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PREFACE

The profound changes which take place when the temperature 
of cellulose is  raised have been the subject o f extensive 
researches over a considerable period. Much of this work has 
been concerned with the products of d istilla tion  when wood 
is  heated in the absence of ai£ gnd in view of the importance

of wood as building material, its  physical constants pertaining
to heat transfer have been determined for many species. Later,

d * 4 * 5.
for similar reasons, the results of the above researches wore
examined in order to determine how far thoy could be used to
assess the risk of fire  arising in structures containing wood
and other celluloaie materials, and tests were developed to

6 . 7 .
determine the susceptibility to continued heating of woods of
different species subjected to various forma of chemical
treatment. Other tests were also devised to measure their

8
relative tendency to ignition by various sources and as a 
result of those tests effective methods of reducing the 
ignition tendency were developed In which the wood was 
impregnated with various chemical solutions.

9.
The mechanism of prolonged burning originating on a plane

wooden surface of in fin ite  extent has been thoroughly investigated
by Bamford and his collaborators. By correlating the dependence

10.
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on temperature of the rate of destruction of wood and the 
heat transfer at the burning surface, these authors developed 
an equation which describes the progress of the burning reaction 
into the body of the wood.

Much of the data accumulated in the above researches boar 
directly on calculations of the rate at which flame spreads 
over the surface of wood, and this rate is  of great importance 
both in the in itia l stages and also during the further growth 
of fires .

That the linear rate of spread of flame over the surface of
wood wa3 constant under fixed conditions was pointed out by
Professor G.I.Finch, who introduced the concept of the fire
growth constant as a measure of the area rate of spread which
was said to bo proportional to the square of time. From

11.12.
previous experiments i t  appeared that many factors influenced the 
rate of fire  growth, the more obvious ones being moisture content, 
configuration, disposition, temperature and species. When the 
problem is  approached from a more fundamental standpoint, it  is 
clear that for a given rate o f flame travel, the heat from the 
flame together with any supporting heat must be capable Of 
d istillin g  sufficient volatiles from the wood to maintain the 
flame at its  original size. Thus the factors determining the 
rate of spread will be (a) the heat transfer coefficients from 
the flame to the surface of the wood and into the body of the 
wood, and (b) the constants which determine the rate of
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decomposition of wood at different temperatures. It was
held by Professor Finch that at a constant moisture

12 .
content the rate of spread was largoly determined by the
quantity "specific surface" defined as the area of surface
effectively exposed to the air and flame per unit weight
of wood. It was further pointed out that the effective

13.
surface would be different for different modes of heat
transfer from the flame to the wood.

Using this concept it  was possible to assign numerical
values of specific surface to three main groups of Inflammable
materials - tinder, kindling and bulk fuel assuming that the

12.
surface exposed to the air had no micro-structure. Thus, for 
flame propagation, the specific surface of tinder such as wood 
shavings, paper etc. must be greater than 20 sq.cms.per gram, 
whilst with some materials such as petrol/a ir mixtures, much 
higher valuos of effective specific surface are realised.

Kindling being small wooden chips, light fumituro o tc ., 
has a specific surface of between 20 and 2 sq.cms./gram, and can 
be ignited by tinder but not by a match flame.

Bulk fuel comprises the rest of the heavier inflammable 
material with a specific surface of loss than 2 aq.cijie/gram, 
but is capable of Ignition by a quantity of kindling.

Largely as a result of deliberations on tho above arguments 
during meetings of tho Incendiary Bomb Teat Panel from 1943/45, 
work was initiated at Leeds in order to determine the fire
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growth constant mentioned above under the fixed conditions 
which might apply in fu ll scale buildings. Preliminary 
experiments were made by Garslde and Whitahead during 1944 
and this thesis is based upon work carried out by the author 
after that time.

The object of the work and the results achlovod.

The in itia l object was to determine the fire  growth constant
for cellulose shoots of various specific Burface under controlled
conditions of other variables. This waQ achieved, the effect
of supporting radiation observed, and practical evidence produced

2that the area rate of growth was,proportional to T •
As a result of considerations of this work i t  became 

apparent that the tom "effectively  exposed surface" was so loose 
as to have l i t t l e  practical value unless some measure was found 
of what was and was not effective. In other words it  was 
necessary to determine exactly what proportion of the heat 
evolved was transferred into the body of the wood, and also 
what part of that heat wa3 effective in the further d istilla tion  
of volatiles from the surface. Consequently further work was 
directed towards determining the nature of the dynamic heat 
balance obtaining when flame spreads over a wooden surface.
There are a great many factors involved in the heat transfer 
from flames to solids, some of which cannot toe measured under 
conditions such as ore boing discussed. Theoretically i f  the
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shape, temperature and composition of the flame are known, it  
should be possible to calculate the heat tranaferod to the wooden 
surface. Unfortunately the 3hape of the flame does not 
compare approximately to the configurations quoted in the 
standard literature on the subject, whilst both the temperature 
and composition of the flame vary from place to place, in a 
manner not known.

Howovor, by measuring certain quantities more amenable 
to experimentation, i t  has been found possible to deduce

a) the amount of heat absorbed by the body of the wood,
b) the amount of heat radiated by the flame and hot 

burning wood, and

c) a relationship which describes the rate of spread of 
flame in terns of the physical constants of tho material 
in question, the rate constants of the chemical reactions 
taking place in the wood during d istilla tion  and certain 
other factors determined from tho results.

It is hoped that relationship (c) will ovontually make 
possible tho calculation of tho rate of spread of flame over 
any dry wooden surface exposed to air, from a knowledge of the 
appropriate physical and chemical constants involved.



6

THE EFFECT OF SPECIFIC SURFACE ON THE RATH OF 
SPREAD OF FLAME OVER SOLIDS 

Part 1.
INTRODUCTION

In order that a flame may continue as such in any medium 
it  must satisfy a condition which applies to all sustained 
chemical reactions, namely that the energy liberated by the 
reaction plus any external energy received from the surroundings 
must bo sufficient to maintain the reaction at its  normal rate. 
In the case of a flame burning upon the surface of a solid , the 
heat generated both by the burning &asas originally evolved 
from the surface of the material and by any reactions talcing 
place in the body of the wood whould bo sufficient, under the 
prevailing conditions of heat transfer, to d is til the volatiles 
from the solid surface at a rate sufficient to maintain the 
supply of inflammable gases. For cellu losic material burning 
upon an upper horizontal face, the above condition does not 
always hold, in which case energy must be supplied from an 
additional source i f  the flame is  to propagate. I f the 
material bo sufficiently thin, however, flamos burning upon 
both upper and lowor horizontal surfaces will in general supply 
enough heat to one another to maintain combustion, provided that 
the surfaces are not separated by too groat a thickness of 
material. The cr itica l thickness at which a flame will only
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just propagate by its e lf  ha3 beon termed the limiting 
thickness.

From the above it  should follow that energy applied from 
an external source to a flame should increase its  rate of 
travel and it  was originally suggested by Professor Finch that 
the rato of spread should bo measured firs t  without and then 
with a supporting source of heat. In both cases it  was 
decided to investigate only those flames capable of self 
propagation,so that hence it  was necessary that the material 
employed should not exceed a certain limiting thickness, and 
paper was chosen as a representative celluloaic material 
obtainable in sheet form over a wide range of suitable 
thicknesses.

Since the investigation was concerned in the main with the 
effect of specific surface upon flame spread, other contributory 
variables had to be kept as nearly as possible constant.
Amongst several factors which might introduce alterations in the 
rate of 3pread, may bo mentioned moisture content, variable char 
formation, and changing heat transfer coefficients caused 
largely by draughts. Furthermore, a choice had to be made 
botwoen the two possible directions of flame propagation, 
horizontal or vertical. Preliminary experiments carried out by 
J.B.Garaide and A.B.Whitehead at Leeds, had shown that the 
technique of measuring vertical flame spood was much more 
d ifficu lt  than horizontal methods because of the high rates and 
i l l  defined flame fronts of upward spread and the oxtremoly low
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rates of spread downwards. The present investigation has 
therefore been carried out entirely on horizontal surfaces.

It was also necessary to decide whether the flame front 
should be made to advance as a straight line or as the 
circumference of a c ircle . Measurements of the rate of circular 
flame spread from a point source were found to bo complicated by 
the contraction and breaking of the ash behind and within the 
flame front as well as by changes in heat transfer coefficients 
with increasing radius of the flame - an effect which seemod to 
bo mainly due to convection currents. For, considering the 
small length s of circular flame front of radius r and a strip 
of unbumt material o f width r directly in front of s, i t  
will bo soen that as r increases the constant length of flame 
has to heat up a smaller area of unbumt material equal to

hence this effect should show Its e lf  only when £r is  comparable 
with r. Considering howevor, the radiation received by a small 
length of flame fro n ta l from another small length of flame front 
dl on the circumference of the c irc le , this is  equal to

where 2D is  the distance botween the small elements dl andcS 1 
and 0 is  the angle between their normals and the line Joining 

. Now since dl «  d$ and D = coa$ the radiation from dl
dr rthem
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to S 1 is  given by IS 1 &B and on integrating between
4r

- I to this becomes /TI A 1 , from which it  will bo
2 2 4r

seen that the supporting radiation decreases as r increases.
The above two effects are in opposition. A small number of
experiments were made using sheets of paper about 25 cm square
held horizontally along opposite odges by two metal clamps.
Ignition was effected by a small p ilo t flame applied to a 1 cm
hole at the centre of the paper. Before ignition the glass
tube maintaining the flame passed vertically through the hole in
the paper with its  open end 3 cm above the surface of the paper
and the paper was l i t  by dropping the end of the tube i "  below
the paper. The rate of spread was measured between a number of
concentric circles previously drawn on the paper. In two cases
tried as preliminary experiments however, i t  was found that the
circular rate of spread was considerably greater than the
linear rate of spread over the distance measured, i .e .  up to
approximately 7 cm.

Linear rate Circular rate
of spread _ -  of spread _

Ellamfe duplicating paper 0.50 0.86
W hatman's B Cap 15 0.32 0.39
which seemed to suggest that either the supporting radiation
effect was considerable or else that there was a chimney effect
due to the hole burnt in the centre of the paper, air coming
np through this hole expanding and swoeplng the flume forward.
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Hence It was decided to restrict the experiments to those in 
which the flame advanced over the surface of the paper as an 
approximate straight lin e, precautions being taken to avoid 
draughts.
Apparatus .and Procedure: (Part A)

The materials used were selected from a wide range of 
Whatman f i l t e r  papers and some Kraft papers kindly supplied by 
the Printing and Allied Trades Research Association} in one 
case sheet balsa wood was used and all the samples had been 
stored for several months before use in a room of reasonably 
constant temperature and humidity.

A standard test piece of bhe shape and size shown in Figure 1 
was used throughout this work and had the following advantages* -

(I) i t  could be held horizontally, whatever the thickness 
o f the sample, i f  supported at one end and given a 
slight upvmrd concavity (v. Figures 2 and 3);

(II) when the paper was ignited at the point the rosultant 
flame front always advanced linearly?

and

(H i) edge effects were negligible, increasing the width of 
the test-piece from 4 cm to 8 cm having no effect upon 
the rate of flame spread. Thorefore it  seemed unlikely 
that any variation in heat transfer at the edges of the 
strip with different papers would have an appreciable 

effect*
The test-piece was clomped hprizontally 4.5 cm» above bench



Figuro 1.
Shape of standard test piece.

Figure 2.
Normal type of burning
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levol, as shown in Figure 2, arc! was ignited at the pointed end. 
The time taken for the flame to travel between the datum line M* 
(Figure 1) and a parallel line drawn a known distance from AA' 
was measured with a stop-watch i*oadir.g to one-fifth  of a 
second. In this way, readings were obtained in respect of 
four distances of flame travel, namely 1.5, 3.0, 4.5 and 6.0 cm. 
respectively, the results pertaining to any one distance being 
obtained in trip licate .

Table 1
Rate of linear flame spread on Kraft 000 W papers.

Distance travelled 
by flame

Time Average time Thickness
( cxn.8.) ( seconds) ( seconds) (cm3.)

5.9 0.0218
1.5 6.0 6.5 .0213

7.6 0.0216
12.2 0 .0216

3.0 14.6 13.3 .0223
13.1 .0221
20.4 .0213

4.5 16.0 19.1 .0221
19.0 .0221
24.6 .0221

6.0 23.3 24.2 .0223
24.8 .0218
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Thus, for each sample of paper, twelve readings wbpo takon 
altogether, which were plotted subsequently as a distance-time 
graph, the slope of which was a measure of the rate of flame 
spread. Such graphs as the typical example shown in Figure 3 
always took the form of good straight lines passing through the 
origin, thus confirming that a constant rate of flame spread 
was in fact obtained.

The average thickness of each teat-piece was measured 
using a micrometer, and the apparent density found from the 
actual weight and calculated volume. Specific surface was 
then calculated as surface area of the test-piece per unit 
weight (neglecting edges).

The investigation as u whole covered a range of specific
2

surfaces between 6 and 250 cm. /gram. The lower values of 
specific surface wore achieved by bonding together, with starch 
solution, several sheets of Kraft paper and pressing until dry. 
Observations

In general the several papers burnt with a flame of 
apparently identical characteristics; i t  was semi-luminous, 
almost smokeless, and some 3 cm. high. In moat instances 
flame movement caused the paper to bend upwards slightly behind 
the flame front, the actual urea o f combustion occupying a strip 
about 0.5 cm. wide across the test-piece, the position of tho 
flame front it s e lf  being clearly marked by a sharp line of 
discoloration. The latter was not perfectly linear, but bow-



Figure B .
The distance coverod by the flame 

in a given time.

Figure 4.
Abnormal type of burning.
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shaped, being advanced approximately 3 mm. at its  centre and odges. 
In practice the speed of the central protuslor was that measured.

With some of the thinner paper, however, there occurred 
what appeared to be a contraction of the partly-burnt paper or 
ash in the vicin ity of the flame front, which produced curvature 
in the longitudinal plane of the paper, and the sign of the 
curvature was dependent apparently upon that cf the tip it s e lf  
at the instant of its  ignition. Generally the tip was bent 
slightly upwards before ignition, and the subsequent contraction 
upon ignition resulted in an upward curvature which produced 
the type of flame described in the preceding paragraph. On 
the other hand, i f  ignition induced a downward curvature, the 
area of combustion was widened appreciably, the flame its e lf  
was larger, and the rate of spread was increased, effects which 
may be attributed to the fact that under* ouch circumstances 
the flame was travelling uphill with consequent greater heat 
transfer from it  to the unbumt paper. It was possible always 
to avoid such anomalous results, howover, by bending the tip 
o f the test-piece upwards slightly at the start of each experiment 
when the more usual type of combustion urd a constant rate of 
flame travel ensued.

The surface characteristics of the Whatman f i l t e r  papers 
varied greatly. Thus whereas some papers possessed a smooth 
surface, even to the extent o f a slight jglasse in extreme cases, 
others were rough, their surfaces being characterized by small
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hillocks some 0.1 cm. across and a few thousandsths of a cm. 
high. Yet again, certain papers exhibited a hairy appearance, 
due to the projection of many fibres from the surface. An 
attempt to correlate surface characteristics with the rates 
o f flame spread was unsuccessful, largely because gradual 
variation in the characteristics of the papors used prevented 
their strict classification .

Finally it  might be supposed that the rate of spread of 
flame over the surface of paper would be affected to some extent 
by the direction of the grain of the la tter. Experiments in 
which samples were burnt along and across the grain however, 
showed no measurable difference in rate of flame travel.
Results

Results were obtained in respect of 34 different papers 
and ohe species of wood, namely balsa, and are tabulated below.

TABLE 2

Type of Paper Rate o f Flame 
Spread

Specific
Surface

Reciprocal
Thickness

cm/3oc• cm.Vgra.
-1

cm*
Kraft 0 30 V? 0.10 3 D 14

n 016W 0.14 39 24
11 ooew 0.23 65 46
H 36 lb/D.C 0.40 114 69
H 26&Lb/D.C. 0*53 161 94
it 16 lb/D.C 0.91 255 196



Table 2 (Contd.J
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Type of Paper Rate o f Flame
Sproaci

Specif! c 
Surface

Reciprocal
Thicknees

Wh atm or B Imp. 14.0 0 . 0 0 30 23
" B Imp.eO 0.15. 51 35
" B Imp.72 0.16 55 42
" 15 0.21 70 34
" B Med. 34 0.24 74 45
" 5 0.28 94 40
" 2 0 .2e 107 64
" 541 0 • 29 127 59
" 52 0.29 99 65
n 32 0.29 10 3 56
" 540 0.30 10 2 69
" 1 0.30 113 61
w B Cop • 15 0.32 100 66
" 531 0.33 124 63
" 53D 0.34 111 71
" 542 0.34 96 66
» 4 0.36 91 50
" 31 0.37 115 44
" 7 0.37 123 49
" 54 0.37 97 58
" 50 0.37 10 2 92
" 3D 0.38 123 49
" 42 0.38 98 51



Figure 5.
Variation of rate of spread with 

reciprocal thickness

Figure 6.
Variation of rate of spread with 

specific surface.



Table 2 (Contd.)

Type o f Paper Rato of Flame 
Spread

Specific
Surface

Reciprocal
Thickness

Whatman 544 0.48 124 84

" 11 0.59 163 84

Balsa Wo2)d 0.31 64 7.1

Kraft 0 30W(2 sheets) 0.055 15.1 7.0

" (3 ” ) 0 .0 43 10.0 4.7

" (4 " ) 0 .023 7.5 3.5

The results are presented graphically in Figure 5, in which 
the reciprocal thickness of the material has been plotted against 
the rate of flamo spread, and also in Figure 6 as specific 
surface v. rate of flame spread. Figure 7 represents the results 
obtained with the Kraft papers alone and emphasises that the rate 
of flume spread and specific surface are almost oxaetly proportional 
when papers all o f similar characteristics ouch as the range of 
Kraft papers are considered.

B. SUPPORTED COMBUSTION
The previous results in respect o f materials burning freely 

in air, support the view that an important factor in surface flame 
spread Is the ratio of the exposed combustible surface to the 
quantity of combustible associated with that surface. Fxxrther 
consideration suggests that i f  the heat transfer from the flame
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Effect of specific surface of Kraft papers 

on the rate of spread.

Figure S.
Construction of electric radiator.
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to the unbumt material be increased or decreased, the rate of 
flame spread should be charged accordingly. Hence, an 
investigation was commenced in which the combustible surfaces 
were exposed to external radiation, eo as to asBess

(I) the effect of varying Irradiation upon the rate
of flame travel over the surface of one particular 
material

and
(II) the difference in rate of flame travel over a range 

of materials of varying specific surface when exposed 
to a constant intensity of external radiation.

Apparatus_jxnd Procedure

The source of external radiation was the electric heater 
shown in Figure 6, consisting of three 600-watt elements backed 
with firebrick, which gave almost uniform Intensity of radiation 
over the area of the test-piece. The actual radiation was measured 
by means o f a Moll thermopile, callibrated against a black-body 
furnace. The latter could not be operated at the temperatures 
necessary to obtain the higher intensities of radiation furnished 
by the radiator, however; and, as there was some doubt whether the 
thermopile would register those high values accurately, a direct 
calculation was made of the radiation intensity at any distance 
from the radiator, fu ll details of which are given in Appendix I*
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The intensity of incident radiation was varied by adjusting 
the vertical distance between the radiator and the test-piece, 
which was placed parallel to, and a known distance directly 
beneath the radiator, precautions being taken to ensure that it  
recoived direct radiation only and none reflected from the surround
ings. The test-piece was irradiated for 30 seconds before being 
ignited, after which the rate of flame travel was measured as 
described above.
Observations

Using paper, the flames appeared to have the same character
is t ic s  as before, and advanced almost linearly in most instances.
At the higher radiation intensities, however, there was a tendency 
for 'flash-over' to occur on isolated occasions, i .o .  the flamo 
become enlarged suddenly and spread rapidly over a limited zone 
of the paper, as though d istilla tion  of inflammable gases had 
occurred preferentially there. The phenomenon was restricted to 
a few experiments only, and the results were abnormal. It would 
seem that i f  the rate of travel were measured over a sufficient 
length o f material, these isolated flash-overs would increase t ke 
average rate of spread.

It was d ifficu lt  to assess accurately tho time required by 
the various papers to reach equilibrium temperature under any 
particylar intensity of radiation. In general i t  appeared that 
the effects o f varying exposures prior to ignition wore absorbed 
in the experimental error, but protracted irradiation caused 
severe distortion, as well as drying, o f the test-piece. The
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accepted exposure of 30 seconds was the maximum time compatible 
with accurate measurement of flame travel.

Resulis
In the f ir s t  instance, measurements were made of the fraction, 

of the incident radiation which was transmitted by several Kraft 
papers. Each paper in turn was interposed between the radiator 
and the calibrated thermopile, yielding the results given in 
Table 3.

TABLE 3
Radiation absorbed and reflected by the Papers.

Type of 
Paper

Percentage Radiation 
Absorbed and Reflected

Kraft 16 lb/D.C. 71.3II 26è lb/D.C. 86.8it 36 lb/D.C. 91.8It 009 W 95.6If 016 W 96. 9If 030 W 98.0

The difference between the incident radiation and that transmitted 
was taken as the ‘'radiation absorbed', no correction being 
applied for the radiation reflected from the paper since it  was 
likely to be constant for the Kraft papers, all of which possessed 
similar characteristics.

The papers were then subjected to radiation intensities 
varying between zero and 690 B .Th.D ./sq,ft./hr. and the rates of



RADIATION INTENSITY -  BTHu/sOET/HR

Figure 6.
Effect of radiation intensity on the 

rate of spread.

