019{ 0.014] 0.064

(Cont'd) .....



Table 2 (cont'd)

Coefficients
&1 a2 Scale &y as 86 {Shape of compartment
. Fire Fuel ' ‘ Residual
Data  |’ePendentiRegressiomjfonstant) p 1o, % | » E | load | 9%l lthick-] A | B | ¢ |standard
?{5 (tm) |(134m) |density|®*"8| ness [{u41) |(121) |(211) | error
kg/m? [(rel.)| (cm)
Including I, 12 -3.4034 |0.437]1.098|-0,144| 0.031| 0.159 - - 0.138]-0,030| 0,071 | 0.081
replicates Er' 0 . . (20%)
 30% | 85% |[-0.143| 0.009| 12% ' 0.187| 0.033| 0.097
Averaging 1o 13 -1.5334 ]0.353]0.628]-0.215 - |-0.095 - - 0.1591-0,05C} 0.137 0,092
replicates I8 . NS . ‘ NS (23%)
: approx
40% |-0.2381-0.072| -6% 0.278] 0,096] 0.216
Including tgo 14 0.3715 - - 0,094 |-0.006| 0.499 |-0.465|-0,230] 0,228| 0.134|-0.198] 0,124
replicates T e * (33%)
0.095| 0.009| 1O% | -40% | -27% | 0.177| 0.051|-0.16L
Notes: < spacing data omitted For a given regression the values in the first
logarithmic transformation (to base 10) of all variables 1line are the regression coefficients obtained for the
except scale and shape. variables shown. The second 1line gives the statistical
* significant at 5% level significance level of the coefficlents a,, as, ay, as
e " " 1% level and ag and the third line gives the change in the
e " " 0.1% level dependent varisble produced by changing the level of
NS Not significant 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 1% m
decreases logyg R/AH} by 0.023 and changing the shape
from 221 to 121 decreases logyg R/AH3 by 0.146.
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APPENDIX

Key to symbols and codes for the
experimental conditions

-

is the rate of burning (kg/min)
is the intensity of radiation recelved at a radiometer in front of
the ventilation opening (cal om =251 )

is the configuration 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 the height below the ceiling and

pbove the flcoor respectively
is the ventilation opening area ( m2)

is the ventilation opening height (the same as the compartment
height in these experiments)

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
30 per cent of its 1n1t1al value

The code describing shape gives in order the compartment width, depth
and height, relative to the height:-

211

124

-2l



221

441

=

Scale This is the height of the compartment.

Ventilation This is the fraction of the area of the front of the
compartment left open

A - FRTT

Stick thickness and spacing

The first figure in the code is thé stick thickness in cm, the second is

the spacing between sticks expressed in stick widths. Thus 4,1 stands for
4 cm thieck sticks 1 x4 =4 cm apart:

L cm

<« cm+ <L cn»

25—




0 ANALYSIS OF THE EXPERIMENTS
PART %, FIKES YITH LARGE VEWTILATIOH OPENING AREAS

by

o J. He Heselden

SUMMARY

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 was independent of scale and stick thickness
but varied substantially with the fuel spacing, fire load density and shape
of compartment. Fuel spacing and fire load density had most effect on
burning rate in those compartments which were shallow from back to front und
little effect in deep compartments,

The variztions of other measured quantities with the experimental
conditions have been established; these included temperatures, intensity of

radiation at the ventilation opening and time to burn the first 20 »er cent
of the fuel,

The temperature of a2 thermocouple near the ceiling varied strongly with
the rate of burning per unit ventilation opening, as in previous experiments .
The intensity of radiation from the ventilation opening varied strongly with
the rate of burning per unit ventilation opening area.

January 1970




© 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, Internationsl Co-operative Programme on fully-developed fires in single
compartiments and an analysis of the data for fires with restricted ventilation1
an analysis has now been performed on the results of those fires in which the front
of the compartment was completely open {"Full ventilation" fires).

As before, for brevity, reference to the experimental conditions is usually
made by means of simple co&es, defined in the Appendix.

A tape containing all the experimental data can be supplied to participating
laboratories and summary data tables have been produced,

2. Results and processing of results
Adjustment32

have been made to some of the experimental data supplied. Firstly

some arithmetical errors were debected and rectified and values for all statistics

calculated for the 80/30 period. Secondly adjustments were made to- the data from

3 laboratories whose results were systematically slightly different from those of

the majority of the laboratories, so that all the data could be pooled. These

differences appeared to be very largely due to differences in the material used
for lining the compariment and the effect of the adjusiments has been to normalise
all the data to fires in compartments lined with the thermal equivalent of 1 cm

thick asbestos millboard (density 1.1 5/cm3 and thermal conductivity
3L x 107 cal s—1cm_1degcr1).

