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International Symposium on 

THE USE OF MODELS IN 

FIRE RESEARCH 

" ... science is more than an accumulation of facts; . .. 
it is not simply positive knowledge, but systematized 
positive knowledge; ... it is not simply unguided analy­
sis and haphazard empiricism, but synthesis; . .. it is 
not simply a passing recording, but a constructive 
activity . . . " 

-George Sarton 
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PREFACE 

This volume contains the Proceedings of the First Interna­
tional Symposium on Fire Research, sponsored by the Com­
mittee on Fire Research of the National Academy of Sciences­
National Research Council and held in Washington, D. C. on 
November 9-10, 1959. The topic of the conference was "The Use 
of Models in Fire Research." 

From its inception the Committee on Fire Research recog­
nized the need for increased emphasis on and support of funda­
mental studies. Areas in which fruitful work could be done were 
delineated and brought to the attention of scientists working in 
these and related fields. Simultaneously, a small periodical, de­
voted to reviews and abstracts of topics related to the fire prob­
lem, was started under the auspices of the Committee. In addi­
tion, plans were laid for holding symposia on specific subjects of 
current interest. 

The understanding of modeling principles is of particular 
importance to Fire Research. Quantitative descriptions of the 
structure, intensity, and propagation rate of large-scale fires can 
be made only on the basis of models if all the important scaling 
parameters are understood and taken into account. The papers 
of Taylor and Hottel show clearly the difficulties that must still 
be overcome. 

Based on the pioneering study of Blinov and Khudiakov a 
number of investigations are under way in which the experimen­
tal parameters of a fire over a liquid surface are explored in de­
tail. This is probably the simplest case of a controlled and scal­
able fire situation which can be related to a reasonably detailed 
theoretical analysis. Here important advances may be expected 
in the near future. 

The intimate interplay between aerodynamics, heat trans­
fer, and chemical reaction rates makes the study of fires the in­
triguing problem it is. Many situations of practical interest 
present special cases of those factors and require, therefore, that 
problems with specific boundary conditions be investigated. The 
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Vl PREFACE 

papers dealing with the Aerodynamics of Fires and with Experi­
mental Techniques give some new insights into these problems. 

Rounding out the technical presentations, three full-scale 
investigations were described in an evening session, and are in­
cluded in condensed form in an Appendix. 

The arrangement of the program was in the hands of Mr. 
A. A. Brown, Director, Division of Forest Fire Research, U. S. 
Forest Service, supported by members of the Committee on Fire 
Research and its capable staff. The interest shown by the partici­
pants and the general high level of the contributions give en­
couragement for holding another conference on one of the major 
Fire Research topics. 

W. G. BERL, Symposium Proceedings Editor 
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WELCOME 

S. DOUGLAS CORNELL 
Executive Officer of the National Academy of Sciences­
National Research Council 

To YOU, Mr. Chairman, and to all the partici­
pants and guests of this Symposium I extend the warmest 
welcome on behalf of President Bronk and the officers of the 
Academy-Research Council. 

As science advances, the interests and capacities of its prac­
titioners often become, necessarily, narrower as they become 
deeper. Fragmentation seems to be a concomitant of the steady 
evolution of science. We here have long felt that one of our chief 
purposes must be to bring a counter-influence to bear, to strive 
for the re-synthesis of science from the complex of its increasingly 
fertile fragments. 

Only thus, we believe, can science reach its fullest satisfac­
tions as a product and a preoccupation of the human mind, and 
technology find its fullest flower for the material betterment of 
mankind. 

Therefore, we find particular gratification when we can play 
a part in the holding of a scientific gathering like yours of today 
and tomorrow, because it represents the bringing together of 
various scientific disciplines for mutual instruction and stimula­
tion in the interests of eminently worthy technological and 
human ends. 

Such a gathering gives us special satisfaction when it in­
cludes our colleagues from other nations who confer upon our 
program and discussions much additional luster and distinction. 

The National Academy of Sciences-National Research 
Council, as a non-governmental institution for the furtherance 
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2 S. DOUGLAS CORNELL 

of science, has been able, through the years, to draw together the 
diverse elements of United States science, and often international 
science, for common ends. The scientific resources for such pur­
poses are supplied by the scientists themselves, the financial 
sinews by a variety of sources inside and outside the Federal 
Government. 

Our Committee on Fire Research and this Symposium which 
it has organized, under Professor Hottel's chairmanship, are 
financed by three agencies of the Federal Government: the Office 
of Civil and Defense Mobilization, the United States Forest 
Service, and the Department of Defense. 

To them, to our distinguished visitors, to all of you, our 
gratitude is due for this opportunity to join hands in considera­
tion of a problem of wide scientific and technological interest 
and of universal human concern. 

On behalf of President Bronk I thank you all for being with 
us and I wish you two full and fruitful days. 
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INTRODUCTION and 
BACKGROUND 

H. C. HOTTEL 
Chairman of the Committee on Fire Research and Fire 
Research Conference 

WE ARE delighted to be the guests of the Acad­
emy and hopeful that this meeting to discuss the applications of 
modeling principles to fire will contribute significantly to the 
stimulation of interest in fundamental fire research. 

A word is in order about the Committee on Fire Research, 
why it was set up, what progress it has made. The Office of Civil 
and Defense Mobilization (formerly Federal Civil Defense Ad­
ministration) and the U.S. Forest Service some years ago asked 
the Academy for guidance on fire. In response to that request a 
Committee on Fire Research and a larger Correlation Conference 
on Fire Research were established. There were almost no terms 
of reference for the new Committee; we were told to decide what 
the job was; and the crystallization of our reason for being was 
rather slow. There ultimately emerged a conviction that, al­
though much vigorous and valuable effort went on in the 
fire field, that effort showed little influence of the Herculean 
strides that had been made in the fifteen-year period since the 
war in physical chemistry, in mathematics, in computational 
techniques, in fluid mechanics; and the necessarily empirical 
approach to the solution of pressing fire problems continually 
arising was not, we felt, properly backed up by fundamental 
studies to understand fire growth and spread. So our Committee 
decided to focus attention on one rather small part of the general 
fire field, that of better understanding fire growth and spread, 
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4 H. C. HOTTEL 

and to attempt to persuade some of the" purer" scientists that 
fire presents many challenging problems, and that involvement 
in fire research can be an honorable estate. 

A large conference was held in Washington-larger than 
this-bringing together representatives of a wide range of dis­
ciplines, and including pure scientists on the one extreme and 
practicing firemen on the other. It was found that although this 
mixing process had a few salutary effects, there was just too 
great a spread in background for much development of mutual 
interests. 

The Fire Committee's second large conference was held at 
the University of California in Los Angeles. That meeting per­
haps helped to paint a picture of the problems of forest fires, but 
it too apparently failed to cause new science-oriented individuals 
to enter the field of fire research. 

In this Symposium we are quite specifically limiting the field 
to fire research of rather fundamental character and shall not 
be concerned with ultimate applications to practice. We permit 
ourselves to wander as far afield as we wish--down various 
byways in our quest for the ultimate truth about fire. 

I might interpolate that although the Fire Committee, in 
the planning stage of its activity, had no significant funds to 
spend on fundamental research, it was convinced that the weak­
ness was one of ideas and men, and not of money. \Ve believed 
then, and still believe, that when enough able scientists and 
engineers start thinking hard about some of these interesting 
problems, they will not be stopped long by problems of funds. 

From the Fire Committee's deliberations there slowly 
evolved a proposed program of fundamental research on fire; and 
after some polishing and repolishing by the larger Fire Research 
Conference group, it was decided that we were ready to push for 
action. 

The action started in Mr. Macauley's office in the Depart­
ment of Defense at a meeting with Dr. Killian, Special Assistant 
to the President for Science and Technology. Representatives 
of the Fire Research Committee later appeared before Dr. Kil­
lian's Research Panel, and then before a group brought together 
by Dr. Killian representing those civilian and military agencies 
of the government having an interest in fire. The proposed pro­
gram of research was presented, together with the recommenda-
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INTRODUCTION AND BACKGROUND 5 

tion that fire research should be supported in three ways: Some 
of it would have no difficulty qualifying for sponsorship by the 
National Science Foundation. Most of it was plainly of an 
applied character, so plainly of that sort that it would be best 
administered by directly interested government agencies. A con­
siderable block of the work, no less scientific than that to be 
sponsored by the National Science Foundation but somewhat 
more closely controlled as to objective (i.e., coordinated to fill 
known gaps in our scientific knowledge of fire), deserved to get 
out from under the direction of the various services where it 
would otherwise lead a precarious existence budgetwise in com­
petition with those problems showing chance of early pay-off; 
and the Fire Committee recommended that this third block be 
coordinated under a single government agency. 

At the close of the meeting Dr. Killian appointed a subcom­
mittee of representatives of the various interested government 
agencies, headed by Mr. Gerald Gallagher of the Office of Civil 
and Defense Mobilization and charged with replying to our 
Committee's proposal and formulating a plan of action. The Gal­
lagher Subcommittee in essence accepted the Fire Committee's 
recommendations, and recommended that the scientific research 
effort on fire, apart from that which the National Science Foun­
dation would support, should be monitored by the National 
Bureau of Standards; they added that it was appropriate, how­
ever, for the various government agencies to continue support of 
such fundamental research as was required to back up their ad 
hoc fire research. 

Modest funds for fiscal 1960 will be transferred from the 
Office of Civil and Defense Mobilization and the Department of 
Defense to the Bureau of Standards. It is expected that the 
Bureau of Standards will obtain funds essentially in the same 
order from Congress in its budget for 1961. This is a small item to 
those of you who think in terms of military budgets, but it should 
suffice to get effective work started and, with National Science 
Foundation support as well, we think some real headway can be 
made. 

Since support of fire research by the National Science Foun­
dation did not need any new action to implement the initiation 
of projects, our Committee on Fire Research decided this past 
spring that:it was time to start stimulating various individuals 
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6 H. C. HOTTEL 

and groups to produce some ideas; so we wrote to faculty mem­
bers of universities with backgrounds of achievement in combus­
tion, to private laboratories (profit and nonprofit), and to 
government laboratories, asking for presentation of ideas of the 
type which the proposer believed justified National Science 
Foundation support. It was carefully pointed out that the Fire 
Committee itself was in no position to promise this support, and 
that the National Science Foundation would handle all proposals 
ultimately through its regular channels; but we did promise to 
have the proposals assessed by experts known to us and, in con­
sequence of those assessments, to make our own Committee's 
recommendations available to the National Science Foundation. 
We received more proposals than we expected, forty or more. 
Some of the proposers are here in the audience. We are hopeful 
that a significant number of these proposals will receive favorable 
action. 

An activity of the Fire Committee initiated about a year 
ago is the publication of a journal, FIRE RESEARCH AB­
STRACTS AND REVIEWS, aimed at research people in the 
fire effort rather than the users of fire research results, and in­
tended primarily to stimulate the fire research effort. Responses 
have been enthusiastic, laboratories and research groups in the 
United States, Europe, Asia, and South America showing an 
enormous appreciation of this activity. Dr. Walter Berl of The 
Johns Hopkins University Applied Physics Laboratory deserves 
our special thanks for a fine job in getting this new publication 
go mg. 

This meeting today represents a return of our Committee, 
after a period of government committee contacts-too many of 
which can be rather deadening- to what it conceives to be its 
main function-stimulating scientists and engineers to think 
more deeply about the nature of combustion out of control. 

Our Program Chairman is Mr. Arthur Brown who deserves 
our thanks for his fine efforts in arranging this meeting. 
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MODELING PRINCIPLES 

H. C. HOTTEL, Presiding 

Fire under Influence of Natural Convection 
G. I. Taylor 

Fire Modeling-H. C. Hottel 

I NOW COME to the pleasant task of introducing 
our guest speaker. If this were an audience of specialists in fluid 
mechanics, the introduction of our speaker would be an incon­
gruous formality; for no one in that field is better known than 
he. But a meeting like this assembles students of so many 
disciplines that some of you perhaps need to be given some addi­
tional facts. 

If I told you that our speaker had been a licensed pilot, a 
parachute jumper, an oarsman, a Major in the Army, an explorer 
of the interior of Borneo, an arctic sailor, and a crew coach with 
Pandit Nehru on one of his crews, you might be inclined to say, 
"There are so many committees running meetings in this town; 
I have come to the wrong one.'' 

I could then add that our speaker is the inventor of an 
improved ship's anchor, the organizer of a successful company to 
build and market it, and is presently involved as a board mem­
ber of a company for transporting oil over water in link sausages 
instead of ships; and I could add that he has been an ardent 
golfer, a flyer of kites, and a blower of bubbles. You might begin 
to picture an athlete turned successful businessman and en­
trepreneur-with an odd taste for relaxation. 

The picture could then be corrected by adding that the 
man you have come to hear was the chief meteorologist on a ship 
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8 H. C. HOTTEL 

which, after the Titanic sinking, went out to study iceberg prob­
lems off the Newfoundland shores; that he was present as the 
Handley Paige representative at the first transatlantic crossing 
by an airplane-the Alcock-Brown flight; that he was present at 
the first A-bomb test at Los Alamos in 1945; that his ship's an­
chors held the famous Mulberry floating dock during our Nor­
mandy landings in the Second World War; and that he gave 
major aid on technical matters to almost all of the British Minis­
tries during the Second World War. 

Our speaker is the son of an English painter, from whom he 
acknowledges the gift of seeing and perceiving. He can look at 
clouds in motion and see on a grand scale the phenomena of 
turbulence in action. He is the maternal grandson of the Irish 
mathematician George Boole, a highly original thinker and in­
ventor of Boolean algebra, about which even those of you who 
have negligible acquaintance with mathematics have un­
doubtedly heard. Perhaps by inheritance, perhaps by chance, he 
adds to his rare gift of being able to see and perceive the phenom­
ena of clouds a capacity for profound and abstruse thought about 
the quantitative meaning of what he sees, and its application to 
flow phenomena all about us. 

Sir Geoffrey held for over a quarter of a century at Cam­
bridge the Royal Society Research Professorship in Applied 
Mathematics, during which time his prodigious output ranged 
over the field of applied mathematics and included such diverse 
subjects as plastic deformation of metals, dislocation theory of 
crystal structure, earth waves, the statistical theory of tur­
bulence, fluid atomization in nozzles, torsion in structural mem­
bers. These are but a few of his fields, with which I have some 
personal familiarity. Many of you know of many others. Sir 
Geoffrey retired in principle from his chair at Cambridge in 1951, 
but no one has been able to detect any effect of that retirement. 

I spoke of bubble blowing. This is an example of modeling­
applied to the problem of strength in torsion of structural mem­
bers. Professor Taylor showed that if a soap film is blown from a 
bubble pipe the edge of which follows the external contour of the 
cross section of a structural member of any complex shape of 
interest, the curvature of the bubble is a quantitative measure of 
the stress concentration; and one thus has an analog computer 
for handling problems too difficult for conventional analysis. 
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MODELING PRINCIPLES 9 

Concerning another field of modeling, the one that brings us here 
today, you will hear directly from our speaker. Gentlemen, with 
the greatest of pleasure I give you one of the great scientists and 
engineers of our time, Sir Geoffrey Taylor. 
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Fire Under Influence of 
Natural Convection 

G. I. TAYLOR 
University of Cambridge, England 

CoNVECTION currents are produced whenever 
air at any point is hotter than the surrounding air. The heated 
air rises and unheated air must flow in below to take its place. 
If the source of heating is fixed in space the in flowing air is heated 
so that a continuous column of rising hot air is formed. The 
heate::l column mixes with the air around it and so produces a 
complex flow pattern of moving air some of which is hotter and 
some at the same temperature as the surrounding air. These two 
inter-related parts of the whole pattern can perhaps be referred 
to as the convection column and the induced flow, though it is 
not usually easy to define exactly the boundary between the 
two. It is only possible to construct a scale model of such a field 
of flow when one has a physical picture of the processes involved, 
and the best way to test one's theoretical ideas is to apply them 
to some case for which the geometry is so simple that one can 
make quantitative predictions based on those ideas and at the 
same time can make the experiments necessary for comparison 
with theory. 

The simplest examples of this kind are convection currents 
rising from concentrated sources of heat which, in the analysis, 
can be taken as a point or as a horizontal line. Mathematical 
representations of these cases were presented in 1941 by W. 
Schmidt.' Schmidt used Prandtl's mixture length theory of 
momentum and heat transfer. According to this theory, turbu­
lence is considered as an agent which conveys transportable 

10 
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FIRE UNDER INFLUENCE OF NATURAL CONVECTION 11 

physical properties like heat, water vapor, and momentum 
from one place to another. Fixing attention on a small volun:e of 
fluid, the simplest physical conception is that this starts from a 
place where it has the mean temperature or momentum of its 
surroundings and then travels with velocity v through a distance 
l (called a mixture length) before it mixes with its surroundings 
and delivers its load of the transferable property to this new posi­
tion. This model leads to the assumption that turbulence conveys 
all transferable properties as though by a virtual transfer coeffi­
cient proportional to the mean value of v X l, (written Vl) . To 
apply this idea to any actual case of turbulent flow it is necessary 
to make some assumptions about how both v and l are related 
to the mean flow and the boundaries. Prandtl was concerned 
mainly about cases where the mean velocity is nearly parallel to 
a straight line, and the transfer at right angles to it. Thus, if u is 
the mean velocity and y is a coordinate perpendicular to u, 
Prandtl assumed that the rate of transfer of a property s across 

-ds -
unit area at right angles to u is proportional to lv dy; tv is the 

transfer coefficient. He imagined that v would be proportional 

to l ~; so that he took as his transfer coefficient [2 ~;. I had 

used the same idea in a paper which Prandtl had not seen when 
he produced his theory. In using this form for the transfer coeffi­
cient, Schmidt imagined vertical thermal jets from point or line 
sources as being narrow and only spreading a little way laterally 
from a vertical line or plane through the source of heat. He, 
therefore, took l to be proportional to the breadth b of the column 

so that the transfer coefficient a: b2 ~~.Thus the rate of transfer of 

momentum laterally a: pb2 (~~y and the rate of transfer of heat is 

pub2 (~~)(Z), 8 being the temperature, p the density, and u the 

specific heat. Since no heat was supposed to be radiated by the jet, 
the equation determining 8 is simply that for conservation of heat 
while the distribution of mean vertical velocity is determined by 
equating the upward force on an element due to its buoyancy 
to the rate of transfer of momentum out of it by the Prandtl 
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12 G. I. TAYLOR 

transfer coefficient. Prandtl's assumptions are rather more de­
tailed than would be expected of any purely a priori theory and 
the equations derived from them are complicated. Nevertheless, 
Schmidt solved them. He found that the assumptions of 
Prandtl's theory lead to two kinds of prediction. The first, A, 
is that the heated column will spread out so that both the dis­
tribution of temperature and of upward velocity are similar 
at all heights (though not the same distributions) and further 
that the width of the column increases uniformly with height 
above the source so that the heat is·contained within a wedge 
if the heat source is a line, or a cone if it is a point. The second 
kind of prediction, B, was that the distributions of tempera­
ture and velocity assume the special forms calculated by 
Schmidt. Schmidt made measurements of the distribution of 
temperature and velocity at various heights above a concen­
trated source of heat and found that the predictions A were well 
verified and that those of class B approximately so. He could not 
get enough heat into his apparatus to produce a measurable ris­
ing column of air from a very concentrated source, so he heated 
air by means of electrically heated wires coiled in a circular hole, 
5.5 em. diameter, cut in a horizontal sheet. The upward current 
did not start from a point but the measurements showed that 
the column behaved as though it had started from a point 11.1 
em. below the sheet. 

Since then Hunter Rouse, 2 who had not seen Schmidt's 
analysis, deduced Schmidt's results of type A using only the 
assumption that the distributions of temperature and also of 
velocity would be similar at all heights. Some of Rouse's students 
measured both the temperature and the vertical velocity above 
point and line sources of heat. Schmidt's measurements of 811 
the ratio of temperature at any point to temperature in the 
middle of the thermal current, are shown in Figure 1. The full 
curve is Schmidt's theoretical curve and the broken line is a mean 
curve drawn through Hunter Rouse's experimental points. The 
abscissa, is the ratio of the distance of a point from the vertical 
through the source to the height z. 

Though Rouse's treatment could not produce results of 
type B, i.e. could not give information about the distribution of 
temperature across the thermal jet, it showed that the assump­
tion of similarity of both mean and turbulent velocities leads to 

Copyright © National Academy of Sciences. All rights reserved.

International Symposium on the Use of Models in Fire Research
http://www.nap.edu/catalog.php?record_id=20284

http://www.nap.edu/catalog.php?record_id=20284


FIRE UNDER INFLUENCE OF NATURAL CONVECTION 

0.36 

I .0.4 ~<""w 
~=91. 1 em x h~ 
"=81.1 em o 

·~? "=71.1em o 
"=61.1 em • 
"=51.1em .o. .0.~~ 

1l X) 
)'~'/ 
/ 

X v.o.c./ 
.o.0 / 

0 / 

...>~ 
f' 

v / 
f.-/ - ----0.32 0.28 0.24 0.20 0.16 0.12 0.08 0.04 

TJ 

Figure 1. Distribution of temperature above a point source of heat 
Full-line-Schmidt's calculation 
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the conclusion that the jet must expand at a uniform rate with 
increasing height so that the jet rising from a line source will be 
contained within a wedge and the jet above a point source within 
a cone. Rouse showed also that the jet above a line source has 
the same velocity at all heights while at height z above a point 
source the velocity decreases as z-1 ' 3• The temperatures above 
line and point sources decrease as z-1 and z-6 ' 3 respectively. These 
results were verified experimentally by measurements which in­
volved changes in the total heat flow and of the positions of 
observation points. Rouse expressed his results in terms of the 
flux of what he called' incremental weight' and represented by 
the symbol ay. If Po is the density of the air outside the thermal 
jet and the density at any point is (po + p'), ay = gp'. This is 
the buoyancy force per unit volume and when the buoyancy is 
due to a small rise in the temperature T' above atmospheric tem­
perature To in degrees absolute, ay = gT'po/T where Po is the 
density of the atmosphere. The measured quantity is T' but 
when the results are expressed in terms of ay they are applicable 
to models where other sources of buoyancy are used, such as 
alcohol discharged into water. 
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14 G. I. TAYLOR 

For line sources of heat, Hunter Rouse gave as the best 
formulae for expressing his experimental results 
vertical velocity 

w 1.80 ( ~~113 exp (- 32 ~:) 
buoyancy 

( w2)1'3 1 ( y2) ay = - 2.6 Po V ; exp - 41 z2 · 

and for point sources 

w = 4.7 (- ~Y'3 z-113 exp (- 96 ~) 
y2 

ay = - 11.0 (poW2) 1 ' 3 z-513 exp- 712 
z 

Here the velocity is expressed in ft/sec and distance in feet. 
- WI L is the rate of discharge of buoyancy in pounds per foot 
per second for the line source in length L feet. Po is the density of 
air which must be expressed in pounds per cubic foot if the units 
are to be consistent. 

Induced Currents 

The total amount of air crossing a horizontal section of a 2-
dimensional jet is proportional to wz while in the axisymmetric 
case it is proportional to wz2• The inflow velocity at the edge of 

the two-dimensional jet is proportional to :z (wz) while that at 

the edge of the axisymmetric jet is proportional to ! dd ( wz2). 
z z 

In the thermal jet above a line source the inflow velocity is there­
fore constant since w is constant. For the axisymmetric flow in­
duced by a point source w is proportional to z-113 so that the in-

flow at the edge of the jet is proportional to ! dd (z-113+2) i.e. 
z z 

to z-113• Thus the induced flow at the outer edge of the jet at any 
level is in both cases proportional to the velocity of the jet at 
that level. 
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This leads to a simple conception as to the connection be­
tween jets which rise from hot sources and the induced flow. 
namely, that the jet entrains air through its outer surface at a 
rate which is proportional to its velocity. In other words the in­
flow velocity is a certain fraction a of the jet velocity. This is 
probably an extremely rough approximation but it gives a 
method for calculatmg the field of induced flow which is appli­
cable not only to thermal jets but to forced jets, i.e. jets emanat­
ing from slits or holes in a pressure vessel. I have, in fact, calcu- · 
lated in this way inflows in three cases of thermal jets and four of 
forced jets. 3 The three thermal cases were 

1) horizontal line source at ground level, 
2) point source at ground level, 
3) point source in unobstructed free space. 
In case (1) the inflow at the outer edge of the jet being uni­

form is consistent with uniform horizontal induced flow extend­
ing to all distances on each side of the jet, and in fact, both 
Hunter Rouse and Schmidt have drawn the stream lines of the 
induced flow as horizontal lines both for case (1) and for (2). 
Figure 2 is taken from Rouse's paper in Tellus (I.e.) and shows 
the horizontal stream lines for the two cases. 

In case (2) it turns out that the stream lines cannot be hori­
zontal. I calculated them from the formulae given in my note 
(reference 3) and they are shown in Figure 3. The source in each 
case is represented by the point 0. The outer boundary of the 
jet is represented by the broken line which is drawn arbitrarily 
since the calculation does not give the angle of spread of the jet. 
Lines 1 to 5 represent on an arbitrary scale the total amount of 
air which has been induced into the jet beneath each stream J:ne. 

It will be noticed that of four possible cases involving point 
and line sources at ground level and in free space, only three have 
been mentioned. The fourth, namely a line source in free space, 
has been omitted because there appears to be no solution to this 
problem. The physical reason for this seems to be that the 
velocity in the two-dimensional thermal jet does not decrease 
with height so that any possible solution in which the jet is un­
bounded above must lead to finite velocities at infinity. This does 
not invalidate case (1) where the finite velocity at infinity is 
simply a uniform current, but, when one tries to calculate the 
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flow induced by an unbounded thermal jet, one finds that the 
effect of the part of the jet which lies at a great distance above 
the source affects the flow near the source. This is not a trivial 
mathematical curiosity; it is, I think, merely an example of a 
difficulty inherent in making two-dimensional models of ther­
mally produced convection currents in an unlimited atmosphere. 
We are accustomed to thinking that all models are rather sim­
pler when two dimensions only are needed to describe the geom­
etry, than when three dimensions are necessary. There is, there­
fore, a strong tendency to think and model in two dimensions. 
Where convection currents are involved, this is a mistake in some 
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cases. Suppose that we wish to design a model experiment to 
represent in two dimensions what happens when a side wind 
blows at right angles over a long line of fire. We can experiment 
with a line of small burners laid across the floor of a wind tunnel. 
The stress in the fluid is due partly to gravity and partly to 
turbulence. The latter is proportional to pu2 and the former to 
-rL where 'Y is the buoyancy force per unit volume, La linear scale 
of the apparatus. Writing suffixes o and 1 to represent the model 
and full scale, similarity is attained when 

'YoLo 'Y1L1 
--=--
poUo2 P1U12 

provided the changes in density are small enough to be neglected 
except for their buoyancy effects. If the total rate of discharge 
of buoyancy per unit length of the source is Q, Q a: Luy so that for 
similarity 

LtUo'Yc poUo3 
=---=-- (1) 
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18 G. I. TAYLOR 

While preparing for this talk I unearthed an old report 
(unpublished). written in 1945 by the late Professor A. 0. Ran­
kine and describing experiments made in a wind tunnel 100 ft. 
long x 30ft. wide x 12ft. high. Butane burners were arranged in a 
transverse line and the temperature distribution was measured 
downstream when wind of various strengths was turneo on. 
These experiments were primarily designed to test the scaling 
law when designing burners for the project F.I.D.0. 4 during the 
war. It was realized that the scaling law represented by equation 
(1) would only apply in the atmosphere where buoyancy is due 
to heat if the density changes were swall, but this complete simi­
larity both of density and temperature distribution between 
model and full scale should be attainable if the temperature 
at similar points were the same. These can be attained if 

~ = (LJ)''2 and Hu = (L0 )
312 or writing R = ratio of linear 

u, L, H, L, 
scales of full size to model. 