Figure 10 .
Effect of specific surface on the rate of 
spread at a constant radiation intensity.
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flamo travel over their surfaces were measured. The results 

are shown in Tables 4 and 5 and also graphically in Figure 9, 
in which the rate of flame travel has been plotted against 
'absorbed radiation'.

TABLE 4

Rate of spread of Kraft 36 D.C.
intensities

with varying radiation
Rate cni/sec Incident Radiation 

(BTHU/sq.ft./hr.)
0.44 260
0.45 310
0.48 260
0.51 640
0.52 390
0.55 650
0.56 570
0.59 450
0.60 910
0.67 970

TABLE 5

$amo of Paper Rate (cm/sec .) Absorbed and Reflected 
Radiation

Kraft 00© W 0 .©3 3010
" 009 W 0.42 430
" 016 W 0.20 440
" 16 lbs D.O. 0 .04 330
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Table 5(contd*)

Name of Paper Rate (cm/soc.) Absorbed and Reflected
Radiation

Kraft 26 ̂  lbs D.C. 0.70 390
" 0 30 W 0.13 440
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It will be noted that over the range of intensities of 
radiation covered, the rate of flame travel over Kraft paper 
36 lb./D .C. varies proportionately with the quantity of radiation 
'absorbed1. Thus it  is  reasonable to assume a similar 
proportionality for the other Kraft papers, and straight lines 
have been drawn between the two experimental points. The 
constants involved in the relationship between rate of flame 
travel and 'absorbed' radiation for all papers other than 36 lb/D,C. 
w ill, of course, be known with less accuracy.

Finally, Figure 10 has been drawn, using values interpolated 
from Figure 0 to illustrate the variation of rate of flame travel 
with specific surface at one particular Intensity of radiation.

DISCUSSION

The above results confirm three of the original postulates 
about which practical confirmation was required

(I) For all cases the linear rate of spread o f flame was 
found to be constant

(II) the area rate of flame sproad was found to be proportional
pto T at least over the area measured

and

(III) the rate o f flame spread was found to vary roughly in 
proportion to specific  surface using a wide range of papers 
(Figure 6) and accurately when using same material in 
different thicknesses (Figure 7).

In addition the effect of supporting radiation has been
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found to increase the rate of fire  growth to a considerable 
degree. When the application of these results to practical 
problems is  considered however, certain anomalies arise which 
are largely the result of differences in the reaction taking 
place when wood bums, and these reactions in which specific 
surface has previously been found to be a determining factor.

In most of the latter types of problem such as the catalysis 
of the reaction o f two gasos at the surface of a solid , the 
specific surface is  satisfactorily defined as the area of solid 
in contact with the mixture of the two gases, as hero reaction 
takes place over the whole of the surface. In the case of 
burning wood however, reaction is  localised within definite areas 
which are bound to alter in both position and size with time i f  
thero is  a measurable rate of spread. Now it  is well known that 
flame does not spread at the same rate when travelling upwards 
as when travelling downwards and thus the position of the reaction 
zone has a very large effect on the rate of spread even though 
the specific surface as defined above is  the same in both cases.

This is  obviously due to the more e ffic ien t heat transfer 
when the flame spreads in an upward direction because of convection 
currents which carry the hot burning gases over the unbumt wood.

From this i t  becomes apparent that the heat transfer 
coefficients are very important in themselves, quite apart from the 
specific surface in question, their importance being emphasised by the 
large effect which supporting radiation has previously boon shown to 
have. Moreover i t  has often been pointed out that two fires
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adjacent to each other may exhibit considerable mutual support, 
the radiation from each increasing the rate of spread of flame 
ab&ve that which obtains when each fire  is burning singly, 
although the specific surface of each fire  is not altered by 
its  approach to the other.

It is  evident from the above that specific surface cannot 
be used a3 an accurate numerical estimate of the fire  risk of 
different structures although it  s t i l l  remains a good qualitative 
measure of the rate at which flame will spread through structures.

It wa3 concluded that before the rate of the spread ovor a 
surface could be predicted from its  physical constants and those 
of i1 3 surroundings i t  would be necessary to moasuro tho heat 
transfer from the flame on such a burning surface, to tho 
surface it s e lf  and also to take into account the effect of this 
transferred heat in the d istilla tion  of volatiles from the 
burning material.

It would seem that in burning the flame is  not actually in 
contact with the associated surface but is  separated from it  
by a small vertical distance which may bo regarded a3 a thermal 
gradient between the inflamed gaseous mixture and tho colder 
solid surface. I f such a gradient exists, then tho heat transfer 
from tho flame to the surface must bo almost exclusively by 
radiation, and i f  the dimensions of the gradient wore known, 
it  should bo possible to estimate the intensity of that 
radiation, taking into account the temparature and shape of 
the florae«
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It now became obvious that further experimentation was 

required, and in particular it  seemed desirable to malco an 
estimate of the surface temperature of the material as and when 
the flame reached i t .  The measurement of surface temperature 
is  very d ifficu lt  under most circumstances, and in the case of 
burning cellulose the host way seemed to be to deduce i t  from the 
variations of the temperatures in a body of material of appreciable 
thickness. This would have the advantage of allowing measurements 
to bo made on a single burning surface rather than on two 
supporting ones. These two conclusions lead naturally to the 
choice of wood for further experiments which are described in 
Part 11 of the Thesis.



Figure 11.
Construction of the black body calibration 

furnace.

Figure. 12.
Reoponse of thermopile to black body 

radiation.
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APPENDIX I
Thermopile Calibration

The instrument employed was a 17-element Moll Thermopile, 
connected to a millivoltmoter of 2000 ohms resistance. For 
purposes of calibration the thermopile had to be exposed to a 
range of known intensities of black-body radiation. The 
radiation was supplied by a furnace, shown in Figure 11, 
consisting o f a nichrorae wire wound refractory tube, heat 
insulated with diatomacoous earth. An aperture was provided 
in the 1/16" thick stainless steel plate of diameter slightly 
less than that of the fluorite window of the thermopile. A 
3 ilica  crucible was placed within the furnace tube directly 
opposite the aperture to serve as a black-body cavity, the 
temperature of which was measured by means of a thermocouple, and 
also by a disappearing filament optical pyrometer; the two 
temperatures always agreed to within 5°c. The thermopile wa3 

shielded from radiation from the external walls of tho furnace 
by moans of the water-cooled screen shown in Figure 11, and was 
so mounted as to permit fine adjustment of its  position in both 
vertical and horizontal directions.

The total radiation incident upon tho thermopile window la 
then given by tho fpll twiner «niintlnn«:-

q = ¿r T4Ai  1 4. a
b

2
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where T is  the absolute temperature of the crucible,
A is  the area of the thonnopile window,
a is  the radius of the fumaco aperture at a temperature T, 
b is  the radius of the thonnopile window, 

k is  the distance between the thermopile window and 
the furnace aperture, and 
i 3 the Stefan-Boltzraann constant.

The shape factor within the square brackets has been given
previously by H ottel^ .

Now i f  k be large compared with a and b, and i f  a and b are
nearly equal, the expression 1-+- 2

£2 + ic0 is  very nearly equal
b b2

to tho expression^1 (1+ a2 + k2 
b2 b2

) 2 - 4 ; consequently 
b2

above
the numerical value of the/shape factor Í3 given by the 
difference between two nearly equal numbers, which must bo 
determined with great accuracy i f  even a moderately accurate 
shape factor is to be obtalnod.

It was found impossible to measure a, b and k with the 
required accuracy, but the d ifficu lty  was overcome by re-arranging 
the terms in the expression given by Hottel, as follow s:-

Let N = + k|
b* bc

Then tho shape factor may be re-written as
r~2---- -----_ P

( N
mm

>
*■* 4aa 1 

b2 }
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which in turn equals M (N - / n - 4a2)
2 b2

x (N + / n2 4a2 )
bL

Al N2 - (N2 - 4a2 ) 
2 b2_/

and simplifies to Al N
2 '

or
b

In this way, the objectionable difference between two almost 
equal numbers i3 eliminated and the shape factor can be 
determined with a good degree of accuracy. Almilar d ifficu lties  
occur with many other shape factors and in some cases may be 
resolved in the same way i f  the terms can be arranged in the

Thus the radiation between rectangles of equal size in 
parallel planes and with one side largo enough to be considered 
in fin ite  is  given by

whore x is  the ratio between the width o f the strips to the 
distance between them. Thus i f

q =

1
the difference in the bracket becomes very small. By
multiplying by 1

1
xx
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The expression becomes

7  1 *- +x x
which reduces to a fora which does not involve the difference 

of two terms, i .e .
= ^ ¡T v4 - Tg4 ) A

V l + l ,  + 1
x *5 X

By this device shape factors which would otherwise bo 
unmanageable can bo applied ovor much wider ranges of the 
variables.

Unfortunately the maximum intensity of radiation obtainable 

from the calibration furnace was 1740 B .Th.U ./ft.‘"/W* and this 
was achieved only by running the furnace at its  maximum safe 
temperature and by decreasing the distance k to the minimum value 
imposed by the physical dimension of the apparatus. The results 
showed that the thermopile output varied in direct proportion to 
the incident radiation, as shown in Figure 12, but it  appeared 
unlikely that the linear relationship would continue to hold over 
the higher radiant intensities obtainable with the experimental 
radiator, especially as it  was noted that the nearer the 
thermopile was to the radiator the greater the angle at which 
some of the radiation approached the former. It seemed 
reasonable to suppose that radiation which deviated appreciably



Figure 13.
The variation with distance from the radiator 

of the radiation.

Figure 14.
The thermopile response at different distances 

from the radiator
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from the normal would not bo intercepted completely by the 
thermopile elements, and would not therefore necessarily obey 
the cosine law. It may be mentioned here that all measurements 
of radiation from the experimental radiator wore made along the 
mid-normal to Its refractory back, unless otherwise stated.

It was deemed essential therefore, to calculate the variation 
with distance of the radiation from the refractory of the 
radiator to the thermopile, taking into account the shape and 
temperature of the heater elements and of the refractory it s e lf .  
The fu ll calculation is  given in Appendix II, while the results 
are shown in Table 6 and in Figure 13.

TABLE 6

Distance from 
Radiator Backing 

( ems)
Calculated Radiation 

Intensity
B.T.H .U ./sq.ft./hr.

11 6300
12 5430
13 47 20
14 4110
21 20 80
31 970
41 540
51 360
61 250

Simultaneous measurements wore made of the variation with distance



THERM OPILE o u t p u t  

Figure 15.
Thermopile calibration curve.

Figure 16.
The radiation from a bar to a small 

element of area.
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from the radiator of the thonnopile output, and the results are 
plotted in Figure 14. The curve is  very similar in fonn to 
that of Figure 13. Now from the thermopile calibration against 
black-body emission, a radiant intensity of 1463 B.Th.U./ft.^/hr. 
corresponds to an e.m.f. of 24.9 m illivolts, which from Figure 14 
corresponds in turn to a distance of 25.4 cm. from the radiator. 
But the calculated intensity of radiation at this distance was 
only 1130 B .Th.U ./ft.2/ hr* hence all calculated intensities 
were assumed to be in error by a factor of 1.295. The above 
reasoning is  based on the assumption that the radiation incident 
upon the thermopile at any distance from the radiator was 
measured with the same efficiency as that rocoived from tho 
calibration furnace at that distance, and would seem to bo 
justified  by the relationship which exists botwoon the measured 
thermopile o.m.f. and the calculated radiation. Thus, at any 
distance from the radiator the thermopile registered a cortain 
voltage, and the corresponding intensity of radiation was taken 
as the calculated radiation multiplied by 1.295. In this way 
Figure 15 and Table 7 were constructed, from which i t  will be 
soon that the thermopile response is  almost linear at distances 
boyond approximately 15 cm. from the radiator, and as the 
instrument should attain its  maximum efficiency at an in fin ite 
distance from the radiator, tho linear response obtained at a 
distance of 25.4 cm. would appear a close approximation to that
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maximum. .Also, as the calibration furnace aperture was 

slightly less than that of the thermopile, the same efficiency 
should obtain there. Hence, Figure 15 was used to determine 
the radiation incident upon the test-pieces in all subsequent 
experiments.

Finally, an investigation was made of the uniformity of 
radiation over the area occupied by the test-piece, and although 
the intensity diminished slightly with distance from the mid
normal to the radiator, i t  was Insufficient to affect the 
accuracy of the results.

TABLE 7

Output from
Thermopile
(m illivolts)

Incident Radiation 
Intensity

B. T, H. rJ. /s q , f  t . /hr.
31.9 1849
30.4 1744
39.2 1686
23.2 1515

20.2 1215
14.3 767
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APPENDIX II
A Calculation of the Intensity of Radiation Incident 
upon a Small Element of Area dAl, Situated on and 
Perpendicular to the Mid-normal to the Plano of1 tho

Radiator»
Five distinct sources of radiation are considered to be of 

sufficient size and temperature to influence appreciably the 
variation in the total radiation incident upon the small element 
of area dA ,̂ namely the three 600 watt radiator bars and tho two 
strips of refractory between the bars. Radiation omitted and 
reflected from the refractory outside the two outer bars was 
neglected, because of its  low temperature and unfavourable 
position to reflect radiation on to the thermopile.

Primarily, consideration was given to the radiator bars, 
and i t  was decided to treat them as fla t strips of uniform 
temperature. A similar treatment was afforded by H .C .H o t t o l i g  

to boiler tubes of i n f i n i t e  l e n g t h ,  but h i e  shape factor could 
not be applied in the present case since th e  bars were too short 
to be considered in fin ite  compared to their distance from dAi. 
Hence i t  is  necessary to consider the radiation from a strip of 
fin ite  length received by dA .̂ Half of such a strip is  shown 
in Figure 16, orientated parallel to the y-axis of three 
rectangular co-ordinates, with its  plane normal to the line 
joining the centre of one end of the strip to the origin.
Now the radiation incident upon clAi from dAg is

q = E £  T**dA1 dA2 cos$ o
if

cos 0  i



Figuro 17.
Angle subtended by radiator element.

Figure 18.
Angle subtended by refractory.
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where E is the
T is the

a  is  the
But cos $0

eraissivlty of dAg.
temperature o f (1A0, and
Stefon-Eoltzmann constant
= z and cos 9  i  = R 

L L
Therefore q

again dAg
Hence q

Now cos d = z,

= E O' T4dA1dAp Rz
7 ~ L

= R d 9 dy.
= B ̂  T4dA, ¿ z  d 9 dy.

?  * ^

and as R is  very nearly constant provided that
R

dA does not approach too closely to the bar, the total radiation 
from the bar to dÂ  is  giy^n ^y

Q = E ^ T̂ dAx /  j RJ cos ^ 2 dy d0
?  - V  B ‘  ( r 2 +  y 2 ) * , y

-I f -x
zz F A T4dAi ( s in f l * -  s in  B ) 1 R'5

y 2 ) a

dy

n yr ' y (R2 f

B a T4 dA1
n

( s i n  0  -  s in o ' )  I' ( tan  1 v # Ry....  11 y
it If

l
/

R o
R +  y 2 J - y

B A
7

T4^ ( s i n  6  -  s in 0  ) ( ta n  1 1 ) 4p /  c
Rv

! T -----2* + y

Now from Figure 17
Bind ss sin ( 0  - o f r )  = s in $  c o b /0& ~ e o a ^ a in  ¿>6?

and aind' = sin ( 9-i A 9 ) = sin <9 cos O0 + cost) ain
u ' _ .

T h e r e fo r e  sin 0 ~ sinB = 2 cob sin $ 9

= 2 z r
*R R

= 2 zr

= 2 z r
2 . 2z -f- x
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Hence the total radiation from a radiator bar to a small
element of area ciA]_ becomes 

,4Q = ÏÏ T clA1 _
z

2zr tan-1
21  r2 0

, v y xf * z‘
*  ̂ - 2 /  ̂ g2 + x2"  ̂ yc

Turning now to the refractory between the bars, the 
radiation can be estimated similarly by regarding each strip 
of refractory, XX1 in Figure 18, as a strip of width xx1 cos^  

normal to the line from the centre of the strip to the small 

area cIÂ »
The shape factor for the strip then is  
dAi (sin & - sin 6 ) /  tan ¿ l l - f

I V  R /  B
l(j)

Rly ^
+ y

cos *

where Binò = a, sin b -  r-«, cos 
R1 ; R

— - -JiLtXl.

z - and R 
a*r

12 ( z 4 p) -f . • » *

Thus for each strip of refractory
0. = I? A' T4dAn (a - r)

?  r m
2z
a 4>r

It now became possible to evaluate the shape factors for the 
radiator bars and the refractory backing by using tho linear 
dimensions of the radiator, and specimen calculations are appended 
below.
(1) Shape Factor for Control Bar

r
The shape factor is__2 zr _

22 V  *2
H J V ir+ 4î

Now x = 0. y = G.9 cm, r = 0.59 cm. and z is  the vertical height 
from cLAi to the centre of tho bar; the shape factor therefore



becomes 1.1E
-1

(tan 0 » 9 ) _

35 •7

6 .9z
:2 4 47.7

Thus when z = 50 cm. the shape factor is  0.00645.
(11) Shape Factor of the Outside Ears
Here x = 2.4 cms. y = 6.9 cms. and r *= 0.59 cms.
Therefore the shape factor is  

[tan 6.9 )1.162 
z24  5.8

6.9 /  5.8 +- 2‘
5 .8/ 4 53.5

Again when z = 50 cm. the shape factor is  0.00642.
Hence for the two bars the shape factor is  2 x 0.00642 or 0.00126. 
( i i i )  Shape Factor fcr the Refractory Strips
The shape factor is  (sin0 - sin d) (tan y \ cos.0

R' p n r t T s ;  ^
where sin 0 - a

F T L '

sin 0 -

R12
I

3F :2 ' and

s ( 2 4  p) / a 4  r  ̂
C 2

Now a = 1.8 cm, y = 7.0 cm. and p ~ 0.86 cm..
Therefpro the shape factor becomes

-I 1
1.8 0 .59

y 3 . 2  t i 2 />  r ^ r z 2
fi

7.0 __ V 7.0/(z f0 .8 6 )2 1. 4<
zToTae)*^ 1 . 4 /  U  o.ee)2 50.4

 ̂ 2
/  z2 if 1744

When z = 50 cm. the factor is  0.00670.
Therefore, for both strips the shape factor is  2 x 0.00670 or 
0 .0134.

In order to obtain the variation in total radiution from 
the radiator, the proportions originating on the refractory and
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in the hare had to be calculated separately, since the two

sources had slightly different shape factors. As the latter 
difference was small i t  was unnecessary that the proportions should 
be known exactly, and a fairly large discrepancy between the 
calculated and observed radiation did net necessarily moan that 
the variation cf radiant intensity with distance from the 
radiator was greatly in error.

Before the radiation from the bars ard the refractory could 
be calculated, the respective omisslvities and temperatures must 
be known. The temperature of the bars was measured at several 
places with an optical pyrometer situated upon the mid-normal to 
the plane of the radiator, giving an average figure of 1243°K. 
Similarly, the average temperature of the refractory was 923°K, 
although the latter figure was less accurate being measured by 
thermocouples inserted in the face. The omiosivities of the bars 
and refractory were taken from relevant tables as 0.9 and 0.7 
respectively.

Then the total radiation per unit area is  given by
Q = E i^  Tl4 SX + H2 ^r T24 S2,

7? Hwhere E is  the emissivity, T the temperature and S the shape 
factor, the subscripts 1 and 2 referring to the bars and 
refractory respectively.

—0 4
Thus at 50 cm. distance, 0, = (0.578 x 10 x (1243) x 0.0193)

-8 4
(0.7 x 0.576 x 10 x (923) x 0.0134)
= 305 B.Th,U./eq.ft/hr»
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FLAMF SPREAD OVER A SINGLE SOLID SURFACE 
INTRODUCTION

This section of the Thesis is a description of some of the 
energy transfers at a single solid burning surface. In 
particular the emphasis has been laid on the fora in which heat 
arising in the combustion of the wood is  dissipated into the 
surroundings. Hero two fundamental problems arise. It is  
f ir s t  necessary to correlate the effect of all variables on the 
passage of flame over a single surface so that the change in 
the rate o f spread of flame caused by a change of any one 
variable can be predicted. Secondly there is  the problem 
of determining rates of flame spread over the surface of 
combustible materials of different shapes.

The f ir s t  of these is  the more fundamental and would have 
to be solved before the second problem could be fu lly elucidated. 
On the other hand, the second problem is  of more interest in the 
practical aspects of fire  prevention and in the combustion of 
solid fuel beds, and data relating to such problems could be 
used in general calculations without having fu lly solved the 
f ir s t  problem. During the precoding five years, the various 
effects on fire  spread of the throe different modes of heat 
transfer, namely - conduction, radiation and convection, have 
been widely diBcussed ar.d some of the conclusions are

P a r t  11

summarised below.
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In the most outbreaks o f fire , convected and radiated heat 
are nearly always more important than conducted heat^, 
largely because of the low conductivity of the normal combustible 
materials encountered in practice. Conduction o f course, 
does become important when large masses of metal are part of 
the burning structure, but even here the original heat transfer 
to the metal is  largely by convection and radiation from the 
flames of the burning volatiles.

Radiation plays its  largest part in heat transfer between 
adjacent areas o f material and is  of particular importance in 
the spread of flame in directions deviating from the vertically 
upwards. Thus, as has been pointed out before, the heat transfer 
from the side of one building to an adjacent building is  mainly 
by radiation i f  there is  no large convection effect from the 
side due to fire  wind. Also as the intensity of the radiation 
varies approximately with the square of the distance from the 
source in most cases, i t  tends to have its  greutest effect in 
short range heat transfer, particularly as it  is  efficien tly  
stopped by ipost intervening partitions.