2
The corrections and adjustments have been reported in detail separately .

3. Analysis
3.1. General

The analysis has been carried out mainly on the 80/30 values of those
_variables which are averaged over a period of time.

Some of the experiments with § spacing appeared to be anomalous and in
any case many fires with fuel beds packed as c¢losely as this tended to burn
markedly differently from those with more widely spaceda fuel. As before
the } spacing data were therefore omitted from most of the statistical

-calulations, and introduced for comparison at a later stage in the analysis.



3. Analysis (continued)
3.1. General (continued)

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/mz, 2.1 crib; 211 shape, 20 kg/'m2
4.1 erib; 221 shape, 40 kg/mz, 2.1 and 1.% cribs; W41 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. Pire load density - kg/n’
3. Fuel stick spacing (relative)

L. TFuel stick thickness -cm
5. Width/Height ratio of compertment

6. Depth/Height ratio of compartment

Both dependent and independent variables were tranaformed 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 level, and no non-significant

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.

—

Owing to the design of the experiment, correlations between the independeni

variables are almost all weak®, Table 1 shows the correlation coefficients

between pairs of most of the variables used, dependent and independent.

?In a completely balanced arrangement they would of course be zero.

-2 _



3. Analysis (continued)
3.1. General (continued)

Some of the values in this table were obtained with the complete data and
some from 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 coefficient obtained when the data with replicates averaged are
used 1s small,

The highest correlation between independent variables (apart from
interaciion terms) is that between fuel thickness and fuel spacing (correlation
coefficient r = 0.56). There are low correlations between scale and fire load

- density (r = 0.33), scale and depth/height ratic (r = -0.30), snd depth/height
and width/height (r = -0.22).

In the regressicn equations for the full ventilation fires interaction
terms are usually more important than in the equations of the ¥ ventilation
data1. An interaction between two variébles shows that the effect of each of
the variables depends on the level of the other.

3,2, Rate of burning (R)

Preiiminary examination of the data showed that the quantity R/AF, where AF
is the floor areas, appeared to be nearly independent of scale snd accordingly this
was used as the dependent variable in the regression for rate of burning;
equations employing this variable can of course be converted into equations
employing R/hw, where Aw is the ventilation opening area, by introducing the
Depth/Height ratio.

The best regression equations found are given in Table 2, and illustrate
various possibilities in fitting regression equations to the data, These have
been obtained with the replicates averaged.

Equation 1 offers the best overall fit to the C.I.B. data but employs 6
independent variables, one of the interaction terms being rather complicated®*.
It reproduces the fall of R/AF with increasing fire 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 burning rates for
cubical compartments. Although this shape has not formed part of the
official C.I.B. programme, Webster et ale carried out a number of experimental
fires in cubical compartments very similar in style to those of the C.I.B.
programme and in Fig. 1 a value for R/AF has been inserted derived from

their data, This suggests that the extrapoclation of equation 1 to cubical
compartments is not permissible.

*An interaction term of this power had to be used to enable the fire load density
main effect term to be overridden at high D/H and W/H ratios.

-3 -



3.

Analysis (continued)
3.2. Rate of burning (R) (contimued)
Equation 2, with only 4 independent variables, gives & better fit for

shallow compartments at the expense of a worse it for the 441 compariment
(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 the full data, i.e.

without averaging the replicates, (Regression 15, Table 3). Very similar

coefficients were obtained, although the D/H +term is now Jjust significant,
Figures 4 and 5 show how the rate of burning per unit ventitation
opening area increases with depth, average experimental- values being shown
in Pig. 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 L 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'Smithq'for cribs of wood burning in the

open, viz
0.448 0.5
r = 0,0017 (Av AS) H " g/s.

where r dis the rate of burning
Av is the horizontal cross-sectional area of the vertical passages

in the crib (cm2)
A, 1is the surface area of the exposed wood (cmz)

H is the height of the crib. (cm)

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 cm stick data over 1 and 1% m scales, which appear to give very

similar ratios, and neglecting % spacing data since they are irregular.
Slower burning cribs (20 kg/m2 and '1' spacing) in the larger compart-

ments (1 and 1 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 kg/m2 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 per 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,



3. Analysis (continued)

3.2. Rate of burning (R) (continued)
If we turn to conditions where the compartment might be expected to

exert more influence on the rate of burning, e.gz. higher fire load density,
higher fuel spacing and deeper compartments we. find generally that the
measured burning réte falls well below that calculated from the relation.

For example, & '1' spacing 40 kg/hz ¢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 kg/m_z, but a ratio of only 0.22 for
the 441 compartment,

At the £ m scale thereis more change in the ratio with irureasing
depth of compartment than for the same fire load density at the largew
scales.