Uo Ho 
- = R-1' 2 and- = R-3 ' 2 

u, H, 
(2) 

Measurements of the temperature profile were made at 75 
yards from a line of burners laid horizontally on the floor of a 
large new unfilled reservoir when the wind was 8Yz mi/hr and 
the heat flux 22.4 therms/yard/hour. Temperature measure­
ments were made in the wind tunnel at distances 15', 7'6", 3'9", 
i.e. on scales of 1/15, 1/30 and 1/60. The heat discharges were 
0.38, 0.13, 0.05 therms/yd/hr which are nearly in the correct 
ratios for complete similarity when the wind speeds were 3.2, 
2.3 and 1.6 ft/second. Figure 4 shows the results. It will be seen 
that the model tests do in fact predict the temperature with 
considerable accuracy but this result was only attained when 
both the wind speed and the heat discharge were in accordance 
with the scaling law. 

This is an interesting result because the scaling law is 
founded on the idea that the turbulence is similar on all scales. 
The turbulence arises partly from the friction of the wind on the 
ground (both to windward of the burners and between them and 
the observation point) and partly because the temperature dis-
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Figure 4. Temperature distribution downwind from line source of heat at ground level 
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20 G. I. TAYLOR 

tribution is unstable. Exact similarity could only be expected if 
the distribution of wind and turbulence upstream of the burners 
were similar in model and full-scale experiments. In all prob­
ability they were not the same, so that one can perhaps infer 
from the consistency of the results shown in Figure 4, that the 
effect of the turbulence already in the air stream before it passes 
over the burners is small compared with the turbulence produced 
downstream of the burners. 

When there is no wind the heated air current rises vertically 
and produces uniform inflowing convection current at each side. 
It might be expected that a very slight side wind would cause the 
thermal jet to lean over to one side. If one could imagine that 
each element of the jet is carried sideways by a wind u while 
preserving its upward velocity w it would lean over so that its 
center line lay at an angle tan-•(u/w) to the vertical and the jet 

would be bounded by planes lying at angles tan-• (u ~ aw). 
Formally the angles tan-• (u ~ aw) exist whatever the values 

of u and w may be but when the total induced velocity outside 
the jet is positive, i.e. when u > aw the air outside the jet is 
flowing away from it on the down stream side, the air which 
passes through the jet is hot, so that the conception of a heated 
column continually increasing in volume as it ascends by en­
trainment of unheated air is unrealistic. All the cases represented 
on Figure 4 were ones in which the air to leeward of the burners 
was moving away from them. Professor Rankine tried to obtain 
flows in which there was a sufficiently small side wind to ensure 
that air flowed in from both sides but he was unable to do so be­
cause with very small winds the heated column rose to the top 
of the tunnel and part of it ran along the top against the wind 
and so recirculated. An attempt was made to do away with the 
top but the experiments had to be discontinued so that the tran­
sition from the upward current type of thermal jet to the type 
in which the heat is blown downwind was not explored. When 
there is no wind the side inflow aw is really known so that it 
would be interesting to find experimentally whether the critical 
condition under which the rising jet is blown over corresponds 
with a velocity of the air on the windward side of the jet of 2aw. 
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FIRE UNDER INFLUENCE OF NATURAL CONVECTION 21 

If this critical condition is exceeded, as was the case in the 
measurements shown in Figure 4, the top boundary of the heat 
rises at an angle {3 which Rankine measured. He found empiri­
cally (p. 30 of his report) that tan {3 is proportional to H 0 •286 and 
inversely to u0 ·8'. The fact that 0.86 is so exactly three times 
0.286 makes me think that Rankine must have analyzed his 
measurements assuming, on theoretical grounds, that tan {3 must 
be a function of Hju3• One can perhaps learn something from 
the measured value of the index when tan {3 ex (H/u3) 0 •283• After 
giving this result Professor Rankine referred to a letter of mine 
in which I had expressed the opinion that tan {3 might be pro­
portional to (H/u3)213. My argument is perhaps worth recording. 
It was that, if the dispersion of heat upwards is due only to ther­
mal currents without assistance from turbulence generated by 
friction of the air on the ground, the thermal currents in any 
volume of fluid which is carried along by the wind from a line 

. source might be the same as the thermal currents which would 
arise if heat were initially distributed uniformly close to 
the ground and then allowed to disperse upwards. The relation­
ship between the two problems is that the distribution of tem­
perature with height at distance x in the line source problem 
would be identical with that in the related problem at time xju 
provided the total amount of heat spreading upwards in the 
second problem was H. = H/u per unit area. In the second prob­
lem, distributions of temperature with height at different times 
must be similar. If the vertical component of turbulent velocity 
is v, the similarity law would be that fJL/iP must be a function of 
z/L only here L is the height of the heated layer at any time, 
z the height of the point where the mean square velocity is v2• 

The top of the heated volume is rising at speed y'(v2).-L and 
fJL is proportional to H. so that Hd(v2).-L is independent of H •. 

'(fj2) • -L 
In the line source problem tan2{3 

so that 
H 1 H ex (~a 112 tan2{3 ex - 2 or~ so that tan/3 
u u 

(3) 

The unrealistic assumption that was made on this analysis is 
that the vertical dispersion of heat is due entirely to currents of 
thermal origin. If the currents had been entirely due to wind 
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friction (3 would have been independent of H. The fact that the 
experimentally determined exponent of Hju3 is 0.283, which is 
roughly halfway between 0 and Y2, suggests that in the range of 
values of Hju 3 in Rankine's experiments the friction-driven tur­
bulence is roughly of equal importance in the dispersion to the 
thermal instability. 

Three-Dimensional Scale Relations 

Schmidt's calculated values for 8,., the excess temperature, 
and w,. the upward velocity, in the centre of a jet rising from a 
point source were 

w,. = A (Hg)l/3 z-1/3 
puT 

8,. = 0.924 A2 (~Y'3 (~Y'3 z-5/3 

(4) 

(5) 

Here H is the heat discharged from the source per unit time 
and Hj(puT) is of dimensions (l3t- 1). A is a constant arising in 
the mixture length theory. Other theories involving constant 
distributions at all heights would be of the same form except 
that the number 0.924 would be replaced by another number 
of the same order of magnitude. 

When the thermal jet is blown by a side wind of velocity 
u one condition of similarity between full scale and model is that 
at similar points ujw shall have the same value, so that equation 

. uiHI-Ii3zii/a . . . . . 
(4) gtves H _ 13 113 = 1 and at stmtlar pomts zdz ts the ratto R 

Uo o 1 Zo 

of the linear scales of full scale to model scale. For complete 
similarity 8,. must have the same value at similar points for 
model and full scale so that equation (5) gives 

and 

Ho 
= R- 6 ' 3 or -- = R-512 

Ill 
(6) 

Comparing these with equation (2) it will be seen that velocities 
scale in the same way as for two dimensions. The heat does not 
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appear to scale in the same way but the H of equation (2) has 
not the same dimensions as the H of equation (6). If the heat 
from the point source were considered as coming from short 
lengths Lo and L~t the ratio of the heat emission per unit length 
of these lines would be R-312 as in equation (2), since for sim­
ilarity LdLo = R. 

The case of a point source in a side wind has been 
chosen as a simple example of a three dimensional field, but 
the scaling laws represented by equation (6) seem to be universal 
in their application. 

Models of Convection[in an Atmosphere of Variable 
Potential Temperature 

In the cases discussed so far the ambient atmosphere has 
been considered as of uniform density. In the atmosphere the 
density decreases with height and the buoyancy of air at any 
height depends on the difference between its temperature and 
that of the surrounding air. As the air rises in a thermal current 
it cools owing to adiabatic expansion as it rises into places where 
the surrounding pressure decreases. If the atmosphere is in neu­
tral equilibrium, its temperature decreases with height and that 
of the air in rising current will decrease at the same rate so that 
its buoyancy is preserved. The atmosphere is then described as 
having uniform potential temperature. Its actual temperature 
decreases at a rate of approximately 1 oc per 100 meters. 

If the potential temperature in the atmosphere increases 
with height, as it must do if it is tcf remain stable, a rising ther­
mal current does not preserve its buoyancy because it entrains 
air which is at a higher potential temperature. 

It would be exceedingly difficult to calculate the flow in 
such a case because similarity would not be preserved. On the 
other hand, some of the main features of the flow can be de­
scribed in the case of a point or line source under a windless 
atmosphere using three simplifying assumptions: (1) the dis­
tributions of velocity and temperature are assumed to be similar 
at all heights (2) the rate of entrainment over the outer surface 
of the jet is assumed to be proportional to the velocity of the 
rising current (3) the potential temperature is assumed to rise 
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at a constant rate with increasing height. Solutions of the point 
source problem subject to these limitations have been given by 
Morton, Taylor, and Turner5 and by Priestley and Ball.6 These 
solutions differ in detail but the non-dimensional combinations 
which occur in them are the same. 

The two independent measurable quantities which deter­
mine the height to which the column or plume of hot air will 
penetrate into the atmosphere are F0 , the flux of buoyancy at the 
source divided by p 11 the density of the ambient fluid at the level 

of the source, and G = - ! ddp. The assumption of similarity 
PI Z 

between distributions of buoyancy and velocity at all heights 
reduces all cases to the same non-dimensional form. The linear 
scale is proportional to F01' 4G-3 ' 8 and the velocities to F01 ' 4G118• 

The calculated non-dimensional radius of plume R, buoyancy 
~and vertical velocity ·u are shown in Figure 5, as non-dimen-

Figure 5. The variation with height of the horizontal extent (R), the vertical velocity 
(U), and the buoyancy (.6.) calculated for the turbulent plume in a uniformly and 
stably stratified fluid. 
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sional functions of non-dimensional height z1 ex: F- 114G318• It will 
be seen that according to the analysis the thermal column loses 
its buoyancy at Z1 = 2.1 but it still has vertical velocity which 
carries it up Z1 = 2.8 where it spreads out. The simplifying 
assumptions of the theory break down, however, before this stage 
is reached. 

Model of Plume Penetrating Into Stably Stratified Fluid 

Instead of using stably stratified air as the fluid a tank con­
tains, salt solution, of which the concentration decreased uni­
formly with height, was used and the density gradient measured. 
This gives G. The thermal plume was represented by discharging 
coloured methylated spirit of known density at a known rate so 
that F0 could be calculated. Figure 6 is a photograph of one of 

l 

0 

Figure 6. Maintained plume in a stably stratified fluid (methyl alcohol in salt solution) 
(Reprinted by permission of the Royal Society. London) 
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the plumes with a scale of z. They spread out and the heights of 
the top and bottom were measured. 

These are plotted against Fo1 ' 4G-3 ' 8 for a variety of values 
of the abscissa ranging from 3.5 to 16 in Figure 7 and it was 
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Figure 7. Experimentally determined height of maintained plumes compared with 
the height prediction made by comparing previous experimental data on unstratified 
fluids. 

o top of the layer 
x bottom of the layer 

The continuous straight line is the line of best fit with the experimental points for 
the plume top. It has slope 3.7. 
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found that the points represented by the top lay near a straight 
line whose slope was about 3. 7. The calculated·value of the maxi­
mum height to which the fluid could penetrate was Zt = 2.8 in 
non-dimensional units, but the relationship between these and 
the also non-dimensional z/(ztFI'4G0- 3 ' 8) depended on the value 
of a, the coefficient of entrainment. It was found (ref. 5, Table 2) 
that if a has the same value as that which makes theory agree 
with Schmidt's experiments, the value of [(height of top of 
plume)· (F-114Go318)] would be near 3.8 so that the agreement 
with the data shown in Figure 7 is good. 

Applying these theoretical formulae to an atmosphere 
stratified so that the actual rate of increase in temperature 

is a fraction n of the adiabatic lapse rater, then G = ~ (1 + n) 

and P, the height of the top of the plume, is found to be P 
= 31(1 + n)-3 ' 8Q1 ' 4 where Q is the rate of heat discharge at the 
source in kilowatts and Pis in meters. Taking n = -0.66, which 
is a normal kind of lapse rate, (6.5°C/km) P 4.6Q 114 and a 
few examples are given below. 

Q H 
k.w. meters 

Fire 2 lb coal/hr 8 80 
2 cwt wood/hr 450 200 

Large Power Station Y2 Mkw 5 X 105 1200 
5000 tonsjhr 2.5 X 107 3200 

These seem bigger than might be expected but it is seldom that 
the wind is sufficiently low to permit the heat column to rise 
vertically. A very small wind will very greatly decrease P. 
Another cause which may tend to prevent the plumes from at­
taining their calculated height is the neglect of loss of heat by 
radiation in the theory. 
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Discussion 

Professor Hottel: In the actual fire, the distribution of tem­
peratures is affected by the fire and the mixing process deter­
mines the heat release during the combustion process. The source 
is a surface, a surface not necessarily horizontal, and perhaps not 
at ground level, so that the flame poses a complicated question. 
Sir Geoffrey, will you give us some hints as to how to handle this 
in terms of the picture which you presented. 

Professor Taylor: I fear that the models I have discussed 
are concerned only with the air currents produced in the sur­
rounding atmosphere by a fire producing a known quantity of 
heat and do not touch on other questions to which we would like 
to know the answer, such as how the air currents react on the 
rate of combustion. 

Professor Hottel: I am sure that many of you who are 
familiar with the general interest in applying models will feel, 
and quite properly, that we are a long way from being able to 
model those aspects of flames which we need to consider in fire 
growth or fire spread. I do not see how we can avoid using pres­
sure as a tool in some of our fire modeling problems. There is 
nothing miraculous about modeling; it will not let us study a 
problem by holding constant fewer dimensionless groups than 
Nature says are significant to the problem. 

Dr. Thomas: I would like to ask Sir Geoffrey to interpret 
some results we obtained in an experiment we have made re­
cently. Most of the experiments on the flammability of fabrics 
have been made with different thicknesses of one width of fabric. 
Recently, to study the effect of varying width, we burned strips 
of fabric of one thickness in widths ranging from %' to 4 inches. 
These strips were hung vertically and were ignited at the lower 
edge and we measured the flame height and the rate of spread of 
flame, which is proportional to the rate of loss of weight. We 
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attempted to interpret the results we obtained in the following 
manner. 

Sir Geoffrey has described how the entrainment velocity is 
proportional to the upward velocity in a plume and we have 
made the same assumption for the flame. Because the velocity at 
which the fuel gases enter the flame zone is small compared with 
the velocities induced by the buoyancy of the flame, we assumed 
the upward velocity in the flame to be proportional to the square 
root of the flame height, so that the mean entrainment velocity 
was also taken as proportional to the square root of the flame 
height. If one assumes that the flame of height Z is approxi­
mately conical, so that its surface is proportional to Z 2, the total 
air entering the flame is proportional to Z 2 X Z 1 ' 2 and for a con­
stant air/fuel ratio the rate of weight loss Rand flame height 
are related by 

Z"'2 o: R, i.e., Z o: R 0 •40 

Our results gave 0.47 for this index. We then assumed that the 
length of fabric actually producing flammable gases at any in­
stant was a constant fraction of the flame height. This is so if the 
rate of decomposition per unit area of fabric surface, and the 
heat transfer to the material ahead of the burning zone, are con­
stant for different widths of fabric. We then writeR o: ZB, where 
B is the width of fabric, and these two equations give R o: B 213• 

Our experimental results gave an index of 0.63. 
We also tried to apply these two assumptions : 
1) A constant ratio between entrainment velocity and up­

ward velocity of gases in the flame. 
2) A proportionality between this latter velocity and Z 1 ' 2 

to flames from· the cubical enclosures with one side open. 
The flames from the smallest cube are the tallest in relation to 
the cube size. The value of Z 1 ' 2 is the smallest and the entrain­
ment velocity is lower than for the larger cubes. Accordingly, a 
relatively larger surface, i.e. a relatively longer flame, is required 
for combustion. The flames are not conical, they are relatively 
short, but applying this kind of analysis gives a correlation, 
which over a small range of scale, viz. from 1 to 3 ft. cube, does 
not have any systematic scale effect. May I have comments? 

Professor Hottel: I find myself unable to comment. I want 
to look at this derivation on the blackboard a little more slowly. 
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Perhaps someone else followed it completely enough to make 
comments. 

Dr. Emmons: It occurred to me during the presentation 
that when you change models, as in this case, you change from a 
clearly three-dimensional toward a two-dimensional problem. It 
should be noted that two-dimensional problems and three-dimen­
sional problems are sometimes very different and one or the 
other may not exist in a steady state. This has already been 
noted by Sir Geoffrey. Whenever this occurs, there is a real 
meaning to the non-existence of a solution. The meaning in the 
case that Sir Geoffrey mentioned is that there would really be 
infinite velocities. Since infinite velocities cannot really exist, 
there must be some actual dimension, say width dimension, that 
is important in local phenomena and important in a major way. 
Furthermore, the time scale, the time elapsed from the beginning 
of the fire is important, so that the starting situation never has 
disappeared completely, even though the fire has been burning 
for a long period of time, the convection column is still changing 
in an important way. 

Each of these, therefore, would have fundamental effects on 
the nature of the problem. Conceivably in a case of this kind, if 
the experiments had been extended to a very broad cloth, they 
might have tended to a quite different kind of situation. There 
are problems that one has to watch very carefully in going from 
a two- to three-dimensional situation-they may be different in 
kind, rather than just in degree. 

Dr. Fristrom: A problem of considerable interest is that of a 
finite rather than an infinite point source, and I notice that Sir 
Geoffrey indicated that the Schmidt work was done with a quite 
finite source (I believe he said five centimeters in diameter) and 
that it could be well mapped assuming a virtual point source 
eleven centimeters below the table. I am wondering if he has 
any comments as to how far one could push the mapping of finite 
sources assuming a virtual point source of this kind. 

Professor Taylor: This problem is somewhat like St. 
Venaut's problem in elasticity. If one twists or bends an elastic 
beam by applying loads at the ends the stresses at all points far 
removed from the ends depend only on the total moments 
applied there but quite close to the ends the stresses depend in 
detail on the manner in which the load is applied. The distribu-
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tion of velocity in an air jet issuing at high speed from a pipe 
depends only on the rate of discharge of momentum at points 
which are more than about two or three pipe diameters from the 
end of the pipe, but near the pipe the distribution of velocity 
depends on many things such as the shape of the cross section of 
the pipe and the state of turbulence of the air as it issues from 
the pipe. 

Dr. Blackshear: I could give a quantitative answer to that. 
We tried an application of a line source solution to a jet of finite 
velocity and tried to see what was necessary for this to approxi­
mate reality. It turned out that if you have a Reynolds number 
of unity in your jet, you can approximate reality within two jet 
diameters or jet widths. If you have a Reynolds number of a 
thousand in your little slot you have to go to 400,000 slot widths 
before you start approximating reality, so it is a very strong 
function of Reynolds number. 

Professor Taylor: This is a different condition from that 
which I envisaged. When the Reynolds number of a jet is small 
it may be non-turbulent and I was only considering turbulent 
jets. A non-turbulent jet at low Reynolds number of order 1,000 
may travel a long distance before spreading out and assuming a 
typical distribution of velocity in which similarity is preserved. 

Dr. Blackshear: This is the infinitesimal slot. 
Professor Taylor: Is it a forced jet, or a thermal jet, or what? 
Dr. Blackshear: It is a forced jet. In the analysis you have 

an infinite velocity coming from an infinitesimal source, and if 
you try to apply this analysis to a finite jet, of finite dimension, 
and finite velocity, it works to within quite close to the origin 
if the Reynolds number is small. 
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Fire Modeling 

H. C. HOTTEL 
Massachusetts Institute of Technology 

SvsTEMS are identified as similar when the quan­
titative relations describing them can be put in identical form, 
so that there is a one-to-one correspondence between an event 
or a property in the prototype and in its model. A model may be 
incomplete and may reproduce faithfully only those aspects of 
the prototype considered of primary importance. In fact, the 
only models of processes of great complexity which are possible 
are incomplete ones. It is the engineer's task to determine, by 
experiment and analysis, which variables in the prototype may 
justifiably be omitted in the model. 

The conditions for similarity may be established in one of 
three general ways. Use of the pi theorem, popular in the 20's, 
is one of them. As used in practice, it appears to have contributed 
to a reduction in the level of understanding of modeling ; it de­
fines a procedure so formal that it permits variables to be intro­
duced without identification of the physical reason and yields 
dimensionless groups which may be in a valid but unfamiliar 
form. A second approach is to formulate the equations applicable 
to the problem and, without solving them, manipulate them 
until the dimensionless groups emerge. This has to work, but it 
gives the impression that the ability to write the rigorous equa­
tion is an essential feature of similitude theory, and of course it 
is not. The third method of establishing the conditions for simi­
larity is the one which, to this author, best permits the welding 
of similitude theory and a "feeling" for the problem at hand­
also the one which has been applied so effectively in the previous 
paper1 of this symposium. 

32 
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Consider a device or process subject to change in space or 
time. Quantitative statements about the system will be state­
ments about force, matter, or energy. A statement of the exist­
ence of a balance of forces, for example, will of necessity contain 
terms which are dimensionally identical, and division through by 
one of the terms will produce a set of force ratios. These ratios 
must be the same in similar systems. Similar statements may be 
made about conservation of matter and of energy. It thus be­
comes clear that, by listing all the variables or parameters in 
each of the three categories-matter, force, and energy-and by 
taking ratios within each category, one will have established the 
form of all the dimensionless groups which can be involved in 
any quantitative statements about the problem except for the 
effect of general statements about physical property variations 
or statements of boundary conditions. The former may always be 
put in non-dimensional form to disclose the new groups* which 
arise. The boundary conditions are used to convert as many 
groups as possible into groups containing no dependent variable, 
by replacing velocity, length, etc., by a characteristic value. If 
there is more than one dependent variable in the dimensionless 
groups, all but the one of interest must be eliminated by taking 
ratios among the groups. The independent-variable groups so 
obtained suffice to fix the system completely- or as completely 
as is consistent vvith the assumptions made as to what kinds of 
force, matter, or energy terms merit inclusion in the analysis. 

Tables 1, 2, and 3 list some of the forces, mass rates and 
energy rates expected to enter problems of fire modeling. No 
claim to completeness is made. 

TABLE 1. FORCES 
(V -= volume; u, v = velocity) 

1. Momentum, such as pu2A and puZVfr . .. .................... u2p£2 
2. Viscous stress X area, ~A (dujdx) . . . .... .. ... . .. . ..... . ... . ~Lu 
3. Turbulent stress X area, pvlA (du/dx) . ........... . .... . . . ... u2p£2 
4. Buoyancy, V(p - p.)g . ......... . . . ...... . . . . . .. . .. . . . .... LS(p - p.)g 
5. Pressure-area ........................ .. ........ . .... . . ... P LZ 
6. Surface tension .... .. ............ ..... .............. . .... u L 
7. Friction: various formulations, including C dAu2pf2 . . . . ....... (Cd)(L2u2p) 

• The price paid is high if a new group does thereby arise. One tries to avoid it 
by use of suitable mean values; and here is a place where rigorous analysis of a part of 
a problem simplifies dimensional analysis of the whole. 
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TABLE 2. MASS RATES 
(Applied to component i) 

H. C. HOTTEL 

10. Transport by convection or bulk-flow, uApf; ...... .. .. . .. . ... L2upf, 
11. Molecular cliff usion rate, -A D;p(dfd dx) . .. . .. . . ...... . .... . . LD;pf; 

[Gas diffusion, D;rr. T312jp; Pore diff'n, D; rr. TI12J 
12. Turbulent transport, - ADrp(df;/dx) . . ... . .. ... ... .. .. . .... L'upf;(Re)-" 

[Drrr.Vl(Re)-"; n « 1, and often ignored*) 
13. Chemical reaction rate in a volume, Vk;(pf;)" . . . . . . . .. .. . . . .. Vk;(pf;)" 

[k; = k';e-B;IRT; B; = mass reacted per unit volume and time, or 
per 1,1nit mass cone., = k(pf;)"- 11 .. . . . . . .................. . Vpf;B; 

14. Chemical rate, gas with a surface, Ak,(pf;)" ... .. ... ..... . . .. L2k,(pf;)" 
15. Unsteady-state concentration change, V pdj;jdt . .. .. .... . ... . . L3pj;/t 

TABLE 3. ENERGY RATES 

20. Convection or bulk-flow 
a) of sensible energy, Aupcp(T- T 0 ) • ••• • ••••••• •• • • •• •• • • L'upc 11(T- T0 ) 

b) of chemical energy (species i), Aupf;H; ... . . ... ... . .. . .... L2upf;H; 
21. Conduction, -AX(dT/dx) ...... .... ... .. . .......... . ...... XL(T- To) 
22. Turbulent transport 

a) of sensible energy, -AVlc"(dT/dx) . ..... . . ... . . .. .. . . .. .. L2upc 11(T- T.) 
b) of chemical energy, -AdpH;(df;/dx) ... . . ..... . . . . . .. . . . L'upf;H; 

23. Unsteady bulk-temp. change, Vpc 11(dT/dt) . . .. . . .. . .... ... .. L3pc 11(T- T.)/t 
24. Burning rate, or heating rate . . ...... . .. . ..... . ....... . .. . . q 
25. Surface-to-surface radiation, q;--+; 

a) gray, S;.S;uT;', where S.S; :: L1/I(E's, shape) . ...... . . . ... . L1uT'.f1 
b) non-gray, see text 

26. Gas-zone to surface-zone radiation, or vice versa 
a) gray, S;G;uT4, where S;G; :: L'/2(d., E's, shape) ... . .. . ... . L1uT'.ft 
b) non-gray, see text 

27. Gas-zone to gas-zone radiation 
a) gray, G;G;uT; 4, where G;G;:: KLo/a(KL, E's, shape) .... .. ... d 3uT4/a 
b) non-gray, see text 

Radiation 

The radiation terms merit discussion for two reasons: they 
are less generally familiar to the engineer than the other terms; 
and full allowance for radiation in modeling is often so restric­
tive as to force a compromise which cannot be made intelligently 
without full recognition of how much rigor has been sacrificed. 
Consider a multisurface or multizone enclosure containing a non­
absorbing medium. The radiation from surfaceS, which reaches 
and is absorbed by S;, expressed as a fraction of black radiation 
emitted by A,, is designated by S,S/=S;S;). It has been 

* TheRe function could, with equal justification, be included in items 3 and 18. 
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shown2 • 3 that SS equals V times a dimensionless function of the 
system shape and of the emissivities of all surfaces forming the 
enclosure, the function being expressible in determinant form of 
order equal to the number of zones in the system (see Appendix). 
If all surfaces are gray the net flux between zones i and j is then 

-- 4 ,.-.4 
q;;::::!; = S,S;u(T; - 1 ;) (1) 

The result for a non-gray system is given in the appendix. For 
application to modeling, where shape is preserved, it is sufficient 
to note that SS is V times a dimensionless function of surface 
emissivities, where L is a characteristic system dimension. 