I f the radiation intensity from the flame burning under a 
given set of conditions were known, i t  would be possible to 
calculate the size of flames on adjacent faces of wood which 
would bo necessary for supported combustion to proceed, taking 
into account that each shall supply the othor with sufficient 
heat to maintain the same or a greater rate of burning, and 
thus each flame must be of a certain critica l size before
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either will Bpread.
Convection on the other hand, plays a larger role in the 

spread of flame vertically upwards. It is  of especial effect 
under conditions which tend to canalise the flow of burnt gases 
on to unbumt materials, and is  probably the main agent in the 
upward spread of fire  from the lower stories o f buildings, thus 
a l i f t  shaft or staircase can effectively direct the heat 
evolved from a fire  in a lower room into the upper stories which 
may, in some cases, be a considerable distance away, and where 
heat transfer by radiation would have been stopped by intervening 
floors. Such heat transfer preheats the combustible material, 
making i t  particularly amenable to further flame spread.

From the above, the Importance of the proportions of heat 
evolved by radiation conduction and convection by a burning 
surface is  apparent.

Experiments were confined to flames spreading over the 
surface of the material as opposed to sustained burning, that 
is , measurements were only made until the flame spread to the 
boundaries of the material under consideration. It has boon 
found by several previous worksors that the depth of charring and 
indeed, the obtaining of any flame at a ll, is  dependent on the 
intensity of the supporting heat» In the present case flame was 
sustained on the surface of the wood by comparatively low 
intensities of radiation and from figures quoted by BamfordiQ 
and Summers6 i l l 0 the wood should nevor have charred to a depth
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of greater then 5 mm.. These are the conditions obtaining 
during the in itia l stages of the spread of flame and the resulls 
quoted later will be of most use under such conditions.
Much work has previously been done on the sustained combustion 
and d istilla tion  of wood and seme of the results obtained 
under these conditions are of use in research into the rates 
o f spread of flame. In particular the temperature during the 
time that the wood is  charring, find the effects of moisture 
on the internal temperature of the wood are important, 
especially when considering the mechanism of flame travel over 
a single surface. Hero the rate of d istilla tion  of volatiles 
decides how quickly the flame travels, and as the temperature 
of the wood is  a function of the size and temperature of the 
flame, so the rate of flame spread is  determined by the equilibrium 
conditions arising when the rate of d istilla tion  of volatiles 
is  sufficient to maintain a flame of the same size and temperature 
as that already d istillin g  the volatiles, thus equilibrium 
largely depends on the heat transfer coefficient between the 
flame and the burning wood.

The e x p er im en ts  were t h e r e f o r e  d e s ig n e d  t o  moasure the  

v a r i o u s  h ea t  t r a n s f e r s  which take  p l a c e  when wood i s  burned and 

in  p a r t i c u l a r  the  amount o f  con d u cte d  and r a d i a t e d  hea t  are  

measured and the  c o n v e c t e d  heat  d ed u ced .  T h is  n e c e s s i t a t e d  

measurements o f  b o t h  th e  tem p era tu re  d i s t r i b u t i o n  i n  the  wood 

and o f  the  r a d i a t i o n  i n t e n s i t i e s  o v e r  a hem isphere  with a
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symmetrical flame at the centre of its  base, making i t  
necessary to study flame spreading as a circle  from a point 
source. Thi3 is not quite such a simple case as the linear 
spread of flame, but many of the results calculated under 
conditions of circular spread can be generally applied.
This part of the Thesis has been divided into two main sections. 
The fir s t  of these describes preliminary experiments mado to 
decide which timbers and thicknesses were most suitable for the 
final calculations of the heat balance, and as a result of 
these experiments the choice o f test material was restricted to 
birch timber of 1" thickness, as described in the second section. 
In most cases the timber was oven dried, but one or two 
experiments were carried out on air dried specimens.
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Part A PRELIMINARY EXPERIMENTS

The purpose of those experiments was to obtain values of 
the physical constants of four timbers and to discover the 
characteristics of flame aproad over their surface in order to 
decide which was the most suitable for the detailod investigations 
described in the introduction. The four species investigated 
woro: -

(1) Pine:- a resinous soft wood which cracks easily 
along the grain and exudes resin when heated.

(2) Birch:- a soft white wood apparently containing no 
rosin.

(3) Bnglish Oak:- a hard dense wood well known for its  
firo  resistant properties.

(4) Gurjon: - a hard wood found chiefly in Burma, having 
an even grain and containing resin.

The wood was obtained in the form of 1M thick, planed plaides 
and under the conditions of storage reached a moisture content of 
about 8$. Experiments woro made to determine

(1) The rate o f spread of flame without supporting 
radiation along 1/8 u thick specimens, cut and burnt 
along the grain in the sane manner as in the experiments 
with paper.

(2) The rates of linear spread along a single upper horizontal 
surface at various radiation intonsitioB.

(3) The rates of circular spread along a single upper
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horizontal surface at various radiation intensities.
In the.above cases the source of supporting radiation and 

its  method of measurement were the some as in the paper 
experiments.
Experiment 1

Flames spread in much the same manner as in the paper 
experiments but were distinctly slower and the results (Table 8) 
were not as uniform.

TABLE 8

Rates on linear spread for 1/8” thick specimens 
without supporting Radiation

Species Rate of spread 
( ans./sec .)

Birch 0.0 38

Oak 0.0 40
Pine 0.0 36
Gurjon 0 .0 38

Experiment 2
The specimens used for the supported linear spread experiments 

wore 4 cm. wide, 15 cm. long and 2.5 cm. thick in all cases except 
one, where a specimen of half the normal thickness was used.
The wood was held vertically underneath the radiator by a 
clomp at one end arid ignited at the other. It was not found 
necessary to cut the ends to a point in order to ensure even flame 
fronts but a preliminary travel o f 6 cm. was allowed before



Figure 18.
The effect of prolonged radiation intensity 

or the rate o ff  spread.

Figure ¡30 .
The effect o f radiation or the rate o f spread  

over four timbors.
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„ + nv«n In all casos the length of block was measurements were taken. ir. axx

parallel to the grain. In order to decide what circumstances 
gave the most constant speed, in the f ir s t  fow experiments the 
accepted rate of spread was the average of twelve tests carried 
out over different distances and timed in the usual manner with 
atop watch reading to l/5  second. Using Gurjon, i t  was found 
that i f  the radiation before ignition was prolonged, i .e .  for 
periods of over 3 minutes, at a radiation of 6.000 B .T h.U ./sq .ft./ 
hour, 'flash-over' occurred soon after ignition, i .e .  a sudden 
rise in the rate of spread occurred and the top surface of the 
wood became covered with flame almost immediately. The same 
effect was observed with all the other woods but to a less degreo.

I f  however, the wood was ignited as soon as i t  would 
propagate flame, a period which depended on the radiation 
intensity, a much more constant rate of spread was obtained.
The Effect of prolonged radiation intensity is  shown in Table 6 
and Figure 19.

In all further cases the wood was ignited as soon as i t  would 
Propagate and the accepted rate of spread was taken as the average 
of six results measured over a distant of 6 cms. The radiation 
Intensity was altered in the usual way by varying the height of 
the specimen beneath the radiator. The results are tabulated 
n̂ Table 10 and Figure 20. The figures obtained from the 

hon-resinous woods were moro constant than those of pine and gurjon.
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Figure 21.
The relative positions of the camera 

and wood.
radiator
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Experiment 5
Attention was next turned to the circular spread of flamo 

and for this purpose 6" squaro by 1" thick blocks were hold 
horizontally underneath the radiator. Only gurjon and birch 
wore used in theso experiments, birch because it  seemed to give 
the most uniform results and gurjon because any d ifficu lt ie s  in 
technique should show up more easily in the most d ifficu lt  
specimen to handle. Because of the unsymmetrical nature of 
the radiator, i t  was not possible to maintain a uniform fie ld  
of radiation over the wood, and at the closest distance of the 
radiator, the radiation at the edges was 6% lower than at the centre. 
In all cases the centre intensity was the one tabulated. The 
wood was ignited at the centre by a small p ilo t  flame and flame 
spread radially from that point but the irregularities in the 
flame front made i t  impossible to decide at what instant it  
crossed the circumferences of concentric circles drawn on the 
wood. In general however, the burnt area was placed symmetrically 
about the centre of the block and i t  was decided to measure the 
area photographically at various instants during the burning.
This was achieved by supporting a 35 mm. camera as near directly 
above the wood as was possible without the radiator obscuring 
the fie ld  of view, as shown in Figure 21. Exposures were then 
made at 5 second intervals during the burning time, each frame 
included the stop watch which was started at the begining of the 
experiments. The negative images were projected onto sheets of
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TABLE 9

LINBAR SPREAD OF 1» GURJON UNDER RADIATION

Normal rato o f Spread Flash-ovor

Distance Timo Average Distance Time Avorago
travolled taken time travelled taken time
(ans) ( secs.} ( secs.) ( eras. ) (secs.) ( secs.)

20.0) 27.0)
) )

1.5 12.6) 14.5 1.5 19.4) 22.1
) )

10.8) 20.0)
33.0) 44.5)

) )
3.0 28.4) 26.0 3.0 46.8) 45.0

) )
16.6) 43.6)
20.4) 66.2)

) )4.5 33.2) 26.3 4.5 56.0) 61.1
) )

24.8) 61.l)
19.2) 68.5)

) )
6.0 20.0) 21.2 6.0 63.6) 74.0

) )24.6) 90.0)

Pre Radiation of 
2950 B .Th.U ./sq.ft./hr 
for 2 rains.

Pro Radiation of 
5300 B .Th.U ./sq.ft./hr 

for 4 rains.
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TABLE 10

Preliminary result s  for Flame Sproad over Wood• 
Linear Spread under Radiation

Species of 
wood

Radiation 
B .Th.O ./sq.ft./hr.

Rate
( eras./sec.)

1" Gurjon 20 30 0.0 41
2540 0.041

Mol3ture 3990 0.110
content = 4510 0.100
7.7$ 6070 0.220

1" 3160 0 .044
3520 0.058

Moisture 3990 0.075
content = 4510 0.081
8.9$ 5780 0.183

7160 0.215

1" Birch
Mol sture 
content = 
8.0$

2310
2830
3510
4510
6070
7160

0.063 
0 .096 
0.141 
0.186 
0.279 
0.360

1" Pine 2310 0 .080
28 30 0.107

Moisture 3510 0.121
content = 4510 0.298
8.8$ 6070 0.521

7160 0.608

1" Gurjon 2600 0 .0 47



Figuro 22.
A typical trace of tho burnt arca of wood.

Figure 23.
Photograph of the burning wood.



48

drawing paper and the burnt area traced round together with the 
imago of the top surface of the wood. The area of the wood was 
known from it3 dimensions and hence the area of the burnt surface 
could be deducod by simple proportion after comparing the 
respective areas on the tracing by a planimetor. This method 
did not eliminate errors duo to perspective, i .e .  the further 
edge of wood always appeared somewhat amaller than the noar edge 
but as the flame was situated centrally with respect to the wood, 
this effect was minimised. A typical sot of results is shown 
in Table 11 and Figure 22 shows the typo of traco usually obtained, 
Figure 23 is  a photograph of the burning wood.

TABLE? 11
Example of the Calculation of the Circular Rates of Spread from

the Photographic Negatives
Arbitrary Qnlta

Apparent 
Area 
o f Wood

Apparent 
Area 
o f Flame

Real Area 
of

Flame 
( bq. eras.)

Radius o f the 
Equivalent 

Circle 
( e:ns.)

Time
Registered 
by stopwatch 
(sees.)

63.9 5.0 15.6 2.23 65
65.5 0.4 28.7 3.02 70
67.2 16.1 47.8 3.90 75
50.5 16.9 56.6 4.24 80

50.3 20.7 62.0 5.10 85

62. 3 20.2 03,5 5.45 00

The burning was generally allowed to proceed to a radius of 6 cm.



AVERAGE RADIUS OF BURNING AREA CMS

Figure 24.
The average radius o f the burning area 

at different times.

Figure 25.
The variation o f the circular rate of spread 

with varying radiation intensity.
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after which the circular nature of the area became distorted.
The results are finally tabulated in Table 12 as the radius of a 
circle  whose area is  equal to the aroa of burnt wood. A plot of 
this hypothetical radius against time is  shown in Figure 24 
whore it  will be seen to be nearly constant, whilst the rest of 
the results are shown in Figure 25 and Table 12.

TABLE 12
Circular Spread under Radiation

Species of 
Wood

Radiation
(B.Th. [J ./sq .ft./h r. )

Rate
( cm s./soc.)

Gurjon 20 30 0.0 27
2310 0.043
28 30 0.0 42
3990 0.096
5440 0.166

Birch 2130 0.123
1600 0.060

It wa3 noticed in those experiments that the flame wa3 quite 
thin and fla t in the neighbourhood of tho line of discolouration 
and appeared to be swept back to the centre of the wood where it  
rose to a conical shape. Moreover, from the rosults it  will bo 
soon that the circular rate of spread is  smaller than the linear, 
just the opposite of tho effect obsorvod with paper. These 
observations support the conclusion that convection currents play 
a major part in determining tho rate of flame spread. For here
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there is  no convection outwards from the centre of the flame as 
no hole is  burnt in the centre of the wood. Also in the case 
of linear 3pread along wood, the burnt material is le ft  in a 
horizontal plane which should direct air currents in the direction 
of flame travel.

Turning to the result obtained with a specimen, i t  will 
be seen that the rate of spread is  somewhat slower than those 
along a similar l w specimen^ suggesting that a measurable quantity 
of heat wa3 being lost by conduction into tho wood to a depth of 
at least as more heat would be lost from the bottom of the 

specimen than would be further conducted into a 1" piece of 
wood.
Physical constants

The more important physical constants for the Birch timber 
are lis ted  in Table 13.

TABLS 13

Conductivity C.G.S.Units

Parallel to grain 0.001169
Across the grain 0.000330
Density 0.66
Specific Boat 0.266 0.000116

Tho figures taken for the conductivity across the grain ( it  
was not obvious whether tho plank had been cut radially or 
tangentially) were determined by Summeregill on material taken
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from tho stock as was used in the present investigation.
It seemed advisable to determine tho conductivity of the wood 
in a direction parallel to the grain, as in general thi3 is 
much larger than that across the grain. It was also thought 
that diffusivity and conductivity could bo measured by the 
same apparatus as was used by Summoragill. Briefly this 
consisted of two brass blocks 9" x 4 "̂ x between which wa3 
sandwiched the specimen of dimensions 9" x 4$" x 1". Those 
blocks were supported horizontally and the lower one was 
heated e lectrica lly , the heat flowing through the wood and 
escaping from tho top brass block. Precautions wore taken to 
ensure a uniform perpendicular flow through tho contral portion 
of tho specimen whose surface temperatures were measured by fine 
copper/constantin thermocouples held between the wood and the 
brass surface. The apparatus has been used for some time 
to measure the conductivity of refractory materials with low 
temperature thermal characteristics similar to those of wood.

The conductivity of the material is calculated in a 
straight forward manner by allowing the apparatus to come to 
equilibrium, measuring the surface temperatures of the material, 
and calculating the heat lost from the top plate and hence the 
heat flow through the wood. The appropriate equation is then

d & k = £
dx a
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where ( Q is  the perpendicular heat flow )
( A )
( per unit aroa )
( )
( dd is  tho temperature gradient between )
( dx )
( tho two surfaces )
( )
( K i 3 tho conductivity of the materials )

The specimen was made from the 6" x 1" planks of birch by cutting 
strips 42*' x 1" across the plank and orientating them so that the 
surfaces which originally made up the 6” surface of tho plank 
now lay face to face. The strips were glued in this manner to 
form a block 9" x 4 "̂ x 1", which had tho grain running 
perpendicularly between the two 9" x 4£" surfaces.
Dlffuslvlty

Tho attempt to measure the diffusivity of the wood did not 
yiold results which were accurate enough to be of use, but tho 
method is  included here as i t  does not appear to have been 
suggested before and should bo moro successful whore more 
violent methods of boating tho specimens could bo applied.

Diffusivity in one dimonsion is  defined by the following 
equation;-

d 6  ~ k_ c12 9
dt c f  ^ 2

whore is  the temperature
x is  the distance measured in the direction of heat flow
k is  the conductivity
p is  the density
c is  the specific heat
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which expresses the assumption that the rate of rise of
temperature in a small volume of material is  proportional to
the rate of chango o f temperature gradient through that volume.
The proportionality constant k is defined as the diffuslvity

f  c
o f the material. The solution of the above partial differential 
equation between various boundary conditions has been discussed 
at some length in the literature. Some formal solutions have 
boon given for the more simple boundary conditions such as a 
semi-infinite block heated on one face in such a way that the 
temperature gradient at that surface was proportional to the 
temperature difference between i t  and its  surroundings, i .e ,  
under Newtonian conditions of heating and cooling. Various 
methods have also been suggested which involve substituting 
fin ite  difference ratios for one or more of the differential 
temperature gradients in space and time, and in particular 
Hartree and his confederates have applied solutions of this 
nature to the heating and cooling o f ingots^  and recently a 
paper has been published in which similar methods are applied 
to the forced burning o f wood. This paper is  discussed more 
fully below (Page 103), but at the moment only the part 
appertaining to the solution of the d iffusivity equation will 
bo considered. The equation to bo solved is

J '¿O = c f>
J x 2 ^ ~7Tt~

witih the boundary conditions
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&  = constant for o 4  x (  1 for t = o 
1 = j  (t) and &<> % -  (f) (t) for t7 o

where 1 is  the thickness of the specimen which is  considered to 
be of in fin ite  extent in the other dimensions, l .e .  there is 
parallel heat flow between the faces of the block.

0s 1 is  the surfacetemperature at the hot surface
d. is  the surface temperature at the cool surface

The manipulation of the equation is  considerably simplified 
by the introduction of new units of space and time defined by

and r  =
f - f

k x t
2 Ql1“

the equation then becoraing JQ =  ̂2 9 0
i r  ! > Cwith the corresponding boundary conditions. m

K and 0 m
( m and fm
J 2 15 m ZZ

af  2maklng a

I f now 9  

afm - i ( .

1,

' i f i  then by Taylor's Theorem
9 (m -  1 ) -  2@ m t- 0 (m *- 1)

f f  2
approximately and

equation becomes

ß 1m -9 m «  c I ^  ** 1) “ 2((0lmi^m) -

« J!(m  4 1 ) +  ( ^  m ’•#

Where m etc. are values at and m are values at
Using the above equations the Integration can now proceed In
small steps o f and and in this particular case i t  was
found that taking i f  = 1 ond£/ = 1 the equations could be

1 6 9
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sol/ed in reasonable time and with sufficient accuracy. The 
experimental procedure was as follows: -
The apparatus was allowed to heat up at a low constant rato of 
hoating and when equilibrium was reached, the temperature of 
the top and bottom surfaces noted, and the temperature gradient 
between the surface assumed to be linear. The heat input into 
the apparatus was then raised to a much higher value, and the 
tomperature3 of the top and bottom surfaces taken at intervals 
of 15 or 50 minutes a3 the block tended towards equilibrium 
again. We now know

(1) The boundary conditions of the block as a 
function of time.

(2) The heat transfer from the cold surfaco as
a function o f temperature and hence of time, 

but the heat transfer at the cold surface is  also given by

6 0 -6 0 = <2p I ( d'l f £■,)-( $' 1 d oi H (00 + 00)
K  l k ‘ f 2

where denotes the surface temperature and H denotes the hoat 
transfer from the surfaco as a function o f temperature.
Thi3 expression equates the hoat transfer at the surface 
to the conduction in the surfaco layer.
Also the temperature at/f = 1 is  denoted b y $ l ,  and at

3H  = 2  by 0 2,
3

Vtiuos of Ii andf are known and a value for c was assumed 
and the solution of the equation proceeded in the following
manner? -
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The values off? at C = 0, 1, 2, and 1, were tabulated, the
1 ^*3 3~

original temperatures atT = 0 being known. The integration 
thon proceeds down the table.
Values o f ^1 ond^J2 at Y  = 1 are ostimatod taking account of

3 3 9
the rises in surface temperature and these estimated values
adjusted until they satisfy equation 3. Then values off?

Y 3and O' 2 at T = 2 are estimated and similarly re-adjusted i f
3 9

necessary, the solution proceeding in this way until the 
temperature changes become small. Now H (Q) can be calculated 
from^2 a n d b y  equation 4 and thon tabulated as a function 
of & and i t  was hoped to adjust the assumes value of the specific 
heat so that the values of H (d) calculated a3 above, coincided 
with those arrived at, using the usual combination o f radiation 
and convection losses from a black horizontal plate. After 
preliminary experiments however, i t  was not found possible to 
pursue this method further, two d ifficu lt ie s  arising. Firstly 
the wood could not be heated to high temperatures without 
charring and the emission of volatiles, and these low temperatures 
made H (ft very sensitive to changes in the ambient temperature 
which could not be estimated accurately. Secondly, as the 
temperature gradients of the wood did not appear to deviate 
very greatly from a straight line, any change in C mado very
l i t t l e  difference toO 2 and hence H. It would seem howevor,

3
that both these d ifficu lt ie s  would not arise using refractories 
whoro i t  is  possible to use higher temperatures, and i t  may also
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be possible to overcome them by following the temperature 
changes over the f ir s t  few minutes of the heating of the wood 
much more closely. Shortage of timo howovor, did not aliow 
these studies to be pursued further.