The calculated valu=s of R/ﬁF for 4 spacing cribs are compared with
measured values in Table 7. The differences, which are substantial, seem
to be relsted to the laboratory carrying out the experiment, suggesting
that the rate of burning of fires with very closely packed cribs is more
sensitive to the experimental condi*ioﬁs than the fires with 1 or 3 spacing
cribg,

3.3. Temperatures near ceiiing (8¢ °K)

Regression 4 (Table 2) shows the equation obtained using properties
of the compartment and fuel alone as indepecdent variables. Only the fire
load density ccefficient is zignificant and the temperature rise produced
by an increase of fire load density from 20 to 40 kg/hz is only 10 per cent.
A substantially better fit, as judged by the reduction in residual standard
error, 13 obtained when quantities which were measured during the tests such
as burning rate and temperature near floor (Qb OK) are included, Thus
regression 5 shows that QG varies markedly with Qb, though it is not
proportional to it as was found for the % ventilation firesT; although the
coelficients of 5 other terms become significant none of these has a
specially large effect on 90. As would be expectedu & varies markedly
with R/AW (Regression 6) in addition %o fuel spacing and shape of compart-
ment. Provided a D/H term is included the regression coefficient for a
R/AF term is the same as for a R/hw term, but the regression with the
latter is preferable since a smaller coefficient is then obtained for
the D/H term.




3. Analysis (continued)

3.%. Temperature near ceiling (©c °K) {continued)

Regressions similar to numbers 4, 5 and 6 have also been obtained
with replicates included (regression numbers 16, 17 and 18). The
coefficients obtained are very similar, apart from the coefficient for
D/H in regression 16 which is highly significant and aﬁcounts for a

variation in 6¢ °K as large as that of fire load deﬁsity.

3.4. Intensity of radiation in the plane of the ventilation
opening (Io/g)

Average experimental values for Io/gS are given in Fig.6.

Table 2 gives four regression equations, numbers 7 and 8 with
variables of compartment and fuel, number 8 having interaction terms which
have reduced the residual standard error, and numbers 9 and 10 with R/Ay
and 6, terms.

As with O¢, the inclusion of quantities measured during the fire has
produced a substantially better fit.

Regressions 19 and 20 (Tsble 3) show that including replicates has
1little effect on the coefficients, apart from that for D/H in regression

19 which is about 50 per cent larger than that for D/H in regression 7.

3.5. Io/f = R/ay

Three regression equations are given for ITo/¢ + B/A, in Table 2,
number 11 with variables of compartment and fuel but no interaction terms,
number 12 withan interaction term added and mumber 13with a ©, term. The

fit of number 13 is substantially better than that of number 11.

The coefficients of regression 22 with replicates included areisimilar

to those of the corresponding regression with replicates averaged (13)-

3.6. Time to reach 80 per cent of initial fuel weight (tgp)

The regression (No.14) obtained for tgp with replicates averaged is
given in Table 2. To illustrate the action of the interaction term, values
for +tgp calculated from equation 14 for one set of conditions are given
in Table 8. The coefficients of regression 23% (replicates included) are

similar to those of regression 14 (replicates averaged).

-6 -



4. Discussion

4.1. Rate of burning(R)

Unlike the analyses for rate of burning of fires with % ventilation
opening all the independent varisbles appear in significant interaction
terms and this means that the rate of burning depends in a much more
complicated way on the independent variables. For example, in regression 2,
Table 2, since the coefficient for (fire-load density) x (D/H 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 D/H and becomes smaller as D/H increases, This
can also be seen in the experimental data in Fig. 1.
The factors which influence R/AF are:-
(a) The relative spacing between the sticks
(b) The fire-load density
(¢) The shape of the compartment
Scale and stick thickness have no detectable effect on R/AF.
The relative gpacing and the fire-load density have most effect on
R/AF for shallow compartments (ﬁ/H = 1) see Fig. 1. TFor D/H = 2 the
effects of both are smaller and at D/H = 4, R/AF actually decreases
slightly with increasing fire-load density whilst the regression equations
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 verify the
predicted effect of spacing for this shape. 4
Increasing the width alone by changing from the 121 to the 221 shape
appears to cause a slight increase in R/AF (Fig. 1).
The sensitivity of burning rate, and hence fire duration, of these
full ventilation firés,to the relative spacing 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 §) so that a
fire having a higher burning rate and hence a shorter duration will have
a higher temperature whilst a longer 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 spacing
of the fuel. This is being explored further.