When the enclosure contains a radiation-absorbing fluid 
(combustion gases or flame), there is interest in three kinds of 
radiant interchange, gas zone to gas zone, gas zone to surface, 
or vice versa, and surface to surface. Formulation of any of these 
depends on knowledge of K, the absorption coefficient of the gas 
defined as the fractional decrease, per unit of path length, of the 
intensity of a collimated beam of radiation. When K is constant 
along the path, the transmittance through a finite path Lis e-"L 
(Beer's Law); and 1/K, having the dimensions of length, may be 
visualized as the mean free path of a photon through the gas­
the distance it can go with a chance 1/e of escape. The emission 
from a gas volume V, without self-absorption, is 4K VuP if the 

volume is gray, 4 v !o"" K w~dx if not. A detailed discussion of the 

factors influencing K is beyond the scope of this paper. It is 
proportional to the concentration of absorbing components and, 
due to pressure-broadening of spectral lines, is in addition a weak 
positive function of total pressure. It varies in a complex way 
with temperature and wavelength, its mean value over a small 
wavelength interval being expressible as a power function of 
temperature, with power varying from zero to small positive 
values. The influence of these facts on radiation modeling must 
await formulation of the terms appearing in the expressions for 
radiant exchange involving absorbing gas. 

Interchange between a surface zone and a gas zone may be 
expressed, for a gray gas and a gray surface, as 

q;;::::!; = S;G;u(T~ - TD 

SG has the dimensions of area and may be expressed as the 
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square of a characteristic system dimension L, times a dimension­
less function 12 of the emissivities of all enclosing surfaces, of 
KL, and of the system shape. The case of a non-gray system is 
treated in the appendix. 

The interchange between two surface zones, with enclosed 
gas and all surfaces gray, is given by 

q,-;::=; = S.S;u(T! - T;) 

As before, SS has the dimensions of area and is V times a dimen­
sionless function of shape, emissivities of all surfaces, and KL. 

Interchange between two gas zones introduces no new prin­
ciples significant to modeling. 

It is clear that radiation modeling can be difficult. The 
radiative transport is in competition with turbulent transport 
and conduction, quantities which are linear in temperature. The 
ratio is proportional to 11 X (T~ - r:)!(Ti - T2). If T1 and T2 
are the hottest and coldest surface elements present in the sys­
tem and differ by no more than a factor of 2, the replacement of 
(T~ - TD1d(Ti - T2) by 4T!~1~, with Ta. representing the 
arithmetic mean of T1 and T2, represents a reduction of only 10 
per cent. Consequently, for systems in which the radiant surfaces 
are each fairly uniform in temperature and there are but two of 
them and their temperatures do not differ by more than a factor 
of 2, the maintenance of equal values of T!.11 in model and pro­
totype guarantees that radiation will keep in step with the heat 
flux that is linear in remperature in the system, even though 
T1 - T2 is greatly different in the two devices. If, however, be­
tween the surfaces at T1 and T2 = 1/2 T1 there are other sur­
faces at all intermediate temperatures, it is clear that mainte­
nance of equality of 1'!.11 in model and prototype will not at all 
produce "modeled" radiant flux, except between the surfaces at 
T1 and T2. The use of (uT!.L.fdX) as a radiation modeling group 
is old; it is seldom adequate except where allowance for radiation 
is of the nature of a correction to the analysis. 

Application to Natural-Convection Jetsi 

As an example of radiation modeling, the physical system 
discussed by Professor Taylor in the first paper of this sympo-
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sium will be used-that of the natural-convection jet rising from 
a point or line source. The derivation without radiation will first 
be repeated, following the method outlined here and using Tables 
1 and 3. 

The problem is to determine how to model temperature and 
velocity above a prototype heat source of energy rate qp, by use 
of a smaller heat liberation rate qM in the model. Consider what 
goes on in a plane the distance z above the heat source or fire, 
and use z as a characteristic dimension. The statements one may 
make about the problem concern the forces (numbered in accord­
ance with Table 1), 

1. momentum due to steady flow, u2pz2 , 

3. (turbulent stress) (area), piVz2ujz which, on the assump­
tion of IV being proportional to zu, becomes the same as 
"1", 

4. buoyancy z3(p - Pa)g which, by use of the perfect-gas 
relation PIPa = Ta/T, becomes z3gp(T - To)/To, 

and the energy rates (numbered in accordance with Table 3), 
20. enthalpy flux or convective flux through an area·, 

z2upc11 ( T - To), 
22. turbulent transport IV Z2pc11(T - To)/z which, on the 

assumption of IV proportional to zu, becomes the same 
as" 20", 

24. heat liberation rate at the source, q. 

The statement about forces include two forces, from which a 
single ratio can be formed; and this ratio includes two dependent 
variables, u and T - To. The ratio containing them must be 
identified with a position in relation to the axis through the heat 
source, expressed in non-dimensional terms. In application to 
the radial distance r, the force statement then becomes 

u2 To 
zg(T - To) = fa(rjz) 

Similarly, the energy statement becomes 

q 
2 (T T) = fb(r/z) 

UZ pC11 - o 
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and 

H. C. HOTTEL 

Either u or (T - To) may be eliminated from these to give 

!L (To)ll2z-6!2(T - To)-3/2 = fa(r/z) 
pCp g 

!1_ __!_ z-su-3 = f4(r/z) 
pCp To 

(2) 

(3) 

Expressing these explicitly in (T - To) and u gives 

( q )2/3 (T0)t/3 
T - To = pCp g z-613 X fa(r/z) 

and 

u = ( q! )113 X f4(r/z) 
pCp.J. cZ 

These two relations appear to have been derived without 
any assumptions concerning profile similarity, but they do de­
pend on the assumption that the velocity v in the transport 
coefficient lV is measured by the local steady velocity u and that l 
is measured by the distance the jet has risen or, since reference 
is to point r/z, alternatively by r. The relations are of course of 
the same form as the relations obtained by Schmidt and by 
Hunter Rouse, reproduced by Professor Taylor as equations 4 
and 5. To obtain Rouse's equations, one uses the definitions of 
~'Y( =g(T - To)p/To), - W( =qg/cpTo), and w( =u). 

Analysis, by the same method, of the performance of a line 
source is identical in all respects to the preceding except that 
(q/L)z replaces q in the analysis, where (q/L) is the heat libera­
tion rate per unit of ground length along the line heat source. 

Relation (2) states that in the z-plane in two systems having 
equal values of (q/pcp)(To/g) 1 ' 2(z)-5 ' 2(T - T0)-3 ' 2, conditions 
at corresponding values of r/z will be similar; and relation (3) 
gives a comparison of velocities at corresponding points in the 
two systems. 

Consider now the addition of radiation modeling to the 
problem of constructing similar hot natural-convection jets. 
There are two meanings to the term radiation modeling: (1) 
modeling of the interaction of radiation with other energy-trans­
port phenomena, and (2) modeling of the radiating properties 
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while ignoring their influence on the jet temperature pattern. To 
achieve the first of these, the ratio of hot-jet radiation to con­
vection is formulated: 

u(P - T04)j(E's, KZ, shape) 
UpCp(T - To) 

(4) 

Elimination of the dependent variable u is achieved by combin­
ing this with the left-hand group in equation (3) to give 

u(P - To4)f(E's, KZ, shape~ 
(pcp)213(qg/T0z)113(T - To) 

(5) 

Full modeling is then achieved by keeping items (2), left, and (5) 
above both constant from prototype to model. One now sees 
the difficulties introduced by radiation. Use of any but the pro­
totype fuel and temperature level appears, practically, out of 
the question. The group KZ is better represented by K'Pz, with 
K1 approximately a constant characteristic of the fuel. Substitut­
ing proportionality of p to P and retaining only those terms in 
(2) and (5) which are subject to control by the experimenter, 
one has the two groups 

q j(E's, Pz) 
Pz512 and pz!a(q/z)l!a (6) 

which must be kept constant from prototype to model. Since the 
function f is not one of proportionality to the dimensionless 
groups E and Pz in it, the right-hand group calls for constancy 
of each of the groups 

E, Pz, P 2' 3(q/z)113 (7) 

in addition to the left-hand group of (6) that would alone have 
sufficed in the absence of radiation. Setting P o: z-1 from the 
center group of (7) into the group q1Pz5 ' 2 yields the relation 

q o: za!z 

But setting P o: z-1 into the right-hand group of (7) yields the 
relation 

and one sees that not enough degrees of freedom are available 
to model. 
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One may abandon the objective of allowing for interaction of 
radiation with other fluxes-an assumption justified if flame 
energy loss by radiation is small-and be content with modeling 
the radiation process. This means simulating the space-distribu­
tion of radiation over nearby receiving surfaces such as the 
ground; maintaining a ratio, in the model, of radiation received 
at a point from two fixed directions into the flame, which is equal 
to the ratio in the prototype at a corresponding point; etc. This 
is accomplished, in systems which are temperature-matched, 
when the two paths from the point into the flame traverse equal 
ratios of emitters. And this calls simply for K'Pz or Pz to be the 
same in model and prototype. The conditions for limited model­
ing are now constancy of 

q/ Pz6 ' 2 and Pz (8) 

which leads to the model laws : 

z a: P-1 and q a: z3 ' 2 or q a: P-312 

Specifically, one simulates a large open fire by burning, in a 
confining tank, say, at 4 atmospheres, one-eight as much fuel; 
and one makes measurements at one-fourth the prototype dis­
tances. The use of pressure in modeling is plainly not attractive. 

There is a limiting case : If the prototype flame is so nearly 
opaque that the model flame can also be considered so, K'PL is 
infinite for both ; and the only condition to be satisfied is the 
constancy of q/ Pz6'2• Pressure need no longer be used to gain a 
new degree of freedom in modeling. One might instead wish to 
retain P as a variable and use this freedom to satisfy a chemical 
requirement for producing luminosity. A satisfactory group is 
formed from Table 2, items 13 and 10, which yield the ratio 
zpn-1 /u (n is the order of the over-all chemical reaction). Com­
bining with the group in (3), again to eliminate u, one has 
z2P 3 n-2 /q. Satisfying this together with the original group q/ Pz612 

yields the model laws 
z 0: p-(2n-2) and q 0: zl/2(6-1/n-1) 

which, with n = 2.4 in anticipation of the last section, gives 
p a: z-l/2 .s and q a: z2 . 16 

One would be somewhat concerned about the size of a jet above 
which the thick-flame criterion failed. 
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Forcecl Jets or Diffusion Flames 

In the spring of 1958 the author made an approximate 
analysis of the forced turbulent thermal jet to indicate whether 
buoyancy might lengthen or shorten a driven-jet flame, i.e., to 
find how the ratio of flame length to nozzle diameter of two jets of 
identical fuel issuing at identical Reynolds number would com­
pare when their buoyant force-turbulent force ratios were dif­
ferent. The dimensionless group measuring this rati()_jitems 3 
and 4 of Table 1), based on the velocity, diameter and density 
at the nozzle, is Uo2pojgdo(po - Pa). Except for the density terms 
it is the Froude number but with entirely different applicability, 
and has been called the modified Froude number (Fr)'. It may 
be identified with Uo8dopoe,To/qg. The details of the simplified 
analysis, based on the conservation equation for mass (or 
energy; they are of the same form here), the force balance, and 
the assumption of inflow proportional to axial velocity, are out of 
place here. The conclusion was reached that at a fixed Reynolds 
number the more buoyant jet would be shorter, i.e., that a speci­
fied molal ratio of ambient fluid to nozzle fluid would be found 
nearer the nozzle. The implication that buoyancy shortens a 
flame may come rather as a surprise, appearing to go against 
common sense; the forgotten element in the "common-sense" 
approach is that buoyancy forces are available to help entrain 
air into the flame and thereby increase its burning rate. 

The experimental examination of the forced-jet flame will 
be presented briefly as an interesting example of the pitfalls of 
fire modeling. Flames of fuel jets issuing at velocities to several 
hundred feet per second from vertical burners were being studied. 
Table 4 summarizes the model analysis, listing the mass rates, 
forces, and energy rates which were considered of probable im­
portance. Six ratios emerge, but two of them may be dropped 
with no loss because they combine with others to form the 
Prandtl and Schmidt numbers, substantially constant for gases; 
and the sixth is constant for any one fuel. Three are left 

turbulent transport/chemical reaction, uo/dokpon-l 
turbulent stress/viscous stress, Re, doUopo/ p. 

turbulent force/buoyancy force, Uo2po/do(PF - po)g (9) 
Earlier work had indicated that the flame length depended 
greatly on Reynolds number up to high values of that parameter, 
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42 H. C. HOTTEL 

TABLE 4. FORCED-JET FLAMES 
(Items from Tables 1, 2, and 3 which appear in the analysis) 

Feed rate, and 
Turbulent-transport rate 

Chemical reaction rate 

Molecular diffusion, 

Turbulent stress x area 

Viscous force 

Buoyancy force 

Turb. sens. energy transport 

Conduction 

then rose very slowly in a way which was later interpreted as in­
dicating a possible effect of chemical kinetics as velocities 
approached sonic. This viewpoint was reinforced by studies of 
gaseous combustion inside perforated spheres, where the mixing 
achievable by sonic-jet feed was so rapid as plainly to make 
chemical kinetics controlling. Accordingly, attention was focused 
on the first two groups of (9), which yield the dimensional groups 

Uo/doP"- 1 and douoP; or Uo ex P"/2- 1 and do ex p-n/2 (10) 

The chemical reaction order was expected from other work to be 
about 2, indicating that pressure should be varied inversely as 
nozzle diameter and velocity should remain constant if flame 
lengths, measured in nozzle diameters, were to stay constant. 

Data were taken from experiments planned on the basis of 
the above expectation-flame lengths versus velocity in com­
binations of pressure and nozzle size to test the validity of keep­
ing Pd constant to achieve modeling. The pressure range covered 
was 1/3 to 6 atmospheres; nozzles 1/32", 1/16", 1/8"; velocities 
up to blowoff (500ft/sec). The results, from the doctor's thesis 
of Mr. C. A. Homsy4 soon to be published, are shown in Figure 1, 
as heavy lines. Each heavy line represents flame length versus 
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44 H. C. HOTTEL 

Reynolds number, with pressure and nozzle diameter held con­
stant. Flame length is defined as the distance to the axial point 
where the CO /C02 ratio is 0.15. Examination of the figure shows 
a regular progression, with pressure, of the results for any one 
size of nozzle; and a regular progression, with size, of the effect 
of pressure. But the curves appeared hopeless to correlate (partly 
because incomplete), and did not at all correlate with the chemi­
cal group on the basis anticipated. The results suggested, how­
ever, that correlation might be obtained by use of a much smaller 
nthan 2. 

If one returns now to consideration of the unused buoyancy 
group in equation (9) and assumes that the Reynolds number 
and it, rather than the chemical group, control the modeling, 
then the controlling dimensional groups are 

Uo2/do and douoP; or Uo a: P-Ita and do a: P-2 13 (11) 

Comparison of equations (10) and (11) indicates that, if n = 4/3, 
the model laws are the same. Use of n = 4;3 produced a good 
correlation of the data; and the thin lines on Figure 1 running 
upwards to the left are lines of constant (Fr)' adequately repre­
sentative of data at all the pressures and nozzle diameters ex­
amined. One could interpret the results as supporting either a 
low-order chemical reaction or buoyancy. The analytical treat­
ment of buoyancy referred to earlier predicts buoyancy-con­
trolled changes in flame length which are in rough quantitative 
agreement with the results of Figure 1 at high Re, and there 
appears now to be little doubt that the chemical group is of minor 
importance here. 

Although total flame length was uninfluenced by the chemi­
cal group, the luminous portion of the flame appeared to be 
chemically controlled. Pressure had a profound effect on the soot­
luminosity of the flame, and the data on "yellow flame length" 
supported an exponent n of about 2.4 in the chemical group. 

It should be noted from Figure 1 that when the Reynolds 
number is high, it is without influence on flame length; and 
only the buoyancy /turbulent transport ratio needs to be 
modeled. Pressure can then be dropped as a modeling tool or be 
used to aid in modeling radiation phenomena. It should be dear 
from this discussion, however, that fire modeling, to be success­
ful, must be associated with research planned to delineate the 
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ranges in which various forces, energy rates or mass rates can 
either be successfully ignored or combined in a simple way with 
others. Without such progress modeling is stopped by the exist­
ence of too many parameters to satisfy. 

Appendix on Radiation 

Let 12 designate the product A.Fu( =A2F21), in which Fu 
equals the fraction of the radiation emitted from A 1 which is 
directed towards A2. Let all surfaces be gray, and Lambert or 
diffuse reflectors. Let emissivity be E and reflectivity be p 

( = 1 - E because gray). 
It has been shown that the factor S,Sj of equation (1) is 

given by 

-s A,E, AjEj D,j S · . =---
• 1 P• Pi D 

(1A) 

where Dli is the cofactor of the i-th row and j-th column of D, 
and D is a determinant containing direct-view factors F, as 
follows 

TI At 
12 13 

Pt 

12 22 
A2 

23 
D= P2 

13 23 33 
A a 

Pa 

If the surfaces are not gray, the flux between A, and Ai is 
given by 

(2A) 

where W:~. is the hemispherical monochromatic emissive power of 
a black body, given by the Planck equation. Note that SS is a 
function of X, and evaluation of any but a simple geometrical 
equation is quite tedious. When all surfaces but i andj are black, 
interchange between the two is due solely to direct radiation, 
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and S;S; is replaced both in (1) and in (2A) by s;S; or, in the older 
nomenclature, by A ;F;;. 

Interchange between two gray surface zones which are part 
of an enclosure containing an isothermal absorbing gas involves 
the factor ssj, which is obtained as for systems with non­
absorbing gas except for a redefinition of i2 · 12 = A 1r12F12, in 
which r12 is the fraction of the radiation emitted from A 1 towards 
A 2 which is transmitted without absorption. If the system is not 
gray, the expression for interchange becomes 

q;~; = !o .. (S,S;);..(W~.r, - W~.r1)d>.. 
The approximation of considering the gas to be a mixture of gray 
and clear gas and the surfaces to exhibit constant but different 
emissivities for the two spectral ranges involved leads to the 
expresston 

q;.,d; = la(SS1) based on+ (1 - a)(S,S1) based on lu(T~ - 1}) 
gray gas clear gas 

in which "a" is fraction of the energy spectrum occupied by 
absorbing gas. 

Interchange between the gas zone and a surface zone in a 
gray system is given by 

q8,~a = (A ;E; - 4: S,G)u(T! - T~) 
J 

If the gas contains temperature gradients and cannot be repre­
sented as having a mean temperature, it must be zoned. Methods 
of handling such a problem are treated elsewhere3• 

Table of Nomenclature 

A area 
Cp specific heat, const. pressure 
do nozzle diameter 

D, diffusivity 
f, mass fraction of i 1h component 
g gravitational force per unit mass 

H, heat of combustion of i 1h component 
k chemical reaction rate coefficient 
L characteristic length 
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P pressure 
q energy liberation rate by combustion, or energy addition 

rate 
r radius 
u velocity 
V volume 
z vertical distance 
E surface emissivity 
X either thermal conductivity or wavelength 
K Beer's law absorption coefficient, length-1 

K1 Beer's law absorption coefficient, (pressure X length)-1 

p. viscosity 
p density, or reflectivity 
u Stefan-Boltzmann constant of radiation, or surface tension 
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Discussion 

Dr. Shipman: The specific problem presented by Professor 
Hottel shows clearly how to alter the operating variables of a 
problem in order to make a model. In the case presented, the jet 
flame, the scale-down can be selected by altering the size of the 
length parameter of the system, namely the diameter of the jet 
nozzle. It should be pointed out that such a simple scaling is not 
possible in a system in which there is no direct geometrical vari­
able. For example, one might consider a grass fire as a fire located 
in a plane source of fuel of infinite extent. In this case the stated 
problem has no direct length parameter, and the scaling down 
must be done in terms of that particular combination of variables 
chosen for the length parameter, e.g. the square root of the ratio 
of a characteristic mass transfer coefficient (units: m/lt) to the 
characteristic volumetric reaction rate (units: m/l3t). 
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Some Observations on Pool Burning 

H. W. EMMONS 
Harvard University, Cambridge, Massachusetts 

ABSTRACT 
The buruing of acetone and methyl alcohol from small open pools 

has been examined for pool sizes from X inch to 10 inches. The very 
large in! uence of the radiant heating of the surrounding area on con­
vective disturbances is noted and the subsequent transfer of some of 
this heat through the pan rim to the fuel is examined. A method of 
separating burning rate into more cractable pieces is proposed and is 
shown to be effective in treating tLe mea5er data now available. 

lntrocludion 

The free-burning or uncontrolled fire presents a highly com­
plex array of interrelated phenomena. The much publicized 
three elements-fuel, air, heat-do indeed describe the essential 
ingredients of every fire. The great present day need is for the 
quantification of our qualitative understanding of the relation­
ships between these elements. 

The burning city, forest, house, crib, or liquid pool differ 
greatly in many details. The fuel properties and their geometric 
distribution are vastly different as are also the details of their 
combustion. However, in each case, there are certain essential 
steps. The hot burning material (solid or gaseous) releases chemi­
cal energy by combustion with oxygen from air. The hot gaseous 
combustion products rise by natural convection and thus induct 
air for further combustion. At the same time various mechanisms 
of heat transfer return heat to the fuel to maintain an active 
combustion temperature or to gasify additional fuel for further 
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combustion. While the details of these processes differ consider­
ably among the different types of fires named above, we must 
recognize that in no case, even the simplest, can quantitative 
estimates of the burning rate be made. It seems desirable as an 
immediate goal to attain a predictive understanding of some 
simple case of uncontrolled burning rate. 

Simplification of the Experiment 

In Figure 1 is pictured a fuel structure (E-G) in partial glow­
ing combustion and partial gasification with flame combustion 
above (A). The solid combustion is maintained by radiative, 
conductive, and convective heat transfer within the structure 
(F-G) and radiative and perhaps some convective heat transfer 
from above (A). The buoyant gases at (A) and (B) induct new 
air (D) and drive convections within the structure (E). Radiant 
heat transfer from (A) goes in part directly to the fire (J). The 
larger part however is lost above (I) or is distributed over the 
fire surroundings (C). This latter radiant energy partially heats 
adjacent, as yet unignited, fuel structures and partially passes 
indirectly into new air (D) thus returning indirectly to the fire. 
Some heat is lost by conduction into noncombustible materials 
such as the ground at (H). 

An initial test structure should strive to eliminate every 
possible complication from this picture. The minimum essential 
elements are 

1) A fuel structure 
2) A heat transfer mechanism from flames or products of 

combustion to the fuel structure 
3) A natural convection mechanism 

One would also add, (4) a combustion chemistry, if there was any 
possibility of selecting a really simple chemistry. At the present 
time all practical uncontrolled combustion systems have chemi­
cal kinetics too difficult to unravel and of uncertain importance. 
It is often believed, perhaps correctly, that the real burning rate 
control is a diffusive control rather than chemical. While this 
seems to be correct for a simple diffusion flame, there is some 
doubt about it for the uncontrolled fire as will be discussed later. 
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Figure 1. Three-dimensional fire crib model 
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There appear to me to be three cases of fires in which, with 
some effort, the number of contributing effects can be minimized. 
These are 

1) A simple geometric structure of a relatively non-gasifying 
fuel having gaseous products of combustion. A crib made of char­
coal is perhaps the best although the production of CO as an in­
termediate product is an undesirable complication. 

2) A simple geometric structure made of porous noncom­
bustible material impregnated with a liquid fuel. The continuous 
supply of liquid fuel would be necessary. 

3) A liquid pool fire. 
Since the liquid pool appeared to provide the simplest pos­

sible geometry and a fairly wide range of fuel properties, it was 
chosen as the basis of the present fire study at Harvard. 

Simplification of the Analysis 

The computation of the rate of burning of an uncontrolled 
fire based upon the basic laws of physics and the properties of 
fluids can be accomplished for the simplest cases only (the semi­
infinite flat plate, the horizontal cylinder, the sphere) . Various 
special partial problems have been solved such as laminar or 
turbulent natural convection above fires, the diffusion flame 
front with infinite or finite reaction rate, laminar flame height, 
etc. 

It does not appear feasible to carry out such a detailed 
analysis of fires of interest here. One thinks then in terms of less 
exact and less detailed analyses. A dimensional analysis is the 
usual minimum analysis which together with experimental re­
sults yields useful and general results. However, many complex 
systems have so many independent variables that some simplifi­
cation is necessary before a dimensional analysis is useful. 

Often it is possible to divide a complex system into inde­
pendent or semi-independent parts. A simple heat exchanger is 
not usefully treated by dimensional analysis until after the 
over-all thermal resistance is broken down into the resistances 
of individual parts. So with a fire, it is desirable to separate the 
phenomena into separately treatable parts and a first effort 
of this kind will be attempted in a later section. 

Copyright © National Academy of Sciences. All rights reserved.

International Symposium on the Use of Models in Fire Research
http://www.nap.edu/catalog.php?record_id=20284

http://www.nap.edu/catalog.php?record_id=20284


54 

Experimental Study 

The Apparatus 

H. W. EMMONS 

The pool burning apparatus was designed to minimize the 
problem of miscellaneous heat transfer. Figure 2 shows the 
arrangement. Each pan was made of a flat brass plate with a 
brass rim U in . deep, sharp at the top, and set flush with the 
table top. Thus, hopefully, heat transfer by conduction through 
the rim is thereby eliminated. Pans were made of 12 sizes, 

D = !4, 31, 1, (1), 10 inches. 

Although continuous fuel supply with steady burning is 
desirable, it was decided, in view of simpler apparatus, to make 
initial non-steady tests. Most tests reported here were made by 
filling the dish % full (i.e. to a fuel depth of Vts in.) and noting 
the time T to burn all the fuel. 