Because of the d ifficu lties  arising in the above experiments 
the specific heat was estimated in the rest of the work from a 
formula developed by Dunlap^  namely 
C = 0.266-f 0.00116^ ( whoro c = specific heat )

( and 9 = °C )
The possible error here is  about 5$ and this will have its  
main effect on the calculations involving heat conducted into 
the wood. However, for other reasons discussed elsowhero, 
this quantity could not be assessed with great accuracy, ao the 
above equation was assumed to be sufficiently accurate for the 
purpose under discussion.
Density

Most o f the material was oven dried before burning and all 
tho specimens were found to tend towards the density of 0.66 grams/ 
cc, a figure which wemained quite constant among tho specimens burnt 
It was noticed that the wood suffered a considerable contraction 
on drying and tho density had to bo determined separately when 
using air dried matorial.
Moisture Content

The moisture contents of tho timbers were determined by 
drying 1" cube samples for three days at 100° c, in which timo 
they had reached almost constant weight, further drying
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Part B HEAT TRANSFER DURING CIRCULAR SPREAD
Experimental Procedure

Apparatus

The original apparatus was Improved by making a larger 
radiator which covered the area of the specimen with on almost 
uniform radiation. This radiator utilised  seven 600 wat£
7" elements of the same type as were used previously.
They wore supported on a backing of two £-*' thick fire  bricks 
clamped together, giving a total area of 9” x 9". Two angle 
piecos were bolted on to the backing and the elements supported 
between them, their ends fittin g  into holes drilled in the 
angle iron. Figure 26 shows the radiator slung on a crossbar 
betweon txib uprights enabling it  to bo directed upwards whilst 
the apparatus warms up. The cross bar was fitted  with two 
pulleys at each ond and thus could be run up and down the 
uprights at the side, and the radiator height quickly adjusted
whilst the wood was hold horixontally in a shallow ' CJ* shaped

*

metal support by two wooden wedges so that i t  did not come into 
contact with large masses of metal at any point.

It had been discovered in preliminary experiments that a 
flame started at the centre of tho piece of wood, travelled 
6 cma. outwards in any time between 30 and 200 seconds, depending 
on the intensity of tho incident radiation and an apparatus 
had to bo designed to measure throe quantities of heat in



Figure 26.
The construction o f the radiator and the 

suppont for the wood.



50

that time.
(1) The ca lorific  value of the wood destroyed
(2) The total radiation emitted from the burning wood
(3) The amount of heat passing into the wood.

(1) The Calorific Value of the Wood Destroyed
The total weight lost by the wood is  about 2 grarrt3 under 

tho conditions described and this loss in weight i3 accompanied 
by a change in ca lorific  value of some partially burnt wood.
Thus, in order to calculate the total change in ca lorific  voluo 
of the wood, i t  is  necessary to know both the ca lorific  value 
of the unburnt dry wood and also the ca lorific  value of the 
remaining partly burnt wood. These figures were obtained 
using a Scholes bomb calorimeter, which gave results reproducable 
to within 1$.

Two to throe grams of wood in lump form contained in a 
s ilica  crucible are burnt in a steel bomb under an in itia l 
pressure of 30 atmospheres of oxygen. The bomb is submerged in 
water contained in an adiabatic calorimeter and the temperature 
rise o f the water noted during burning, a temperature correction 
being derived from Newton's law of cooling. This gave a 
ca lor ific  value of 4710 color!os/gram for the unbumt wood, 
which was constant for all samples taken from twelve different 
parts of the stock of wood. At f ir s t  it  was attempted to 
determine the loss of weight of wood by a direct weighing before 
and after burning, but this could not be done with sufficient
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accuracy. The original block of wood weighed approximately 
400 grams, and because of absorption of water v/hilst on the 
balance, and changes in weight of apparently dry specimens 
in the drying oven, it  was not found possible to guarantee 
thi3 weight to within 0.05 gram3 even after uniform drying 
and cooling times.

In the method finally adopted, the wood was burnt and the 
charred portion scraped down to the unburnt wood. The mixture 
of wood and char thus obtained was weighed, and its  ca lorific  
value found by the Schole3 bomb calorimeter. It was found 
necessary to f i t  the crucible with a s ilica  g r ill  over the top 
of the briquetted char, which tended to jump out of the crucible 
because of its  low density. The total weight of wood lost by 
burning and scraping from the original block was found by taking 
a wax impression of the cavity in the wood, and weighing the 
quantity of wax. The surface of the wood was dampened and the 
wax poured in, and after cooling, the wax was scraped down to the 
level of the unbumt wood with a straight steel edge. The 
remaining wax could then be easily pooled o ff  the wood and 
weighed. It was found possible to duplicate the results to 
within 1% and as the wax appeared to form a good impression of 
the wooden surface, the corresponding weight of wood calculated 
using the measured density of wood and wax, should thus bo 
known with the 3ome accuracy.

From the results of the above procedure, the following
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figures could be calculated: -
(a) Thct otal drop in ca lorific  value of the block 

a& a result of both burning and scraping o ff  
of the bulk.

(b) The drop in ca lorific  value of the burnt block 
as a result of scraping o ff  the partly burnt 
surface.

The difference between the two figures gives the heat lost 
by the wood during the burning time.
(2) The Total Radiati on emitted from the Burning Wood

The calculation of radiation from flames depends on their 

shape, temperature, size and character, and as nono of these are 
known to any degree of accuracy for a flame burning on the 
surface of wood, i t  was attempted to male© a direct measurement 
of this radiant heat during the total burning time. Similar 
measurements have been attempted before on cool and gas fires 
and in these cases the measuring instruments wore either 
thermopiles, bolometers, water calorimeters or block radiometers. 
In the case of a source whose Intensity charges during the 
course of the experiment, i t  is  either necessary to completely 
surround the source with measuring instruments which continually 
record the radiation during the whole burning time, cr else to 
traverse the whole fie ld  of view with one Instrument quickly 
enough to allow extrapolation between readings in space and time#
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Because of spacial considerations, (the radiator had to he 
brought with 25 cms. of the wood in some cases) the latter 
method was the only possible one, ard thus i t  seemed necessary 
to use either a thermopile or a bolometer, aE those were the 
only instruments with sufficient mobility. A small 17 element 
Moll thermopile was examined for su itability, but i t  was found 
that radiation which entered the instrument at an appreciable 
angle to the normal was net measured with the same efficiency 
as would be expected from a normal cosine rule, as much of it  
was reflected from the sides of the aperture through which the 
radiation passed. This meant that the instrument could not 
measure radiation from any source other than one subtending the 
same solid angle as the source used in calibration, which made 
i t  unsuitable for measurement of radiation from flimes.
Moreover its  response time appeared to be about 0.6 seconds 
for 70$ of the final reacting, and this would have been too large 
to allow the instrument to follow the changes in radiation 
expected.

Attention was next turned to bolometers arsd in particular 
to a small thermistor type, of resistance 1.4 megohms. The 
element measured 2.2 x 0.23 mms., and was supported in a small 
copper cavity by two uprights. In series with a load resistance 
of 1 megohm, such on instrument gives an extremely largo and rapid 
response and because of its  small size and rectangular shape, it  
is  not screened by its  case and presents a plane area to normal
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radiation. The small size of the bolometer was a big advartago
because in some positions it  had to be interposed between the
radiator and the wooden surface, and thus the larger the size
of the bolometer, the more radiation would be prevented from
reaching the wood. Such instruments have been widely used as
detectors of interrupted sources of radiation, a method which has
many advantages. The incident radiation is generally interrupted
at a frequency of about 25 cycles/second, which allows a good
degree o f separation from the mains frequency of 50 cyclos/soc. and
is  also low enough to allow a reasonable proportion of the time
response curve o f the instrument to be used. The output is
then fed into a tuned a.c. amplifier which only responds to
changes in amplitude o f the selected frequency, and this
eliminates any difference due to slew changes o f ambient

possible
temperature. It was not found/to apply this method in the 
present case, because any interruption device would have 
increased the size of the bolometer casing which as stated before, 
is  undesirable, and i t  was thus decided to use the bolometer as a 
d .c. instrument.

The problem of measuring the total radiation over the 
surface o f a hemisphere is  greatly simplified i f  i t  can be 
assumed that the distribution of intensity is  symmetrical about 
the radius perpendicular to the base of the hemisphere. The 
apparatus was designed to give a uniform radiation over the 
surface of the block, and as has been stated before, the flame



Figuro 27.
Tho construction o f tho bolomotor housing.
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in general appeared to spread symmetrically from a point 
source, and so presumably would radiate in a symmetrical manner.
It is  understandable that any protruberance of the flame front 
would not proceed as quickly as its  neighbouring sections, for 
it  would not receive the same supporting radiation as they 
themselves were receiving.

Conversely, any depression in the burning front would 
accelerate and tend to assume a smooth curve with the rest o f. 
the burning zone. From these considerations, measurements of 
radiation made along one £0° arc of the hemisphere should be 
representative of the radiation over the whole surface, although 
the accuracy o f this assumption depends on the number of 
experiments made under any given set of conditions. Figure 27 
shows the method used to support the bolometer, which was 
enclosed in a water cooled brass jacket J lagged on the outside 
with glass wool, as were the supporting arms, consisting of 
copper tubes carrying the water supply. The bolometer is  
shown at the top of its  traverse and is  capable o f being rotated 
through 90° around AA1 as axis to a horizontal position. In 
front of the element was a Fluorite window which excluded 
draughts, and, as Fluorite is  transparent to conduction down to 
a wave length of about 6 y ,  transmitted almost all radiation 
both from a black body at 900°c and from a flame containing carbon
dioxide and water molecules. The borders of the Fluorite

/
window had an internal chamfer which reduced reflection to a



Figuro 28.
The bolometer swoop mechanism.

Figure 29.
The load line diagram
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minimum, whilst tthe inside of the copper case of the bolometer 
was blackened for the same reason.

Now as the experiment proceeds i t  is  desirable to obtain 
as many readings as is  possible at each position on the arc 
swept out by the bolometer, and a mechanism was devised to 
raise and lo t  drop the bolometer along this arc every 20 seconds. 
The essential features o f this device arc shown in Figure 26.
The bolometer supporting arms arG represented by the line Â Cg 
and the bolometer travels along the arc AA1. The bolometer 
arm is  driven by the pins Pi” 7 7P6 , fixed to the driving 
wheel W. which rotates in an anti-clockwise direction. The 
pin Pi forces forwards and upwards a metal stop brazed onto the 
am of the bolometer and marked in Figure 26 as S. As the 
wheel rotates CgA1 is  carried along with i t ,  but not at quite 
the same rate, as and Cg are not coincident. At the soma 
time Pi slides up the metal stop and reaches the top edges o f the 
stop when Â Gg is  vertical* The bolometer then slips back to 
its  original position CoA where i t  comes into contact with Pc 
where the cycle is  recommenced. A considerable degroe of control 
of the timing of the cycle con be accomplished by altering the 
distance between Ci and Cg, and i t  was found desirable for the 
bolometer to be le f t  at a position slightly below C2A at the end 
of each cycle, where its  aperture is  covered by a water cooled 
metal screen. This id-lows a zero reading to be token every 
¡33 seconds, and corrections can thus be made for drifts  due to
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temperature changes in the instrument. The bolometer was 
brought to rest slightly below A by a rubber topped spring stop 
which minimised the otherwise considerable shock sustained by 
the element. The movement was also made less violent by the 
provision of a counterbalance fixed at the other end of the 
brass arms.
The Apparatus used to mqasu.ro the heat conducted into the wood

This problem is  simpler in one respect than the measurement 
of total radiation, in so far as the in itia l and final 
temperatures of the wood are all that are needed to give the 
quantity of heat stored in the wood i f  the specific heat of the 

bio clt is  known. The measurement of temperatures in low 
diffuslvity Materials is  made d ifficu lt  because of the large 
disturbances in the heat flow caused by the introduction of 
metal measuring instruments such as thermocouples. Any heat 
flow along a thermocouple in such a block must be greater than 
the parallel heat flow in its  surroundings at roughly the some 
température, and hence as heat is  being lost along the couple 
leads, the introduction of a thermocouple must lower the 
temperature in the material* Ideally the couple leads should 
be brought out along isothermals in the wood, thus minimising 
heat flow, a result which can also be obtained by reducing the 
diameter of the thermocouple leads.

It was not found possible to d rill holes longer than about 
là" accurately into the 6 " block without using a d r ill of at
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least l/lG" diameter. These holes would have to run parallel 
to the front surface, and so would have to be at least 3" long 
to reach the centre of the block, and the depth of the end of 
the hole beneath the front surface of the wood could net be 
determined very accurately. Holes could be drillod however, 
to a depth of over 1 ” by using stainless steel hypodermic tubing 
of 0 .0 2 ” diameter, and i f  these holes were drilled  in from the 
back surface of the wood, their depth was known quite accurately. 
It was then possible to f i t  silver soldered coppor/constantin 
thermocouples in such holes, the diameter of the wire was less 
than 0.005” in both cases, the constantin wire being cotton 

covered and the copper enamelled. Nine couples were inserted 
in the block in the following positions.
Position Position in Horizontal Depth from burning

No. Plane surface

1 Centre o f block 1

2 Centre of block 5
3 Centro o f block 10

4 Centre o f block 23
5 3 cm. along a diagonal 1

6 3 cm. along a diagonal 5
7 6 cm. along a diagonal 1

8 6 cm. along a diagonal 5
9 6 cm. along a line from the 

centre of the block and 
perpendicular to the 
direction of the grain

5
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The temperature was likely to charge most violently in the
neighbourhood of the top surface, and consequently more
couples should be situated near that surface. Also the
temperature along a diagonal would best represent temperatures
in the body o f the wood, and a check on tho temperature at a
point in a different position but at the same distance from the
centre of the wood would te ll whether appreciably more heat was
travelling along the grain than across i t .  Considering the
higher conductivity along the grain it  would seem likely that
position 9 would be cooler than position 6 , a point which was
decided by the rosults quoted later.
Measurement s .and recording of the readings

The temperatures were measured by small potential differences
between 0 and 10 M.V. at the ends of the thermocouple leads,
whilst the bolometer readings were available in a similar form.
Now in order to obtain a continuous record of the radiation
readings, any recorfiing instrument must follow tho change in
voltage across the bolometer resistance as quickly as possible.
Moreover, this instrument must be suitable for measuring H.M.Fs.
from a source of high internal resistance, as the resistance of
tho bolometer is  of the order of 1 megohm ard its  load
resistance varies from 600 to 2 0 . 0 0 0  ohms, in different
experiments. The obvious choice under such circumstances was
a Cathode Ray tube and amplifier, the latter needing an

4amplification factor of about x 10 in order to supply the
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100 volte needed for fu ll scale deflection. Such 
amplification factors are not in general possible with B.C. 
amplifiers in a single stage and a two stage amplifier is 
inherently unstable unless supplied with a very stable source 
o f voltage. Antj change of supply of voltage to the anode of 
the f ir s t  stage is  immediately communicated to the grid of the 
second stage and consequently amplified. Moreover, such 
changes are brought about by varying the current taken by the 
valves during their normal operation and the change in voltage 
so produced is  in such a direction as to cause a further similar 
change of anode voltage and hence cause Instability.

A.C. amplifiers are not subject to such disturbances as 
there is  no direct connection between various stages, any 
coupling is  done by condensers or tuned circuit which can be 
adjusted to eliminate all variations except those of a desired 
frequency. However, as has been stated earlier, many 
complications arose in converting the signal to A.C. by 
interrupting the source of radiation and i t  was decided to use 
a D.C. amplifier.

The use of a balanced push-pull circu it eliminates many 
of the d ifficu lt ie s  arising with a more normal type of amplifier 
and such a circu it has been used for B iolectric recording^ with 
amplification up to x 10° using battery operation.

Consequently a two stage D.C. push-pull amplifier was built 
and in the fora adopted was supplied from the mains A.C. voltage.
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Amplifier Design
The voltage amplification of any valve depends on the A.C. 

resistance, its  mutual conductance and its  load resistance.
The mutual conductance decides the change in current through the 
valve for a given change in grid voltage and tho change in current 
decides the change in voltage across the load resistance 
depending on the value of the A.C. resistance of the valve und 
of the load resistor. The operation of such an arrangement is 
best shown by Figure 29 and the load line diagram, which 
represents the voltage o f the anode o f a single value as a 
function of the current through the valve under various 
conditions. The actual amplification achieved by such an 
arrangement con be represented by the change in the voltage 
of the anode from A to B along the load resistance line, 
achieved by a grid potential change of one volt. The high 
tension voltage is  represented by the intersection of the load 
line and the voltage axis, that is , i t  represents the voltage 
of the anode when there is  no current passing through tho 
valve and hence through the load resistance. Now the voltage 
drip across A B can be increased both by an increase in the A.C. 
resistance of the valve and in tho loud resistance. In practice 
however, the valve only works e fficien tly  between certain lim its 
of anode current and voltage which in turn effects the value of 
high tension needed. The high frequency Pentode type of valve 
is  the most suitable for this type o f voltage amplification, 
combining a high A.C. resistance with a good mutual conductance,



Figure oO .
Amplification circu it with cathode resistance.

Push-pull amplification circu it.
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together with straight line characteristics over a wide rango of 
conditions and in particular the 6 K.7G valve was chosen. Now 
Figure ¿50 shows a circuit containing a cathode resistance Rc 
and hence any currant passing through the valve also passes 
through R and thus affects the voltage of the cathode relative 
to the grid. Now i f  Vg is  kept at some constant value and V 
reduced by some small amount, f ir s t  of a ll the current through 
valve and resistors will fa ll by some amount depending on the 
resistance of the circu it. As however, the current through Rc 
drops, so must the voltage of the cathode drop, thus increasing 
the potential of the control grid relative to the cathode, which 
in turn tends to increase the current through the valve and thus 
oppose the reduction in anodo voltage. Thus Rc has a stabilizing 
effect on the circu it with respect to changes in anode voltage 
which can bo made almost completeliy increasing the value of Rc .
In the above circu it however, this had the effect o f nullifying 
the amplifying properties of the circu it for changes in anode 
current produced by changes in grid voltage are opposed In almost 
exactly the same way.
It is  hero that the advantages in the pUBh~pull amplifier 
became apparent, for considering Figure 31, i t  will be aeon 
that changes in are opposed in the same way as before by 
changes in current through Rc i f  Vj remains fixed, but I f  Vj is 
altered the change in voltage across A B is  not affected by Rc 
because, assuming the circuit to be symmetrical, the oomo change



Figure ó2.
Two atago amplifier circu it.
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is  brought about in tho voltage of A dnd B by Rc and hence their 
relative voltuge is  unaltered. A change in Vj however, affects 
the symmetry of the circuit and hence the voltage across AB.
The two stage unit is shown in Figure 32 with the following 
values for the various resistances, condensers and potentiometers.

R1 20 .000 ohms Cl = 0 .01 m . f . d. HI = 50.000 ohms

r 2 90 .000 ff o to = 5 m. f . d . P2 = 5

r 3 90 .000 If
C3 = 2 m .f .d . P3 10.000 "

R4 70.000 If c 4 = 2 m .f .d . P4 = 10.000 "

R5 70 .000 ft
C5 = 2 m .f .d . r 5 = 10.000 "

R6 14.000 II R 6 Mm 1000.000 "

R 1 .0 0 0 . 0 0 0  ohms

A]_ and Ag are 0 - 1 0  milliametors.
The f ir s t  stage of the amplifier had to be balanced very 
carefully, that is , disturbances due to changes in high tension 
supply had to be almost completely eliminated. Tho two valves 
in the f ir s t  stage were thus carefully matched, as were their 
load resistors Bg and R2 by means of Pg. P2 was provided in 
the heating filament circu it to enable the valve circuit to be 
properly matched and also to allow their anode potentials to 
be equalised with no input to the circu it. The second stage 
was matched in a similar manner except that i t  was not found 
necessary to include a potentiometer in the heating circu it of 
the valves. The values of the grid/cathodo voltage in the 
second stage wore adjusted by means of Pq and as the valves were
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variables mu types, this potentiometer also controlled the 
sensitivity of the system. The amplifier was very sensitive 
to stray electrical and magnetic fie lds ard hence all leads were 
shielded by flex ib le  copper sheathing, and, in the case of the 
amplifier and C.R.Tube, by iron and mu metal screens. It was 
also essential that these shields should be sufficiently earthed 
besides the amplifier i t s e l f ,  and a complication arose as the 
grid leads of the f ir s t  stage were not at earth potential.
This was necessitated because the output voltages had to operate 
a Cathode Ray Tube and thus had to be approximately at earth 
potential in order that the spot could be focussed sharply on the 
screen. For e fficien t operation of the valves, the anode voltages 
must be considerably higher than the grid voltages and so the final 
anode voltage is  some 150 to 200 volts above the original grid 
voltage. This difference was reduced to a large extent by the 
use of high tension batteries at the output, but as i t  was 
considered dangerous to the apparatus to have the possib ility  
o f a direct short between grid and ground, the danger was some
what lessened by earthing through the large resistance R7 and 
bypassing the A.C. component through Cg. This did not eliminate 
dlsturbaneee of mains frequency apparently arising across the 
input arid this was minimised by the condensers Cg and C3 , which 
did not seriously affect the response time of the instrument.
High tension power was supplied to the amplifier by a two valve 
double wave 850 volt re c t ifie r , whoso output was smoothed by two 
10 m .f.d. condensers and a suitable choke. A stabilizing
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current of about £0 mllliampa was passed through a potential 
divider system which included two neon voltage stabilisers in 
series with the appropriate resistances as shown in Figure 33, 
and very l i t t l e  A.C. interference seemed to arise from this 
source. The filament current of the amplifier valves was 
supplied by separate 6 volt batteries as these had to be at 
different potentials.

The amplifier was built into a converted Naval radar 
chassis containing a cathode ray tube, V.C.R.97, and some 
trouble was experienced at f ir s t  in eliminating stray fie lds 
arising in the C.R. tube, but this was overcome by suitable 
screening. It was found possible to increase the sensitivity 
of the C.R.tube by reducing the anode voltage to below 1.000 
voits and i f  deflection waB impressed by the X plates the 
focussing was only affected slightly although it  was found 
necessary to operate the filament from a D.C. source as at the 
low anode voltages the electron beam was also more sensitive 
to filament voltage changes. This arrangement proved very 
satisfactory, the instrument being able to detect 0 . 1  m illivolts 
input quite easily. Valve noise however, was just detectable 
and i t  was realised that the instrument may have boon improved 
by the use of a special low noise valve. The power pack for 
the C.R. tube was of the normal type with only a moderate degree 
of smoothing, and supplied by a single wave valve re c tifie r .