-7~




Discussion (continued)

4.2, Temperature near ceiling (8 °K)

Table 2 shows that -6, has highest correlations with R/Aw, Q)
and fire-load density. Regression 4 of Table 2 shows that fire-load
density has much more effect on temperature than the relative fuel
spacing and this is surprising since both factors might be expected to
influence temperature through burning rate which is affected by both -
varisbles to a considerable extent (Fig. 1). The inclusion of & rate
of bﬁrning term as R/Aw, in regression 6, renders the fire-load density
term superfluous whilst the fuel spacing term is enhanced,

Although Gc varies strongly with Qb it is by no means
proportional to it as was found for the § ventilation data' and this
shows that the temperature varies more within the compartment when the

ventilation area is large.
A strong variation of &, with R/AW is very much to be expected
R

from previous experimenté);
4.3, Intensity of radiation in the plane of the ventilation

opening (In/8)
Io/zs cannot be very satisfactorily related to variables of the

compartment or fuel since the residual standard error about regression 7

18 35 per cent. Only a small improvement results when interaction 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 terms in
9, (Regression 9) or R/Aw and 8, (Regression 10), The coefficients
for 9c °k in equation 9 of 1.8 or in equation 10 of 1.4 are high, showing
a strong variation with 9, °K but they are not as high as the value of &
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 Io/ﬁ only
through their influence on temperature and this suggests that the thermo-
couples do not give a true measure of radiating temperature.

b.h. Io/ﬂ = R/AW

There is a strong correlation between I /# and R/A (Correlation

coefficient = 0.68, Table 1) and this explains why the quantity I /8 & R/A_,

with a standard deviation of 29 per cent, has less variation than either
Ib/ﬁ (standard deviation 50 per cent) or R/hw (standard deviation

43 per cent).
-8 -
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4. Discussion (continued)

hoi, I /8- R/AW (continued)

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 cal/g and this can be compared with the valugs of 350-400 cal/g obtained
previously for well-ventilated fires in compartments7.

4.5, Time to reach 80 per cent of initial fuel weight (t80)
Most of the parameters of fuel and compartment have a significant effect

on t80 either because they influence the rate of growth from ignition to the
stage of 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 of the weight of the fuel has been lost,

With shallow compartments (D/H = 1) increasing scale increases tgo
and this can only be due to an effect in the early stages of growth since
it has been shown in Section 4.1 that the burning rate of the fully developed
fire, per unit floor area, is independent of scale., The linear rate of spread
soon after lgnition depends only on the thickness and spacing of the sticks
in the e¢rib and it thus seems that as scale increases t80 increases because

the cribs are larger and in some way the fire has to spread a longer distance
before it can become fully developed; but t80 is not by any means
proportional to the scale, i.e. the linear size of the crib,

However the negative interaction term (Scale x D/H) causes tgy to
increase less with scale as D/H increases, irdeed for D/H = L, tSO
actually appears to decrease with scale. This is what waz found for the
% ventilation fires1, suggesting that there are some similarities in
behaviour between deep compariments 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 t80 increases as
fire-load density increases. The effect of fire-load density on t80
must be mainly due to the change in the absolute amount of fuel required
to be burnt in the fully developed period to reach the 80 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 t80 more than any other variable and
its influence is twofold. 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 tg, with increasing stick thickness and with inoreasing W/H.

-9 -




k.

Discussion (continued)

4.5. Time to reach 80 per cent of initial fuel weight (t8g) (continued)
Increasing D/H increases tgo (although because of the Scale x D/H

interaction the increase is less for larger scales), probably becauee of.its effect

on both periods. The initial linear rate of spread of a fire is set by
the design of the crib and it is possible that the fires, 1lit at the front,
have to travel further into the deeper comparﬁments before transition to
the fully-developed stage can occur. In any case the steady state rate
of burning per unit floor area deoreases as D/H is inoreased (Fig. 1).
Conclusions
1. The rate of burning per unit flcor ares (R/AF), 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 much as fire
duration since an increase in the duration of a fire caused by a change
in fuel spacing affecting burning raete is accompanied by a decrease in
the temperature of the fire and-this will compensate to some extent,
though not completely,
3. The temperature of the thermocouple near the ceiling (Gc oK) depends
strongly on R/hw, as in previous experiments”. Once the variation of
e, °k with R/Aw is taken account of, the influences of fuel spacing
and compartment shape, the only other statisticaelly significant variables,
are fairly small.
There is more variation of temperature within the compartment than with
small ventilation openings,
4. Much more of the variation in Io/ﬂ can be accounted for if @, or
Iv%w are included as independent variables. The variation with 90 is
less than would be expected if Gc represents the radiating temperature,
and other variables such as fire load density fuel spacing and compartment
shape have a substantial influence on I _/f.
5. The mean ratio between I o/ﬁ and R/Aw is 490 cal/g, rather higher
than the values obtained previously for well ventilated fires.
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5.

Concluzions (continued)
6.

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 coefficients are the same for those of the corresponding regression
for % ventilation fires', except for scale.

t80’ the time to obtain 80 per cent of the initial weight of fuel,
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APPENDIX

Key to aymbols and codes for the
experimental conditions

R - dis the rate of burning (kg/min)

Io - 1is the intensity of radistion receiv§9'§¥ a radiometer in front
of the ventilation opening (cal cm s ')

) - 1is the configuration factor of the ventilation opening with
respect to the radiometer

‘90 and - are the temperatures attained by thermocouples placed centrally

Gb in the compartment and a quarter of the height below the ceiling

and above the floor respectively

A - is the ventilation opening area ( m?)