Since natural convection tests to be made concurrently 
with the fire tests were contemplated, it was desired to control 
miscellaneous room drafts. After some months of experimenta­
tion the arrangement shown in Figure 3 was found satisfactory. 
This did not, however, give a truly "undisturbed" flame. The 
flame was, of course, turbulent but still randomly leaned badly 
one way or another, or occasionally swirled partly off the dish. 

The cause of these disturbances was traced to the (radiant) 
heating of the table top adjacent to the pool. Thus heated, the 
table top heats a boundary layer of slow moving air inducted by 
the fire. As this thin layer becomes hot enough it becomes un­
stable and natural convection columns rise adjacent to the fire 
and are gradually pulled into the fire. 

These extra convection columns can be eliminated by cool­
ing the surface around the flame . In our most recent tests, a 
cooled copper plate surrounds the pool, but in most of the tests 
reported here the need for this refinement had not yet been 
discovered. 

Two fuels were chosen, acetone and methyl alcohol. These 
pure compounds were selected because they have moderately low 
and definite boiling points, are reasonably cheap, and differ con­
siderably from one another in radiation from the flames (acetone 
burns with a luminous flame while methyl alcohol burns with a 
faint blue flame). 
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Figure 2. Installation of brass dish 

Test Results 

Some of the initial results expressed as mean burning 

velocity vl = t j r = -b d~pth. are shown in Figure 4. \Ve 
ummg time 

note immediately the agreement with the results of Blinov and 
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Khudiakov1 for the pan sizes 4 inches through 10 inches but com­
plete disagreement for the small sizes. The cause for the diagree­
ment was found when tests were run with the pans placed on 
top of the table. Results are shown by a dashed line in Figure 4. 

One might suppose that radiation directly from the flames 
to the exposed rim with subsequent heat conduction to the liquid 
to be responsible for the increased rate of burning. However, 
placing a radiation shield over the exposed rim had no effect on 
the burning rate. Thus we see that the heat transfer path from 
flames to the liquid is (1) radiation from flames to the whole 
table top (2) convection transfer from table top to inducted air 
(3) convection transfer from inducted air to pan rim (4) conduc­
tion through the rim to the fluid. This four-step mechanism takes 
the place of the simple conduction term assumed by Hottel.2 We 
note, however, that it is proportional to the dish circumference 
and hence, per unit area of pan, its contribution to evaporation 
is proportional to 1/ D. It appears then that Blinov and Khudia­
kov1 must have had pools with large exposed rims which con­
tributed greatly to the burning rate for small diameters. Fur­
thermore, it is clear that at least for small sizes, there is great 
variability of burning rate possible by variations of any step in 
the above four-step mechanism. 

A series of tests of a semi-quantitative nature were per­
formed to get a feel for what is important 

1) The effect of blackening the pans. Lampblack from a 
kerosene fire was coated on the inside of the pans and then ace­
tone and methyl alcohol were burned. The results are shown in 
Figure 5. Except for the smallest pans (D :::; 1 inch) radiation 
to the pan is responsible for only about 7 per cent of the burning 
rate. This does not imply that the resultant radiation transfer to 
the liquid is so small. 

2) The effect of screens around the table as mentioned under 
Apparatus. The first pan burning tests showed in addition to the 
expected turbulence some large disturbances in which the flame 
appeared to periodically slip part way off the pan-by 2 or 3 
inches in the worst cases. These were believed to be caused by 
room turbulence since walking about or opening laboratory doors 
seemed to make things worse. The placement of a 24 mesh screen 
around the table made the flame appear somewhat steadier but 
did not appreciably affect the mean burning rate as shown in 
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ox ACETONE 

METHYL ALCOHOL SHOWED 
NO EFFECT 

NO SCREEN 

Figure 5. Effect of radiation to pan on burning rate 

Figure 6. That a screen is not necessarily any improvement is 
also shown in Figure 6 where the use of a 70 mesh screen defi­
nitely increases the mean burning rate. It was visually obvious 
that the 70 mesh screen was not sufficiently porous since the 
flame convection column reacted with the" enclosure" causing a 
strong eddy which made the flame lean to one side. 

3) The effect of partial filling. Tests were made of burning 
rate as affected by partial filling of the pan. Figure 7 shows the 
results for two different size pans. The open points show the 
mean burning velocities as measured. The falling burning rate at 
low filling is, as will be shown later, caused by the absorption of 
heat by the pan and the room temperature fuel. 

Analytical Considerations 

Since, as noted above, a dimensional analysis is popularly 
resorted to for highly complex problems it is presented here for 
discussion purposes. 
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Qo, Q1 heat of reaction per unit mass of oxygen and fuel re­
spectively. 

Tr time constant for the controlling reaction. 
In problems as complex as an uncontrolled fire the dimen­

sional analysis has effected a reduction from 15 to 11 independent 
variables. This small reduction is of almost no practical value. 
A further reduction can be effected by the elimination of those 
groups whose effect might be expected to be small. In this way 
we might assume 

v1 ( EuQ3D ) 
VDg = j Gr, B, Cpak 'Rewind (2) 

to be adequate. In spite of the meagerness of presently available 
data the attempt to use this grossly simplified formula soon 
made it clear that the function f would have to be a hopelessly 
complex one. An over-all dimensional analysis is probably use­
less in the fire problem. 

A more fruitful, if still very preliminary, approach follows 
by separating the observed burning rate into pieces. In Figure 8 
the fuel in a pan is schematically shown receiving heat by radia­
tion (Q,ad) and convection (Qcr) from the flames, by conduction 
(Qca) through the sides and losing heat Q0 to the pan to raise its 
temperature. The actual burning velocity v~ of the liquid is thus 
determined by a heat balance. 

Ap,v?}. = Qrad + Qcv + Qed - Qo - Qint (3) 
A liquid surface area 
X latent heat of evaporation of the liquid 

Q,., heat used to heat the liquid from its supply temperature 
to its boiling point. 

This expression can be put in the form 

vY = Vrad + Vc• + Vca - Vo - V&nt (4) 
where 
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FUEL 

Figure 8. Heat balance for fuel 

If the actual burning rate v~ could be decomposed in this man­
ner, each of the pieces could be either computed from basic data 
or related through a dimensional analysis to a relatively few 
essential groups. 

An attempt to test this separation approach with the present 
meager data gives hopeful results. In the first place, the data of 
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Figure 4 strongly suggests that for the pan set flush with the 
table top, the heat conduction to the pan rim is eliminated. Thus 
the conductive burning rate Vcd can be experimentally reduced to 
zero. In the second place one is tempted to treat heat used to 
warm the fuel from the supply temperature to its boiling point 
Q;nt, and heat lost to the pan Qo as simply a change of" effective" 
latent heat. That such a point of view is indeed correct can be 
shown as follows. 

Qo = CoWotl.To
1 

Q;nt = CzWztlT1 
T T 

cz, Co specific heat of liquid and of pan, respectively 
Wz, Wo mass of liquid and of pan, respectively 

(5) 

tl.Tz temperature rise from initial liquid temperature to boil­
ing point 

tl.To temperature rise from initial pan temperature to final 
pan temperature. 

r total burning time. o 
By introducing the burning rate M wdr and, through equa-
tion (3), the burning velocity, we get 

0 Wo 
Vo = VzCotl.To - , Vh.t 

Wz 
and thus, by equation (4), 

o A~ 
V = Vrad + Vc• + Vcd = Vz X 

(6) 

(7) 

Cotl.Towo • 
where A~= A + cztlTz + = the heat reqmred to produce 

Wz 
a unit mass of fuel vapor, i.e. the" effective" latent heat. 

A first test of equation (7), for the separation of the effect of 
solid and liquid heat capacities is shown in Figure 7. The solid 
points, and upper curves show the burning velocity corrected for 
the effective latent heat A~. In computing A~, it was assumed that 
the pan was heated by the fire up to the fuel boiling point. Figure 
9 shows the data of Figure 4 similarly corrected. It will be noted 
that for acetone there is one set of data in which correction was 
made for an effective latent heat based upon actual measured pan 
temperature (which was measured by a single thermocouple held 
against the underside center bottom of the pan). Figure 10 shows 
the measured maximum pan temperatures. For pans larger than 
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Figure 9. Liquid burning velocity as influenced by convection and radiation 

2 inches, the temperature is well above the fuel boiling point 
during much of the burning time. This suggests (in agreement 
with Figure 5) that radiation direct to the pan bottom with 
subsequent heat transfer to the liquid is important. For small 
pans the heat capacity of the pan is too great to ever be heated 
up to the boiling point. It is believed that failure to heat the 
pan up to the boiling point is the primary reason for the rapid 
rise of the corrected burning velocities for pans less than 34 full 
(in Figure 7). 

So far no progress has been made with the further separation 
of the burning velocity into radiative, convective, and conduc­
tive components. Much additional data at steady burning rates 
will be required for this separation and subsequent correlation. 
A few observations seem pertinent. 

By proper pan design and cooling of the surrounding surface, 
the rim conductive contribution can be eliminated from test 
equipment. By cooling coils in the burning liquid, the heat loss 
Qo can be controlled and hence (vcv and Vrnd) determined as above. 
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Finally, it is believed that considerable careful work will be re­
quired to separate and understand Vc~ and Vrad· In particular, Vc~ 
is affected by room currents and erratic convective stability 
phenomena in the laboratory (or field). Vrad is affected by the 
luminosity of the flames and the complex flame geometry. Even­
tually it seems desirable to reduce Vcv to a convective heat trans­
fer coefficient U and Vrad to appropriate radiation parameters. 
However, these both introduce the difficulty of a temperature 
difference, flame to fuel. As is well known, diffusion flames do not 
reach the adiabatic flame temperature. In fact, the actual flame 
temperature is so low that chemical reaction rates probably 
cooperate with turbulent mixing rates rather than either being 
controlling. The theoretical work by Zeldovich3 while on a rather 
crude model nonetheless shows that if chemical rates were too 
fast to exert any rate control, the flame temperature should be 
the stoichiometric adiabatic flame temperature and the flame 
should be a region separating a region devoid of oxygen from 
another devoid of fuel. In fact, however, flame temperatures are 
well below that expected and there is fuel and oxygen in measur-
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able amounts on both sides of the flame. So far no explanation 
of these experimental results is available except chemical kinetic 
control. 

Some work now in progress appears to indicate that flame 
radiation heat loss, laminar and/or turbulent diffusion, and 
chemical reaction rates all contribute in some manner to the 
final equilibrium condition which exists in a diffusion flame. 

Conclusions 

The results presented in this paper are too limited to con­
firm any universal conclusions. Yet some tentative conclusions 
seem warranted. 

1) Further careful experimental burning studies of pan fires 
and analysis and correlation of results should yield very valuable 
insights into the mechanisms of uncontrolled fires. 

2) The separation of the burning rate, expressed as rate of 
liquid surface removal, into parts caused by conduction. con­
vection, radiation, and other heat transfer mechanisms is an 
essential preliminary to a correlation of experimental burning 
rates. 

3) More work is required to understand the diffusive burn­
ing process. The production of carbon particles and their rate of 
burning (or failure to bum) has a large effect on the flame radia­
tion and hence exerts some con trot in a still obscure manner on 
the equilibrium flame temperature. 
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Discussion 

Dr. Wise: I would like to ask Dr. Emmons on what basis he 
assumes that the surface temperature is the boiling point of the 
liquid. I believe there is very good indication, both theoretical 
and experimental, that the surface temperature is below the 
boiling point of the liquid. 

Dr. Emmons: The assumption that the surface was at the 
boiling point was not made. The surface of the liquid did not 
enter at all into my discussions. The only use of boiling point that 
I made was to say that I assumed, where I did not have actual 
pan temperatures on which to base calculations, that the pan 
temperatures reached the boiling temperature. The experimental 
data that I showed you indicate that this is the right order of 
magnitude, but is not correct to eight or ten degrees, the pan 
being at higher temperature; I made no assumption about the 
liquid surface temperature at all. 

Dr. Wise: We actually have measured this surface tempera­
ture of burning liquids and it turns out to be definitely below 
the boiling point. 
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Burning Rates of Liquid Fuels 

Large and Small Open Trays 
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U. S. Bureau of Mines, Pittsburgh, Pennsylvania 

ABSTRACT 
Measurements have been made of the consumption rates of six 

single-component liquid fuels when burned in open trays. Tray dimen­
sions ranged up to 8 feet in diameter, the ambient atmosphere was very 
quiet, and the liquid level was adjusted to be nearly flush with the rim 
of the container. Results with butane,n-hexane, benzene, and methanol 
are formally similar to those reported by Blinov and Khudiakov for 
gasoline and for less volatile blended hydrocarbons. Burning rates of 
liquid hydrogen and of unsymmetrical dimethylhydrazine are con­
sistent with, though too meager to be confirmatory of, the same trends. 

The usefulness of Hottel's semiquantitative analysis of heat trans­
fer is demonstrated with new data on burning rates; heat transfer is 
predominantly radiative in most cases. When burning rates are extra­
polated to large tray dimensions, these extrapolated values are in­
versely proportional to the fraction of the flame's heat of combustion 
which is fed back to the liquid to maintain a steady evaporation rate. 

Interest of the Bureau of Mines in this area was prompted 
by recognition of the hazards created by the accidental spillage 
and ignition of volatile liquid fuels. Spill fires were simulated in 
Bureau laboratories by burning such fuels in shallow trays. The 
paper by Blinov and Khudiakov, together with a commentary 
by Professor Hottel,1 were directly applicable to our study. The 
present paper represents an extension of the work of Blinov and 
Khudiakov to six single-component fuels, three of which are not 
hydrocarbons. Using these new data, we infer burning rates at 
large tray diameters. These burning rates support a semiempiri-

68 
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BURNING RATES OF LIQUID FUELS 69 

cal law connecting the burning rate with the heat of combustion 
and the heat of vaporization of the fuel. 

A portion of the measurements reported by Blinov and 
Khudiakov are shown in Figure 1, where the ordinate represents 
the burning rate of the fuel and the abscissa the diameter of the 
tray. The appropriate experimental conditions are that the tray 
should be flush-filled with the liquid fuel, that wind should be 
absent or negligible (these are primarily important at small tray 
diameters), and that the burning rates should be measured only 
aftet the fuel has attained a steady state of burning. The plateau 
of burning rate, or the level of burning rate that the experimental 
values approach asymptotically with increasing diameter, is of 
first importance. This carries the implication that significant 
work can be done with tray diameters of the order of 3 feet. 
Such trays can be handled without a special installation. We can 
assume that when the tray diameters are such that burning rate 
is independent of the diameter, the percentage of heat that is 
radiated to the surroundings and the temperature profile in the 
liquid phase also will be independent of increasing diameter. 

Blinov and Khudiakov discussed the distribution of heat 
transfer from flame to liquid surface by the expecterl modes of 
conduction, convection, and radiation; this is shown across the 
top of Figure 1, using the symbolism of Professor Hottel: 

q kt(TF - TB) 
?rd2 /4 d 

+ U(TF - T8 ) + uF(T: - T~) (1 - e-w) (1) 

Radiation per unit of liquirl surface, expressed as uF(T; - T~) 
(1 - e-•d), is the term of principal interest because it dominates 
the heat-transfer picture at large tray diameters and because it 
provides an explanation for the shoulder of the burning-rate 
curve shown in Figure 1. In this expression, u is the Stefan­
Boltzmann constant, Fa shape factor, T F the flame temperature, 
TB the boiling point of the liquid, and K an extinction coefficient 
such that at large values of d, the tray diameter, the exponential 
term goes toward zero.* In this latter case, the term within the 

* The term (l - e-K 4) should be comparable to the measured flame emissivity 
E = (1 - eaL) used by Rasbash et al.' It is noted that Lis a measured flame width 
whiled is the tray diameter. These are roughly equal in large flames. 
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Laminar·flow regime Transition Turbulent-flow regime 

!'AN DIAMETER, em. 

Figure l. Rates of diffusiw burning of two liquid hydrocarbon blends 

parentheses approaches unity, giving a maximum value of radia­
tive heat transfer to the liquid surface, that is, a maximum value 
of the evaporation rate. 

\Ve found that the above equation conforms to measured 
burning rates under the following simple assumptions : the flame 
temperature, shape factor, and extinction coefficient are constant 
for diameters beyond perhaps 12 inches, and conduction and con­
vection given by the first two terms in equation (1) are negligible. 
Figure 2 shows the data obtained by us with methyl alcohol, 
unsymmetrical dimethylhydrazine, benzene, n-hexane, liquid n­
butane, and liquid hydrogen. The curves in Figure 2 are on a 
regular coordinate plot to stretch out the data between diameters 
of 1 and 4 feet. To improve appearance, we have omitted a point 
on the methyl alcohol plot at the 8 foot diameter and many 
points at very small tray diameters. The horizontal straight 
lines represent values of burning rate at very large diameter, as 
we have inferred them from a log-log plot of these same data. 
Each of the curves shown in Figure 2 was obtained by assuming 
such a value of the ultimate burning rate and comparing it with 
the burning rate at the 1 foot diameter. The ratio of these rates 
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was then equated to (1 - e-IC<I) to calculate K, the only variable 
being the tray diameter. The curves therefore represent pre­
dicted evaporation rates from the tray due exclusively to radia­
tive heat transfer. 

The calculated curves and the experimental points are gen­
erally in good agreement. However, there is an obvious exception 
in the case of benzene, particularly at small diameters. The burn­
ing rate of this fuel is unusually susceptible to any casual environ­
mental disturbance that ruffles the flame and increases its 
opacity. Even at a diameter of 4 feet, nine burning-rate measure­
ments with benzene gave an average rate of 0.58 em/min. How­
ever, the individual rates ranged from 0.52 to 0.62 em/min, the 
worst experimental scatter among the measurements reported. 
\:Vith such a range of burning rates, there is some question 
whether the significant value is the average value or the mini­
mum value, which would correspond to the minimum disturb­
ance of the environment. Likewise, at the 1 foot diameter, where 
our average burning rate was 0.32 em/min, we chose to accept a 
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value of 0.29 em/min from Rasbash et al.2 on the grounds that 
their work was done indoors and should reflect better controlled 
conditions than did our outdoor experiments. This accounts for 
the placement of the line for benzene in Figure 2. As regards the 
experimental points (open circles) at 3, 12, 20, 30 and 48 inch 
diameters, it can be seen that they define a rudimentary plateau 
between 30 and 48 inches. This plateau can better be appreciated 
if one considers also the points given at 17 and 22 inches, which 
were obtained with steel drums of 30 and 55 gallon capacity 
rather than with trays. As far as we know, these experiments 
were identical in other respects with those in trays, except that 
the liquid surface was raised about 3 feet above the ground, 
thereby making it easier for a convection current to sweep up­
ward around the flame. It is not surprising that this arrangement 
increased the burning rate. What we do find striking is that the 
burning rates increased exactly enough-55 per cent in one case, 
35 per cent in the other case-that their values nearly approxi­
mated the plateau rate. \Ve have gone further, burning benzene 
in small Petri dishes in the laboratory, and again obtained rates 
of 0.5 to 0.6 em/min by placing a small chimney above the flame. 

Significantly, we have never obtained burning rates with 
benzene that were much in excess of 0.6 em/min except when 
burning in small trays under a clearly observable condition. In 
this case the flame zone was tom from the rim of the tray by the 
incident draft, premixing of fuel vapor and air occurred near 
some point of stabilization, and the flame temperature was sev­
eral hundred degrees higher than with free-burning diffusional 
flames. Thus one may argue that drafts accelerate burning by 
increasing the opacity factor ( 1 - e-•d) in the Hottel equation; 
however, as long as the flame remains full (unbroken) this 
acceleration can only be important when d is small. The same 
type of behavior has been observed with hexane and with 
methanol. 

Concerning the other fuels, measurements with butane were 
terminated at the 2 Yz-foot diameter because butane flames tend 
to" walk" or spread to cover a larger area than that represented 
by the fuel tray. This brings about transitory increases in burn­
ing rate, presumably the result of increasing shape factor. There­
fore the hazard of handling butane is considerably greater than 
would be indicated by the extension of its burning-rate curve. 

Copyright © National Academy of Sciences. All rights reserved.

International Symposium on the Use of Models in Fire Research
http://www.nap.edu/catalog.php?record_id=20284

http://www.nap.edu/catalog.php?record_id=20284


BURNING RATES OF LIQUID FUELS 7 3 

The reason that butane flames tend to spread in this way must 
be that the vapors are particularly dense. Thermocouple meas­
urements in the vapor zone close to the liquid phase showed that 
the vapor is only at the boiling point or very little elevated, 
whereas, for example, in benzene or methanol flames the vapor 
zone in close proximity to the liquid is very hot. The vapor zone 
in liquid hydrogen flames is also cool. Therefore, for liquid 
hydrogen and butane fires, convective and conductive heat trans­
fer appears negligible, and we have extended the radiative-heat­
transfer type of curve to small burner diameters. It should be 
pointed out that the measurements with liquid hydrogen were 
quite crude by comparison with those reported for the other 
fuels; each point represents only one burning, and the burnings 
were conducted in Dewar vessels instead of trays. A correction 
was made to each measurement for the normal heat loss of the 
vessel. At the smallest diameter this correction represented 
nearly one-half of the reported burning rate; therefore, the slope 
of the burning-rate curve could be considerably in error, and the 
value suggested for burning rates in large trays could well be in 
error by as much as 50 per cent. Concerning the burning rates in 
methanol, the trend with increasing diameter is so flat that small 
satisfaction can be taken from the agreement between experi­
mental points and the curve calculated for radiative heat trans­
fer. This leaves open the possibility that heat transfer in meth­
anol may be largely convective. An attempt was made to resolve 
this point by using a differf'ntial thermocouple at the liquid sur­
face in a 1 foot tray. The best estimate is in the order of 30 per 
cent radiative heat transfer at this tray diameter, the remainder 
presumably being conductive and convective. The shapes and 
periodic movements of the largest methanol flames suggest that 
convection is still important. 

It is perhaps surprising that the percentages of energy 
radiated to the surroundings (Figure 2) are so nearly equal for all 
fuels. These figures assume a spherical symmetry of radiation. 
They also assume that the fuel has completely burned to carbon 
dioxide and water and that absorption by atmospheric moisture 
is negligible, an assumption that is least tenable for hydrogen 
and methanol flames. Since the percentages of heat radiated out­
ward are so nearly equal, it might be assumed that the percent­
ages of heat radiated to the liquid surface are also comparable in 
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all flames and that the burning rate is proportional to the heat 
of combustion, llHoomb .· A few measurements at low ambient 
temperature also showed that the burning rate is inversely pro­
portional to llHvap ., the effective heat of vaporization, which is 
the heat of vaporization at the boiling point plus the integrated 
heat capacity of the fuel from ambient temperature to the boiling 
point. This being the case, the burning rates should be inversely 
proportional to the values of llHvap ./ ill comb. shown in Figure 2. 
This is an old concept which may be found more elegantly ex­
pressed in reports of the Fire Research Station at Boreham 
Wood, England. Our present contention is that this correlation is 
best made using burning rates obtained by extrapolation to large 
tray diameters. The available data are shown in Figure 3. 

The approach to linearity in Figure 3 is somewhat discon­
certing in view of the crude reasoning on which the correlation is 
based. Perhaps the addition of data for other fuels will introduce 
a greater degree of scatter. However, the merely qualitative 
adherence to this correlation of maximum burning rates by dif-

2.---------------------------------------------. 

300 

A H combustion jt:::. H vaporization 

Figure 3. Relationship of liquid burning rates at large tray diameter to two 
physical properties of fuel 
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fering fuels (methanol, unsymmetrical dimethylhydrazine, ben­
zene, hexane, butane, and hydrogen) would seem to deny any 
critical importance to certain other fuel and flame properties. We 
have considered fuel volatility; the opacity of liquid phase and/or 
of vapor zone to flame radiation; flame emissivity; molecular 
weight (therefore diffusivity, density, and Reynolds number in 
the vapor stream); and air-fuel ratios at stoichiometric burning 
and at the limits of flammability. None of these parameters has 
correlated with the observed order of burning rates. Second­
order effects are possible, however. 

In conclusion, we find that the Blinov and Khudiakov 
description as refined by Hottel can be applied fruitfully to fuels 
other than hydrocarbon blends. All of our present reservations 
to the treatment, as for example with regard to the role of turbu­
lence, emphasize the simplicity of the problem and its amena­
bility to further study. 
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Tests on Combustion Velocity of 

Liquid Fuels and Temperature 

Distribution in Flames and Beneath 

Surface of the Burning Liquid 

G. MAGNUS 
Technische Hochschule, Karlsruhe, Germany 

fuE FORSCHUNGSSTELLE fur Feuerlosch­
technik in Karlsruhe has undertaken many studies on the be­
havior of fire. One of the most critical current problems con­
cerning fire behavior is the fuel storage tank fire. 

In view of the current practice of using large tanks for the 
storage of liquid fuels, and the present trend to use even larger 
capacity tanks, it appeared to us that study was necessary for the 
development of a more complete understanding of fires involving 
liquid fuels in storage in order that we might develop techniques 
to meet the demands for greater fire protection in liquid fuel 
storage. In the following discussion, we report the results of a 
study using model fire test tanks to study fire behavior. 

In past experience, not much information has been gained 
from full-scale accidental fires in liquid fuel storage tanks. Since 
in the accidental fire the first consideration is given to prompt 
extinguishment, the research investigator has not been given an 
opportunity to arbitrarily alter the conditions of the fire environ­
ment, or even to make a scientific record. From the study of these 
accidental fires, we conclude only that extinguishment becomes 
more difficult with increase in the burning area, and to a degree 
exceeding in direct proportion to the increase in area. 

76 
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Requirements For Model Study 

Since the research investigator cannot use the accidental fire 
or the full-scale as a satisfactory investigative tool and planned 
tests on the full-scale are prohibitive in cost, the only remaining 
alternative is the development of a modeling technique. Early 
studies in Great Britain1 showed that correlation between model 
and full-scale fire configuration could be made. Because the 
character of similarity between the full-scale and model tank fire 
could be maintained quite simply, particularly in a geometrical 
sense, we concluded that such a model study showed consider­
able promise, and a program was initiated2 and is still being 
pursued. It is hoped that larger scale test tanks may be used 
later. In order to extrapolate model fire behavior to the full-scale, 
we cannot confine our study to small diameter tanks but must 
show by the employment of a progression of sizes in the test con­
figurations that the relationships we develop are completely 
capable of anticipating characteristic fire behavior. 

Parameters For Model Study 

One of the prime characteristics of a fire of particular prac­
tical interest is the rate of heat release. To study this characteris­
tic, which we take as a measure of fire intensity-, we chose to 
measure temperatures in and above the flame zone, and to make 
note of the rate at which fuel was consumed by the fire. 