It was possible to feed the thermocouple voltages via a
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rotary switch to the amplifier as shown in Figure 34, but a 
bridge circu it was necessary to operate the bolometer as shown 
in Figure 35. RL is  the load resistance of the bolometer 
which determined the sensitivity of the instrument in much the 
same way as the load resistor circu it. In the present case 
maximum sensitivity is  attained when R̂ = Rg (the bolometer 
resistance).

It is  possible to show that the sensitivity of the instrument

is  very nearly proportioned to R̂  for small values of the latter,
for, considering Figure 35, we have

v_ = V ___
RB Rb _+ RL
dv
dRb

( R b  4 -  Rg *  Rb )

( R t Hr.)

Sensitivity = dv = V R,
dRb — z

Rb + 2 Rb rl
-------  2
■+ rL

10 ohms and Rgb = 590 ohms

to B 1010 "

RL3 = 2980 M

%
= 188 50 "

> 
| 

iir-i RLl
( 1 .4 x 10(> ) 2 1-2.8 x 106 x 590 +

= V Rt uck'm r n  n  o  » il tr

(1.4 x 108 ) 2

and sensitivity (4) = V BL4
(1.4 X  10" ) * - 1 2.8 x lO5” x 18.850 -FU8.860)"2



40V = V

Figuro ¿5 .
The bolometer bridge circu it.
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V 1L4 very nearly
(1.4 x 1CC) 2 x 1.025

Thus the sensitivity c f the instrument is  very nearly proportional 
to but in the case of the higher sensitivity this assumption 
is  in error by 2.5$, a factor which was allowed for in the 

dalcul ations.
The bridge circu it voltage was supplied from the main H.T, 

voltage supply to the amplifier and was balanced by the 
potentiometer P ,̂ the output from this circuit being fed to the 
rotary switch shown in Figure 34. This rotary switch was 
driven by a synchronous motor which also drove tho bolometer 
sweep mechanism through two sets of reduction gears. A plan of 
the arrangement is  shown in Figure 36. There are twelve 
contacts on the rotary switch, which are connected as follows - 
Position No•1 - Short circu it and zero voltage reference point. 
Positions Nos.2 and 7 - Bolometer connections.
Position Nos. 3 - 6  and 8 ~ 12 Thermocouple connections.

The switch rotates once in 1.95 seconds and thus a 
bolometer reading is  taken approximately once every second and 
every thermocouple voltage is  recorded once every two seconds.
The thermocouple leads are led out to cold junctions and then 
to the rotary switch which worked quite smoothly and did not 
measurably distort tho voltage input to the amplifier.
Tho Recording of the Cathode Ray Trace

At f ir s t  the spot was deflected by the input voltage in a 
vertical direction and moved in a horizontal direction at a 
constant rate aoroaa the screen by a changing voltage across
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Figure 0 6 .
Tho gearing of the bolometer swoop and 

rotary switch mechanism.
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the X plate developed by a motor driven potentiometer.
In this way the apparatus produced a trace of 11 dotted 

linos representing the twelve voltages on the studs of the 
rotary switch, two of which, the bolometer readings, traced 
the same line. The trace was at f ir s t  recorded by on ordinary 
i  plate camera, but this method was abandoned because it  was not 
found possible to distinguish individual spots on the negative.

This d ifficu lty  was overcome by elongating the trace by 
means of a 35 mm. rotating drum camera, shown in fu ll detail in 
Figures 37 and 36. This camera was originally used for 
measuring flame speeds through gases contained in tubes and 
incorporated on f 1.8, 5 cm. lens which projected the imago of 
the trace on to an 8 inch length of 35 mm. film supported on a 
drum, which by adaptation of the driving mechanism, was made to 
rotate once in four minutes. A typical trace is  reproduced in 
Figure 39, whore individual lines can bo easily distinguished. 
Any fast panchromatic film was capable of giving a good exposure 
with sufficient contrast.

The traces were read by a magnifying inspection glass with 
on illuminated scale graduated in millimetres and it  was found 
wasy to estimate the position of the spot to 0.1 millimeter.
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Experimental procodure

Experiments were carried out at varying radiant intensities 
and also with wooda of different moisture content, but the 
experimental procedure wa3 almost exactly the samo in each case.

The piece of wood from tho 3ix inch plank was weighed and
had the measurements checked and the theraocouplos inserted.
The amplifier and radiator wore then switched on and lo ft  to
warm up for at least three quarters of an hour with the radiator
pointing away from the apparatus, and during this time the wood
was fixed in place beneath the radiator and levelled with a spirit
level, Tho thermocouples were connected to the cold junctions
and the circu it chockod for continuity. The cooling water for
the bolometer and motol screen was supplied from a constant head
and lo ft  running until the water temperature bocamo constant and
during this time tho rotating drum and normal 35 mm. film cameras
wore loaded. The second camera was used as in the preliminary
experiments to measure the aroa rate of spread of the flamo and
was clamped to the top of the radiator upright as was a photoflood
lamp and reflector necessary to illuminate tho burning wood.

UPAfter tho original warming/period, the wood was shielded from 
radiation by a double asbestos sheet and the radiator hung facing 
vertically downwards. The synchronous motor was set going and 
the drop back position of the bolomoter noted for each of the 
Bix pegs on the driving wheel. This was found to bo necessary 
as tho driving pegs for raising the bolomotor had alight
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inaccuracies in placing on the driving wheel. The angle of the 
bolometer to the wood wa3 road directly on a 90° scale at tho 
side, and in all cases the bolomctor fir s t  becarao exposed to tho 
radiation at an angle at 5° to tho wood. Next tho cathode ray 
tube was switched on and the spot and both cameras focussed.
The spot was adjusted to within 1.5 cms. of the edge of the 
screen, with no input voltage to the amplifier, and then tho 
bolometer bridge adjusted so that the spot was at the opposite 
side of the screen with no radiation fa lling on the bolometer.
The electromotive forces developed by the bolometer and the 
thermocouples were made to be opposite in sign a3 this separated 
the thermocouple trace from tho bolometer traco until both 
readings became largo enough to overlap. Tho apparatus was 
le ft  for some time in this position and final adjustments made to 
the balance so that a heavy load placed across the maina supply 
made no differenco to tho position of tho spot on the screen*
The spot always tended to d rift across tho screen as tho 
apparatus warmed up, but after fortyflve minutes equilibrium 
was almost roachod and any furthor d rift was vory slow. The 
c°ld junction temperatures and the in let water temperature to 
bho bolometer were taken and tho space botween tho cathodo ray 
tube and the drum camera covered by a black cloth and shield 

prevent extraneous light fogging the film. The radiator 
Was then brought down to its  final position and tho photofloods 
Bwitched on, the asbestos shield withdrawn from over tho wood 
•̂<1 the stop watch, placed in the fie ld  of view of tho second
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camera, was started simultanooualy. The rotating drum 
camera was started at some fixed time which would enable i t  
to record all the burning time of the wood and as much of the 
preheating time as could bo fitted  on one rotation of the drum, 
that is , in a period of four minutes. The driving mechanism 
for the bolometer and rotary switch was started just before 
tho drum camera was opened and the in itia l position of the 
mechanism recorded. At a prearranged time at which it  was 
certain that the wood would ignite immediately, a p ilo t flame 
wa3 applied to the centre of the wood, andimmediatoly withdrawn 
when a flame appeared on the wood surface.

Photographs wore then taken of the flame as i t  spread over 
the surface of tho wood at such intervals that from six to 
twolve exposures wore made during each burning. As tho flame 
came within about 1. 5 cma. of the edgo of the wood, tho asbestos 
shield was inserted over the top of the flame which was 
extinguished, whilst the time was notod.

The driving mechanism of the bolometer and drum camera was 
also stopped and tho radiator raised to its  highest point.
The bolometer was then di3engagod from the driving mechanism 
and hold vertically undomoath tho radiator pointing directly 
along its  mid normal. The rotary switch was turned to one o f 
the bolometer positions, the rotating drum camera started and 
tho bolometer exposed for two throe-second periods to tho
radiator.
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Figure 40.
The input and calibration circuit to the amplifier.

Figure 41.
Response curve of the amplifier and cathode ray tube.
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A reliable mill!voltmeter was then switched across the 
input to the amplifier as shown in the circuit Figure 40, and 
the reading of the milliwoltrnotor adjusted to about 10 m illivolts 
by the potentiometer provided for adjusting the balance of the 
bolomotor bridge circu it. The drum camera was again started 
and the resistance R in Figure 40 which was approximately equal 
to the millivoltraeter resistance was substituted for the m illivo lt- 
meter. This was to avoid recording the back E.M.F. generated 
by the millivoltmeter when changes in input voltages caused the 
suspension to swing. The rotary switch was now moved to the 
zero position and thus a record of a known voltage was impressed 
on the film which was developed, fixed and dried in the normal 
manner, together with the recording of the flame spread ovor 
the wood.

The burnt wood was then treated as described above to 
discover the loss in ca lor ific  value during burning.

Before fu ll calculations could be made of the heat changes 
during the burning however, several subsidiary experiments had 
to bo performed to determine tho sensitivity of the apparatus 
and to measure tho extraneous heat reflected and emitted from 
tho surroundings, these experiments being described below.
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The response of the Amplifier and Cathode Ray Tube

In the fir s t  few experiments nine different voltages wore
fed into the amplifier at the end of each experiment by moans
of the voltage calibration unit marked in Figure 34, and the

voltage
response of the amplifier recorded# The/collbration 
supply was simply a potential divider system with a m illivo lt- 
metor in circu it across the input to the amplifier. The different 
voltages were f ir s t  read o ff  on the milllvoltmetor and then a 
resistance equal to that o f the millivoltmeter substituted for 
reasons described above. In all cases it  was found that the 
scale deflection was directly proportional to the input voltage 
over a rango of 10 m illivolts . A typical set of figures is 
shown in Table 14 and Figure 41.

TABLF 14
M illivolts Scale Reading

0.0 0 .0
1.7 2.4
3.1 4.5
4.5 6.3
5.6 6.0
7.0 9.B
8.3 11.8
9.1 13.0

10 .1 14.2
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This result was unexpected, for the characteristics of the valvos 
have slight curvature a3 has also the fluorescent screen od the 
cathode ray tube. However, the grid swing of tho second stage 
probably never oxcoods 1 volt, and the expected deviation would 
not have been very largo. As can be seen from the figuros just 
quoted, the system gave a fu ll scale deflection of about 10 m.v.s. 
with a probable accuracy of reading 0.05 mvs. A smaller change 
of voltage could be detected by the movement of the spot, but 
any greater accuracy than that quoted could not be attained 
because o f distortion of the spot partly duo to mains hum and 
sudden changes in the mains voltage. In all tho above 
callibration experiments, an exposure of 3 seconds was givon to 
the bolometer at each intensity, and tho reading of the Cathode 
Ray trace taken bofore the same interval.

It was found necessary to give a definite time of exposure 
for although the response of tho bolometer was exceedingly sharp 
over tho f ir s t  0.4 seconds, after this there was a slow increase 
in reading a3 the case warned up, despite the water cooling 
system. On shielding the bolometer from further radiation 
there was again a sharp change in the voltage developed 
corresponding to 60$ change in 0.2 seconds, which was again 
followed by a slow drift back to the original condition. This 
Oofoct has been noticed in nearly all other types of bolometer 
end thermopile, thus making it  essential for readings to be 
taken after fixed heating and cooling times or 3omo othor
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correction made to account for the temperature d rift .
The efficiency o f the bolometer response wa3 investigated 

by the following calculations: -
The equation relating the temperature of the olemont and tlino
under a given radiation was assumed to be dj) = k(a -Q ) ----(5)

_ dt
Where v is  the temperature of the olemont
and t is  the time
and k and a are constants, a actually representing the

equilibrium temperature reached after an in fin ite  time.
Now i f  we le t  a be a function of time, this corresponds to 
varying the Incident radiation with time and lead3 to the 

following equation
d B + k 0 dt = kf ( t) dt

Now m u l t i p l y i n g  by the  i n t e g r a t i n g  f a c t o r  

becomes

k t  e__
k

, the equation

ok t  0 = i ( f ) t . e kt dt+ b
k O

Assuming 60$ response in 0.2 seconds, from equation (5)
log _a__  = kt whence k =4.58

a - d
Now suppose  'a ' i s  a f u n c t i o n  o f  t ime such t h a t  a = b 1 c t ,  

we then g e t

A ekt = f (b t ct) ekt dt
k ° -ktwhence  ̂ = b + c (t - 1) 4 o (c - b)

k k
i

If we lo t  d = b + ct, this will represent the temporaturo
which would have boen attained by an instrument with zero response
time, and hence
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0
B'

= 1 - c ( _ç_
k k

- b) e-kt

b f et
Under the conditions of the experiment, the rate o f change of
radiation was never greater than an increase of 25)« in 10 seconds,
except at the instant of exposure of the bolometer in each cycle,
and so by letting 5b = b +  10. c which represents the above

4
condition, we get b = 40c, and hence

a = i  -
"~yr ieo_ ( J L

160

1, -  4.58t) o

1 -f __t_40
after 3 seconds we got

9 = 0.995
6'i .e .  the response is  correct to within within 3 seconds.

Thus the actual response of the element is  highly 
satisfactory arid the slow d rift wa3 almost completely accounted 
for in the following way
As stated above, the bolometer came to rest behind a cooled 
metal screen for 3 seconds at the end of each cycle, and a aero 
reading taken. Now between each cycle there wu3 also a slow 
drift due to ambient temperature changes not ontirely eliminated 
by the lagging and water cooling. To account for this, fine 
lines were scratched on the negative between each of the 2 ero 
Points and the radiation scale roading measured from this lino. 
This proceeding would tend to minimise any error duo to the slow



m i l l i v o l t s
BOLOMETER RESPONSE - HIGHEST SENSITIVITY

Figuro 42.
The bolometer response to black body radiation.

Figuro 4b,
The bolometer rosponsc at high radiation intensities.



wanning up of the bolometer case while the element was receiving 

radiation.
Calibration of the Bolometer

The calibration of the bolometer wa3 very similar to the 
calibration of the thermopile described in the appendix to the 
paper work. The absolute sensitivity was found at low radiant 
intensities using a black body furnace and the relative 
sensitivity at high intensity using non black sources.

The apparatus for the black body calibration was the same 
as that used in Figure 11 except that in this case a special 
slide was constructed to move the bolometer backwards and forwards. 
The results are shown in Tabke 15 and Figure 42. The bolometer 
was used at its  highest sensitivity, i .e .  with a load resistance 
of 18.850 dims.
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TABLE 15
Black Body Calibration of Bolometer

M illivolts Radiation 
Inten si ty

Black Body 
Temperature 
_ (bK) ........  .

Distance from 
Aperture 
(cms.)

0.98 30.14 1240 1.2
1.68 53.27 1387 10.3
2.0 5 64.12 1387 9.3

2. 21 59.40 1451 11.7

2.60 71.12 1451 10.7

2.74 78.65 1367 8.3

3. 48 86.84 1451 9.7

4.36 98.74 1387 8.3
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The above figures were obtained at different temperatures of 
the black body furnace at different distances from its  aperture 
and i t  was apparent that the bolometer response did not vary 
linearly with radiation.
Calibration usln;;; the 600 watt E lectrical Elements

Two separate experiments were performed to determine the 
rosponso/incident radiation relationship at the higher intensities 
of radiation using the lowest sensitivity of the instrument.
Firstly three bars only of the seven bars radiator woro connected 
and the bolometer adjusted vertically beneath them along the 
mid normal. After allowing the radiator to warm up and reach 
equilibrium, readings were talc en of the bolometer response at 
different distances under the radiator and the aomo shape factor 
as was used for the original throe bar radiator was used to 
calculate the approximate radiation intensity at each distance.

In the second experiment a single 600 watt element was 
supported in a vertical position and bolometer placed at 
different distances along the horizontal mid normal to the bar.

The variation of intensity with distance was calculated 
using the shape factor for a singlo bar determined in the Appendix 
to Part I in a similar way to that used for tho throo bar radiator.

In both cases i t  was found that the variation of rosponse
0 705with intensity could be represented by the expression I = kv * 

where I is  the radiation intensity and V is the voltage 
developed. This is  not a dimensionally correct relationship but
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represents the best curve which can be drawn through the 
experimental points.

Now the value of K determines the sensitivity of the
instrument which was determined at low intensities by the black
body calibration described above. Even at these low intensities
the experimental points fitted  quite well on to the curve

0 795represented by I = KV , and using the logarithmic mean of
the black body radiation and corresponding voltages,
viz 64.42 B.Th.U/sq.ft./hr = 2.31 m illivolta, i t  is  possible
to calculate a value for K at the relevant sensitivity of the
bolometer range. For the lowest sensitivity range corresponding
to a load resistance of 590 ohms, wo have

2.31 m illivolts = 2.31 x 590 x 1.025
18.850

(18.850 load resistance)
= 0.074 m illivolts

(load resistance = 590 ohms ) 
which on the 590 ohms range gives

I = 511 V 0 .795

The experimental points using the radiator elements are given in 
Table 16 and plotted in Figure 42. In the graph a smooth line 
corresponding to the calculated curve has been drawn through the 
experimental points.

Now In the normal experiments on burning wood, the most
suitable sensitivity was found to be that using a bolometer load 
bosiatanco of 2980 ohm3. which corresponds to K = 140.8, and 
substituting this in the m illivoltago - radiation relationship
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TABLE 1Ô

Radiation
Intensity
(B .Th.U ./sq.ft,/hr.) 
2480 
20 00 

1940 
1680 
1410 
1360 
1390 
970 
750 
700 
460 

2680 
1750 
1310 
900 
615

M illivolts

7.35

5.57
5.33

4.13
3.53 
3.81 
2.71 
2.21

1.53
1.40 
0.76 
7.62 
4.50 
3.00 
1.96
1.41 
0.76

Type of 
Radiator

Three Bar
ff
It

II

II

tl
II
II
It
It

I»

Single Element
»I
II
II
It
If376
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the sensitivity of the bolometer during the experimental work 
was obtained.
The Calculatlon of the Radiation received by Wood from the Radiator

The radiation intensities at the wooden surface varied 
between 1,000 and 3,000 B.Th.U/3q.ft./hr. It was d ifficu lt  to
measure the radiation intensity directly as it  would involve 
bringing the bolometer to within 25 cms. of the radiator in some 
cases. Consequently the ends of the arms supporting the 
bolometer would have been within 10 - 12 eras, from the radiator, 
with subsequent damage to the rubber tubing and heating of the 
water supply. The variation of radiant intensity with distance 
beneath the radiator was theroforo calculated and the radiation 
intensity measured at a convenient distance away from the 
radiator at the end of each experiment as described above.

The radiant intensity at any distance from the radiator 
could thus be deduced. A calculation such as shown in the 
Appendix to Part I, is  somewhat lengthy and the result could have 
been arrived at much quicker i f  i t  had been possible to take the 
aroa of the radiator as a plane surface. The radiation from such 
a rectangular area to a point on its  abnormal is  given

1
sin

1

whereas The Stefan Boltzmann Constant 
9 1 is  the temperature of tho plane aroa
(? 2 is  the temperature of the surroundings
A is  a small area receiving tho radiation



is  the ratio of half of one side to the distance 
separating A1 and the plane

L is  the ratio of half of the other side to the 
2

distance separating A1 and the plane.
Now i f  wq assume the plane to be situated along the radiator 
backing, the variation of radiation with distance is easily 
calculated. The dimensions of the radiator were token to bo 

13.8 x 6.0 cma. and the shape factor found at sovorol distances 
from the radiator. Table 17 shows the results. The radiant 
intensity at 25 cm3, has been made equal to the intensity 
previously calculated at that distance in the Appendix to Part I.

TABLE 17

Radiation Distance from Radiator 
Intensity backing

_________________________ ( ana.)________

90

5640 10
4300 12
2960 15
1778 20
1175 25
823 30
475 40
305 50
216 60



Figure 44.
Calculated radiation intensity from the three bar

radiator.

Figure 45.
Integration over the hemispherical surface.



SI

These results are plotted in Figure 44 together with the 
more exact results previously calculated. The maximum difference 
is less than and so any similar calculations making similar 
assumptions about the square radiator should be in error by less 
than this amount, for thia radiator has a more nearly plane 
surface relative to its  overall dimensions. This was considered 
to be accurate enough for the present purpose and a similar 
calculation was made for a radiator of dimensions 14.0 x 14.0 ins. 
square, the results being shown in Table 18.

TABLE 16

Distance from Radiation
Radiator
Backing (Arbitrary Units
( cms. )______________________________

10 8000
11 7250
12 6320
15 4570
30 2820
25 1901
30 1360
40 794
45 631
50 515
55 427
60 362
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HoQBuromoft of Extraneous Radiation received by Bolometer

At each position of the radiator and bolometer the latter 
was receiving a certain amount of radiation which was reflected 
and emitted from the surroundings. This radiation had to bo 
subtracted from the total amount of radiation fa lling on the 
hemisphere over which the radiation integration was carried out. 
This extraneous radiation was measured directly for different 
distances of the radiator from the wood by substituting a water 
cooled copper screen, the same else as the original piece of 
wood, in tno position occupied by the wood. In this caao of 
course, no thermocouple readings woro taken. The copper surface 
was blackened by several layora of camphor soot and assumed to 
have a nogllgablo re flectiv ity . Tho procedure followed in the 
burning o f tho wood was repeated, with the above modifications, 
and the radiation received by the bolometer at various positions 
recorded. This was found to be practically constant over the 
period of an experiment as was to be expected, as the temperature 
of tho apparatus should have reached equilibrium before an 
experiment commenced. In some respocts, tho summation of this 
radiation is  very similar to the integration of the radiation 
output of tho burning wood, and the calculation will bo described 
hero as an introduction to the la tter.