H -

is the ventilation opening height (the same as the compartment
height in these experiments) (m)

t80 ' - ds the time for the fuel weight to fall to 80 per cent of ita
initial weight (min)

80/30 - refers to the period over which the weight of fuel fell from
80 to 30 per cent of its initial value

Shape The cude descrilbing shape gives in order the compartment width, depth

and height, relative to the height:-

211

121

S 13 -



221

441

Scale This is the height of the compartment.
Ventilation This is the fraction of the area of the front of the

compartment left open
Eéz;j;

* \\\\\\\\\ AN

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 stick widths. Thus 4,1 stands for
4 cem thick sticks 1 x 4 = L4 om apart:

)
4 e
¢4 cny €« 4mPy
- 14 -

‘S N N .



TABLE 1. CORRELATION MATRIX SHOWING CORRELATIONS BETWEEN THE DEPENDENT VARYAELES

- 15 -

1/8 1
B/Ay 0.68 1
% Q.73 0.53 1
& 0.09 | -0,07 | 0.47 | 1
Seala (H) .09 | -0.10 | 0.09 | 0.30 1
Fire load density 0.39 Q.17 0.40 | -0.02 0.33 ]
Fuel spacing 0.30 0.55 | -0.04 | -0.45 =0.05 =0,06 1
Fuel thickness (relative) =0.37 | =0.%1 { =0.07 0.28 0.00 0.04 | -0.56 1
W/B 0.10 | ~0.,09 | -0.25 | -0.13 | -0.04 | -0.05 | ~0.04 | ©.00 | 1
D/H Q.19 0.55 Q.27 | -0.02 -0,30 | -0.11 =0.07 0.03 -0,22 1
Spacing x D/H 0.06 0.40 | -0.14 | =0.57 | -0.21 | -0.09 0.70 | -0.35 | -0.20 0.27 1
¥/B x D/H 0.22 0.37 Q.00 | <0.15 | -0.28 | -0.13 | -0.09 0,02 0.58 0.65 0.05 1
I/H x Pire load demsity 0,21 0.55 0,30 | -0.21 =0.26 | -0.01 =0.07 0.04 | -0.24 0.99 0.26 0.63° 1
¥/8 x thickness ~0.28 * =0.23 |" 0.25 0.05 0.03 | -0.51 0.63 Q.67 -0,04 | -0.38 0.44 -0.05 1
Scale x I/H 0.18 b 0.26 .37 C.72 Q.23 | -0.07 0,00 | ~«0.17 | =0.37 | -0.10 § =0.37 =-0.37 | -0.05 1
¥/ = D/H x Fire loed density * . * * * -0.09 | -0.10 * 0.58 0.66 0.04 0.99 - . * 1
by
b
™
5 5 g
L) b a o
+ - ] o
3 3 3 2 - e n: 3
C g ® _a A g. - 5 = -
= | 3 < = |2 = |a | I I T B [
} a. OQ 6° -.1 § :S } ‘3 g “ - + o Pl
H 3 (=] E ket 41 ‘Ei z I = Foe
& Q L | g' = - 8 ]
g | &2 | 2 g A - S
‘al @ H 5y
o -
- ™
~ -4 ~ “
r & /A m
=
Noten

(1) Each value in the table is the correlation coefficient between the logarithms of the variables named on the sams
lipe and colump

(2) + aspacing data are omitted

{3) * Not obtainsd

{4) Por the lins W/HE x D/E and above the data includes replicates

(5} For the lime D/H x Fire load density and beliow the replicates were averaged
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TABLE 2. PARAMETERS OF THE REGRESSICN BQUATIONS {REPLICATES AVERAGED) - - - - -