We investigated fires in tanks of various diameters, and with 
fuel levels at various heights within the tanks. Other conditions 
such as wind velocity, air temperature, humidity, and barometric 
pressure were noted so that their effects could be studied. With 
the smaller test tanks, studies were made indoors to eliminate 
insomuch as possible changes in test conditions (particularly in 
wind and local air currents). Figure 1 shows one of the test set­
ups, with thermocouples installed for measurement of the burn­
ing temperature profile in the model configuration. 

Experimental Tank Models and Procedures 

In the first series of tests we used model tanks with a ratio 
of diameter to height of 3:4 as shown in Table 1. 
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Figure 1. Location of tht>rmoeouples on 120 em. diameter tank 

Model No. 

1 
2 
3 
4 
5 
6 

TABLE 1. SIZES OF TANKS 

Diameter (em) 

12 
18 
25 .5 
30 
60 

120 

Height (em) 

16 
24 
34 
40 
80 

160.5 

Subsequently, we have initiated tests using tanks having a diam­
eter to height ratio of 4 :3, of 30.5, 60, and 120 em. diameter. 

In the smaller tanks we measured the rate of burning dwjdt 
or dh jdt by means of a hydraulic balance composed of a hydraulic 
cylinder upon which the test tank was located, communicating 
hydraulically to a manograph, thus continuously giving instan­
taneous weights of the burning fuel. In the larger tanks (more 
than 60 em. diameter) the liquid level was observed at specific 
time intervals to note the rate of burning, dh /d'. Burning char­
acteristics were determined using the model tanks cited in 
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Table 1 with gasoline and ethanol as the fuels. The progress of 
the fire was followed with initial levels at the top and inter­
mediate points in the test tanks and, in the case of gasoline fuel, 
samples were withdrawn from the burning liquid at successive 
intervals and measurements of the boiling point and density 
measurements of the samples were made. The characteristics of 
the fuels are shown in Table 2. 

TABLE 2. TEST FUEL CHARACTERISTICS 

Ethanol Gasoline 

Boiling point (OC) 78.0 40-220 
Density (g/cm1) 0.8 0.72 
Specific heat (kcal/kg;oC) 0.58 0.4 
Heat of vaporization (kcal/kg) 210.0 72.0 
Lower heat content (kcal/kg) 6390 10200 

(kcal/cm3) 8 14.15 
Theoretical amount of 

:ombustion air (m1/kg) 7.0 11.6 
Thermal conductivity (cal/cm sec oq 0.00035 0.00035 

Air currents, temperature, humidity, and barometric pres­
sure in the test environment were measured and recorded. 

Test Results 

Figure 2 shows the results uf fire tests using tanks No. 1, 2, 
and 3 described in Table 1. Table 3 summarizes the maximum 
burning rate data (specific fuel consumption rate per unit sur­
face area: cm3 jmin/cm2) in em/min fuel consumption. The effect 
of increase of the test tank diameter and the increased rate of 
heat liberation potential is shown. The data also suggest a transi­
tion in relation to the dependency of burning rate on surface 
area between tank diameters uf 18 and 25 em. 

Figure 3 shows the burning characteristics of gasoline and 
alcohol fires in the 30 em. diameter tank and Figure 4 shows 
the same characteristics for the 120 em. diameter tank. In 
Figures 2, 3, and 4, the effect of the tank freeboard over the sur­
face of the burning liquid is shown. 

In order to make a comparison of the data, we expressed 
height of fuel in the test tank as a function of burning time. As 
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Figure 2. Burning-rate of ethanol (-) and gasoline(-) for various tank diameters 
and heights. 

Tank 1 Tank 2 Tank 3 
Diameter ..... . . . . . . . . . . 12 18 25.5 
Height .. . .............. 16 24 34 
Fill Height . . . . . . . . . . . . . 16 24 34 

TABLE 3. MODEL TANK FUEL BURNING CHARACTERISTICS 

Equivalent Ratio of 
Model Maximum Ratio of Stoichiometric Stoichiometric 
Tank Fuel Burning Burning Heat Release Heat Release 

No. Rates Rates kcal/cm2/min Rates 

Ethanol 0.0887 
0.683 

0.71 
Gasoline 0.130 1.84 

0.386 

2 Ethanol 0.908 0.726 
Gasoline 0.1365 

0.665 
1.93 

0.377 

3 Ethanol 0.122 0.975 
Gasoline 0.190 

0.640 
2.685 

0.365 
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Figure 3. Burning rate of ethanol (-) and gasoline (-) as a function of fill height 
Tank diameter 30 em. 
Tank height 40 em. 

indicated in Figure 4, for the larger tanks we could not con­
veniently obtain a characteristic burning curve from zero free­
board above the burning fuel surface, to freeboard equal to the 
height of the tank wall (zero fuel level height from the tank bot­
tom as plotted in Figures 2, 3, and 4). As an alternate we burned 
for periods up to 400 minutes, with the initial fuel level at various 
selected values (Figures 3 and 4). As noticeable in some of the 
characteristics curves, there is an initial burning period during 
which the burning rate increases until a steady-state regime is 
attained. Following establishment of the steady-state regime, 
the burning rate decreases gradually, as evidenced by the change 
in slope of the burning characteristics curves, from those 
obtained with low freeboard heights (highest level of fuel above 
the tank bottom) to those with the greater freeboard heights 
(lowest level of fuel above the tank bottom as plotted in Figures 
3 and 4) . As a result of the initial period required to attain a 
steady-state regime, we cannot use the information as shown in 
Figures 3 and 4 to reconstruct a continuous burning characteris­
tic function. 

The effect of freeboard height on the burning rate was found 
to be a complex function , dependent not only on the freeboard 
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Figure 4. Burning-rate of ethanol (-) and gasoline (-) as a function of fill height 
Tank diameter 120 em. 
Tank height 160.5 em. 

height, but also on the test tank height to diameter ratio and fuel 
composition. We found that ethanol burns more slowly than 
gasoline with lower tank freeboards, and as the freeboard above 
the burning liquid surface increases, the rate of burning for gaso-
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line decreases to the extent that, at freeboard heights greater 
than one-half tank height, ethanol burns more rapidly than 
gasoline. 

The effect of ambient air temperature and humidity on the 
burning characteristics curves in the test tanks was also investi­
gated. Figure 5 shows characteristics curves for alcohol burning 

!""'-

' 
I I I 

Air 20°C --""' --Air 5°C 
~ ....... 

~ ....... --r---... ~ 
80 720 160 

TIME I minutes) 
200 2¥0 

Figure 5. I nfluenee of the air temperature on the burning of ethanol 
Tank diameter 12 em. 
Tank height 16 em. 

in the 12 em. diameter tank at 5 and 20°C. The fact that am­
bient air temperature exercises no significant effect on the burn­
ing characteristic is shown in Figure 5 and similarly, negligible 
effects were noted for ambient air humidity and barometric 
pressure. On the other hand, wind velocities of less than 0.5 
m/sec exerted a perceptible influence on the burning rate, and as 
a consequence altered the burning characteristic curve. Re­
radiated (or reflected) heat was found to alter the burning char­
acteristic curve, so precautions were taken to eliminate this 
effect from our experimental data. 

Figures 6-11 show temperature profiles from the tank bot­
tom to some distances above the top of the tank at incremental 
burning times as determined by thermocouple temperature 
measurement, using the various test tank configurations at se­
lected fuel filling heights. It is interesting to note that, although 
the burning rate was altered by the presence of wind, little effect 
was noted on the maximum temperature recorded in the tem­
perature profile. It is seen that the maximum profile tempera­
ture for gasoline is 10 to 15 per cent higher than that for ethanol. 

In the analyses of gasoline fuel samples taken at intervals 
in the course of the period of burning, the high boiling compo­
nents increase in concentration with burning time, as evidenced 
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Figure 6. Temperature distribution above tank bottom as a function of time for 
gasoline 

Tank diameter 30 em. 
Tank height 40 em. 
Fill height 31.2 em. 
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Figure 7. Temperature distribution above tank bottom as a function of time for 
ethanol 

Tank diameter 30 em. 
Tank height 40 em. 
Fill height 37.5 em. 
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in the progression of heating into the liquid body under the burn­
ing surface with increase in burning time (Figure 6). With 
ethanol as a fuel, the burning surface temperature was essentially 
constant, and little subsurface heating was effected (Figure 7). 
The figures presented are selected as examples of the data de· 
veloped to the present time in this study. 
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Figure 8. Temperature distribution above tank bottom as a function of time for 
gasoline 

Tank diameter 120 em. 
Tank height 160.5 em. 
Fill height 149 em. 

Copyright © National Academy of Sciences. All rights reserved.

International Symposium on the Use of Models in Fire Research
http://www.nap.edu/catalog.php?record_id=20284

http://www.nap.edu/catalog.php?record_id=20284


TESTS ON COMBUSTION VELOCITY 87 

320 

280 

240 

e 
~ 

2 200 
~ 
15 
CD 
~ 
z 

160 ~ 
w 
~ 

\.. ''- I . I I 

\ 
·'-:"-"' 5 m•n~tts 

-.; \ IOm111utts 
\~20 minutes 

~ '~f~ ... ;,n. - , 

\\ 
I 

\ i':\ . \ 
\' \', I 

\ '. ' 
~ \ I 

\ 
j 

I .., 
-!;::-v ........... I 

'""" 

8 

7 

6 

CD 
c( 

..... 120 
: 

X 
«!> 
w 
X 

80 

40 

200 400 600 800 
TEMPERATURE (°C) 

Figure 9. Temperature distribution above tank bottom as a function of time for 
ethanol 

Tank diameter 120 em. 
Tank height 160.5 em. 
Fill height 149 em. 
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Figure 10. Temperature distribution above tank bottom as a function of time for 
gasoline 

Tank diameter 120 em. 
Tank height 160.5 em. 
Fill height 11 em. 
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Figure 11. Temperature distribution above tank bottom as a function of time for 
ethanol 

Tank diameter 120 em. 
Tank height 160.5 em. 
Fill height 11 em. 

Findings and Conclusions 

Difficulties in carrying out the fire model tests were : 
1) Provisioning for complete burning out of fuel, or impro­

visation of the burning characteristic curve by a serie!S of tests 
starting at selected fuel levels in th<> model tanks. 

2) Maintaining constant test conditions during the period 
of test, in particular free from the influence of wind or air 
currents. 
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From the tests we conclude that: 
1) Burning rate may b~ taken as a measure of fire intensity, 

although, because of incomplete combustion, particularly with 
gasoline, it does not precisely represent the rate of heat release. 

2) \Vind and air currents are the most critical ambient con-
ditions for model tests as compared to temperature, humidity, 
and barometric pressure. 

3) The specific burning rate of the liquid. fuels (unit volume 
per unit time-unit area) increases with burning area. 

4) The variation of fuel burning rate with freeboard over 
the burning fuel surface concerns the stoichiometry of the com­
bustion reaction and the ratio of freeboard height to burning sur­
face area as it characterizes facility of air feed to the combustion 
zone. 

5) The effect of heat conduction from the tank freeboard 
wall to the fuel is only perceptible very close to the tank wall at 
the fuel surface. 

6) The effect of increasing tank freeboard over the burning 
fuel surface is reduction in the maximum flame temperature and 
a decrease in burning rate. 

7) In fire tests with the fuels studied, the liquid is heated by 
the burning above its surface only in a thin layer beneath the 
surface and with ethanol, the surface temperature remains essen­
tially constant. 

8) The maximum flame temperature is noted at nearly the 
same distances over the burning liquid surfaces in the test con­
figurations studied. 

Discussion 

Dr. Wolfhard: I did not understand the experimental 
arrangement of )'OUr temperature measurement. Did you move 
the thermocouple along the axis of the flame? If the flame is 
turbulent one would expect stronger temperature fluctuations 
than indicated in your pictures. In case of a laminar flame I 
would have expected the maximum temperature to be some dis­
tance from the burning surface. Are you in fact measuring over 
the center of the drum? 
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Dr. Magnus: Yes, we did, but we did not move the ther­
mocouple. We used various fixed couples. 

Dr. Woljhard: And these temperatures are steady; they do 
not vary from cold to hot? 

Dr. Magnus: No. We worked in an enclosed space, and so 
we carefully avoided any influx of an air stream. 

Dr. Wo~fhard: Do you observe your maximum temperature 
where you visually see the flame? 

Dr. Magnus: Yes. The thermocouples are mounted on the 
axis of the drum (Figure 1) at 5 em. intervals. The temperature 
in our diagrams are averages of three or more readings. There 
are maxima and minima but the differences are not too large. 
Any flicker of the flame would affect a series of thermocouples, 
so that any disturbance of the uprising column of hot gases 
could easily be seen if it would occur. The temperature did not 
change between hot and cold, the thermocouple was always in­
side the convection gas column. The fact that the temperature 
readings are smothered by the heat capacity of the insulation, 
the mounting, and the material of the thermocouples, was ad­
vantageous. By working in an enclosed space we avoided the 
influx of wind causing turbulence. It is certain that a natural fire 
is influenced by wind, but we wanted to find out the general be­
havior of the burning process. 

As to your question about the temperature maximum in the 
flames, consider that though we see the outside of the flame zone, 
the thermocouples are situated in the center. The distance be­
tween the level of the burning fuel and the temperature maxi­
mum depends on tank diameter and the fuel. The luminous flame 
zone is not necessarily the zone of maximum temperature effect, 
as we are accustomed to assume. 

Mr. Grumer: \Vere the flames of ethyl alcohol and gasoline 
pretty much the same; that is, did the flames stand about equally 
high above the liquid? Was as much flame inside of the barrel 
when the level of the liquid was quite low as when the barrel 
was nearly full? If the flames were entirely atop the barrel, should 
one be concerned about convection currents and other effects 
due to the column of hot gas inside the barrel between the liquid 
and the flame surface? If the alcohol flame burned at least partly 
inside the barrel and the gasoline flame burned all outside the 
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barrel, perhaps this difference explains the fact that as the liquid 
level fell the alcohol burned faster and the gasoline burned 
slower. 

Dr. Magnus: We do not know the amount of energy that 
was returned by radiation or convection. We tried to avoid these 
influences by placing the tanks far away from walls and other 
radiating objects, with the one exception I mentioned in my 
paper. There we put water-containing tanks near the burning 
tanks and observed the temperature rise of the water in the 
tanks. The influence of the flame has not yet been studied and 
therefore Mr. Grumer's suggestion may give an explanation for 
the different burning rates. 
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Effectiveness 

of Some Powdered Materials 
in Extinguishing Hydrocarbon Fires 

T. G. LEE AND A. F. ROBERTSON 
National Bureau of Standards, Washington, D. C. 

ABSTRACT 
Laboratory methods are described for measuring the effectiveness 

of powdered materials intended for extinction of flammable liquid fires. 
Special methods were used for application of several powder materials 
to fires varying in size from about 1 Ys to 22 ~ inches in diameter. The 
powders used had mean diameters within the range of 6 to 40 microns. 
The effectiveness of the powders was measured in terms of the mini­
mum application rate required for extinction. This was found to depend 
on (1) chemical nature, (2) specific surface, and (3) particle size of the 
powders used. On a surface-area basis, the most effective materials 
studied, potassium oxalate monohydrate and potassium iodide, were 
about four and two-and-<>ne-half times, respectively, as effective as 
sodium bicarbonate, the commonly used extinguishing agent. 

With the exception of data for one dense material, the relative 
effectiveness of different powders did not change appreciably from one 
fire model to another. For a given powder and method of application, 
minimum application rate (surface-area basis), required for extinction 
of diffusion fires appears to be very roughly proportional to the liquid 
burning rate of the fire model. Limited extinguishment data on large­
scale fires by other workers seem to conf'rm the usefulness of the model 
method for evaluating powder effectiveness. 

lntrocludion 

In the search for a better understanding of the mechanism 
of action of powder-type extinguishing agents when used on 
burning liquids, a method has been needed to evaluate the effec­
tiveness of various powders. This paper describes methods that 
have been developed for such evaluation, and presents results 
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on several powdered agents, some of which were found superior 
to the "dry chemical" powders now commonly used. The latter 
usually involve powders consisting of about 96-98 per cent 
sodium bicarbonate in the form of a crystalline powder (less than 
50 micron particle size), and a coating agent to improve free flow 
characteristics. 

A review of the literature in the field of combustion and 
flame extinction indicates the possibility of improving the effec­
tiveness of powdered extinguishing agents. Although the mech­
anism by which powders extinguish flames is not well understood, 
it apparently involves breaking of chemical chain reactions by 
ions, and quenching by cold surfaces, as well as possible inhibit­
ing by inert gast>s formed through decomposition of the powder. 
The ability of alkali halides to suppress gas explosions and to 
change the explosion-limit pressures of hydrogen-oxygen reac­
tion has been studied b)' Hinshelwood and Willbourn. 1• 2 Work 
by Jorissen, Snidders, and Vink, 3 and more recently, by Dolan 
and Dempster, 4 on ignition and explosion suppression of the 
methane-air system showed that the specific chemical nature as 
well as the specific surface of the salt determines its effectiveness. 
Dufraisse, LeBras. and German6 observed wide variations in the 
extinction effectiveness produced by different salts when applied 
to flames of premixed gases. Excellent reviews of the problem 
with literature compilations are given by Fryburg6 and by Fried­
man and Levy. 7 • 8 In general, the alkali salts with low decompo­
sition temperatures were the most effective powders reported for 
inhibiting combustion reactions in laboratory studies. 

If these conclusions are applicable to field-scale (greater 
than 9 square feet) gasoline fires, an improvement in the effec­
tiveness of the present-day "dry chemical" (NaHCOa) extin­
guisher by a factor of four or five is a distinct possibility. How­
ever, additional factors are involved in extinguishing large-scale, 
free-burning liquid hydrocarbon fires, as compared to small 
laboratory flames of premixed gases on which most data are 
based. For example, the problem of dispersing the powder and 
maintaining a sufficient concentration of powder in the flame 
zone is a critical nne. Only limited data are available on the in­
fluence of such factors as chemical composition, particle size, 
discharge rate, and discharge pattern of powders on extinction 
effectiveness. 

Copyright © National Academy of Sciences. All rights reserved.

International Symposium on the Use of Models in Fire Research
http://www.nap.edu/catalog.php?record_id=20284

http://www.nap.edu/catalog.php?record_id=20284


EXTII\GUISHING HYDROCARBON FIRES 95 

McCamy, Shoub, and Lee9 have reported the use of salts 
other than NaHCOa on field-scale fires. They indicate, qualita­
tively, that for a heptane fire burning on a 4-foot square area, 
particle size and dispersibility of the powders influence their 
effectiveness. The powders used were mainly inert and poorly 
dispersible. Neill 10 recently reported that KHC0 3 is about twice 
as effective as" dry chemical" on 3-foot square fires when applied 
at minimum critical rates. For fires up to 10 feet square, with 
powder application at a given constant rate, similar orders of 
effectiveness were observed on the basis of fire area extinguished. 

Obviously, even a slight improvement in 0xtinguisher effec­
tiveness may provide the difference between success and failure 
in controlling a fire. Thus, a reliable laboratory method is neerl.ed 
to measure the extinguishment effectiveness of powders and to 
evaluate the factors upon which this effectiveness is based. A 
good method should be a small-scale one but should give repro­
ducible results that can be correlated with those of much larger 
fires. The methods described in this paper appear to meet these 
requirements. These involve the extinguishing of liquid heptane 
fire models of 1 Ys. 6, and 22% inches in diameter. 

A measure of the effectiveness of any extinguishing agent 
can be obtained from (1) the minimum rate of application re­
quired to extinguish a standard fire, or (2) the time required for 
extinction under a given rate of application to a standard fire. 
The first method forms the basis of reporting efficiency here al­
though hoth types of measurements were made. 

Materials Investigated 

Table 1 lists the powdered materials that were tested and 
the preparatory treatment they received. All powder samples, 
with the exception of glass beads and" dry chemical", were made 
from reagent-grade chemicals by grinding in a pebble mill. Two 
per cent of zinc stearate was added, before grinding, to most 
samples to improve their free-flow properties and to reduce 
moisture absorption. For the studies reported, narrow fractions 
of particle sizes were selected from the ground powders by siev­
ing and air elutriation. Beyond this, no definite tolerance was 
placed on particle size distribution. Measurement of particle-size 
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distribution of some samples by microscopic method showed 
that the cutoff was sharp on the large particle side of the dis­
tribution curve. Mean particle size was measured with a Fisher 
subsieve sizer based on the air permeability principle. The glass 
beads used were spherical and had a very narrow particle-size 
distribution. 

TABLE 1. MATERIALS AND PREPARATION PROCEDURES USED FOR 
POWDERS 

Sample 

NaHCOa, KtC20 •. H,O 
KI, KHCOa, KTiCtO• 
Rbl, Csl 

Glass beads 

Glass beads 
Mixture 

"Dry chemical" 

Source 

Reagent-grade crystalline 
chemicals 

Commercial glass microbeads 

Commercial glass microbeads 
Combinations of above compo­

nents after treatment 
Surface-treated NaHC03 from 

commercial extinguisher 
manufacturer; 98% sodium 
bicarbonate 

Experimental Procedures 

Fire Model of 1% Inch in Diameter 

Treatment 

2% by wt. zinc stearate 
added, ground in ball 
mill, size separation by 
sieving and air elutria­
tion 

2% zinc stearate added, 
mixed and heated to 
100°C 

No treatment 
Proportion based on wt., 

thorough mixing 
Size separation by sieving 

and air elutriation 

The procedure used with the 1 Ys inch in diameter fire model 
was simple in principle and required only about O.Sg. of powder 
for each determination. Powder was dispersed in the air at a con­
trolled rate while a small diffusion flame, supported by n-heptane 
liquid in a cup, was slowly introduced into the freely fall­
ing powder stream. Various rates of powder discharge were 
used to determine the minimum effective rate that would cause 
extinction. 

Figure 1 shows the essential features of the apparatus. The 
dispenser consisted of a cylinder containing a stainless steel 
screen at mid-height to support the powder. The rate of dis­
charge of powder was controlled by adjusting the amplitude of an 
electromechanical vibrator. A brass cup with an inside diameter 
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Figure 1. Apparatus for evaluating the fire extinction efficiency of powders usir.g 
the 1 Ys-inch fire model 

of 1 Ys inches was used as a burner. In use, the cup contained 1.0 
mi. of n-heptane floated on 3.0 mi. of water, with the fuel surface 
initially about 1/32 inch below the rim. 

The burner was placed on a flat carriage which moved at a 
uniform velocity of 1.9 in/sec toward the powder stream. An 
identical but empty cup was placed on the carriage 2 inches 
ahead of the burner cup. The weight of powder collected in this 
cup served as a measure of discharge rate. A recording densitom­
eter monitored the discharge stream for variation in the rate of 
discharge. The entire apparatus was enclosed in a draft-free 
cabinet. 
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The fuel was ignited by a spark discharge and the flame was 
allowed to burn 35 sec. before the carriage moved it into contact 
with the falling powder stream. At least 20 determinations were 
made with each powder sample. 

Fire Model of 6 Inches in Diameter 

For the 6-inch diameter fire model, powder was propelled by 
air into a flame burning in a circular, stationary pan (Figure 2). 
The powder dispenser involved use of a serrated rotor within a 
housing. Powder was fed to the moving rotor from a hopper at 
the top of the housing. A high-pressure stream of air directed 
through the bottom of the housing stripped the powder from the 
rotor serrations and carried it out through a nozzle. The powder 
discharge rate was governed by the speed of the rotor. In this 
way, uniform, reproducible discharge rates were obtained. 

A solenoid-operated powder diverter, through which the 
powder was removed by means of a vacuum system, was used to 
limit the duration of powder application and was found neces-

Q 
'INFRARED CELL 

Figure 2. Diagrammatic illustration of apparatus for evaluating extinction efficiency 
of powders using the 6- and 22%'-inch fire models 
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sary to reduce the effect of starting and stopping transients. The 
time of removal and return of the diverter was controlled by a 
stepping switch. 

For the purpose of calibrating the rate of powder discharge, 
the diverter was fitted with a cellulose filter thimble and used to 
collect powder for a measured period of 2 to 3 seconds. The aver­
age discharge rate for a given dispenser speed was then calculated 
from the weight of powder collected in the filter and the time 
period of collection. The diverter was located close to the nozzle 
and it was assumed that powder which was collected by it would 
otherwise be effectively applied to the fire. 

The flame was supported by 30 mi. of n-heptane floating on 
water in a brass cup having an inside diameter of 6 inches. A 12-
inch diameter horizontal flange attached to the rim of this con­
tainer was found desirable in stabilizing the flame. A distance 
of Ys inch was left between the fuel surface and the top of the 
flange. The flame was allowed to bum for 45 seconds before the 
powder was applied. 

Compressed air at a flow rate of about 1 cfm. was used to 
propel the powder. The powder was first discharged into the 
diverter for about 3 seconds before it was directed into the fire. 
The distance from the nozzle to the center of the pan was 14.5 
inches. 

The powder was aimed parallel to and slightly above the 
surface of the pan and flange. The nozzle provided a horizontally 
flat and diverging discharge pattern. The cross section of dis­
charge was about 6 inches wide and 1 inch thick at the region 
near the center of the fire. In reporting powder application rates 
for the two large fire models no correction has been made for 
powder which did not enter the fire zone during application. 

During each series of runs, the discharge rate was varied 
stepwise from one run to the next and the time for extinction was 
determined in each case. As the discharge rate was decreased, the 
extinction time increased until a minimum discharge rate was 
obtained, below which extinction did not occur. Extinction time 
was taken as the period between arrival of powder at the flame 
and the time when the flame had decayed to 20 per cent of its 
initial value as recorded by a lead sulphide infrared detector 
located behind the fire. 
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Fire Model of 228/4 Inches in Diameter 

The apparatus and procedure for the 22 ~-inch diameter 
fire model were similar to those used with the 6 inch model except 
that: 

1) The distance from the nozzle to the center of the fire was 
36 inches. 

2) The air flow rate was about 7 cfm. providing a discharge 
cross section of about 26 x 4 inches located adjacent to and just 
above the center of the fuel pan. 

3) A flange of 37 inches in diameter was used around the top 
of the fuel pan. 

4) A freeboard of Yz inch was used above the fuel surfaces. 
5) Three hundred ml. of practical heptanes (Eastman 

Kodak P-2215) was used as the fuel. 
6) A preburn period of 30 seconds was used. 
Figure 3 shows the equipment being used for extinguishment 

of this large fire model. The photometers were not used when 
this photograph was made. 