From the cathode ray trace tho bolometer readings at 
approximately lino second intervals woro read o f f ,  and in order 
to bo able to integrato these readings over the surface of the
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hemisphere, it  was necessary to know the bolometer reading 
corresponding to different angles of the bolometer to the wood, 
and hence i t  was necessary to know this angular variation with 
time. This variation is  measured directly for each of the 
bolometer cycles before the experiment. Now the time at which 
the bolometer becomes exposed to radiation which corresponds to 
an angle of 5°, and also the time at which the bolometer drops 
behind a metul screen corresponding to an angle previously noted, 
can be seen from the C.R. trace. Bearing in mind that the 
variation of bolometer position with time is  known, the 
reading of the bolometer at any angle to the water cooled 
screen can be deduced. These readings at nine different angles 
to the wood were then converted to absolute units by the 
calibration chart, and this reading could in theory be subtracted 
from each corresponding reading of the- bolometer during the 
burning of the wood. In practice, however, i t  was found easier 
to integrate the extraneous radiation readings over the ontiro 
hemisphere and subtract this total of extraneous radiation from 
the total of extraneous and "relevant" radiation measured during 
a burning experiment. Here the "relevant" radiation signifies 
that which arises from the burning wood.

The interpretation of the extraneous radiation is carried 
out as follows : -
The reading of the bolometer at ur angle jy to the mid-normal of 
the wood is  said to be the radiation per unit area falling on a 
strip of the hemisphere in the form of a ring parallel to the
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surface o f the wood and of radius r sin \j) , where r is the 
radius o f the hemisphere swept out by the bolometer, Figure 45. 
The total radiation falling on a strip of width ds is  thus 
I x 2 II r sin^ds. Where I is  the intensity of the incident
radiation which becomes 1.2II r2 s in ^ d ^  on converting to a 
form suitable for integration. If now 1.2 ^ r2 sin P is  
plotted against Ip , the area under the curve represents the 
total radiation fa lling on the hemisphere in unit time. The 
following is  a calculation of the extraneous radiation 
received by the bolometer with the radiator at a distance of 
24.0 cms. from the wood#

Intensity of radiation at the position normally occupied 
by the wood = 2,700 B.Th. LJ./sq.ft./hi?.

TABLE 19

Bolometer Anglo to 
Mid-normal of Wood 

(Radians)
" Bolometer ’

Reading
(B .Th.U ./sq.ft./hr.

Radiation/unit 
falling on the 
Circular Strip

0.262 125 33.1
0.436 117 50.5
0.611 133 78.0
0.785 133 96.2
0.960 133 111.6

1. 135 143 132.4
1.300 180 177.6
1.484 230 234.2



Figuro 4ô.
Cathode ray trace of the extaneous radiation.

(fi RADIANS

Figure 47.
The extraneous radiation as a function of the bolometer

angle.
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A reproduction o f one cycle of the bolometer is  shown in
Figure 46 and the plot of radiation/unit angle versus the angle
of the bolometer in Figure 47. The area under this ciirve
between = 0 and Jg_ is  equivalent to 152 B.Th.tJ./hr. This

2
figure multiplied by the burning time has to be subtracted from 
the total radiation output registered by the thermopile in a 
burning experiment in order to obtain the radiation emitted from 
the wood and flame alone..

With the radiator 28.4 cma. from the position of the wood 
corresponding to a radiation intensity c f 20 80 B .Th.(j/aq.ft./hr 
at this position, the extraneous radiation was found to be 
102 B.Th.lJ./hr. whilst with the radiator 34 cms. from the wooden 
surface, corresponding to 1350 B.Th.U./sq.ft./'hr. the extraneous 
radiation was 30 B.Th.O./hr.
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The f i n id calculation c f  the heat transfer£. jtokInf, p lace
as the wood l a burnt

Heat l ost as R̂adiation
The radiation measured by the bolometer originates in 

three different ways. Firstly there is the extraneous 
radiation, whose measurement was discussed above.
Secondly there is  the radiation reflected and emitted from 
the hot wcodon surface, and thirdly there is  the radiation 
emitted by the burning gases on and above the surface of 
the wood. It is  d ifficu lt  to separate 2 and 3 because the 
surface of the wood is  not at a uniform temperature, and it  is  
important to recognise that the figures calculated below 
are composed of radiation from these two sources.

The integration over the hemisphere is similar in 
principal to that carried out for the extraneous radiation, 
but is  complicated by the variation with time of the intensity 
of the radiation. In brie f, i t  is  necessary to find the 
total radiation fa lling on the surface of the hemisphere at 
certain times, and then to plot these totals as a function of 
time arsd integrate the results graphically over the complete 
burning time. Alternatively, the variation of the radiation 
at certain angles o f the bolometer with time can be plotted and 
integrated in time. This gives the total radiation during the 
burning time which fa lls  on certain positions of the hemisphere



Figure 48.
The variation of radiation intensity from burning 

wood a3 measured by the bolometer.

Figure 49.
The variation of radiation intensity from burning 
wood at a constant boloaioter angle, with time.
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and these rigures when multiplied by 2 T r sin ij) ds give the 
total radiation falling on circular strip s, width ds, 
around the hemisphere parallel to the surface of the wood, 
Figure 45. These can then be integrated over the ontire 
surface of the hemisphere as before. The latter method 
was the one adopted in the present work, and an example under 
typical circumstances is  given below.
The radiant heat emitted by a Birch specimen I rradiated at 
1.770 B.Th.LT./s q .f t . /h r .  at a distance o f 38.4 cma from the 
Radiator
Time of radiation of wood = 130 secs.
Time of burning = 67 secs.
Bolometer sensitivity 92 mvs. = 17.7 scale divisions.

In this case the drum camera was opened 60 seconds before 
the wood was ignited, and the plot of the bolometer readings 
against time is  shown in Figuro':46. For convenience, the 
length of the time scale on the graph has been token at about 
2 cycles, and the 4th. cycle is  shown as though starting at 
zero time, similarly with the 7th cycle. As can be seen from 
the figure, the bolometer performed nearly 6 cycles whilst the 
camera was open. Now knowing the angular position of the 
bolometer at any time during the cycle, the bolometer reading 
for several angles was calculated, and the time at which the 
bolometer reached these angles noted. It will be seen that 
for each angle the radiation at that angle is  noted once every
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TABLE 20
m

Anglo c f  Bolometer 
to normal

__________ _____ ___________________________________________________________________________  ______ 11
oo m o Time of reading = 51 70 90 110 130

Reading on scale = 2.0 1.0 2.3 2.7 2.7
Reading in B.Tb.U. = 140 110 155 175 175

75° II 51.4 70.4 90.4 110.4 130.4
2.0 1.6 2.2 2.7 2.8
140 120 150 175 180 . -i

65° II 52.0 71.4 91.1 111.1
—

131.1
1.9 2.2 2.0 2.7 3.0
155 150 1 40 175 195

45° It 54.1 74.4 9 3.1 113.3
.......
132.2

2.o 3.1 3.0 4.0 5.1
155 200 195 255 305

35° n 56.1 76.3 05.2 155.5
, .........

135.3
3.1 3.8 4.1 5.1 6.6
200 240 260 305 375

__  ... .......

25° a 59.4 60.4 98.5 lie .o
S

138.4
3.8 4.2 4.8 6.0 8.0
240 265 290 350 445 ' jj

15P it i63.8 85.2 102.8 123.5 143.2
3.6 3.9 4.8 6.0 9.0
225 240 290 350 485



2 0 -

Figure 50.
Graphical integration of the radiation ovor a 

haul3pherical surface.

Figure 51.
Temperatures in burning birch.
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cycle and thus there are readings at 8 different times for 
every angle. Only the figures during thelast 90 secs. of 
the bolometer trace appertain to the burning time, these 
figures being tabulated below in Table 20 and shown graphically 
in Figure 49.

Now the areas under each curve shown in Figure 50 
represent the total radiation fa lling on the point occupied 
by the bolometer when at that particular angle to the wood, and in 
the same way as before the radiation falling on the circular strip 
shown in Figure 45, is  equal to 2 I f  r2 sin Cl 4  whore if) is  the 
angle between the bolometer and the wood, for i f  the width of 
this strip is  ds, it s  area is  2 If r sin 4 ds and de = r.d^ .
Now the area under the curves in Figure 49 are shown in Table 21, 
and each of these areas is  then multiplied by 2 II r sin (p as 
3hown, and the resulting figures plotted against the angle in 
radians, Figure 50. The area under this curve taken between 
0 and Jt is  equal to 5.34 B.Th.Ue., representing the total output 
of heat during the burning time. During this time the wood 
received

1770 x_67 x 6 x 5.5 = 9 . 8  B.Th.Us.
3600 *~x ■"2.54*r  x 144

as radiation from the radiator
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Calculation of heat conducted Ir.to tho body of the wood
The following method uses several approximations which may 

lead to fairly large inaccuracies, but any more accurate 
calculations would have needed much more experimental data, 
including the temperature at extra points in the wood, and as 
stated earlier, a more detailed temperature survey could not be 
attempted. The temperature time relationship during the some 
experiment as was used to illustrate the preceeing radiation 
calculation Is shown in Figure 51. This is  a typical sample of 
all the rest of experimental results and it  was found as in this 
case, that the temperature distribution in the wood was 
symmetrical within experimental error, despite the big difference 
in conductivity along and across the grain. It was found 
however, that the temperature gradients from the centre of the 
wood to the edges along the horizontal lines were quite shallow, 
i .e .  very l i t t le  heat was lost from the edges of the wood, and 
this largely explains the apparent symmetry of the temperature 
distribution.

Considering the temperature gradients from the burning 
surface to the cooled surface of the wood, there is  no doubt that 
at the times when the wood is  f ir s t  exposed to radiation, and 
later at the instant when flames reach a point on the surface 
of the wood, the corresponding temperature gradients depart 
very far from linearity. The most important readings in these 
experiments however, are taken when equilibrium temperatures are
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TABLE 21

Area under curve Radiation falling
in on

B.Th.Us./sq.ft. Cricular strip 
in

B.Th* Us.
Radians

0.792 0. 210 0.262
0.834 0.360 0.436
0.741 0.435 0.611
0.602 0.435 0.765
0.419 0.368 1.135
0.396 0.391 1.309
0.393 0.400 1.484

more nearly attained, that is , at the instant before the wood 
is  ignited, and later after the wood has been ignited for 
approximately 90 seconds. Those considerations are of 
importance in deducing the temperature gradient through the 
wood from the throe or four exp crimental points available, for 
in e ffect, a largo amount o f interpolation and extrapolation 
between points id necessary. In particular, the extrapolation 
to the hot surface is  normally one of considerable uncertainty 
in all problems of this nature, and, as a fir s t  step i t  was 
decided to calculate the theoretical temperature distribution 
under conditions similar to those obtaining during the burning 
time. In this connection the paper by Bumford previously 
referred to, was of particular importance, and its  main features
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will now be discussed. This Paper is partly concerned with 
the solution of the normal d iffu siv ity equation alone, but the 
major part discusses the solution of the latter, to which had 
been added a function representing the change in temperature 
at a point in the wood caused by an exothermic reaction taking 
place at that point. The equation solved by Bamford and his 
collaborators is

k d1* 9 - q dw = c P d t)
rlv̂  dt dT

where - _dw = k w e ' and
dt

w (x ,t) is  the weight of the volatile  products per c .c . of wood, 
q is  the heat liberated at constant pressure per gnu of volatile 
products evolved, whilst k is  the velocity constant and E the 
activation of the reaction.

Now as described before, the diffusivity equation can be
replaced by a set of simultaneous equations by means of fin ite
difference ratios and Taylor' Theorem. The term - q clw

dt
represents the rate of change in temperature at x and t caused 
by a reaction taking place where rate of the reaction is  
influenced by and w.

On introducing dimensionless units of length and time
F = x and T  = k t, the equations become

1 l2  c f

d &  =  d ^ 0 -  q dw
T r  Tp f j r  gf



and dw
dT

= - 1

10 3

c P k
- E

w e TTÌ5
K

Replacing the time and length derivatives by fin ite  difference
ratios and substituting for dw in the some way.

d t
the tetoperatures at the points m-l> m, m + 1, in the wood at

times T and T+ 1* = 1  become
& ' m - $ m =  M  0 (0 m-1+0 m-l)-2 (£ra+ 0 m )  - (0**1 t0nn-l )

2T3f )2 ( w m - wm)
where m - 1, m and m 4-̂ 1 are separated by a small distance,
For each step in the integration ( w’m - wm) is  calculated from

% = Xvfa -2E
where X = exn • ("l*1 cP k &l e R (din* -f m) )

(------ ÎT )
This function is  arrived at by integrating

o - E
dw
elf

= -1 w e R0
K

between Y  and ”T + i  'T
No?; for the case o f a slab o f material heated on one side and 
with the other side following a known variation of temperature 
with time, the boundary conditions become

* = constant for o < f  K 1,1 = 0
w = w0 for o { 1, i  = 0
-K d û  = H (B ) t o r C = o*‘ /> o

1 d f
A

f"
AÊ. = t (T  ) for Ç = i#T>o

In the present case i t  was most important to know the 
tomperuturo attribution  In the area oloaest to tho burning f n00



and a depth of wood of 0.6 cms. from the burning face was 
considered. At the instant that heat is  applied to the upper 
surface of the wood, the temperature gradients are in fin ite  and 
this condition would introduce large errors into the fin ite  step 
integration. Consequently a more rigid solution of the equations 
was used for the fir s t  sixty seconds exposure of the wood to 
radiation. The equation used gives the variation o f temperature 
with time and position in a semi-infinite slab. That is , in a 
slab of in fin ite  extent in length and breadth and of such a depth 
that heat dies not reach the back surfaco during the time of the 
calculation when the slab is  subjected to heat transfor at the 
front surface. The form of the latter as a function of surface 
temperature is

and the oquation giving temperature difference from the original

d 0 = -  k  $ for|° = 0 , j y  0

1 = 0 1  
1 ? ( ?

- a *  ( l - o erfc

The various constants used were as follows -
depth of block S.4 nuns

conductivity across grain = 0.0003704 c .g .s . units
average specific heat 
density

= 0.33 col/gma. 
= 0.66 gms/c.c.

Now heat lost due to convection and radiation from wooden surface
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Figure 52.
Temperature gradients in wood heated by radiation.

Figure 55.
Temperature gradients in burning birch.



was taken to be
Q, = 0.81 (^s - 9  a) • 1.78H ( #a ) 4 -  ( 6  a ) 4

( 100 ) ( 100)

whore = surface temperature of block )
)

d r. -  air temperature ) in °K.
)

E 1b emissivity of wooden surfaco )
The emisoivity o f the wooden surface was taken to bo 0.85 which is 
the figure usually adopted for a planed wooden surface of this 
nature. This leads to values of and j3 of

= 820 
(b =2.60

Now iromf  = K_ t 7  = 0.000263t
l 2 °/>

and hence 60 secs after exposure to radiation the surfaco temper
ature ( f  = 0) is  given by

= 315 ( 1 - o2,62 x 0 *0158 orfc 2.60 0.0158)
= 89° c.

The temperature distribution in the wood at the same time is 
similarly calculated as shown in Figure 52 and Table 22.

The experimental points 0.1, 0.5 and 1.0 cms. from the front 
surface of the wood are also shown in Figure 52 togethwr with the 
theoretical temperature distribution calculated, assuming a 
spoeific heat of 0.6 and with the heat transfer coefficient 
adjusted to give approximately the same surface temperature. It 
will besoen that the difference in curvature caused by the 
alteration of the specific heat is  very noticeable and supports 
the contention expressed above, that such curves could be used



to find the diffusivity of wood and similar materials.
TABLE 22

Distance from 
Front Surface 

(aas).........

Temperature

. _____ (°o) . .
0 107
0.12 80
0.24 60
0.48 34
0.72 24
0.96 19

The agreement between theoretical and practical points calculated 
is  considered to be satisfactory, as the heat transfer coefficients 
are not known accurately. The convection losses are probably 
much higher than those taken above, calculated on the basis of 
natural convection.

The temperature distribution determined was now used to 
extend the range of the calculation, f ir s t  of all to the time 
corresponding to the moment of ignition of the wood, and then 
later for a period corresponding to the burning time.

The wood was assumed to be subject to the same intensity 
o f radiation as before and the heat transfer coefficient at the 
upper surface could now bo tabulated as a function of the surface 
temperature. Only the f ir s t  8 nuns, dopth of the wood was examined 
and the eight steps in^ in the integration were thus equivalent 
to 1 mm. intervals.
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Now from f = K t as 1 = 0.8

t  -  0.00 2922 t 
Whence asSf = 1 and i f

t = 6 . 6  seconds
Mow knowing the heat transfer coefficient at the hot surface the 
boundary condition at that surface is  new given by

The other boundary condition at 8 suns, depth in the wood was 
assumed to be the temperature estimated from the practical points 
obtained in the burning of the piece of wood under discussion.

It was also found that the temperature did nibt riao high 
enough to cause appreciable decomposition of the wood and 
consequently the tern involving this function was omitted. The 
step by step integration is  tabulated below, Table 23. The fir s t  
row of figures are the ones calculated above for t = 60 seconds* 
Subsequent figures are f ir s t  estimated and then altered f ir s t  of 
all to f i t  the boundary conditions at the hot surface mentioned 
and than to f i t  the equation

0 *m (P,m-l+'£? ffi-1 +$  *m +l-ff,mfl) as described in the 
section on physical constants. The temperature at f  = 1  
l . e .  8 nuns, depth in the wood was substituted directly in the 
table from the practical point. Although the method is somewhat 
tedious, i t  was found to be quite satisfactory and large

B 0 =  *  + 1
8 k 2

" iL tv/1o “ w0}2c f
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cumulative orror3 did not appear to rise. The results are 
tabulated in degrees Kelvin as this is the most convenient 
fora to find the heat evolved by reactions taking placo.

TABLE 33

Tabulated in °Kelvln

Time
(secs.) H a ~ 

(£o_L_io)
( 2 ) 

C.G.S.units d 0 0
1 ^3 ^4 fr 5

^
 

!

*7 06

6.0 360 357 338 324 313 305 301 207 294
66.6 0 .0750 382 361 342 327 316 308 302 298 205
73.2 0.0740 364 364 346 331 319 310 304 299 295
79,8 0 .0729 388 367 349 334 322 313 306 300 295
86.4 0.0695 390 370 352 337 325 316 308 301 296
93.0 0.0685 392 37 2 354 340 328 318 309 302 296
99.6 0 .0680 393 374 357 343 330 319 311 30 3 296

106.2 0.0663 395 376 360 345 332 321 312 304 297
114.8 0.0650 397 379 362 347 334 323 313 305 298
l a o . o 390 381 364 349 336 324 314 306 298
% extrapolation) 
temp .gradi ant °c = 126 108 91 76 63 51 41 33 25

At thi3 instant the wood was assumed to have been ignited and 
i t  was found that a heat transfer coefficient corresponding to a 
Radiation intensity o f 5640 B.Th.CJ./sq.ft./hr. gave temperatures 
which rose at a somewhat greater rate than those actually 
measured in the wood. The theoretical temperatures were calculated 
da above and again i t  was found that the temperatures attained
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were not sufficient to start an appreciable reaction.
The average values of the reaction constants using specimens 

of deal heated by coal gas flames were determined by Bamford as
k = 5.3 x 106
E = 33.160 cals.

Q. = 86 cals.
Using these values in the present calculation i t  is found

that a-preciable reaction does not take place until about 570°K.
This corresponds to the highest surface temperature to be
calculated as described below and suggests that only a small
amount o f exothermic reaction in the body of the wood has taken
place at the burning surface although of course, the burning
volatiles have given up appreciable quantities of heat. The
condition o f the burnt surface as examined after burning does
indeed suggest that the depth of complete charring is  alight,
usually 1 ess than 1 mm, although this is  underlayed by a layer

a
of discoloured material to/depth of 2 * 3 mm. It seems 
likely that over the last mm of charred surface there will be 
a rise in thermal gradient because of the decrease of conductivity 
of the char. This decrease appears to be between 10 to 50 per 
cent of the conductivity of the unbumt specimen 3 and so by this 
amount the temperature drop over the last mm of wood may be 
greater than that calculated, ignoring this char, mailing the 
surface temperature in error by some twenty degrees centigrade. 
This, however, only affects the average temperature rise In the
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wood by one or two par cent and coupled with the decrease in 
density of wood on forming charcoal, should not affect the 
calculation of the heat stored in the wood by more than that 
amount. The results of the calculation using the increased 
heat transfer coefficient are given below in Table 24

TABLE 24

Time
(secs.) H .