Coefficients
W/E x
Nean Standard Fasl LER i 1 o/E 1 | featdual
Dependeont |Hegression] value of [deviatic . of |[Comatent Py Fuel Fu ¥/B x| Pire _iScale T
variabla| mumber |dependent| dependszt | term By o | o Sen%- 12 | o p“:ng thi:_-i- Width | Depth 'P'g/‘g‘ T B/H | load ‘:3 /B ﬁ:; Bt:niﬂr;;d
varisble| variable {1 density |(relative) | ness |DViEBE Hoightl , vy, |imtere|densicy| T0°7 |inter- decatty
action sction|inter- agtion Sctica inter-
actlon
kg oin! 2] ox | o | & | ka/m? m |wE | /E + sction
3 =-0.817 - - - - 0.458 0.654 - 0.978 | 0.516( =1.159 - - - - -1.70t1 | 0.064
- s e =B L - (1“)
-0.501 - - - - 0. 0.64 - - - =-t.07 - =0.2 - - .- 0.0703
Bap 2 1.48 53% 446 643 07 268 0070
3 -0.517 - - - - Q. 462 0.630 - - - =0.958 0.208] ~0.329] - - - 0.0699
o e et HS e (17’)
2.852 - - - 0.002| 0,144 0.012  [-0.051| -0,068] 0.035 - - - - - - ?06?
4 B . NS KS i) 1) 15%
ok 0% -1% -TR| -9% 5%
1.228 - - (0.510(-0,1 0.201 o. «0.082| ~0,032| 0. - - - - - - 0.040
0°°x 5 107¢ 16% GEC "m - g?g . g ;-;6 (105)
65% | -11% | 5% 9% | -108] 4% | 13
2.9718| 0.457 - - - - 0,19 - |-0.152(=0.1¢9 - - - - - - 0.046
6 i an P e : (11%)
0% 198 -1o% | -21%
=0.478 - - - 0.051| 0.473 0.237 {-0.293| 0.296| 0.233 - - - - - - 0,130
T HY - . - - - (35%) '
6% | 39% 38 | -3 S1% | e »
-0.877 - - - - | 0.498 0.575 {-0.2941 1,231 1.645] -2.093 (-2.970 - - - - 0.1 !
Ic/¢ 8 1.86 S0% e - - - - - - {27%
a% 3%
-5.809 - 1.849] - - | 0.237 0.267 - | o.532] - - 0.4271 - |-0.883 - - 0.0589
9 e P P e - e (14.5%)
190% 18% 34%
—4.156|  0.554 1381 - o099 - - - | 0.566|-0.053 - - - laonl - - 0.051
10 a4 ann - aen uS e {12%)
115% 1208) 12% -5 L
0.039 - - - 0,113] 0,037 =0.260 |=0,322) 0.087(-0.217 - - - - - - Q.07
1" B s e e HS | {22.2%)
1% % -24% 3% | 3% | -26% L
RV D —0 43 A —_— c-CR0
X ’ i2 0.6824 29‘ 0‘03’ — — — o ..3 -l e L - — g 4 -— -_ — — 006).
v 6%, =307, . (Z o N
-2,858 - 0.965| - - - -0.239 |-0.275| 0.161|-0.277 - - - - - - 0.06!
75% -2%% | 3% | 258 | -32%
. 0.59 - - - | 0.417] 0.255 | ~0.729 |-0.243|-0.282( 0.391 - - - - =-0.874 - 0.072
tgo 14 5.35 55% oy - e L] e en 3 {18%)
. 19% -55% -30% | -30% | 708
Hotes
1 Raans {6) Ths % valus quoted in the columns for the regression coefficients
223 rydwe azzo omltt (m"l’t tBD) . is the change in the dependent varisble produced by changing the
+ spaging a od level of the independent varisble from the lowest to the highest
(3) Logarithmic trensformation to base 10 af 81l varisbles velue of the experiment (vhen B/Ay, Gp Or Gh wars used as
(4) + inneTted as logyg (Pusl spacing) x logio {I/H retio). independant variables o cheage of 4 standard deviaticna was takea).
Similarly for other interacticms 4 % valus cannot be quoted for a yariable if an interectim torm
{5) * sigoifioant at 5% level containing it is eignificant.
E 2 ] L] - 1 L]

ot - L] 0_1’ -
H3 BHot eignificant




TABLE 3, PARAMETERS (F THE REGBESSION EQUATIONS (INCLUDING REPLICATES)

- 17 -

Coafficients
W/E x
/B x
Mean Standard Fuel H ¥/H x /B x .
Depandent|Regression|value of |deviation of Constent Seale | YiTe Fuel Fuel 1. ath Depth spacing x wg/gx z:; thick- Sc;}; Xl Pire l::axd!u.:é
variablel number [dependent| dependent tern B/ay O |5 (8) load epacing  jthick- et Height /8 inter|density| 2®°® |inter- | 298¢
variable| variable density (:relntive) ness & inter— T|inter- denaity erTor
actionl inter- action
action action action inter-
kg min-! w2} OF |¢K Y kg/m2 cm | W/H | B/H + action
-0.655 - - - - 0.348 0.689 - 0.909, 0.568| =1.374 - - - - -1,740 0.068
B/ay 15 1,31 42% e e ren * e e (17%)
27
2.757 - - - 0.013( 0,209 -0,025 [-0.066/-0.078| 0.11¢ - - - - - - 0,058
16 NS - s ey - e (14”,)
1% | 6% -3% -9k | <108 | 1%
1.366 - - 0.441]-0,097| 0.248 0.065 |[-0.083)-0.03T7| 0.116 - - - - - - .04?
0°°K 17 1090 18% an L ten L] . N3 e {11%
506 | -10% { 19% % -NE ! -5% | 7%
2.972 0.519 - - - - ~-0.245 - [-0.127]-0.198 - - - - - - 0.044
18 L2 ey e e ( 1 1%)
110% -23% ©f -16% | -24%
-0.568 - - t- | o.oe3{ 0,559 | o0.1784 {-0.350| 0.239| 0.339| - - S - - 0.137
19 o] " = P - - (37%)
106 | 47% 2% | -26% | 39% | eo0% )
1/¢ 1.83 50% -
-0.859 - - - - 0.564 0.475 |-0.337| 1.038] 1.329] ~1.797 [-2.388| - - - - 0.125
20 - e P - e e - (ﬁ%)
48% ~37%
0.160 - - - 0,144 - =0.307  |-0.362 - - - 0.250(-0.243 - - - 0.110
21 S Py ey N3 e (29%)
1 17% -28% | -39% :
Lo/¢ 0.908 6%
Biay -2,906 - 0.991| - - - -0.279 |-0.302| 0.217|-0.389] - - - - - - 0.088
22 wa ' e “ne e (22%)
90% -26% -34% | 35% | -42%
0.493 - - - 0.346f 0.354 =0.766 |-0.270/-0.255| 0.227 - - - - =0.955 - 0.086
tgo 2% 6.58 53% i e e e e e - (22%)
28% -57% -31% | -30%