Results 

Fire Model of 11; 8 Inch in Diameter 

Figure 4 presents data on minimum rate of powder applica­
tion for extinguishment of the smallest fire model by various 
powders as related to mean particle size. Each point is plotted as 
a cross in which the vertical line represents the region of overlap 
where both extinction and nonextinction results occurred during 
the 20 determinations. All runs at discharge rates above the top 
of the vertical line resulted in extinction; only non extinctions 
occurred below the lower end of the line. A circle is used to re­
place the horizontal bar of the cross for materials on which only 
one particle size result was obtained. The point at which the 
horizontal line or circle and vertical line intersect indicates the 
best value for the minimum effective rate as determined by a 
statistical formula developed by C. S. McCamy.U This formula 
may be stated as follows 

X 
Wm = a + -- (b - a) 

x+y 
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Figure 3. Extinguishment of 22%'-inch fire model. Photometric equipment is not 
shown. Appearances to the contrary, the extinguishment process is not one of simply 
blowing the fire out 

where 
j 

X L (Nn - a) for a < Nn < b 
n=l 

k 

y = L (b - En) for a < En < b 
n=l 

W m minimum effective rate 
En rate at which extinction occurred 
Nn rate at which non-extinction occurred 
a rate at or below which there were no extinctions 
b rate at or ahove which there were no non-extinctions 
J number of non-extinctions in interval between a 

and b 
k number of extinctions in interval between a and b 
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Figure 4. Efff'ctive application rate for extinguishment in terms of weight for the 
1 Ys-inch fire model 

The values of a and b were experimentally determined and, 
in this case, were based upon at least 20 determinations. All data 
were on a weight basis. The two points for 22 micron glass beads 
were displaced relative to each other to avoid overlapping of the 
two lines on Figure 4. The curve marked "Dry Chemical" was 
drawn through the two experimental points. Its shape was esti­
mated on the basis of the data for sodium bicarbonate. 

Hird and Gregsten12 have shown that better correlation of 
data can be achieved for powder of different particle sizes when 
application rate is expressed in terms of surface area of the pow­
der particles. Accordingly, the curves of Figure 4 have been con­
verted to a surface area basis on the assumption that the particles 
are spherical in shape and the Fisher subsieve sizer measurements 
are applicable. The resulting curves are presented in Figure 5. 

During the experiments it was observed that particles on 
the order of 5 micron or less were lifted by the hot gases above 
the fuel, and in some instances, this effect prevented extinguish-
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Figure 5. Effective application rate for ext nguishment in terms of powder surface 
are<> for the 1 Ys-inch fire model 

ment from taking place. For particles of greater than 25 micron 
size, the increase in the effective application rate may result from 
differences in residence time which affect heat absorption capac­
ity and decomposition behavior of the particles in the reaction 
zone. The differences observed between the NaHCOa and "dry 
chemical" curves may be a result of dispersibility and particle 
shape differences perhaps resulting from different preparation 
techniques. 13 

Figure 6 shows the effectiveness of mixtures of 22 micron 
glass beads and 8 micron potassium oxalate monohydrate at 
various weight ratios. The experimental results are plotted as 
crosses in which the horizontal and vertical lines have the sarre 
significance as in Figure 4. These plotted results may be com­
pared with the curve shown, which was calculated from the 
minimum effective extinguishment rate observed for 100 per 
cent 8 micron oxalate (data from Figure 4) on the assurrption 
that the glass beads have no effect in extinguishing the fire. 
(Thus, for example, the calculated minimum effective rate for the 
50-50 mixture is twice that for the 100 per cent oxalate). These 
results seem indicative that an inert carrier with larger mass 
could be used to introduce a finely divided and chemically effec-
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Figure 6. Effective application rate for extinguishment of mixture of 22 micron glass 
beads and 8 micron K,c,o. · H,O, for the 1 Ys-inch fire model as influenced by the 
percentage of K,C,O.·H~O present in the mixture 

tive agent into the desired zone of the flame. Due to surface 
forces, the fine particles adhere firmly to the carrier, at least 
prior to its introduction into the flame. The higher momentum 
acquired by the much larger mass of the carrier would be able to 
overcome the buoyant forces created by upward draft above the 
combustion zone. 

Fire Models of 6 and 22% Inches in Diameters 

Figures 7 and 8 show the time to extinguishment as a func­
tion of application rate expressed on a surface-area basis. These 
figures show results respectively for the 6- and 22%-inch fire 
models. To avoid overcrowding, a typical set of data points for 
NaHCOa only are·shown in Figure 7. In general, these data seem 
similar to those of Hird and Gregsten12 and show that for a given 
powder, extinction time increases as the discharge rate decreases. 
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Figurt> 7. Fire extinction time as influenced by rate of powder application for 6-inch 
fire model. Dashed lines represent minimum application rate for extinction. A typical 
set of data points for NaHC03 is shown. The data with arrows represent trials in 
which no extinction was achieved 
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Figure 8. Fire extinction time as infuenced by rate of powder application for 22;!4-
inch fire model. Dashed lines represent minimum application rate for extinction. The 
data with arrows represent trials in which no extinction was achieved 
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Eventually, the point of nonextinction is reached. At very high 
discharge rates it appears that the extinction time approaches a 
constant. 

Tabulation of Summarized Results 

Table 2 presents summary results for the three fire models 
studied and each of the four powders tested. The results are pre­
sented in terms of minimum powder application rate on a surface­
area basis, as well as in relative application rates with respect to 
NaHCOa as a reference material. Also shown is the average fuel 
burning rate for each of the fires used. This latter shows fuel 
consumption rates roughly 60 per cent of those reported by 
Blinov and Khudiakov14 for gasoline burning in deep fuel pans. 
When minimum NaHCOa application rates are divided by fuel 
consumption rates, the quotient is found to vary by a factor of 
2. 7 over the very wide range of fire sizes. 

Discussion 

The results show that the fire extinguishing effectiveness of 
the powders tested depends on the physical and chemical nature 
of the powder. Thus, potassium oxalate monohydrate was more 
effective than sodium bicarbonate or potassium bicarbonate in 
all three models and potassium iodide was about 2.5 times as 
effective as sodium bicarbonate in the two larger models on sur­
face-area basis. All four alkali metal salts were more effective 
than the inert glass beads. 

Figure 5 shows that, for a given powder, an optimum range 
of particle sizes exists for which the minimum powder applica­
tion rate in terms of its surface area, is effective for control of the 
1 Ys-inch fire model. This range is between 15 and 20 microns for 
many of the powders tested. In this 1 Ys-inch model, powder par­
ticles approach the flame at or below the terminal velocity of free 
fall. Hence the extinguishing behavior of the powders in this 
model may be more sensitive to particle size, shape, and density 
than in the other models where powder was propelled into the 
fire. In this connection, the improved effectiveness of potassium 
iodide in the 1 Ys-inch model as compared to the two other models 
(Table 2) may be attributed to the higher density of this rna-
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TABLE 2. Minimum Effective Rates of Powder Application and Fuel Consumption for Various Fire Sizes and Powder Types :I: 
in Size Range of 6-12 microns ~ 

Diameter 
of Application Rates Ratios of Application Rates 

Fire 
cm1/sec NaHCOa NaHCOa NaHCOa 

inches NaHC03 KHCOa KI K,C,04·Ht0 

1.12 f 68* 32* 15* 14* 
l 90 42 18 17 

6.0 2,100 800 900 500 
22.8 25,500 9,500 9.500 5,500 
40.6 1 00,000** 

* Data shown are for 20 micron particle size powders. 
** Data from reference 12. 

KHC03 KI KtC,04·H~ 

2.1 4.5 4.9 l 
2.1 5.0 5.3 f 
2.6 2.3 4.2 
2.7 2.7 4.6 

Fuel 
Consumption 

Rate 

ml/sec 

0.0078 

0.23 
6.0 

32 

Ratio of NaH C03 

Application Rate 
to Fuel Con-

sumption Rate 
cm1/ml 

8.7 X 103 

11.5 X 103 
9.1 X 103 

4.2 X 103 
6.2 X 103 

~ 
~ 
:::0 
1:1:1 
0 z 
"l ..... 
:::0 
1:'1 
(Jl 

-0 
""-l 

Copyright © National Academy of Sciences. All rights reserved.

International Symposium on the Use of Models in Fire Research
http://www.nap.edu/catalog.php?record_id=20284

http://www.nap.edu/catalog.php?record_id=20284


108 T. G. LEE AND A. F. ROBERTSON 

terial. The other salts for which data are reported in the Table 
had a density of about two-thirds that of potassium iodide. 

It was found that, within a limited range of particle sizes, 
extinction effectiveness was a function of specific surface of the 
powder. The data for sodium bicarbonate shown in Figure 8 
illustrates this fact. Here, minimum powder application rates 
are shown to be closely the same for both 10 and 16 micron pow­
der sizes when such rates are expressed in terms of surface area. 
For particles of smaller or greater sizes than those studied, buoy­
ant or gravitational forces may limit introduction and retention 
in the flame zone. Consequently, the extinction effectiveness 
would not be a simple function of specific surface. Although suffi­
cient data were not obtained to confirm the existence of this be­
havior in the larger fires, a somewhat similar, but less pronounced 
effect as that shown by Figure 5, should be assumed. 

One method of overcoming the poor physical behavior of 
fine powders is to employ a carrier to introduce a very finely 
divided yet chemically effective material in to the flame zone. 
Reference to Figures 4 and 6 shows that a mixture consisting of 
glass beads and only 8 per cent 8 micron potassium oxalate could 
be considered equivalent to the 22 micron "dry chemical." Be­
sides increasing effectiveness, proper use of a carrier may reduce 
toxicity hazards. 

Figures 7 and 8 provide a good illustration of the need for use 
of minimum application rates in measuring relative effectiveness 
of different agents. Thus, it would be difficult to distinguish be­
tween effectiveness of different powders in the field if high appli­
cation rates were used which resulted in extinguishment times 
being close to the minimum shown in these figures. 

Individual points on Figures 7 and 8 and vertical lines on 
Figures 4 and 6 indicate the magnitude of the error. Since the 
methods developed are primaril)' for comparative evaluation, 
no analysis of error was made. However, the discharge reproduci­
bility of the rotor dispenser, as measured at the nozzle, was 
within 3 per cent for all free-flowing powders used. 

Table 2 presents the ratio of NaHCOa application rate to 
fuel consumption rate for each fire size. Similar results for the 
other powders could have been presented. The variation of the 
ratio is not considered large in view of the very wide range of fire 
sizes and powder application rates which were used. Although not 
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conclusive, the limited range over which this ratio varied seems 
to indicate that there was no drastic change in the character of 
the fire or the mechanism of extinguishment for any given pow­
der. It seems that the minimum powder application rate required 
for extinguishment is very roughly proportional to the rate of 
fuel consumption. This latter fact may perhaps be more clearly 
illustrated by the data shown in Figure 9. Here the extent to 
which the burning rate curve is parallel to the minimum appli­
cation rate data serves to indicate the degree of proportionality. 

In considering these results, it should be remembered that 
different techniques were used for powder application. For tht: 
1.Ys-inch model, powder was applied to the flame under a condi­
tion of free fall. For the 6-inch and 22~-inch models, powdet 
particles were carried by a propelling air stream and discharged 
from a fixed nozzle. For the 3-foot square pan indoor, and the 10-
foot square outdoor gasoline fire, NeiW 0 used an especially 
adapted commercial extinguisher and attacked the fire manually 
by spraying from side to side. Hird and Gregsten 12 used a fixed 
nozzle to cover the fire area together with a modified commercial 
extinguisher. Their fire was supplied by a 1 7'2-inch layer of gaso­
line in a 3 foot square pan involving 27-2-inch freeboard. 

Neill's results on extinguishment of gasoline fires shown in 
Figure 9 seem to present a reasonable extrapolation of the results 
obtained by the authors. In plotting these data, it was assumed 
that they could be shown as applicable to fires on circular pans 
having an equivalent surface area. Neill10 did not mention specific 
surface in his paper, but found later, 16 that the NaHC0 3 powder 
had a specific surface of 1750 cm2/gm. Specific surface for the 
KHCOa used by Neill was assumed to be the same on the basis 
of his results of sieve analysis. The extent of agreement between 
the two sets of results is encouraging esp<.cially when considera­
tion is given to the differences in powder application techniques 
and the many other variables involved. 

The higher application rates apparently required for Hird 
and Gregsten's experiments may have resulted from the need to 
cool the 2 7'2-inch rim of the fuel container below the flash tem­
perature of the fuel air vapors. 

The methods described have been shown to be effective in 
evaluation of different powder extinguishing agents when applied 
to flammable liquid fires. It is not known to what extent these 
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measurement techniques will be applicable to very large fires 
although the work of Neill seems to indicate the possibility of 
such use. For study of second order effects, variables such as air 
velocity, po\\<der concentration, and particle size distribution 
must be more closely controlled than was possible in the work 
described. 

Summary 

Laboratory methods have been developed to evaluate the 
fire extinguishment effectiveness of powdered materials. These 
methods employed 1Ys-, 6-, and 22%-inch fire models of the free 
burning of a liquid hydrocarbon. Dispensers which permitted 
controlled application of powders to the fires were designed and 
used for the evaluation. 

The extinguishment effectiveness of various powders, in the 
mean particle diameter range of 6 to 40 microns, was determined 
by measuring the minimum effective rate of application in terms 
of powder surface area required for extinction. The effectiveness 
of the powder was found to depend on ( 1) chemical nature, (2) 
specific surface, and (3) particle size of the powder. 

The most effective material studied was potassium oxalate 
monohydrate. It was about four times more effective than sodium 
bicarbonate of optimum particle size, the commonly used ex­
tinguishing agent. On a surface-area basis, when using the 1 Ys­
inch fire model, particle sizes between 15 and 20 microns were 
generally most efficient. 

The experiments show that for sodium bicarbonate the ratio 
of rates of powder application required for extinguishment to 
fuel consumption varied from 4.2 x 103 to 11.5 x 103 cm2 / mi. 
Considering the variation in application techniques and the wide 
range of fire sizes used, it seems reasonablt>, in the absence of 
more complete data, to consider that powder application rate 
required for extinction was very roughly proportional to fuel 
consumption rate. Limited extinguishment data on large-scale 
fires of othet workers seem to confirm the usefulness of the model 
method tor evaluating powder effectiveness. 
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Discussion 

Mr. Malcolm: I have a question on the fuel consumption 
rate. I did not understand how the fuel consumption rate fits into 
the picture. 

Mr. Lee: A correlation was found between the fuel con­
sumption and the minimum powder application rate fm extin­
guishment, for the fire models used. 
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Commentaries 

Dr. Avery: I have asked four persons to comment and bring 
out significant points in the comparison of these papers-Or. 
Lewis, Mr. Grumer, Dr. Wolfhard, and Mr. Tuve. 

Dr. Lewis: I should like to make my first remarks a com­
mon discussion growing out of the first three papers by Emmons, 
Burgess, and Magnus. These papers are concerned with aspects 
of the scaling laws that are operative in the burning of liquid 
fuels in pools, in an attempt to discover the experimental vari­
ables that play a role in the description of fire intensity. 

Even a casual inspection of the general problems must con­
vince one that the variables are complex, some of them inter­
dependent, so that the attainment of this goal will not, I would 
think, be an easy matter. Although these authors have developed 
useful data, the work has not gone far enough to break down the 
complexities sufficient for a full treatment by dimensionless 
analysis. 

The general approach has been to study the rate of burning 
of a pool of fuel, that is the rate of regression of the liquid surface 
as a function of the area of the pool. The geometries in the three 
studies were not quite the same so that certain differences in the 
results are to be expected. Nevertheless, enough has been learned 
to reveal the complexities that exist, and perhaps to reveal what 
further measurements need to be co11sidered. As Magnus so cor­
rectly points out, the extinction of tank fires becomes more diffi­
cult with growing diameter and this cannot be explained simply 
by the growth of the burning surface. Other complex phenomena 
are superimposed that render a simple solution elusive. 

I think we can all agree that the over-all mechanism of pool 
burning is that the fuel is volatilized by heat feedback from the 
burning fuel above the liquid surface, and that air is furnished by 
entrainment at the periphery. There is need to define more closely 
the relative importance of the heat transfer mechanisms of con­
duction, convection, and radiation as the scale increases, but it 
can be said that for small fires (under 4 to 6 inches in diameter) 
conduction and convection predominate, whereas for large-scale 
fires (12 to 40 inches and more in diameter) heat feedback by 
radiation predominates. It is clear that this must be so because 
for larger scale fires air entrainment from a chemical standpoint 
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is not very efficient, resulting in formation of carbon, upon which 
depends an important part of the radiation. 

The next element of importance is the state of flow of the 
fuel vapor from the liquid surface to the flame surfaces. Here the 
experiment~ of the Russians, Blinov and Khudiakov, as well as 
the present work by Burgess and possibly also that of Emmons, 
appear to indicate strongly that this flow is laminar in character 
for small-scale fires, and that it passes through a transitional 
phase to the turbulent regime for larger scale fires. Since for 
small-diameter fires the air entrainment requirements are better 
met, it is not surprising that the predominent heat feedback 
mechanism here is conduction, with the contribution from con­
vection becoming important in the transitional range of fuel 
vapor flow. At least, the small-scale part of the Blinov and Bur­
gfss curve ot burning rate versus pool diameter in which burning 
rate decreases with increasing diameter, can be ascribed to a 
growing deficiency in the specific air entrainment, that is the air 
entrained per unit pool area. However, the burning rate soon 
passes through a minimum with the onset of turbulence and from 
here on one must consider the important role played by turbu­
lence in the fuel vapor approach flow. 

It is well known from combustion studies of flammable mix­
tures in turbulent flow that turbulence generates flame surface. 
It is also known from studies of flame in high velocity turbulence 
streams that there exist critical velocity gradients across which 
flames cannot propagate, and that a dimensionless number, K, 
which is given by the velocity gradient in the stream divided by 
the velocity at the same point times a characteristic dimension 
which is related to the flame width, viz., 

du 
K=-Xf3 

dyu 

The experiments show that when this K number reaches a value 
of about unity, flame extinction takes place. Another way of 
looking at this is that when the rate of increase of flame surface 
over a distance of propagation corresponding to the flame width 
exceeds a critical value, the flame is extinguished. It is not clear 
to what degree the destruction of flame surface by turbulence 
plays a role in large-scale burning of pools, but certainly the 
turbulent regeneration of flame surface is an important aspect. 
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The flame surface plays a dual role. First, the rate of consump­
tion of fuel vapor is directly proportional to flame surface, and 
secondly, radiation intensity is proportional to flame surface as 
well as being dependent upon the temperature. 

As though this were not complicated enough, we need only 
remind ourselves of the burning of liquid monopropellants, like 
hydrazine, in tubes, which, when passing into the turbulent 
burning regime, undergoes an abrupt rise in the burning rate, 
with the physical ejection of liquid mass from the surface into 
the space above. In large-scale pool burning, the turbulence in­
tensity must be of such magnitude as to similarly eject islands of 
liquid fuel. 

The importance of air entrainment is one that would be 
recognizable a priori, but it is particularly brought out in the 
results of Magnus. His experiments provide consistent and re­
producible data on the distribution of temperature above the 
burning liquid. These data, together with the simultaneously 
observed burning rates, provide an insight into the feedback 
mechanism which determines the intensity of the flame. Qualita­
tively, the data show trends about as one might expect. Above 
the liquid surface, the temperature rises sharply to a maximum, 
and then decreases gradually with increasing height. The value 
of the maximum temperature and its position above the liquid 
level are dependent on factors which appear principally to be 
associated with the penetration of air into the flame. The meas­
urements are made possible by eliminating the factor of external 
air currents, which is acknowledged to be important but which 
is very difficult to control. The burning rate is found to be de­
pendent upon the value of the maximum temperature and its 
position above the liquid level which are determined largely by 
air entrainment. 

It is possible that the more or less constancy of the burning 
rate as the scale increases for large-scale burning (above 40 inches 
of pool diameter) is due to a balance between generation of flame 
surface and air penetration. If the aspect of generation of flame 
surface by turbulent motion possesses any merit in connection 
with pool burning, I would mention that Karlowitz, in the 
Seventh Symposium (International) on Combustion (1958 p. 604) 
has shm"n how to calculate the concentration of flame surface 
per unit volume for given turbulence intensity and scale. 
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Quantitative data of the kind presented in Magnus's papet 
together with certain other data presented in the work of 
Blinov and in the papers by Emmons and Burgess, hold promise 
of arriving at practical scaling la\\<s based on a physical under­
standing of thf:' process, which permits correlation of the various 
factors involved in combustion processes of this type. 

About the last paper, I \\<ould like to commend authors Lee 
and Robertson for what appears to be a well planned and 
executed study which has yielded significant data. Concerning 
the effect of particle size, the authors suggest that the relatively 
poor performance of very fine powders is due to the lesser pene­
tration of such particles in the combustion zone under the condi­
tions of application. This is in accord with Dolan and Dempster's 
investigation of ptemixed gases in tubes [see Sixth Symposium 
(International) on Combustion (1956 p. 787)] and with Laffitte 
and Bouchet's investigation in tubes [Seventh Symposium (Inter­
national) on Combustion (1958 p. 504)] where the experimental 
configuration, that is, the uptake of the powder by the flow 
ahead of the combustion wave, insured efficient penetration re­
gardless of the particle size, and no adverse effect of fineness was 
noticed in these experiments. 

The relatively greater efficiency of potassium bicarbonate 
over sodium bicarbonate is perhaps associated with the fact that 
the potassium bicarbonate decomposes at lower temperatures 
(between 100 and 200°C) than sodium bicarbonate (about 
270°C). Similarly, potassium oxalate, which is even more effi­
cient, decomposes somewhat above 100°C. With these powders 
flame quenching is possibly largely a thermal and diluent effect. 
In contrast, salts like potassium iodide and cesium iodide are 
thermally quite stable and their high efficimcy suggest a chemi­
:al effect such as the removal of OH radicals by the reaction, KI 
plus OH to give KOH and I. 

Particularly noteworthy is the observed app1 oximate pro­
portionality between the rate of fuel consumption and the criti­
cal rate of application of a powder to effect extinction. This is 
evidently a very reasonable and a priori relationship, and its 
experimental verification serves to confirm the \-alidity of the 
experimental procedure and to establish confidence in the basic 
significance of the data. 

Mr. Grumer: 'vVe have had this afternoon the benefit of hear-
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ing four stimulating and informative papers. Three of these were 
addressed to the problem of liquid burning, the rate at which the 
liquid disappears through combustion, and the fourth to prob­
lems involved in extinguishing fires. There may be a difference 
between the two problems. Whereas the burning mechanism of 
two fuels may be identical, the problem of bringing an extin­
guishing agent to each may be entirely different. 

Two of the papers, which dealt with liquid burning, are re­
lated by having taken direction from the Russian work of Blinov 
and Khudiakov, which mapped out burning rates in pans of 
varying diameter as a function of the mode of heat transfer. 
Dr. Emmons looked over the multitude of areas for fruitful in­
vestigation and picked the small pool for careful examination. 
Dr. Burgess concentrated his attention on larger pools. There has 
been some healthy overlap of data, and I find it reassuring that 
about the same numbers have been gotten. 

I would like to comment on Dr. Emmons's experiments 
where a difference was noted between the rate of liquid burning 
in pans completely enveloped in the table top and the rate with 
pans on top of the table. A four-step mechanism was proposed in 
which the flame radiated heat back to the table top; this in turn 
heated the air that was coming into the flame and this in turn 
heated the pan and the pan heated the liquid. These were very 
rich flames on burners of small diameter. Let me suggest for Dr. 
Emmons's comment that perhaps the direction in which air gets 
to the base of the flame is important when the tray is small (less 
than 1 inch in diameter). With the pan flush with the table top, 
air gets into the base, flowing nearly perpendicular to the rising 
fuel vapors. More mixing, concurrent with burning, occurs than 
when the pan is atop the table. In the case of the pan on the 
table, the flow lines of entering air could be bent by the sides of 
the pan, so that the air flow enters the flame column more parallel 
to the fuel flow. The better mixing and more confining flow of 
air in the case of the flush mounted pans could keep the flame 
further from the rim and reduce heat transfer from flame to rim 
and from rim to fuel. We are dealing with rich flames and these 
overhang burner rims generally-more so on small burner ports 
than on large ones. Anything which would reduce this overhang 
could be significant. I suggest that putting the burner rim flush 
with the table top would reduce overhang and licking of rim by 
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flame. Such reduction would reduce heat transfer via the tray 
walls, from flame to liquid and correspondingly reduce the burn­
ing rate. 

I am not going to comment on my collea_i.:ue's paper from 
the Bureau of Mines, except to say that I know he has more 
material available and also to add a word about ethylene dif­
fusion flames. Like the benzene flames Dr. Burgess disc ... :;sed, 
these too have soot beneath the flame envelope, temperatures 
are high, oxidized combustion products are present-even at the 
plane of the port. So it appears that convection under diffusion 
flames is common to flames of liquid and gaseous fuels. 

Dr. Magnus's observation that wind is highly important is 
intriguing. In the experiments which we did at the Bureau of 
Mines, we have been led to think that, insofar as the liquid burn­
ing rate in large pools is concerned, the wind is of minor impor­
tance. That is to say, we do not observe an effect which doubles 
or triples the burning rate. This change may be 10, 20, 30 per 
cent, something of that order. I wonder whether we have an area 
of agreement with Dr. Magnus. 

Dr. Magnus: We do agree. 
Mr. Grumer: In the fourth paper, we have considerable in­

formation with respect to the extinguishment of liquid fires and 
how to rate the effectiveness of any powder extinguishers. This 
paper shows the importance of knowledge of burning rate of 
liquids in that the specific minimum rate of application of pow­
der tor extinguishment is nearly proportional to the liquid burn­
ing rate. The powders considered were potassium oxalate mono­
hydrate, potassium iodic'e, potassium bicarbonate, and sodium 
bicarbonate. All three potassium salts are better than sodium 
bicarbonate and their effectiveness is in the order mentioned. 
There is a lot of important practical information in this paper, 
such as the idea of using heavy powders covered with active 
finely divided extinguishing agents to get the agent across up­
drafts above the burning fuels. There is the intriguing point that 
chemical effects are no doubt important in the effectiveness of 
dry chemical extinguishers, potassium salts being better than 
sodium salts. I have heard it said that we can attribute this to 
the differences in the flame spectra of potassium and sodium- a 
thought I feel worthy of further consideration. Why is the 
oxalate so much more effective than the others? Do the absorp-
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tion spectra of the products of decomposition of the oxalate 
have a role here too? 

Dr. Emmons: In answer to Mr. Grumer's remarks about 
my paper, we have observed no difference whatso~ver in the size 
of the base of the flame, whether the dish was submerged in the 
table or on top of th12 table. The flame seemed to fit just a trifle 
inside of the cup. 

Dr. Wolfhard: The question of radiation from flames has 
been discussed in the preceding papers. Dr. Magnus, for example, 
measures this radiation by observing the temperature rise in a 
water-filled drum next to the drum containing the burning tuel. 
The heat absorbed by the water is then presumably taken as a 
measure for the heat that would be absorbed by the burning sur­
face itself. This, of course, presupposes that the radiation emitted 
from the flame into space surrounding the flame is the same as 
the radiation within the flame. Let us investigate this question 
for a moment and consider a laminar diffusion flame of a hydro­
carbon fuel vapor burning with air. The flame consists of a yellow 
carbon zone on the fuel side and a bluish zone where the tem­
perature is highest, over on the air side. The carbon zone itself 
is not homogeneous but its luminosity is low on the fuel side and 
increases towards the air side where the temperature is higher. 
In other words, the radiation of a diffusion flame depends on the 
direction of the radiation. 