( &0+ PQ)
2 0 1 2 3 4 5 6 7 8

120 699 381 364 349 336 324 314 306 298
126.6 0.287 480 404 372 353 338 326 316 307 299
166.2 0.243 494 434 388 361 342 328 318 308 299
169.8 0.232 513 450 404 370 347 332 319 309 300
146.4 0.217 522 464 416 381 355 336 322 311 301
153.0 0.207 533 474 428 391 362 341 325 313 303
159.6 0.195 540 485 437 399 369 346 329 315 306
166.2 0.190 545 49 3 446 407 376 352 333 318 304
177.8 0.182 551 499 454 415 383 357 337 320 305
179.4 0.175 557 506 461 422 389 363 341 322 306
186.0 0.168 560 511 467 428 396 368 344 325 309
292.6 0.165 564 516 47 2 434 401 372 348 328 311
199.2 0.160 566 520 477 439 405 377 352 331 312
205.8 0.155 570 524 482 443 410 381 356 333 313



Figure 54.
Temperature gradients used to find the heat content 

of a birch specimen.

ft ADOIS-CMS

Figure 55.
Summation of tho heat conducted into a birch specimen.
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The temperature gradients thus calculated at t = 120 and 
306 seconds, were plotted in Figure 53, and the points actually 
measured included on the same graph. The curves were very smooth 
and i t  would appear that extrapolation and interpolation could be 
carried out with very l i t t l e  loss in accuracy. The straight 
portion of the lower temperature of the theoretical curves are 
no doubt due to the boundary temperatures being taken too low 
corresponding to a rather greater heat transfer at the 6 min. 
boundary than would normally take place into a further thickness 
of wood.

As a result of the above calculations i t  was decided to 
determine the heat conducted into the wood in the following ways- 
From Figure 51 a plot of the temperature at the nine positions 
in the wood against time, the temperature gradients from the 
front to the back of the wood at three points were p lotted :- 
(a) at the instant of ignition of the wood and (b) at the instant 
o f extinction of the flame. The three points mentioned were the 
threo positions of the thermocouples along a diagonal of the wood, 
i .e .  at the ccntro, throe cms. and six cms. along the diagonal. 
These curves are s&own in Figure 54.

Now considering a cube o f wood of sides dx, dy and dz, the 
heat required to raise the temperature of the cube by a small 
amount

q = c f  dx. dy. dz.



where c = specific heat 
and f  -  density
and the hoat required to raise it  from 0 to is

q = cp dx dy dz assuming a constant specific heat«
Now considering a atrip of wood, sides dy, dz and x, the heat 
content of this strip is

q' = dydz ( c $ dx
° J a

where c is  a function of and 9 and v is  a function of x.
Now for the moment assuming c to be constant, i f  we know as a

x t
function of x then I dx can be found in the usual manner by

o L
graphical integration. The result of this integration then 
provides an average value of t )  which in turn decides the specific 
heat to bo taken in calculation.

Now considering Figure 55, it  was found that curve 1 was 
representative of the temperature at all points in the block 
within a radius of 6.5 Cms..

The area under this curve represents the hoat contained 
in a strip of unit area cross section, through the wood. Now 
the area under the curves 2, 3 and 4 represent the hoat in similar 
strips situated at their respective positions in the block.
The difference in area between curves 1 and 2, 1 and 3 and 1 and 
4, thus glvos the heat input during the burning time and these areas 
were measured as usual with a planimetar. Assuming as before, 
a symmetrical distribution of heat, the hoat contained In a 
ring of radius r, width dr and depth, the fu ll depth of the 
block is  then 2. ¥ r Q dr whore Q is  the hoat content of a atrip

112
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of unit cross sectional area through the block r cms. from 
the centre. Now as the radius at the centre position is zero, 
i t  is  necessary to find the heat contained in a ring of wood 
of some small fin ite  radius in order to u tilise  the figures at 
the centre position. This was done for a radius of 1.5 cmo. 
by extrapolation between the figure found for the area at 
the centre position and that at the 3 cm. position. The 
figures found in this way from Figure 54 are shown in Table 25 
and Figure 55. I f now these figures giving the number of 
cols./cms. at three radii are plotted against the radii, the 
final area taken between 0 arid 6.5 cms. gives the rise in 
heat content in a cylinder of that radius at the centre of the 
block. It is  here assumed that no heat from the burning wood 
penetrates outside that cylinder. The temperature?obtained 
during the experiments support this view, any temperaturo 
rise outside the cylinder underneath the burning zone being 
only that which would be expected to arise from the radiation of 
heat from the radiator. The figure finally arrived at from 
tho integration under the curve shown in Figure 55 was, in this 
case 3.57 B.Th.U.s..
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TABLE 25

Heat conducted into a Birch
Intensity

Specimen burning under a Radiation 
of 1770 B .T h .0 ./sq .ft./h r.

Area under Curve Area under Curves Specific
No. 1 No. ( C x C.ms.) Heats

(°C x C.ms.)
2 163

86.0 3 125 0.316
4 111 0.314

°C x Cm at = 1 . 5 = 145 0.320

The drop in Calorific Value of the Birch Specimen under Radiation
Intensity of 1770 B. T h.U ./sq.ft./hr.

This calculation has been described above (Page 59) and only
a brie f account will be given here.

Weight of char scraped o ff  block = 2.925 grams.
Calorific value of char = 4940 cals./gram

.. Total ca lorific  value of the material scraped o ff the 
surface. m u)

Weight of wax impression of the cavity in the surfaco of the 
wood formed by burning and then scraping o ff  the char = 6.94 grama 

Density of wood = 0,66 grams/cc.
Density of wax ~ 0.906 grams/cc.

• . Weight o f unbumt wood originally occupying the cavity
5.06 grama



115

Calorific value of unburnt v/cod = 4710 cal a per gram 
.. Total ca lorific  value of materials scraped and burnt o ff  the 
surface of the block = 2.5650 cals.
Now the ca lorific  value lost during burning is  thu3 the 
difference between the ca lorific  value of the material scraped 
and burnt o ff  the surface <bf the block and the ca lorific  value 
of the material scraped o ff  the block which equals in this 
case 9440 cals.

= 37.47 B.Th.U's.
It is  convenient hero to summarise the results already 

obtained and to discuss the desirability of further calculations.
Considering the piece of wood just discussed, two quantities 

of heat released during its  burning time have been calculated# 
First the total amount of radiation falling upon a hemisphere 
of the same radius as the arc swept out by the bolometer arm. 
Secondly the increase in heat content of a cylinder of wood 
over which burning has taken place. This amount of heat is  
largely due to the burning of volatiles on the surface of the 
wood, but some no doubt, arises from the radiator, and yet 
another quantity is  probably due to some oxothermic roaction 
talcing place In the wood near the surface. The total amount 
of heat arising from the destruction of ithe wood is  volatiles 
and char is  also known. Taking into account the extraneous 
radiation arising from the surroundings, it  Is now possible 
to summarise the known and unknown quantities in the heat
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balance as follows:-
To till heat, input during the burning time 1b: -
Q, = The total radiation falling on a central disc of woodK

of radius 6.5 cms. during the time of bunding, plus 
Qyy = The heat evolved as a result o f the decomposition of 

the wood.
The quantities of heat transferred during the experiment which 
are known are t -  

( 1 ) %
(2) Qw

(3) The total radiation falling on the hemisphere formed 

by the rotation of the arc swept out by the bolometer.
(4) The rise in heat content of a cylinder of wood situated 

centrally in the wood underneath the burning zone.
Considering each of these quantities in turn, paying attention to 
their origin and final distribution, i t  is  known that the quantity 
Qr is  divided at the wooden ourfaco in such a way that a certain 
quantity is  reflected and the rest is  absorbed into the body o f the 
wood. The proportion of each of these figures to the whole is  
given by the re flectiv ity  of the wood which is  about 0.15 to 9.10, 
for the wood, and somewhat less for the charcoal surface.

Of the quantity a certain proportion la emitted as radiation 
by the flame. Some of this radiation roaches tho bolometer, 
some is  absorbed and reflected by the wood, whilst some is  lost by 

convection in the hot burnt gases and surrounding air.

Tho root is  evolved In the body o f tho wood os on «othenm 0



117

reaction which raises the temperature of the surrounding wood arid 

char.
In the calculation o f the radiation fa lling on the hemisphere 

surrounding the burning surface i t  was assumed that the radiation 
fa lling on the arc swept out by the thermopile was representative 
of the radiation at similar positions over the hemisphere.

This assumption is  not strictly  correct. First, with regard 
to the extraneous radiation from the surroundings, this quantity 
is  not likely to be absolutely symmetrical about the centre of the 
wood, because o f the unsymmetrical nature o f the surroundings. 
However, as the total quantity of extraneous radiation is  not 
required, the figures for this radiation obtained over the arc 
swept out by the bolometer, could have been subtracted from each 
reading token during a burning experiment before integration and 
in this way the unsymmetrical component eliminated. Nevertheless 
as stated before, the same final result can be achieved by 
integrating both the extraneous and "relevant" radiation together 
and later subtracting the integrated extraneous radiation. 
r This can bo simply expressed mathematically by

JJ  Q i Q M  dt -  ] J Qdi? - dt t j j  Q1 . dt? - dt
O *

where Q and are the relevant and extraneous radiations.
Now in the figures previously taken as "relevant" there is  

another unsymmetrical component, namely the radiation arising from 
the wood as a result of the radiation fa lling on i t  from the 
radiator. Because of the square shape of the wooden surface the
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radiation received by the bolometer will not be representative 
of the radiation over the rest of the hemisphere, but only of that 
received at similar positions opposite the mid point of each 
edge of the wood. The radiation from this source at the start 
of the burning time is  known however, from the preliminary 
readings of the bolometer but its  assessment over the burning 
time is  complicated by its  changing intensity with time.
I f  i t  could be assumed constant with time, the difference between 
the readings registered before burning commenced and the later 
readings obviously would give the radiation duo only to the 
burning of the wood. The surface temperature of the unbumt 
wood was however, found to vary over the burning time by the 
methods previously outlined. In the case of a radiation 
intensity of 1770 B .Th.U ./sq.ft./hr. this rise in temperature 
was about 14°c. over the period of a minute.

This corresponds to a rise of from two to three per cent 
of the total radiation output before burning* The latter la 
also composed of radiation from the surrounding, and about 15$ 
of reflected radiation from the wood, these two quantities 
remaining almost constant during the time of burning.

Now the bolometer readings were noted before the start of 
each experiment and these readings were used to differentiate 
between the radiation output from the wood during burning and 
the radiation arising from the hot unburnt surface. This was 
done simply in each experiment by extrapolating the original
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bolometer readings over the whole time of burning as shown in 
Figure 49. The area between this line and the curve for 
the corresponding angle then gives the increase in radiation 
intensity during the time of burning at that tingle. The figures 
for each of the angles can then be integrated over the whole 
hemisphere in the usual way and the total increase in radiation 
found. This figure con be regarded as arising almost entirely 
as a result of the burning of the wood, although of course, the 
amount of radiation evolved in the burning is  influenced by the 
previous heat treatment of the specimen. This procedure was 
followed in evaluating the heat lost as radiation as a result 
of the burning of the wood.

The rise in heat content of the cylinder of wood considered 
before, is  similarly considered to be partly a result of the heat 
liberated by the burning wood and partly due to radiation absorbed 
from the radiator. The latter figure is easily obtained i f  one 
assumes a figure for the absorptivity of the burning and unbumt 
wooden surface and also that a negligable amount of heat flows 
out of the cylinder to the outer edge of the wood and through the 
back face.

From the literature the best approximation would seem to be 
about 85$ for the wood and 90$ for the char, and as the area of 
the charred wood is  approximately proportional to the square of 
time, the heat average figure is  87$, From the variations in 
the range of figures quoted by Summeregillfc for the relative



120

re flectiv ities  of pine, gurjon, oak and birch, it  would seem 
that a maximum variation of 4% would cover possible error.

Considering the heat lost by conduction into the edges 
of the wood, the tonperature gradient across the wood seems to 
be negligable, even considering the larger conductivity across 
the grain. Similarly, the heat lost from the back face 
where temperature remains very nearly constant in all the 
experiments can be ignored.

The heat absorbed by the wood from the radiator is 
calculated in this way below, using the same example as in the 
above radiation calculations.
Intensity of incident radiation = 1770 B .Th.U ./sq.ft./hr.

2Area considered = (6.5) sq.cms. = 0.1428 sq. f t .
Average absorptivity = 0.87
Time of radiation = 87 seconds.
.. Total radiation absorbed = 5.31 B.Th.O's.

From the above calculations it  will now be seen that the 
distribution of the heat evolved during the burning of a piece of 
timber under a given radiation is  now known in the form of
(1) Heat radiated by the hot wood and flame
(2)  Heat conducted into the body of the wood
(3) By subtraction of (1) and (2) from the total loss in 

ca lor ific  value o f the wood, we know the proportion of 
heat lost as convection, that is , in the form of hot gases. 
Some of the heat contained in these gases will be further



121

radiated outside the hemisphere over which radiation has 
been measured but most of their heat will pass along the 
flow stream of the gases being dissipated at some distance 
from the burning zone in a way which will depend on the nature 
of the surroundings.

The above classification  of the various heat losses is 
sufficient for many calculations, but in some cases i t  Is 
desirable to subdivide the radiation terms in to :- 
(al The radiation emitted by the flame
(b) The radiation emitted by the hot surface of the wood.

As previously stated (a) cannot be calculated with a 
reasonable degree of accuracy. Nearly all calculations of 
total radiation from flames involve many assumptions regarding 
the shape, temperature, and composition and oven under most 
rigorous experimental conditions, there is  s t i l l  some doubt as 
to the accuracy with which the composition of the flame is known.

The calculation of (b) is  also inaccurate, again because of 
the uncertainty o f the emisslvlty of the surface and even more 
so, of the value of the surface temperature. Moreover the 
radiation from the surface depends on the fourth power of the 
surface temperature, thus magnifying any error in the latter.

The calculation was carried out however, for the present 
case in order to provide some basis for the solution of any 
problem which may demand a separation o f (a) and (b ).
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The Radiation emitted by the hot Wooden Surface
The surface temperature during the burning time were found 

for the central position of the block at about six different 
times by extrapolation of the intomal block temperature 
gradients. These temperatures were then tali an to approximate 
to the average surface temperatures of the burning wood. 
Considering the low density of the charcoal and it3 decreased 
conductivity this approximation is  probably the best one to 
make from the available results.

The area of the burning surface at any time was then found 
from the known rate of sproad of flame and thus, knowing the area, 
temperature and omissivity of the surface, its  radiation output 
can be calculated at the various times that the surface 
temperatures are known. Thus the total radiation Q from a 
plane area A at a temperature Pis given by

Q = ^  E A B 4
where S is  the emissivity of the surface 
and the Stefan Eoltxman Constant.
The figures found in this way for a piece of birch burning under 
a supporting radiation intensity o f 1770 B .Th.U ./eq,ft./hr. are 
given below, Table 26. These figures can now be graphically 
integrated over the time of burning, leading to a figure of 
0.68 B.Th.U’ o. in the present case.
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TABLE 26

Surface
Temperature

(°c .)

Time measured 
from the start 
of burning 

(secs.}

Area of 
burnt 
surface 
(s q .ft .)  .

Radiation
Output
(B.Th.U./hr.)

120 0 0.000 0

150 10 0.00061 0.5
175 20 0.00 34 2.3
190 30 0.0076 5.6
300 40 0.0136 11.2

230 50 0 .0212 22.1
245 60 0.0 30 5 36
290 87 0.0641 10 4



124

E xp a  r i m  e n t a l  C o n d i t i o n  b

The effects of the following variables were measured
(a) The intensity of supporting radiation
(b) The time of pro-radiation of the wood
(c) The moisture content.

The radiation intensity was altered by adjusting the 
height of the radiator above the wood and measurements were 
made at three distances of the radiator backing from the 
wooden surface, namely 23.6, 26.4 and 34.1 c.m. Both the 
resistance of the radiator and the supply voltage varied 
considerably between experiments and consequently there were 
some differences of radiation intensity at the same distance 
from the radiator in different experiments. The radiation 
from the radiator was always measured directly by the bolometer 
as described previously.

At each distance an experiment was made at at least two 
values of the pre-heating time. The lowest value was the 
smelliest at which i t  was certain that the flame would travel 
over the surface of the wood.

Most of the above experiments made use of oven dried 
birch timber. However, four more similar experiments were 
performed on birch of a moisture content of 11.6$ calculated 
on a dry weight basis. The temperaturo/timo and radiation/ 
time relationships were all plotted in the same way as
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in Figure 51 and Figure 48, whilst the heat transfer by 
radiation and conduction was found by graphical integration 
in tno manner already described. The surface tomporature 
was estimated by extrapolation of the temperature gradients 
in the body of the wood. All the final results are shown in 
Table 27 and are discussed together v/ith the experimental 
observations in the next section.
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TABLE 27

Radiation 
from
Radi ator 
B.Th.U./ 
sq .ft ./h r .

Rato

cans./sec.

Preheating
time
sec.

Burning
time
sec.

Heat
evolved
in
reaction
B.Th.U.

Heat
conducted
into
B.Th.U.

1860 ) 0 .0610 345 61 65.1 8.35
1860 ) 8% 0.0283 330 101 53.8 5.29
1950 )moisturo 0.0 430 315 73 34.9 4.21
2460 ) 0.0 590 210 74 36.8 6.45
2740 Ovon Dried 0.1430 150 30 25.1 1.84
2890 » ft 0.1280 105 50 23.9 3.76
2680 ii h 0.0750 105 57 15.2 4.03
20 40 ft ft 0.0612 180 79 27.8 3.41
2100 ft ft 0.0995 180 51 44.8 3.61
1920 ft « 0.060 4 120 79 36.5 4.32
1770 n « 0.0500 120 87 37.5 3.57
1470 it it 0 .0750 480 89 42.3 1.77
1250 h it 0 .0415 240 138 52.3 6.73
1270 ft 1» 0.0 336 240 131 52.3 5.01
Measured Surface Calculated Radiation Hoat lost
Increase Temp erature increase in received by surface
in Radiation at moment radiation during at temperature
during of ignition from hot burning at the start
burning time burning time of burning
B.Th.U. °c surface alone

B.Th.U. B.Th.U. B.Th.U.
1.89 10 3 0.78 5.98 0.99
2. 34 112 0.33 7.46 1.36
1.50 107 0.26 5.64 0.04
2.61 100 0.56 7.23 0.88
1.51 152 0.16 3.26 0.60
1.63 137 1.03 5.74 0.87
2.47 110 0.36 6.08 0.75
2.51 140 1.03 6.40 1.42
2.31 150 0.50 4.25 1.01
1.05 115 0.79 6.03 1.09
1.42 10 3 0.68 6.11 1.07
2.42 150 1.5S 5.20 1.76
4.91 125 3.26 6.85 2 * IX
2.73 100 1.14 7.13 1.56
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Results and Experimental Observation a 
Summary of typical set of results

In this example the birch sample was oven dried and 
irradiated at an Intensity of 1770 B.Th. IT./sq. ft  ./hr. the 
pro-heating time being 120 secs. Considering now the central 
cylinder of wood of radius 6.5 cm. during the time of burning 
this cylinder receives and subsequently evolves the following 
quantities of heat:-
(a) The radiation from ttye radiator = 6.11 B.Th.U.
(b) The heat evolved by the burning wood = 37.5 B.Th. IT.
The following quantities of heat are also known: -
(1) The increase in heat content of the cylinder during 

the burning time = 3.57 B.Th.U.
(2) The increase in radiation from the top of the cylinder 

during the burning time = 1.42 B.Th.U.
(3) The proportion of 2 due to the hot wooden surface 

= 0.68 B.Th.U.
(4) The radiation from the top of the cylindor at the start 

of the burning time = 1.07 B.Th.U. taken over the time 
of the experiment.

From the above the total heat input is  44.01 B.Th.U. during the 
burning time. During this time the wood and flame radiates 
2.49 B.Th.U. and 3.57 B.Th.U. is  conducted into the wood.
This loaves a total of 37.95 B.Th.U. to be accounted for by
convection



6IIETHU =  RADIATION INPUT 
FROM

TADI AT OR •+ SURROUNDINGS

RADIATION FROM F LAME =074 B.T.HU.

HEAT EQUIVALENT OF RADIATION FROM WOODEN
SURFACE -175

INCREASE IN HEAT 
CONTENT OF CENTRAL 
WOODEN CYLINDER -3 5 7

TOTAL =606

1/

II

. '.CONVECTION LOSS = 375 B THU

Figure 5ft.
Summary of the heat transfers in burning birch timbers

tim c

Figure 57.
The differential thermal analysis of birch.
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The calculation of the convection figure by subtraction 
is  dependunt on the assumption that all the volatiles are 
completely burnt, the validity of this assumption depending 
on the size of the flame and the quantity of air available.
In the present experiments there was a plentiful supply of air 
and very l i t t l e  smoke appeared to bo evolved, but under conditions 
such as obtain in conflagrations of large masses of material 
there may be considerable amounts of volatiles unbumt.

It is  important to realise that the proportions of heat 
transferred in different ways depends on tne history of the 
specimen such as its  in itia l heat content and i t  cannot be rigidl y 
asserted that any quantity of hoat arises from any one source once 
it  has entered the wood. Thus the heat radiated from the wood 
arises as a result of its  surface temperature which it s e lf  is  a 
function of its  previous heat treatment, supporting radiation 
intensity and the quantity of wood burnt. Thus the heat changes 
are best expressed in the form Just quoted i f  they are to be used 
in a further calculation, note being taken of the experimental 
conditions. Consequently the figures obtained in a similar way 
for tho rest of the pieces of wood burnt are expressed in the 
above form. The above results are summarized dlagrametically 
in Figure 56.
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The Temperature/time relationships In the wood
The results obtained using the dry wood were all found 

to be very similar in form. Important points which were noted 
were that no consistart differences would be detected in the 
readings of' the thermocouples at positions 8 and 9, confirming 
that tne heat content of the wood was distributed symmetrically» 
It was also noted that tne temperature at position 5 rose 
quicker than those at position 1 after the flame had reached 
those positions, suggesting that the heat transfer to the 
burning wood had increased during tne spread ox flame over tne 
first, three cms. radius. considering tne calculation of the 
temperatures in the wood, assuming constant heat transfer to 
the surface (Page 108J, i t  would seem that a better agreement 
would have been found i f  the heat transfer coefficient had been 
assumed to be a function of both temperature and time. This 
increase in the heat transfer coefficient agrees with the 
tendency towards an increase in the rate o f spread as the area 
of wood burnt increases, which had been noticed when calculating 
the rates of spread previously.