Notes as for Table 2.




TABLE .

COMPARISON BETWEEN THE RESIDUAL VARTATION ABOUT THE

REGRESSION AND THE STANDARD DEVIATION OF REPLICATES

Dependent
variahle

Regression
number

Residual standard
error about
regression
(per cent)

Standard deviation
of replicates

(per cent)

-
Do —~

16
18
17
17

10.9

O~J OV &

-t ek

15
10
11
14
11
11

8.1

Io/ﬁ

N..L—L ’
Cwowom~l

35
27
11}‘-5 .
12
37
33

21.0

80

25

18
22

18.0
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TABLE 5. RATIOS OF MRASURED AND CALCULATED BURNING RATES

Stick
Soale | thickness | Fireload Byeasured * Bealeulated
and density :
spacing 5
n ke/n 211 224 121 3%
2, 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 -
2y3 30 1.68 0.7k 0.20 -
L0 1.64 | 0.60 0.2
20 0.72 | 0.85 0.753
2,1 30 0.74 0.57 0.53 -
40 0.55 | 0.42 0.39
20 0.79 1.12 0.60
1 k4,1 30 0.91 0.91 0.72 -
L0 0.90 0.65 0.58
20 0.57 0.36 0.37
1,3 30 0.45 0.27 0.27 -
L0 0.47 | 0.22 0.20
20 0.68 0.55 0.43
243 30 - 0.40 0.31 -
L0 0.61 0.36 0.26
20 1.0
2,3 30 0.5k - - -
40 0.59
20 0,75 0.74
2,1 30 0.71 - - 0.43
50 0.64 0.22
20 0.93
1% Ly 30 0.94 - - -
Lo 0.88
20 0.51
1,3 30 0,40 - - -
40 0.35
20 0.92
2,3 30 0.70 - - -
40 0.60

Calculated values from relation of Thomas and Sm:'n.‘t;h‘l4 for wood
cribs burning in the open., Wood density taken as 0,43 g/emJ.
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TABLE 6. CONDENSED TABLE OF RATIOS OF MEASURED
AND CALCULATED BURNING RATES

Soale Rei::i;e nggsizzd RMeasured = RCalcuiated
(m) Fpacing ieg/n° 211 | 221 120 | b
1 1 | 20 0.9% 0.6é 0.53 | 0.54
: 3 20 0.87 0.39 0.30 -
20 0.73 | 0.85 0.73 0u 7k
| 1 30 0.72 0.57 0.53 0.43
1 and 40 0.60 | 0.42 0.39 0.22

1%

20 0.80 ) 0.55 0.43 -
3 30 0.70 | 0.40 0.34 -
Lo 0.60 | 0.36 0.26 -

Stick thickness : 2 ¢cm

Derived from Table 5 by omitting % spacing data and averaging data for
2 cm stick thickness over 1 and 47 m ‘scales.
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TABLE 7. MEASURED AND CALCULATED VALUES OF R/AF FOR 4 SPACING CRIBS

, Calculated® | ' -
Fire (c) R/AF kg min 'm 2
-Scale load or
' density Measured
o kg/hz (M) 211 221 121
1 50 c 0.59 0.66 0.66
2 M 1.36 (J) 0.85 (&) 0.06 (N)
20 C 0.5% 0.66 _
M 1.15 (J) | 0.60 (&)
30 C 0.71 C.77 0.77
1 ¥ 1.44 (7) | 0.59 (&) 0.17 (N)
40 C 0.81 0.86 0.86
M 1.85 (J) 0.63 (&) 0.27 (N)
C 0.59
20 M 0.56 (6.) | ~ -
3
¢ C.71
1 - -
12 30 M 0.42 (8)
C 0.8
#0 M 0.60 (6,) | ~ -
3
*Calculated using regression 2.
J - Building Research Institute, Japan.
A Commonwealth Experimental Building Station, Australia.
N Brandveiligheidsinstituut T.N.0O., Netherlands.
G3 Forschungsstelle fiir Brandschutztechnik an der Universitat,