This effect is especially noticeable for benzene flames. Look­
ing from the fuel side the flame looks dark and black, whereas 
from the air side the flame is bright yellow. In benzene flames 
burning from large trays carbon is seen floating between flame 
and burning surface, shielding the surface from the heat radia­
tion of the flame. In order to assess the effect of flame radiation 
on the burning rate of a liquid pool it is necessary to measure the 
radiation at the surface underneath the flame and the heat flux 
may well be very different from the intensity of radiation out­
side the flame. In turbulent flames, conditions may be more diffi­
cult to assess, but basically the same considerations apply. A 
further important point to consider is that the fuel vapor rising 
from the vaporizing surface might also absorb radiation from the 
flame and further shield the surface. 

Dr. Burgess mentioned the influence of tray diameter on the 
rate of recession of the burning fuel surface. Beyond about one 
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meter diameter the burning rate becomes independent of tray 
size. The implication is therefore that experiments on relatively 
small liquid fuel fires are representative of large-scale fires. This 
still remained to be experimentally verified. It is, however, use­
ful to try and understand the underlying physical principles. 
The rate of surface recession of a burning liquid can be due to two 
causes : heat transfer by radiation and heat transfer by conduc­
tion. As we increase the size of the liquid surface the flame be­
comes larger not only in over-all size, but also in depth. Unless 
the emissivity of the flame is already unity for rather small fires, 
the emissivity is bound to become larger for larger trays. The in­
tensity of radiation seen by an element of liquid surface will 
therefore depend on flame temperature, emissivity, and the effec­
tive solid angle of flame seen by the surface element. The flame 
temperature can be assumed to be independent of tray size. It is 
feasible that the effective solid angle is also independent of tray 
size if we assume that in larger flames the main body of radiating 
gases is at a greater distance from thE> surface. If flame radiation 
is mainly responsible for the vaporization of the fuel, then in the 
plateau region both emissivity and solid angle must have reached 
a limiting value. Heat transfer by conduction cannot be excluded 
from considerations. It is clear that no heat will be transmitted 
from a flame zone high above the surface through the ascending 
fuel vapor to the surface. However, flames burning from large 
trays are no longer strictly laminar. Flame elements sweep over 
the surface at irregular and for some flames even in regular in­
tervals, and come in close contact with the surface in contrast to 
undisturbed flames where no such contact exists except at the 
perimeter of the tray. Thus, conceivably the plateau could be 
characterized by the existence of a flame where the sweeping 
action has become predominant and supplies the major part of 
the necessary heat of vaporization. 

Dr. Lewis was considering the effect of turbulence on the 
detailed flame structure of a fuel fire. I feel that such considera­
tions are important for the understanding of the local mechanism 
. .)f fuel vapor consumption in the flame but will influence the rate 
of recession of the liquid surface only in a minor way. 

Mr. Tuve: The question of emphasis of fire research is a 
flexible one, and we have had expressions of various ways in 
which this research can be done. 
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This is all good research. It will lead us to areas which are 
important, but I think a little realigning is in order. We must be 
worried more about halting combustion than combustion 
improvement, and we are getting too far away from the surface 
oi the fire, the point at which extinguishment begins. 

For instance, in the foreg0ing papers, there was no mention 
made of a phenomenon known as" heat \vave." This is the down­
ward travel of temperature and heat into the surface of the ma­
terial. Some of the experimenters in this fiPld show that a heat 
wave is set up, even in burning gasoline. (This originates prin­
cipally in England.) There is a definite picture of a heat wave 
in other hydrocarbon mixtures, but we have dealt so far 0nly 
with pure substances, and with shallow pools. Granted that we 
must deal with shallow materials before we can deal with deep 
ones, let us not forget to deal with the depths of these flammable 
materials, and let us study the reactions which occur downward 
as well as those which occur upward . 

Incidentally, I think that any ideas as to the mechanism of 
flame suppression by potassium as against sodium are prema­
ture. I do not think we know enough of the entire picture of this 
situation between potassium and ~odium. This is a complicated 
phenomenon and, to postulate the mechanism, we must learn 
more about it. It is an extinguishment phenomenon, not a com­
bustion phenomenon. 

Discussion 

Dr. Emmons: With regard to the radiation questions raised 
by Dr. Wolfhard in some small flame measurements, 4-inch 
diameter pans, we have measured radiation from a flame. We 
then put a second flame behind the first one, directly behind, 
and measured the radiation and we got almost precisely the sum 
of the two as measured individually. This means that the flame, 
although it appears not to be transparent, is in large part trans­
parent for the wave lengths effective in energy transport in the 
experiments we made. 

Unidentified Questioner: What sort of a flame was that? 
Dr. Emmons: It was an acetone flame, a small one. I think 

it might be \\Orth saying a word or two in connection with the 
conductive, convective, and radiative effects; the laminar, transi-
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tion, and turbulent effects. We have these two sets of three words 
each, which are passed around without very precise application 
to the burning process, and I thought I would make a few 1 e­
marks with respect to my current understanding of them. 

Let me sketch first the appearance of various flames (on 
blackboard); A is a small one, up to about three quarters of an 
inch. This one is a very small flame; sits quite still just like a 
candle flame. Let us make one a little bit larger as B for a 1- or 2-
inch pan. The flame is, of course, larger and its tip may period­
ically break off or oscillate. These are, of course, well-known 
phenomena. As we go to still larger flames, C, larger pans of 3 to 
12 inches, one obtains a flame which is closely fitted to the pan 
edge in the same fashion as the small ones, forming a very nice 
cone; perhaps luminous, perhaps not, depending upon the nature 
of the fuel. The cone is quite steady but above this the flame 
becomes highly turbulent. One visualizes, therefore--although I 
have not personally experiment<:>d with them-that for large 
fires, several feet and more, one would have turbulence beginning 
essentially at the pan edge. This may be because of the fact that 
the velocities have gotten high enough so that the oncoming 
stream or the inducted air is already turbulent, or perhaps a 
small laminar region still exists. But after all, a couple of inches 
out of ten feet does not make any difference to the heat transfer 
to the pool and hence the burning rate. 

Undoubtedly in large fires, one obtains a highly turbulent 
combustion, and over a large portion of the surface, with, there­
fore, (as I believe Dr. vVolfhard noted) the flames actually sweep­
ing down across the fuel surface part of the time. In this connec­
tion I would visualize a burning rate versus diameter for small 
pan diameters such as Blinov and Khudiakov have tound. My 
experiments indicate that the small-diameter burning rates are 
the result of high conduction. For pan diameters from about 8 
inches up, the conduction is no longer of any significance. 

However, is this properly looked at as a transition, a transi­
tion of the flame from laminar form of combustion to turbulent? 
In the case of pan burning, transition does not mean this. 
Laminar pan burning merely means that turbulent burning is 
sufficiently removed from the fuel surface compared to the diam­
eter, that the convective effects are not effective in transporting 
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much heat to the fluid. But in both laminar and turbulent flames 
we have significant heat transport by radiation. Large fires are 
perhaps essentially black bodies. Small fires undoubtedly are not 
black. I would like to propose that the major difference between 
large and small fires is one of convection. In the large fire the 
turbulence has approached so close to the edge of the pan and has 
become so violent that the flames actually sweep over the full 
surface part of the time. 

Mr. Royer: Has Dr. Emmons made any air flow measure­
ments on the table tests on the entrained air? He mentioned hot 
air or air heated as it was brought into the area. We had a situa­
tion where we had a large mass of solid combustibles, which 
covered quite a large area; it was 493 tons of material and the 
phenomena which has just been described by Dr. Emmons were 
observed. However, at a level up to approximately 12 feet, there 
seemed to be no air movement. It was thought that this lack of 
air movement was due to radiated heat; some steam due to 
weather conditions had been produced and this steam blanket 
up to a level of approximately 12 feet remained completely still, 
where ordinarily one would expect it to be drawn into an entrain­
ment process. This was one of the things which produced a very 
erratic air flow curve which we gathered from this large mass of 
burning material, and I am wondering if there have been any 
measurements on the effect of this heated air. What was pro­
duced by it? Dr. Emmons mentioned that it produced its own 
little agitation. 

Dr. Emmons: I can hardly be expected to extrapolate from 
10 inches to 493 tons, but I do not understand your explanation 
as to what happened. If you had a steam blanket, you must have 
vaporized significant water, and thus produced a gas of much 
lower density than the normal atmospheric air. 

I had produced a thin layer of warm air of only slightly less 
density than normal. If you produced steam, you should have 
had a lot of gas with a lot less density. Your gas should have 
risen very rapidly in many places. The steam should have failed 
to stay down near the ground, so I do not understand it at all. 

With respect to our measurements, we did not make any 
detailed quantitative measurements of the gas flow. We did a 
certain amount of investigation with smoke generators by fol-
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lowing the smoke from small jets. This we thought was going to 
show us something about the rate at which air moved at various 
levels so that we might then use this information in the better 
design of the enclosures by which we attempted to control drafts. 

This work was done incidentally in attempting to design thf' 
enclosures. It was quite clear that something of great complexit) 
was going on but it did not appear worthwhile to expend any 
additional time studying until after we made some progress in 
the main part of the problem. 

One must keep one's eye on what one has decided is the ball 
or else one soon spends all one's efforts wandering down miscel­
laneous blind alleys. The experiment which finally convinced us 
not to go into further investigations was the fact that we placed 
four symmetrically located smoke generators on the table to 
watch the smoke slowly moving toward the fire. Three of them 
moved in, one went in about two inches, turned around, went out 
and fell off the edge of the table. 

Professor Hottel: I would like to ask Sir Geoffrey if he could 
help us with an explanation of the phenomenon that he discussed 
this morning in relation to those we are talking about this after­
noon. As we try to get at the modeling of fires that do not have a 
valve on the fuel line-in contrast to fires such as described this 
morning, characterized by my "q" or his "H" which fixes the 
burning rate--but instead have a burning rate that depends on 
the interaction between radiation and the fuel, can we get a 
measure of q or H for these" uncontrolled" fires? In the morning 
discussion, velocity was a dependent variable in setting up the 
study of flow around a fire, and q was an independent variable. 
If the total magnitude of flow above the kinds of fires that have 
been talked about this afternoon is comparable to that above the 
fires of this morning and if the aic flow can be expressed as a ratio 
to the burning rate, then maybe we have a condition to feed in 
that allows us to start modeling on the kinds of fires we have dis­
cussed this afternoon. 

Do you visualize, Sir Geoffrey, whether the air drawn 
toward these pans might be comparable to the air that was drawn 
in in the natural convection situation? In other words, is the air 
flow very sensitive to the shape of the device used to liberate the 
heat? I am suggesting that the burning rate is quantitatively 
proportional to the amount of air that gets stirred into the fire, 
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and the stirring operation has no force to make use of or to pro­
duce it other than buoyancy. Am I making sense? 

• Professor Taylor: I think that this is like the question 
which Priestley and his colleagues in Australia have discussed, 
namely, how the air which has no vertical component of velocity 
near heated ground assembles itself into a column of rising air. 
It is true that the kind of analysis which Schmidt used in dis­
cussing the relationship between a localised source of heat and 
the convection current above it can only be strictly applied at a 
height which is several times the linear dimensions of the heat 
source. On the other hand it will probably give a fairly good 
approximation at heights comparable with the linear dimensions 
of the source. It is therefore worthwhile to calculate the total 
inflow of air into the convection column up to height Zo above a 
point source emitting H heat units per second. 

For this purpose it seems unnecessary to use Schmidt's 
complete calculation. A simplified model in which the tempera­
ture rise, 0, above atmospheric temperature T, is assumed to be 
uniform at level z and the breadth of the convection currents 
taken as z tan a may be used. This simple model is described in a 
paper by Morton, Taylor, and Turner.t If the semi-vertical 
angle of the core containing the convection column is a, the ver­
tical velocity is 

( 3r_H )1'3 w - z-t/3 
- 4r T pu tan2 a 

where His the rate of discharge of heat. The total amount of air 
which flows into the jet up to height Zo is wrz.2 tan2 a or 

(3r2)1/3 (gil )1/3 4 tan•t3 a Tpu zv5t3 

Here p is the air density and u the specific heat at constant 
pressure. 

• These comments by Profess0r Taylor and those by Professor Hottel immedi­
ately following were prepared in correspondence subsequent to the meeting. 
t MORTON, B. R., TAYLOR, SIR GEOFFREY, AND TURNER, j. S. "Turbulent Gravita­

tional Convection from Maintained and ln~tantaneous Sources," Proceedings of 
the Royal Society (London) A234. 1-23 (1956). 
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If all this air is used in a combustion which gives n units of 
heat per unit volume of air, 

H = n e:2Y13 (tan a)413 (f:)''3 
z.6/3 

The value of z. must be related to the size of the fire. If z. is taken 
as proportional to the linear dimensions L of a fire the above 
equation shows that fires in which all the air that enters the 
burning structure is used up in combustion should be modeled 
on the principle that H 2 ' 3 is proportional to V 13 , i.e. the rate of 
burning proportional to (linear dimensions) 612• The velocity of 
the air pulled into the fire by suction of the rising column above 
it which is proportional to Hll3z.-''3 is therefore proportional to 
(linear scale) 6 ' 6- 1 ' 3, i.e. it is directly proportional to the square 
root of the linear scale. I do not know whether this theoretical 
conclusion is verified in experiments with model fires. 

Professor Hottel: This development of the quantitative con­
sequence of the suggested assuwption that heat liberation rate 
might be proportional to the buoyancy induced air flow rate is 
interesting. As I think about the problem, however, I suspect 
that the assumption grossly over-simplifies the problem. Mass 
and convective heat transport at the fuel surface and radiation 
from the flame onto the fuel to vaporize or decon· pose it must, as 
well as the general air flow, affect the burning rate; and failure 
to model these additional phenomena must result in failure to 
maintain similarity between model and prototype. 

Professor Taylor: There is another thing I might comment 
on, and that is Dr. Burgess's paper. By far the most satisfying 
result to the ordinary physicist was the beautiful line that he 
got as between the ratio of the heat and the ratio of the chemical 
energy produced to the latent heat. Is that right? I suppose that 
really indicates what Emmons was saying, tl'!at when you get 
to the stage where radiation is the only thing that is producing 
the vaporization of the fuel, then it does not matter much what 
the shape of the flame is. If it is anything like black-body radia­
tion, then of course, no matter what the shape of the burning 
surface is, you get the same amount of radiation. Is that really 
what you intended to show? It seems to me that is a very natural 
and simple result. 
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Mr. Fahnestock: With regard to Dr. Emmons's theory about 
the entire flame area becoming turbulent when the receptacle 
or the burning surface is large enough, in the case of beds of finely 
divided solid fuel which are ignited in the center, we observed 
some years ago that the flame was rather consistently conical, 
but with a breaking up into turbulence in the upper portion, 
until it had consumed enough of the fuel toward the center and 
the center apparently had cooled down. Then the entire flaming 
area appeared to be turbulent. This can be observed in some 
movies of these experiments which will be shown tonight. 
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Study of Convection Currents Created 

by Fires of Large Area 

J. FAURE 
National Hydraulics Laboratory, France 

The Problem 

Introduction 

We know that the greatest fire hazard for a city is the fire 
storm. 1 In Hamburg, for example, on the 24th and 25th of July 
1943, twenty minutes after the first wave of bombers had passed, 
two out of three buildings were on fire with a zone of 11 km2 area. 
In the absence of a strong ground wind, indrafts engendered by 
individual fires, and augmented by thermal radiation, formed a 
vertical column of burning gases approximately 3 km high and 
2 Yz km in diameter. The influx of cool air at the base of the 
column was such that at 2 Yz km from the fire zone, the velocity 
of the wind rose in a short period from l'i km/hr to 53 km/hr, 
and at the periphery of this zone, trees 0.90 meters in diameter 
were uprooted. 

In Tokyo, on the 9th and lOth of March 1945, fire developed 
over an area of 40 km2 , and the velocity of the wind created by 
the indraft, measured at 1 Yz km from the periphery of the fire 
zone, rose from 45 to 88 km/ hr. The updraft velocity was of such 
magnitude that some aircraft flying at 1,800 meters altitude over 
the fire zone were overturned. 

Objective of the Study 

Investigations carried out in Germany and in Japan have 
made it possible to set down the conditions for the formation of 
the fire storm. It seems that all of the following conditions may 
be required: a high density of construction (at least 40 per cent), 
a high heat loading (fuel), a high density of initial fires within a 
wide area (2 to 3 km2), and an absence of wind and humidity. 

130 
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The French National Service for Civil Protection, which is 
responsible for fire extinguishment measures in the case of gen­
eralized conflagrations, requested the National Hydraulics Lab­
oratory at Chatou, France to study the conflagration problem 
from the point of vie\v of fluid dynamics, in order to determine 
mechanisms involved and to devise effective means for combat­
ing the conflagrations. 

Experimental Tech11ique 

The complexity of the phenomena concerned prompted the 
Kational Hydraulics Laboratory to undertake study of the sim­
pler experimental systems and of those systems amenable to 
rna them a tical analysis. 

The principal systems studied were based on the following 
points: 

1) The steady state is established, or at least, the time for 
complete fire involvement following ignition is brief com­
pared to the total time of burning. The rate of fire spread, a 
problem which exceeds the capability of this laboratory, was not 
considered. 

2) The two principal causes for air movement are considered 
separately, that is, convection pffects caused by simple heat 
sources, and convection effects caused by combustion S}stems. 

In the first phase, the study is limited to convection currents 
due to point or two-dimensional heat sources and in the second 
phase, actual combustion systems are considerc>d which include 
the added effects of indraft and its relation to the combustion 
process. 

3) Problem analysis requires examination from two view­
points, theoretical and experimental, in order to delineate the 
fundamental parameters characterizing the problem and develop 
the laws of similarity which may be verified experimentally on 
models of different sizes. Some large-scale tests have been made, 
and others are planned. 

Theoretical Study 

Notation 
p pressure 
p density 

Convection from a Heat Source 
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T temperature 
u; velocity vector 
X; space coordinates 

time 
X; vector of exterior forces 
r;i tensor of forces of viscosity 

"' first coefficient of viscositv 
1-1' second C<X'fficient of viscosity 
h enthalpy per unit of mass 
e internal energy per unit of mass 
Q heat increase per unit of time and mass 
U potential of exterior forces 
q; vector of heat flow 

K coefficient of heat transfer 
d 
dt symhol of differentiation 

a 
symbol of partial differentiation 

at 
D 
Dt symbol of differentiation for particles 

For a problem in fluid dynamics, the unknown quantities 
are thermodynamic variables (p, p, T), velocity vector (u;), heat 
flow vector (q;), and tensor of viscous force ( T;j). These unknown 
quantities are connected by four equations; the equation of 
continuity, the momentum equation, the energy equation, and 
the heat flow equation. The auxiliary variables, internal energy 
e and enthalpy h, are determined when the thermodynamic vari­
ables are specified. These equations are written in summation 
form: 

continuity equation 

op + apu; = 0 
at ax; 

momentum equation which can be written in two forms 

au; . au; X 1 a'lr;j - + ltj- = i + - --
at axj P axj 

au; au; - + u · -
at 1 axi 

( 1) 

(2) 

(3) 
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where 1r;; is the force tensor and r;; the tensor of viscous tension 
and related by 

Tij = 1t'ij + 8;;p (4) 
(8,1 is Kronecker's delta) 

r;; can be expressed as a function of the velocity gradients 
and the viscosity coefficients. It is known2 that the tensor of 
viscous tension can be expressed as: 

( au, au1) ( , 2 ) au. 
T;j = /l - +- + /l - -/l 8;;-ax1 ax, 3 ax. (5) 

ll and il' depend primarily on temperature and less on pressure. 
This representation of r;; is not valid if rapid changes occur 

in the time and the space of the functions for the probability 
distribution.• The energy equation treats the change of the sum 
of enthalpy, kinetic energy, and potential energy. It can be 
written: 

D 
Dt (h + Y2u,u,) 

= Q + ~ ap + .! aq, + .! _.?.._ (r,1u1) + u.X, (6) 
P at P ax, P ax, 

where the enthalpy his related to the internal energy of the unit 
mass of fluid by: 

h = e + PIP· (7) 

If the external forces X, depend on a potential u( X, 

- au) eq. (6) can be written: ax, 
D 
Dt (h + Y2U;U; + U) 

= Q + ! ap + au + _! aq, + ~ _i_ (r;;u;) (S) 
P at at P ax, P ax, 

The heat flow equation under normal conditions (without 
rapid changes in the functions for the probability distribution) 
is defined by: 

q, = 
aT 

- K­
OX; 

(9) 
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This relation (q) and equation (5) defining r;; permit writing the 
energy equation in the form 

or 

De = Q + ! _!_ (K oT) _ I!_ ou; + !_ 
Dt P ax; ax; P ax; P 

Dh = Q + ! _!____ (K aT) + ! Dp + p 
Dt p OX; OX; p Dt p 

q,, the dissipation function, is defined as follows: 

au; 
lj> = T;; -;­

vX; 

(10) 

(11) 

= ~(ott; + ott;)2 + (lA' _ ~ IJ) (ott;)2 
( 1l) 

2 ax; ax; 3 ax; 

The preceding system of partial differential equations con­
sists of 10 equations, one for each unknown quantity. The prob­
lem will be defined when the boundary conditions are formulated, 
which requires information on the limits of: 

the velocity vector 
the temperature 
the vector of heat flow 

U; 

T 
q;. 

Though the problem is complex, kinetic gas theory4 allows 
us to assume for the velocity vector tt; that the velocity of a gas 
along a solid wall is equal to the velocity of the solid wall, a 
condition of no slip (relative velocity of the fluid at the wall 
being zero). Also, we may let the temperature of the liquid Tat 
the wall equal the temperature of the wall (no temperature drop 
at the wall). These conditions are not attained at low densities; 
however, such a case does not apply to the problem at hand. 

4) The case of several components: In the case where the 
fluid comprises several components and the possibility for dis­
appearance or creation of one of these (sink or source) exists, for 
instance through chemical reaction, the development of equa­
tions becomes more complex. By the same token homogeneity h~ 
altered when large temperature changes occur, brought on by 
the effect of thermal diffusion, which may differ according to the 
diverse constituents of the mixture as discussed later in this 
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paper. In this case, for example, the continuity equation takes 
the form: 

ap + !_____ (p V;) = - r 
at ax; 

(13) 

with p V; = p1u;1 + p2u;2 + · · · + piuJ (14) 

in the case of j constituents, and r = r 1 + · · · + ri, ri repre­
senting the change per unit volume of the jth constituent. 

Conditions of Similarity 

It is said that two problems in gas dynamics arc similar 
when the equations which govern them are the same except for 
the constant coefficients.5 This means that in expressing the 
values by dimensionless numbers, the equations of the two prob­
lems are identical . 

Following the different scales, symbols with indices are thus 
dimensionless 

8 of time t 81' 
Too of temperature T TooT' 

x of c>xterior force X; x x'; 
L of length x, = Lx'; 
V of velocity u; = V u'; 

Poo of specific weight p = PooP' 
ecn of internal energy e = eooe' 
Poo of pressure P = P,-oP' 
Too of internal tension T,j = TooT', J 

q00 of heat flow q; = qaoq' 
Qoo of heat quantity Q = QcoQ' 

The definitions of T;it q;, Qoo permit writing 

T';j = J:.. (au'; + au',) + (_i_ _ ~ .':___) o· au'. (15) 
IJ.co ax'; ax'; f.L 1oo 3 f.Loo ,, ax'. 

therefore, 

therefore, 

f.LJ> v 
L 

( 16) 

aT' 
ax'; 

(17) 
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Consequently the various equations become: 
continuity equation 

( L ) ap' ap'u'; 0 
vo at' + ax', 

momentum equation 

( L)au', , au', 
Vo at' + u ; ax'; 

_ (~) _! ap' + (gx) x', 
Poo V2 p' ax' i V2 

J. FAURE 

(18) 

( 
P.oo ) 1 aT';; + ----

A:to VL p' ax', 
energy equation 

( L) ae' ae' 
oV at' + u'; ax', 

Q' ( Koo ) ( P.oo ) 1 aq' i 
= - CpooP.oo Poo VL ;' ax' i 

heat flow equation 

I L Too aT' 
q,=- K--,:: 

(~eooTn) L ax • 
K aT' b d fi .. - - · -, y e mt10n. 

Koo ax i 

The dimensionless numbers or coefficients of the vanous 
preceding equation terms are: 

L 
the reduced time coefficient vo 

V2 
Froude number (exterior forces derived from a potential) 

Lg 

PooVL 
IJ.oo 

Reynolds number 

Poo the reciprocal of the Mach number squared 
PooP 

V2 
the square of Machs number a2 
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Prandtl number (a measure of the relative importance 
of the influence of conductivity and viscosity) 

in general of the order of 1, representing approxi­
mately the relation between enthalpy and internal 
energy 

The making of a model, whose behavior may be representa­
tive of the natural phenomenon implies then equality, in the 
model and in nature, of the following dimensionless numbers: 

L U 2 PooUD Pm P.cr:Cp':D Cpm Too 
u8 ' gX' --;;:: ' Pro U 2 ' ----;;;::- ' ~ 

which can be accomplished only by maintaining full-scale. 
Depending on the problem under study, certain dimension­

less numbers may become equal to 1 (the case of the number 

cf)CI.>Tm • h. h I ) d . . ·1 . Th -- w1t m t e genera case , an perm1t s1m1 anty. e equa-
em 

tions lose some of their generality, but the problem may be 
studied on models. 

Thus, when temperatures and pressures are not too far re­
moved from natural conditions, the gas may act as a perfect gas 
satisfying the equation of state: 

PIP= RT 

The specific heats at constant pressure and volume are related 
thus: 

Cp =c. + R 
and thus with 'Y: 

..,. = cpjc. 

The velocity of sound a is given by 

a2 = ..,.p; p = ..,.RT 
internal energy by 

e = hT c.dT 

It is found after some calculations that two flows will be 
identical if the reduced time, the Mach, Reynolds, and Froude 
numbers are the same in the flows. Besides, the properties of 
the fluids must be such that the Prandtl number, the ratio of 'Y 
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be the same, and that the ratios cp1Cp00 , Kl Kco, JJI JJoo, p.' I p. 1
00 be 

functions of temperature only and that Q be proportional to 
Ue00IL or uTooiL. 