There was one feature of the temperaturos at position 1 
which seemed to need further explanation. It will be seen from 
Figure 51 that immediately after ignition there is a fairly 
large rate of rise in temperature, which drops to a smaller 
value and then again increases to u rate which seems to remain 
almost constant over the burning time. This kind of Inflection



although of slighily varying shape and size, was noticed in 
all of the results, and is  almost certainly duo to some extra 
heat input at that part of the experiments. Three possible 
sources of this extra heat wore considered.
(1) An oxo-thermic reaction at that point
(2) A greater heat transfer from the flame at the moment

of Ignition.
(3) The heat input from the p ilo t  flame.

In view of the slight reaction at low temperature previously 
noted, i t  was decided to investigate further the possib ility  of 
a considerable reaction talcing place. The technique of 
differential thermal analysis which ha3 been used for the 
examination of refractory clays at Leeds for some time, is  a 
very convenient way of carrying out such investigations. The 
specimen under examination is  mixed in the proportion of about 
10$ with some inert refractory material, and this specimon is  
hoated together with another of similar shape and size, the 
latter boing composed entirely of the inert refractory. I f the 
two are boated under identical conditions, the differential 
temporature between them is  a measuro of any heat change which 
tokos place as a result of a reaction in the specimen under 
examination. In practice the temperature is controlled to rise 
at a stoady rata, and a recording rnado of the differential and 
absolute temperatures. This mothod was applied in the present



t
e

m
p

e
r

a
t

u
r

e
-

2 50

Figuro 58.
Temperatures in burning air dried birch.
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case to the birch wood in the form of a fine sawdust taken from 
an air dried specimen, and the experiment carried out by 
Dr.R.W.Grimahaw in the Refractories Department at Leeds. The 
shape of the curve produced is  shown in Figure 57. The only
heat change talcing place below 200°c is endo-thermic and can bo 
attributed to the I0 3 3  of water from the specimen. An exo-thoraio 
reaction however, does bocomo appreciable at about 270°c giving 
peaks at about 410 and 520°c, though the effects at the higher 
temperature are somowhat suspect as the apparatus was known to 
contain a certain amount of oxygen and its  offoct could not bo 
measured. As has been stated previously in the work, using the 
figures given by Bamford for the activation onorgy and reaction 
conatantra appreciable reaction does not seem to take place below 
300°c, and thus these two sources of information both confirm 
that there is  no appreciable exo-thermic reaction in the body of 
the wood below 200°c. Thus the original postulate (1) above was 
disproved, a3 was further confirmed by the lack of similar 
affects at position 5, This latter observation also seems to 
invalidate (2) above for similar reasons. This being so, i t  
seems that the extra heat input can bo ascribed to the p ilot 
flame, which in general was le ft  in contact with the wood for 
two or throe seconds. This flame was always lees than long, 
and the heat transferred to the wood must have boon very small.

Tho shape of the temperature/timo curves obtained for the 
air dried specimens wore al30 of interest. It had been noticed



Figure 59 .
The radiation from a piece of burning birch presented as 

a polar diagram.
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by previous workers that when a piece of wood of definite 
moisture content was heated from one side, the temperatures 
in the wood tend to rise to just over 100°c, and there remain 
comparatively steady until presumably all the water has boon 
d istilled  from the neighbourhood of the thermocouple. This 
effect was quite marked in the results under discussion as 
shown in Figure 58, and suggests that the water d is t ills  o ff 
at a fairly constant low pressure. The moot striking 
differences in the form of the temperature relationship is  
howevor, shown at position 1. It will be soon that above 
100°c. the temperature oscillates over a range of some 50°c, 
an effoct which was never noticed in the oven dried specimens.
It is  considered that this is  a result of the d istilla tion  of 
slightly super-heated water in the neighbourhood of the 
thermocouple, and the oscillations are really periods of 
cooling of the thermojunction due to the sudden expansion of 
the water, and the absorption of its  latent heat.
The Radiation Intensities omitted by the Burning Wood

The results are best presented for discussion in the form 
of a polar diagram such as Figure 59. The direction of maximum 
intensity lie s  at an angle of about 15° to the normal of the 
wood, and in the case shown the maximum intensity corresponding 
to an area of burning of 59 aq.cms. is  540 B. Th. IJ./sq. f t . /h r ..
The supporting radiation in this case was 1770 B .T h .lJ ./sq .ft./hr., 
and hence this area of burning wood is  not sufficient for se lf
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supported propagation between two surfaces separated by a distance 
of 12.3 ans.(the radius of the bolometer arm) under the conditions 
governing this experiment. These arguments can not bo applied 
straight away to practical cases, because under such circumstances 
at least one piece of wood must bo inclined to the horizontal 
in order to receive appreciable radiation, thus affocting both 
the rate of spread and the heat transfer. However, it  would seem 
safe to say that two surfaces arranged at right angles to each 
other would spread flame further i f  each had an adjacent area 
already burning of about 200 sq.cms. and was proheated in the 
same way as the wood described above.
The Rates of Spread

The effect of radiation upon the rate of 3pread of flame 
has been discussed in Part I and in the introduction to Part II, 
whoro i t  was 3hown that flames travelled with a speed which was 
proportional to the supporting radiation Intensity under certain 
conditions which tended to givo a constant in itia l surface 
temperature of the material.

In the present experiments the surface temperatures at the 
moment of ignition were deliberately varied by altering both 
the pre-heating time and the intensity of tho supporting radiation. 
Consequently, i f  the rate of spread of flame i3 plotted against 
radiation intensity, a large amount of scatter is  evident in 
graph (Figure 60). I f howevor, tho radiation intensities are
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of spread.
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multiplied by the surface temperature at the moment of Ignition, 
a much better degroe of correlation is obtained, a3 will be aoen 
from Figure 62.

This result is  important in that i t  indicates that the 
increased rate of spread is  duo to the increased temperatureof 
the wood and hence the increased rate of d istilla tion  of volatiles. 
It is  possible that the radiation affects the combustion of the 
volatiles in the flame, but very l i t t l e  is  known about such 
effects.

The above results suggest that i t  may be possible to 
deduce an expression relating the rate of spread with the 
supporting radiation and the surface temperature of the material, 
and Figure 61 is  u tilised  to attempt thl3 later in the Theses.
The heat transfer during the burning time

It has been stated earlier in the Thesis that heat 
transferred at the wooden surface by any one of throe mechanisms 
considered, cannot be attributed to any one sourco of heat, but 
rather the heat balance must bo looked at as a whole. The 
dependence of each individual heat transfer on a largo number of 
variables makes correlation of results vory d ifficu lt . Moreovor, 
because of the deviation of the shape of the burning area from 
a circle , i t  was not possible to stop the burning after a constant 
area of wood had been burnt. Thus although it  is  possible to 
derive the amount of heat emitted per square cm. of wood during 
tho time of burning, Figure 62, those results obviously depend 
on tho area of wood burnt. This effect follows from the saucer
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shaped nature of the reaction zone, and hence the different 
edge effects of different areas. Thus the points in Figure 62 
show a largo amount of scatter, although there does seem a 
definite trend to increased depth of reaction at slov/or rates.
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DISCUSSION
The large number of variables which govern the rate of 

spread of flame malee i t  necessary to obtain results concerned 
with the alteration of one variable only. Because of tho 
variability found amongst pieces cut from the same plank each 
experiment should be repeated with several samples to obtain 
satisfactory accuracy. This procedure was followed in the 
experiments described in Part I and in the introduction to 
Part II. Because however, of their complex and time-consuming 
nature, the later experiments could not be carried out in 
duplicate, and this, as has been pointed out, made their 
correlation d ifficu lt . However, i f  attention is  confined to 
one experiment much light is  thrown on the mechanism of 
propagation, and it  is possible to give an approximate 
mathematical treatment which shows clearly the relationship 
between the supporting radiation zone and the rate of spread.

From the evidence supplied by the differential thermal 
analysis experiment, i t  would seem that the rate of d ls tilla tlo  
of the volatiles from the surface of the wood can bo represente 
approximately by the equation

- jdq = Kwe RÍ? 
dt

as used by Bamford and also that the activation energy assumed in 
this paper, is  representative of the reaction under consideration. 
The above constants wero taken as average values baaed on the 
assumption that the reactions talcing place con bo repreoentod by
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a single unimolecular reaction and have boon adjusted to f i t  the 
experimental results found by Bamford. In these experiments 
1" shoots of deal were heated on both sides by largo luminous gas 
flames and the central temperature of the block measured. This 
temperature was a l 3 0  deduced from the heat transfer coefficient 
at the surface, (found in a subsidiary experiment) by using tho 
fin ite  difference method of solution of tho equations quoted 

earli or.
The effect of the supporting radiation on the burning of tho 

volatiles in the flame is  neglected in the presont treatment and 
tho following assumptions made : -
(1) That at a certain depth of wood reaction stops, and that 

after tho passage of flame tho roaction is  comploto to 
that depth.

(2) That in tho reacting zone of the wood tho average rate of 
d istilla tion  corresponds to an avorago roaction temperature0 

with an avorago amount of unreacted wood w.
(3) That the average temperature of tho material as determined 

by its  total heat content approximates to d .
Proceeding on the abovo, a strip of flame of unit length is

considered to be moving at a constant rate over the surface of tho 
wood at an averago temperature $0 in tho depth dx. If now tho 
reaction is considered to bo taking placo in a longth 1, then 
the avorago rate of destruction of wood is

. ( -  J L -  )
- dw = kw o ( ) (whore w ia tho amount of wood

dt (which will react i f  the wood
(bums to completion without 
(ignition of tho char. ----10

Fresh wood has to be supplied at the same rate as i t  is  being
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destroyed arid now it  is  supposed that of the in itia l quantity
of wood a proportion z of the reaction zone wil] be destroyed.
Thus the rate of destruction of volume is

-dw x 1 x 1 Where p is  the density, 
dt z p

and hence the rate of linear destruction is
- dw x 1 x 1_ = rate of spread = v. -------3

dt zp dx
If now, the total overall heat input into the wood is
q/cal./sq.cm s/sec. the rate of heat input into the burning zone
is ql/cal./3ec.

Nov; the rate of boat input must be such as to raise the quantity 
of wood that is  being destroyed per unit o f time to the average 
temperature 9 i .e .

Q1 = -dw c (0  - 9 )
dt z 0

= c P v z  dx C? “ & )
z 1 °

= cv p dx (<9 - 0 0)

where 0 is  the in itia l 
temperature of the wood 
assumed constant.

• • B ~ .21___t- 6 o ^cv p dx
From (2), (3) and (4) «

-  B/R ( j£L____ + 9  ° )
and this leads to vz f1 dx = kw o cv dx

■5

that is , under the above circumstances, the rate of spread would 
be
v = k w 

T p  dx
exp - ( B________)

(R (Cil/cvf dx -i d o )
■6

whero the following are known approximately
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k = 5.3 x 10b ) = 0.66 ) from
) from the ) previous

E = 33160 ) paper by 
) Bamford

c = 0.35 ) work
z = 0.375 )
whence v -  2.14 x 10" _ e x p - ____ 165S0 -------- 7

X- ( _____ cu ~ n r 0 )

dx ( 0.231,  ̂ vdx )
The equivalence of pre-heating time and supporting radiation 
under the above conditions is  pluin, both influencing the average 
reaction temperature. Indeed it  was found possible by carefully 
heating a 6" block of birch on the top surface, so as to char i t  
as l i t t le  as possible, to raise i t  to such a temperature that 
flame would spread over the surface of the block, although such 
a flame is  doomod to die out without a supporting source of hoat. 
This point needs further consideration, for hero it  is  necessary 
to make some distinction between supporting radiation and in itia l 
"surface temperature". In the above discussion no account was 
taken of the heat lost by the various possible mochanloms, an 
overall heat transfer into the wood being assumed. Now i f  the 
heat transfer cannot bo sustained by the flame it s e lf ,  the 
reaction must slow down and eventually cease. A s  wood will not 
bum in air without supporting heat, moro energy must be lost 
from a burning surface than is  transferred back by the flame 
alone, and thus the temperature of the surface layers will drop 
and slow down the reaction until the burning ceases. The 
function of the supporting heat is  thus to maintain the ourfaco 
temporaturo so that reaction will take place there at an



Figuro 6 0 .
The relationship betwoon tho avorogo longth of burning 
zone, depth of combustion and tho avorago amount of

roactant.
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Figuro 04.
Suggostod further experiment.
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appreciable rate when extra heat is  liberated by the flame.
Although the relationship deduced above 13 primarily

intended aa a qualitative demonstration of the mechanism of the
flame spread, i t  is  possible by using the known constants to
deduce feasible relationships for the unknowns. Besides the
known constants listed  above i t  was also found when considering
the thermal gradients in the wood, that the rises in temperature
could be approximately explained by assuming that heat was being
transferred into the burning zone at a rate of 0.360 cala/sq.cm/seo
and the surface losing heat at a rate which depended on its
temperature. Under equilibrium conditions for flame spreading
linearly at a steady rate, there will be some constant ovorall
heat transfer into the burning zone, which will probably be
about an average of the heat transfer at the hottest and coldest
part of the burning surface. In the present calculations a
figure o f 0.27 cals./sq .cm ./sec. was taken to bo representative
of the rate of spread of flame of 0.050 cm./sec. over a surface

0pro-heated to a temperature of 100 c. substitution of those values 
in equation 7 leading tot-
0. 0 5 = 2.14 x 10" _w_ exp - 16580 -------- 0

dx (23,41 “  37 3)
( dx )

From tills expression relationships for 1, x and dx can bo deduced 
which are shown in Figure 63. The quantities w, dx and 1 are 
inter-related as 1 and dx determine the volume for which w is  

calculated. Now a maximum value for w is  that which represents
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wholely unburnt material, this value being represented in 
Figure 63 for different values of 1 by the straight linos 
and is  calculated from a figuro quoted by Bamford.

A chock on this calculation is afforded by the relationship 
between the rate of spread, in itia l surface temperature and 
supporting radiation, Figure 61. From this graph it  will bo 
soon that over the range of figures considered, the rate of 
variation of v with 0 at a constant supporting radiation 13 

(__dv_) = 7. a x 10~4

But from equation 7 16500 __
-(23.4 l + 37 3) -----

(dv ) ~ 2.14 _w_ 16580 o p dx
(d 0 T) dx (23.41 + 3737

dx
and from this relationship the variation between w, dx, and 1 can 
again be calculated using separate experimental evidence. The 
relationship so deduced is  also shown in Figure 63 as a dotted 

line.
The striking points about these curves include the cr itica l 

effect of dx at any one value of 1 and the surprisingly good 
agreement in dx between the values calculated by 3 and 4.
Thus a variation of about 10$ in dx covers nearly the whole of 
the possible range in w which obviously cannot bo less than 0.
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Conclusions and__suggestions for further work

It is  considered that the success of equation 6 in 
correlating some of the more Important variables affecting the 
rate of flame spread, warrants a fu ller and more rigid 
treatment of the problem based on similar assumptions.

For a flame spreading at a uniform rate over a surface 
those assumptions can bo listed  as follow s:-
(1) The rate of destruction of wood determines the rate

of flame spread because the amount of wood consumed at 
any point after reaction has ceased must bo constant 
in any plane parallel to the surface,

(2) The total heat input into the reaction zone, taking 
into account the hoat released in chemical change and 
any heat lost to the body of the wood, Is responsible 
for maintaining the temperature at all points in the 
reaction zone, and 30 determines the rate o f destruction 
of wood at any point.

In expressing the above assumptions in equation 6 however, 
it  is  necessary to make many approximations which can be 
avoidod by a moro rigorous approach and by using more suitable 
experimental results in calculating the constants involved* 
Because the rate of spread con only bo considered whan 
equilibrium has been roachod, that is , when the flame is 
spreading at a constant rate, it  is desirable to consider a
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reasonably wido flame front spreading as a straight lino, and 
i t  is  also essential for the treatment to covor the entire 
reaction zone, both in depth and length. Thus the hypothesis

i •

demands that the practical results be obtained under circumstances 
which have previously been called linear spread. It is as well 
to note hero that although the rate of circular spread appeared 
to be almost constant over the radius considered, i t  seems quite 
likely that a change in the rate of spread would take place 
as the radius of the circular flame front increased until, at an 
in fin ite radius, the rate of spread would bo equal to the rate 
of linear spread. The model considered in the following 
treatment is  represented in Figure 64. The direction of flame 
spread i3 from B to A and the reaction la supposed to have 
ceased at some point between C and B. Tho linoar flame front 
extends in a direction perpendicular to the plane of the paper.
It is intended to compute the heat transfer to the reaction zono 
together with tho temperature and hence the ratos of reaction 
in that zono.

The heat transfer at the surface of the wood can be deduced 
from the measured temperatures inside the wood. The temperatures 
parallel to the flame froat are assumed to bo constant and thus 
the two dimensional heat flow equations are applicable when 
combined with the tern representing the heat released by 
chemical reactions in the wood i .e .
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d 0 = K (dad f- dot? ) q dw
dt (dx  ̂ ¿y2 ) dt

- Ewhore - dw = k w o ~rq 
dt

as previously

x is  the coordinate perpendicular to the surface
y is  the coordinate parallel to the surface

and d_w is  the rate of change in the weight of wood capable 
dt

of reacting in the small element of volume considered#
As before, the abovo equation can be represented in 

dimensionless units by letting
T = K t , X = x and Y = j  .

T2 1 01 cp
whore 1 is  some length greater than the length of the roaction 
sono.
Hence +- ¿¿Jo  “ £_ .dw

dT dx2 dY 2 cp dT
al30 as before d¿ 0  ~ 0 (.m - ])]n “ ^m^n +-

“  rn̂ n ----------— ----- ^2----------------------

7 ff~l ~ X V:s m ^ $ m-)(n * Jand d2  ̂ = ... m̂ n
dY“ Ya

and i f   ̂ X2 = L Y2 replacing d Q with a fin ite  differen
dt

rtatio
' -V

CO

0 m1n~v m^n = £ T~
26X2

( 0 ( m - ^n  + ^r||_n) h (  d)̂ n + O f m *  5^nH

( r\ *
(0 mj[n-i) + ^ + Brain + D}~4 (i)  min + $min)

Micro m is  the X coordinate and n the Y coordinate#
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If In considering conditions at the boundary it  is  assumed 
that the heat transfer is  such that it  can bo represented by
extending the wood outside the boundary and assigning to it  
ttemperatures which would givo the required heat transfer, 

then = K dJJ
7 dx *

- 9 - 1 ,  n
dx

or IL = 1 0
v oln i

n

2 6  X
' - /

( 9  oj(n-3) t o o^n-l/) h ( 0  o / r n i ^ . n  +  l^
i

and 0 oln -ô o ln  = ¿ ï î -a
“ O'“

(0 l»n ** $l,.n ) o ,n ^ o ,n )
i

(0 l,n  4 #L,n) - H , 2 i  XI
¿H? “ IT

2

(0 l,n  , 9 o,n and 0 l,n) represent the temperatures at Y = n 
and X = ~ X̂ O and X respectively.

Given the necessary boundary conditions! tho above equations 
can bo used to calculate the resulting temperatures in the wood 
and olso the amount of wood which had reacted at any one point 
at any timo.

It is  suggested that tho following practical experiment 
should be performed. The flame should bo allowed to spread 
over some suitable timber such as birch, o f such a width and 
length as to satisfy tho assumptions that temperatures are 
constant over tho central portion of tho flame front, in a
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direction parallel to the florao, and that there is sufficient 
length to include the complete reaction zone. Tho flame 
travelling over this horizontal surface should be sustained 
by weak radiation so that the depth of reaction will not be too 
great and the length of reaction zone kept short, whilst the 
equilibrium temperature of the wood under this radiation should 
be attained before i t  is  ignited. The back face of wood should 
bo kopt at a constant temperature by moans of a water cooled 
metal block or some similar device and the temperatures along 
the longitudinal vortical central piano In the block measured 
by thermocouples. It will be appreciated that tho temperatures 
through the depth of the block at one point in this plane, such 
as along the lino x x1 in Figure 64, will bo representative 
of all tho temperatures in the rouction zone i f  a complete record 
of their magnitude i3 kept throughout the experiment. It is 
also suggested that tho thermocouples bo inserted, i f  at all 
possible, parallel to the front surface of the wood.

From the complete record of tho temperatures in the wood 
it  would now be possible to doduco by tria l and error, the heat 
transfer at the top surface which would give the surface 
temperatures, by solving tho equations as has been demonstrated 
earlier in tho Thesis.

Once obtained, a satisfactory solution would not only 
provide the heat transfer coefficient at all points over the 
surface, but also define the amount of any unreacted wood at
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any moment at any point in the wood. From those figures the 
total heat transfer at the surface could be found, as well as the 
total overall rate of reaction. This overcomes tho d ifficu lties  
previously encountered in the assumption that the average 
temperature measured by tho effect of the heat input into a certain 
amount of wood was the same as tho average temperature as 
calculated by the average rate of reaction. Moreover, tho figures 
obtained a3 above, would allow the observed rate of spread to be 
compared with the rate of spread calculated from the rate of 
destruction of wood.

In addition to the work suggested above, a further investiga
tion of the reaction taking place when wood is  d istilled  would be 
profitable and in particular, tho differential thermal analysis 
technique carried out in or. inert atmosphere would seem to bo 
especially valuable. The main aim of the work would be to 
represent mathematically tho dependence of tho rate of roaction 
on temperature. Although further work into tho nature of 
combustion in tho luminous flamo and into tho method of diffusion 
of unbumt volatiles to the burning surface is  fraught with 
d ifficu lty , tho two researches postulated above may lead to 
further practical methods of attack of tho problem.

[1

!3
1
j
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