Karlsruhe, Germany.
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TABLE 8, VALUES FOR t80 CALCULATED FROM EQUATION 14

tgy - min
Sczle D/ = 1 D/H = 2 D/H =
1 Spacing |3 Spacing |1 Spacing |3 Spacing |1 Spacing |3 Spacing
3 5l 2.4 8.k 3.8 13.1 5.9
1 7.2 3.2 9.3 4.2 12,1 5.4
1% 8.5 3.8 9.9 k.5 11.6 5.2

Values of t80

calculated from equation 1i.

Fire load density - 20 kg/m°

Stick thickness -

W/H ratio

-—

2 om

- 22 .



/8 441 20 40
1lo.76 | 0.58
4-—1
3] - -
20 . 40 20 40
110.85 [1.15 1.14-11.18 | 1
2 121 : ' 221
Zl11.48 |1.59 |1.53 1.8813
20 . 40 20 40
1] - - 0.95 L1.7o 1
1- 111 211
0 , Y l
1 5 4 W/E

Fig.1. Mean experimental values of R/ap (kg min~'m2) for 1 m scale

compartments averaged over all stick thicknesses

The entries for the 441 shape are interpolations between % and 1%+ m scale data

Each entry in this and the following similar tables is in an abbreviated

form, for example, in

Compariment
shape
441

*Value from Webster's

full, the top right hand entry would be:

Fire load density (kg/m <)
20 40
Relative 7
stick 1 0.76 0.58
spacing 3 _ _

dat=30.9 m scale, 25 mm sticks.
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4 -

“7]

441
31 0.72] 0.64

20 40 20 40

110.86|1.18 1.071 1.32]1

221

121
3] 1.20] 1.65 © | 1.49] 1.8413

20 40 20 40

11 0.601{ 0.83 1.18( 1,63 (1
111 211

Fig.2. Values of R/An (kg min-'w-2) calculated using regression 1
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20 40
D/B 1] 0.74]0.90
4- 441
3] 0.73]0.89
20 40 20 40
1] 0.94} 1.21 0.94 | 1.2111
2 121 ' ~' 221
3] 1.34] 1.72 1.24 | 1.72]3
o0 _ 40 20 40
11 1.20] 1.63 1,20 | 1.63}1
1 111 - — 211
35| 2.43| 3.31 2.43 | 3.31|3
0 ' . |
1 2 4 W/H

Fig.3. Values of R/AF (kg mip‘1m‘2) calculated using regression 2
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*alue from Webster's data3, 0.9 m scale, 25 mm sticks.

20, 40 '
D/H
: 1] 3.03] 2.32 l
4 - 441
IR
20 40 20 40 \l
1} 1.70} 2.30 2.28 {2.34 |t N
3| 2.96] 3.18 3,06 [3.76 |3 l
20 40 20 40 l
il -1 - 0.95 [1.70{1 ' _
1 11 a1
31 2.7 - 2.30 {3.80}3 '
0 ! { — T l
1 2 4 V/E
Fig.A. Experimental values of R/Ay or R/Aw,rﬁ- (kg min~'m-2) 1 m scale, ~
averaged over all stick thicknegses I
The wvalues for the 441 shape are interpolations between ¥ and 1+ m scale data, l
- 26 - l




20 0
D/H 3
112.96 | 3.60
4 - 441 4
3{2.92 | 3.56
20 40 20 40
111.88 |2.42 1.88 {2.42 |1
2 = 121 221
312.68 |3.44 2,68 |3.44 |3
20 40 20 40
, 1}1.20 |1.6% 1.20 {1.63 |1
1~ 111 211
3(2.43 |3.31 2.43 [3.31 |3
0 -
T 1 T
1 2 4 W/E

Fig.5. Values of R/Aw (or Fm on 1 m scale) calculated using regresaion 2
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20 40
D/H
112.61] -
_41 441
! -
20 40 20 40
—t
111.39 ] 2.04 1.76 |2.28 K
2 - 121 221
3{2.2111.8% 2.57 ] 2.27 {3
20 40
' 1.09 | 1.90| 1
| 2114
2,69] 2.99}{ 3
0
| Ll f
1 5 ! 4 V/H

Fig.6. Experimental values of Io/f (cal em~2s-1), 1 m scale,
averaged over all stick thicknesses

The entry for the 441 shape is an interpolation between + and 14 m scale data
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