The two boundary conditions concern velocity and tempera­
ture. The condition of no slip at the wall (zero relative velocity) 
is a homogeneous condition which does not introduce a new 
parameter of similarity. The surface temperature condition 
imposes heat flow between the solid body and the fluid, and 
thereby introduces a new condition. 
If (q;), is the flux at the surface, in dimensionless values, this 
relation is written: 

(q' ;), = (q;), LT = F [(x' ;)., t'] 
Kco 00 

(x' ;), is a dimensionless length on the solid wall. F is dimension­
less by definition. T', = TIToo is fixed and therefore the preced­
ing equation is equivalent to 

(q' ;) • 

T',- 1 
L 1 

(q;), KcoToo (T.IToo - 1) 
(q;).L 

This ratio is called the Nusselt number of heat transfer 

(19) 

For example, for a viscous fluid such as a perfect gas in transient 
(non-steady state) conditions, with an increase of Q for each unit 
of mass and under the influence of gravity, the conditions of simi­
larity require the equality of the following parameters. 

Mach, Reynolds, Froude, and Prandtl numbers and reduced 
time, 
ratios -y, Cplcpoo, KIKco, JJIJJ.oo, p.'lp.'00 , function ofT', 
QL/ UT00 function of x';t' 
N u function of (x' ;)., t' 

In steady-state flow the reduced time parameter is of no impor­
tance. 

When the influence of viscosity and heat conduction is 
small, the Reynolds, Prandtl, and Nusselt numbers and the 
ratios Kl ~eoo, JJI JJ.oo, JJ. 1 I JJoo may be omitted. 

When there is no field of exterior forces, F may be omitted. 
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Theoretical Results 

139 

The principal results pertaining to convection phenomena in 
liquids heated from below are mentioned in an article by S. 
Ostrach.6 The primary theories are those by Lord Rayleigh, 
Jeffreys, Low, Pelley. and Southwell (see bibliography in refer­
ence 6) who studied the conditions at the initiation of convection, 
the stability of flow and the effect of turbulence. In particular, 
stabilit)' seems to depend only on Ry, the Rayleigh number, 
product of the Prandtl and Grashof numbers (Ry = {3gh3tlT/KV) 
with 

/3 volumetric coefficient (1/T for gases) 
h thickness of the layer 
tlT temperature difference 
K coefficient of heat transfer. 

Most studies deal with convection between two plane sur­
faces at different temperatures which corresponds, for the prob­
lem which interests us, to the case of a stratified atmosphere with 
a cold front. They deal with the case of infinite surfaces with 
respect to the distance between the two layers of air of the 
Benard cells while the flow which interests us is rather of the 
columnar type. 

A very important study by Yih 7 concerns convection cur­
rents produced in an infinite medium by a point source of heat, 
a linear heat source, a source composed of two linear heat sources. 
This study provides, for the cases of laminar and turbulent flow, 
a picture of the velocity and density gradients, therefore, also 
the temperature. 

Experiments with Models 

Numerous model studies have been conducted, particularly 
on problems of heat transfer in nucleonics, 8 meteorology, and 
oceanography. A general characteristic of these studies is that 
they have been concerned with small-scale models of only several 
millimeters or centimeters in dimensions, so that their extra­
polation to the actual phenomena which are of interest to us 
cannot be undertaken without some degree of reservation.6 • 7 

This latter consideration has led the National Hydraulics 
Laboratory to undertake new tests using larger scale models. 
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These are heated plates of 50 em. and 100 em. diameter. 9 The 
principal findings have not been subjected to theoretical 
interpretation. 

The experimental setup had the following characteristics: 
the plate of 50 em. diameter was made of aluminum 1 em. thick, 
heated from below by electrical resistances, the combination of 
which made it possible to obtain heating loads of 3.10 KW, 5.30 
KW, or 7.63 KW. Only the two lower values were used, because 
beyond them the aluminum plate suffered significant deforma­
tion. The plate was surrounded by sand, leveled to the same 
height as the plate to form a continuous plane between plate and 
sand. Thus perturbations due to the sharp edge of the plate were 
avoided, as well as drafts of warm air from underneath the plate, 
where the heaters were located. 

The plate of 100 em. diameter was made of steel 1 em. thick, 
h<'ated from below by electrical resistances which could be so 
combined to allow heating loads of 9.43 KW, 18.50 KW, 27.21 
KW. For the reasons noted above, this plate was also surrounded 
by sand. 

The measuring devices comprised a micromanometer set up 
and calibrated by the Laboratory for the measurement of pres­
sure changes within 1/100 mm. of water. This apparatus pro­
vided a continuous record. For high temperatures (near the 
plate) and very low velocities, the measure of ascending velocities 
was accomplished by means of photography, where the convec­
tion currents were made visible by feathers. Temperatures were 
measured with a calibrated thermocouple. 

The findings have been published in a report8 and within 
the accuracy of the measurements, the temperature variations 
were similar to those indicated by the work of Yih. 

Convection Resulting From Combustion 

The problem which interests us deals with gas dynamics in 
connection with combustion. We will neglect particularly the 
questions on the rate of fire spread and on combustion stability 
which are more readily related to chemical kinetics. The question 
of detonations will not be included. In order to simplify calcula­
tions, the problem considered is unidimensional. 
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Calculations are made in two stages. The characteristics 
T, p, u of the flame are calculated, in particular at its limits. The 
convection currents created in the infinite fluid represented by 
air are calculated knowing the values for p, T, u at a boundary 
constituted by the flame. 

Theoretical Study.to.-u 

With notations similar to those used in discussing convec­
tion resulting from a heat source, the three equations of the con­
servation of mass, momentum, and of energy, are written as for 
steady state in a flame. 16 

continuity equation 

pu = m 
momentum equation 

4 du 
P + pu2 - - P. - = ~ 

3 dx 
energy equation 

m ( cPT + ~u2) 4 du 
-- p.U-

3 dx 
dT 

t<--mq=E 
dx 

(20) 

(21) 

(22) 

A first experimental configuration consists of a system in 
which the solid fuels of the reaction are replaced by a combus­
tible gas having the same combustion characteristics and whose 
output would depend on the chemical heat content per unit 
weight of the solid fuel. 

A second experimental configuration is made up, in view of 
the various chemical compounds present, by giving the following 
definition to the equation parameters: the coefficients K and p. 

are functions of temperature and of the composition of the mix­
ture; the specific heat Cp is an average value for the mixture 
and varies with temperature and with the composition of the 
mixture; the average velocity u is the average velocity of mass 
and if u;d is the velocity of diffusion of the jth constituent in the 
mixture, we can write: u; = u + u;d and since 'l;;p;U;d = 0, the 
product p;U; = p;u + Piuid is called the mass flow of the jth 
constituent. 

· Besides the above equations it is equally necessary to know 
the equation of state of the mixture, the laws of diffusion between 
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the components, the laws of species production and disappear­
ance by chemical reactions, and the amount of heat released by 
chemical reactions. 

These equations are the general equations of flames in a 
steady state. The system of three equations contains three un­
known quantities u, p, T and can therefore be solved. u(x), p(x), 
T(x) are then determined. A system of more complicated equa­
tions could take account of the behavior of the axial symmetry 
of the flame and give u(x, r), p(x, r), T(x, r) (r being the radial 
coordinate). 

The convection currents from this flame will be found by 
solving the systems of equations written in pairs and having as 
conditions for the boundaries: on the surface S(x, r), boundary 
of the flame, the calculated values u(x, r), p(x, r), T(x, r); on 
the ground, the assumption of no slip between gas and solid. 

The first hypothesis shown assumes the admission of a cer­
tain flow of air entering at the base of the flame. It is proper to 
verify whether the flow rate as obtained from the solution of 
the equations above is equal to the actual flow rate. If it is not, 
the flow rate is obtained through successive approxim::otions. 

Conditions of Similarity 

Besides the conditions indicated in convection resulting 
from a heat source and pertaining to the flow outside of the 
flame, it is understood that for two models to be similar, the 
equality of 9 dimensionless parameters must be preserved for 
the central part of the flame. These parameters are: 

1 Reynolds number R. Pco VL/ J.lco 
2 Schmidt number S, J.lco! pD00 

3 Prandtl number P. J.lcoCpco/Kco 
4 Mach number M V Pco V 2 hcoPco 
5 Froude number F = V 2 jgL 
6 Damkohler first number D1 = LU;co/Vco 
7 Damkohler third n urn ber D w = llh U;o:L I V coC po:,T oo 

8 rp = ! V 2/(cpcohco)Tco 
9 "Yeo = CpcojC,.:n 

with 
D coefficient of diffusion 
U; reaction characteristic of the chemical species t 
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( U; = r ;/ p Y; Y; mass of species i) 
Dr represents the ratio of changes of i resulting from 

chemical reaction and from convection 
Dru represents the ratio of temperature contributions by 

chemical reaction and by flow of enthalpy associated 
with convection. 

In problems of low velocity where the chemical reagents are 
fixed, and in the absence of external forces, only parameters 1, 2, 
3, 6, 7 must remain invariable (5 with external forces) in order to 
uphold the thermal, dynamic, and chemical similarities. If the 
complete chemical similarity of the reaction kinetics is main­
tained, the conditions at the boundaries of heat transmission will 
be satisfied (condition of Nusselt), except when a boundary wall 
plays an important role (in case of a solid combustible). 

Completed Experiments 

The National Hydraulics Laboratory has carried out two 
tests of this type with liquid combustible placed in pans of 1 and 
5 m. diameter. The main purpose was to study a means of ex­
tinguishment with a new device. In the matter at hand, only 
measurements of pressure at the center of the pans were taken. 
A slightly reduced pressure was noted during the tests at the 
center of the second pan. 9 

Two tests were undertaken.19 The first, conducted on April 
13, 1955, had as a main purpose the incineration of 325 hectares 
(803 acres) of the waste land of Trensacq, 40 km. north of Mont­
de-Marsan in the Landes Department in southwest France. This 
wasteland was covered with small bushes and gorse (thorn 
broom) of about 1 m. height. The temperature was 25oC and 
the wind was 5 to 8 m/sec. The fire was started by flame­
throwers. The flames reached a height of 10 to 12 m. and the 
vertical smoke mushroom was little affected by the wind up to a 
height of 500 to 600 m. 

The vegetation represented a weight of 1.7 kg/m 2 (0.34 lbj 
sq ft) and combustion time was about 35 minutes, corresponding 
to 2.63 M. T. (2.90 s. t.) of combustible per second, for the 5,500 
M. T. (6,063 s. t.) of vegetation (3,250,000 x 1.7/1000). Assum­
ing for combustion of vegetation the same air requirements as 
for combustion of wood [3.3 m3/kg (53 cu ft/lb)], this represents 
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3 X 2,630 8000 m3 (10,500 cu. yds.) of air per second. The 
air velocity has been estimated at 10 to 15 m/s about 100 meters 
from the fire. 

Aerial observations supplied the following data. The height 
of the flames was 10m.; the smoke column reached up to 2300 m. 
and became horizontal, the upper part being light (73 of the 
height) and the lower part being dark (% of the height). The 
presence of a cold front in the upper reaches gave the smoke 
column a mushroom appearance and the smoke on the outside 
was brought down to the ground because of a convection current 
of cellular nature. 

A second experiment on November 16, 1955, failed because 
complete ignition was not possible. 

Studies Planned By The Laboratory 

The Program 

Proposed studies are oriented in the following directions: 
1) To state precisely and to expand the known theoretical 

facts in the problem: 
through development of theoretical calculations for the 

case of a distributed heat source and for the case of combustion, 
bringing into play the air flow necessary for combustion; 

through experimental study of similarity of heat trans­
fer and of similarity in the phenomena generated by a heated 
plate and by burning fuel surfaces in pans, so that eventually 
studies may be limited to heated plates thereby rendering ex­
perimentation more convenient; 

through precise determination of the laws governing 
changes in velocity, temperature, and pressure above the heated 
plates and burning pans of fuel, such that the equations describ­
ing the phenomena concerned may be verified experimentally, 
and, as a consequence, we may limit our physical measurements 
to those of pressure and temperature. The equations describing 
the phenomena may then permit us to calculate the variations in 
velocity directly; 

through study with an apparatus capable of functioning 
at a high temperature. 

2) To study with one or more of the experimental devices, 
the influence upon the space distribution of velocity, pressure, 
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and temperature by the following parameters-geometric dimen­
sions of the fire source, nature of the fire source (heating rate), 
state of the atmosphere (the case of a cold front, characteristics 
of the atmosphere), and the number of fires per unit surface. 

3) To determine the composition of combustion products 
(from pan fires). 

4) To study the efficacy of various means of extinguish­
ment (on pan fires). 

5) To carry out full-scale tests in the Landes Department in 
southwest France. 

The similarity of the phenomena being known, the results 
will permit the establishment of tables which will give as a func­
tion of the parameters which characterize the fires, the relation­
ships governing distribution of velocity, temperature, and 
pressure. 

Experimental Setup 

1) The tests with heated plates will be carried out with 
plates 50 em. and 100 em. diameter, arranged in such a way that 
all disturbing drafts will be avoided. The maximum electrical 
power for heating these plates will be 10 and 30 KW, which will 
make it possible to attain a temperature of 600°C. For each 
plate and for each heating rate the gradients of temperature, 
pressure, and velocity will be determined. 

2) Tests with liquid fuels (kerosene or alcohol) will be 
burned in two cylindrical vessels of small depth, whose diam­
eters will be 1 m. and 5 m. The 1 m. pan fire will be burned inside 
a building to avoid disturbances from drafts, because of the small 
quantity of fuel involved. The 5 m. tank fire will be burned in 
the open air when atmospheric conditions are especially favor­
able. So far as suitable instrumentation permits, measurements 
will be made of temperature, pressure, and velocity gradient for 
this series of experiments. 

Necessary Apparatus 

1) Temperatures will be measured by means of a series of 
Iron-Constantan thermocouples, shielded to protect them from 
direct thermal radiation emanating from the heated plates. They 
will be located in various radial positions and heights which will 
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enable the integral and systematic investigation of the thermal 
field above the plate. In the case of pan fires, special thermo­
couples will be used because of the high temperatures to be 
measured. The thermoelectric potential generated within the 
couples will be determined from readings on a highly sensitive 
galvanometer or recorded on a Philips potentiometer. The tem­
perature of the plates will be checked with thermocouples. 

2) A battery of 4 micromanometers calibrated at the 
Laboratory will permit the exploration of the pressure field 
above the plates. These micromanometers are of the vibrating 
needle type, their sensitivity being better than 5/1000 mm. of 
water level. The recording of the measurements by the apparatus 
will be accomplished on Rapidgraph SEFRAM with two pens 
(two coupled recording galvanometers). The pressure variations 
above the electrically heated plates are extremely slight; on the 
other hand, they reach considerable magnitude and are easily 
measured above the burning fuels in pans. The pressure readings 
about a horizontal area would be made at various heights. 

3) Measurement of velocities is difficult because of their 
small magnitude and because of the high temperature in which 
the measurements must be made. Gas velocities can be measured 
above the plates through movement of dispersed particles. Eider 
down can be used. Soap bubbles are useful for measurement of 
approach velocities. Anemometers of the hot wire type are being 
studied, as well as techniques for adapting them to the tests 
under consideration. 

4) Visual tracing, through photographic processes, will be 
undertaken above the plates in order to determine the appear­
ance of convection currents. These visual traces will be obtained 
by means of particles of very small density as compared to air 
(eider down, soap bubbles). Motion pictures (in color so as to 
get an image free from grain) and photographs taken at regular 
intervals (say every 15 seconds) will make possible the dynamic 
study of stages of combustion over a body of liquid fuel. 
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Discussion 

Mr. Martin: Was the area of ignition of the three 
kilometers square at once or was it spreading, that is, on the area 
three kilometers square, was the fire ignited essentially simul­
taneously? 

Mr. Faure: Yes. 
Mr. Martin: Could you give us a brief idea of how this was 

accomplished? 
Mr. Faure: The fire was started with a series of flame 

throwers in different sections of the surface that was ignited. 
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Combustion lasted for about an hour and the complete ignition 
was accomplished in a quarter of an hour. 

Mr. Weske: It was mentioned that in the center of this flame 
of the upsurging smoke, there was a depression. Was that caused 
simply by lack of oxygen, or was there any other reason? And I 
would like to ask another question. Was any spinning motion, 
any vortex motion, observed in this quantum that rises? 

Dr. Emmons: Perhaps we had better have one at a time 
because we have some translation problems. 

Mr. Faure: On both small- and large-scale models we have 
observed an increasing depression, a depression that increased 
proportionately to the magnitude to the scale models. This was 
due to lack of oxygen for the big fires, but for small fires we have 
observed a slight depression in any case. The depression grew 
according to the size of the fire. 

Mr. Weske: The second question is connected with the first 
one. Meteorologists know that in the center region of a vortex 
in the atmosphere steady updrafts as well as downdrafts may 
occur. Therefore, it may be of interest to know whether a vortex 
developed in the plume. Corresponding motions have been ana­
lyzed theoretically by J. M. Burgers* and recently by R. D. 
Sullivan.t 

Mr. Faure: In the center of the flame, only ascending cur­
rents were noticed and they looked the same as those shown on 
the slides yesterday. 

Professor Taylor: I should like to ask whether the tempera­
ture of the air above the place where the fire was to be started 
was known before they started. 

Mr. Faure: We have made a series of tests and I have men­
tioned only one. The combustion was made on the ground when 
the temperature reached 20 to 25 degrees. A little later when the 
ground temperature was of 5°C, we did not succeed in igniting 
the experimental zone. 

Professor Taylor: What I really was asking was whether the 
temperature gradient was kno·wn. 

Mr. Faure: The gradients of temperature were known only 

• BuRGERS, J. M., "The Effect of Stretching of a Vortex Core," AFOSR T .N. 56-376, 
AD-95812 0956). 

t SuLLIVAN, R. D., "A Two-Cell Solution of the Navier-Stokes Equation," Journal 
Aero-Space Sciences 26, 767-768 (1959) . 
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at three points; on the ground, at 100 meters, and at 300 meters 
altitude, and they were made from an airplane. 

},fr. Labes: I do not recall that the type of fuel used in the 
i ull-scale fire was mentioned. 

Mr. Faure: On one hand we used shrubs, trees, with pine 
trees mixed in, pine trees which had been partially destroyed in 
the previous fire, the nonvoluntary fire. 

Mr. Grumer: What was the fuel in the five meter pans? 
Mr. Faure: Various fuels were used. Gasoline, petroleum 

ignited through gasoline; we had to lay five centimeters of petro­
leum over which we poured about one centimeter of gasoline. 
Kerosene being not able to be ignited directly, all the gasoline 
was first burned down until the petroleum started burning. 

Mr. Grumer: I would like to ask whether depressions were 
observed in liquid tank fires as well as in fires of solid fuel. 

Jltfr. Faure: In liquid fuels the depression started when all 
the liquid was ignited and it lasted to the end. 

Professor Hottel: Have the data been published? 
Mr. Faure: All the results have not been published. 
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Some Studies of Building Fires 

Using Models 

P. H. THOMAS 
Joint Fire Research Organization , England 

SUMMARY 
This paper reviews the results or experiments to study the igni­

tion, growth, duration, and temperatures or fires in single compart­
ments. Two types of fires are distinguished; one with relatively low 
ventilation burning at a rate proportional to the air flow and the other 
with a relatively large window area burning at a rate which increases 
with the exposed surface area of the fuel. A tentative explanation of the 
different types or behavior is offered . 

Some measurements of radiation from fires with large openings 
in the wall are quoted and an outline is given of a means of correlating 
the heights or flames from fires in enclosures. 

Introduction 

Many of the building regulations in the United Kingdom 
relate to fire prevention. Some are based on a sound appraisal 
of what happens in a fire while others are more speculative. 
Economic pressure demands that fire regulations be not too 
onerous and in the past it has sometimes been possible to meet 
fire prevention requirements in the course of satisfying other 
requirements such as those relating to the strength of the struc­
ture. But nO\v, for example, the use of new lightweight materials 
makes this less likely, and satisfying the fire requirements be­
comes relatively more difficult. For these reasons, it is necessary 
to know more exactly than in the past what factors influence 
the behavior of building fires so that building regulations may 
be based on scientific information. To meet this need the factors 
affecting the severity and duration of fires are studied in various 
laboratories in the United Kingdom and in other countries. 

150 
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To study fires experimentally one has to study mainly small 
fires (any other approach is costly in time, money, and staff); 
anrl, to obtain accurate information about a phenomenon as 
variable as fire, experiments must be performed and repeated 
under controlled conditions. Some of the results of laboratory 
experiments, particularly those related to the study of building 
fires by means of small-scale models, follow. 

Ignition 

To reduce the risk of ignition, the conditions required for 
the ignition of various materials must be known. Ignition cannot 
always easily be prevented and measures must be taken to 
restrict the spread of fire to other materials. Since the spread of 
flame may be regarded as essentially a continuous ignition of 
material, the understanding of ignition, particularly of wood and 
other cellullosic materials, has an important place in fire research. 
Later in this paper ignition is used to illustrate some of the ideas 
involved in the use of small-scale experiments. 

Ignition is a complex process depending on many other more 
fundamental processes, particularly heat exchange and reaction 
kinetics. For a wide range of conditions one can regard ignition 
as occurring when the material involved is raised to a certain 
temperature, called the "ignition temperature." Lawson and 
Simms1 showed that the concept of a constant ignition tempera­
ture could be applied to the ignition by radiation of wood if the 
surface was heated to about 500°C in 1 to 20 seconds. 

Recently Simms,1 Martin and Lai,3 and Sauer,4 •6 have been 
able to correlate the length of time for cellulosic materials of 
differing thermal properties and thickness to ignite spontan­
eously. Figure 1 shows Simms's results compared with a curve 
calculated from elementary heat transfer theory. 

Very High or Very Low Rates of Heating 

There are two regimes for cellulosic materials where the 
ignition temperature cannot be regarded as a constant for a 
material and where the chemical factors as well as the physical 
propertie.; have to be considered. 
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Figure 1. Ignition by radiation (thin cellulosic materials) 

The first regime is the very rapid heating of materials. The 
external heating rapidly raises the surface to a high temperature 
but the penetration of heat is too small to produce sufficient 
decomposition products to cause ignition. This regime, in which 
the" ignition temperature" depends on the rate of heating, has 
little relevance to ordinary fires , but may be important in igni­
tion by atomic explosions or by lightning. 

The second regime is the very slow heating where in the 
limit no external heat is supplied once the material is above a 
relatively low "ignition temperature" and the material is self­
heating by exothermic reaction to the point of ignition. Again 
the ignition temperature is not constant; it is related to the size 
of the material as well as to its chemical and physical properties. 
This type of ignition is in its essential features a thermal explo­
sion and the well established theory of thermal explosion6• 7 can 
be applied. 

The theory leads to the defining of a parameter 
pQ.fw0n-lyl Ee-E JRTo 

8 = 
RkTo2 
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where E is the activation energy 
Q 
f 

is the heat of reaction per gram of total substance 
is the frequency factor 

Wo is the volumetric concentration of reactant causing 
ignition 

To is the absolute temperature 
R is the universal gas constant 
n is the order of reaction 
r is the linear size of the material 
k is the thermal conductivity 

and p is the density. 
The parameter o is essentially a dimensionless heating rate 

and the critical condition for ignition or explosion to occur is 
that o has a certain numerical value o. for a particular shape of 
material and boundary condition. 

Contributions to the application of this thermal explosion 
theory have been made by several workers. 8- 10 Although much 
of the interest in this field concerns the prediction of maximum 
sizes for safe storage, the study of self-heating enables one to 
obtain values of some of the rate constants for use in the study 
of the combustion of cellulosic materials. 

One of the major differences between the two processes of 
slow self-heating and thermal explosion is that the heat of reac­
tion in an explosion is very high and explosion occurs with only 
a little loss of reactant. This is not necessarily so for the slow 
self-ignition of cellulosic and similar materials and the effect is 
to increase the critical numerical value of the explosion (or 
ignition) parameter o •. 

It can be shown11 that for symmetrical heating the effect 
of reactant loss on o. is given approximately by 

o.(B) = o.( oo) [1 + 2.85 (n/ B)2ta] 

where 

B = (E/RT02) (Q/c) 

and c is the specific heat. 
The general formula is in good agreement with the theoreti­

cal numerical data obtained by Rice, Allen, and Campbell12 for 
a first order reaction and gives twice the value for the correction 
to the value of o. that was given by Frank-Kamenetskii13• For 
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wood fibre insulating board with an activation energy of 23 to 
25,000 cal/g,8- 10 c = 0.34 and Q ~ 100 caljg, 10 and o. is about 
40 per cent higher than if reactant loss is neglected. In these 
three theoretical analyses allowance is made indirectly for the 
spatial variation of temperature within the solid by an approxi­
mation in the differential equation but one expects the result to 
be satisfactory to a first approximation. 

Ignition Experiments and The Effect of Scale 

Clearly from the definition of o and the fact that ignition 
just occurs when o has a fixed numerical value, one can see that 
scale influences the self-heating behavior; the larger the value 
of r, the lower the" ignition temperature" To. The use of a theo­
retical analysis enables considerable progress to be made in the 
study of the self-heating problem by means of small-scale experi­
ments. Since the derivation of this theory assumes certain sim­
plifications in the reaction kinetics, the use of small-scale experi­
ments to predict large-scale phenomena must be made with 
caution. Likewise, in the ignition of materials by radiation there 
are certain secondary effects associated with scale.2 These are 
thought to arise from changes in the distribution of temperature 
and concentration in the plume of volatiles as the size of 
irradiated area changes and mainly affects the threshold condi­
tions for ignition with very small specimens. If ignition occurs 
readily the time taken to ignite is not greatly affected. 

Fires In Single Compartments 

In a fire in a compartment, the relative importance of the 
physical and chemical processes which occur is less well estab­
lished. This is especially true of the early growth when a fire is 
increasing in size from that of the initial outbreak to the involve­
ment of the whole compartment. The behavior of the fire once 
it has filled the compartment is easier to study because it is less 
transient. 

A description of some of the work undertaken by the Joint 
Fire Research Organization to study the behavior of fires in 
rooms follows. Experiments have been made over a range of 
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scale so that an attempt can be made to correlate the behavior 
on different scales. As it becomes possible to define the main 
rate-controlling processes (these may well differ for different 
aspects of the behaviour) so it is hoped it will become possible 
to design models from basic principles to simulate actual building 
fires. 

Growth to" Flash-Over" in a Room 

A small fire in a room behaves as if it were in the open but 
generally spreads and becomes larger and, except in the case of 
rooms having relatively large windows and then only if these 
are open, its further growth will be affected by its being in an 
enclosure. This is because the enclosure tends to conserve heat 
and to restrict air supply. 

The fire eventually involves the whole compartment-a 
process which may become very rapid towards the climax. This 
has been called the" flash-over". The amount of fuel consumed 
in the growth is generally a relatively small part of the total fuel 
content and in this period there is not much damage (except by 
smoke) to neighboring compartments. This period of the fire is 
very important from two points of view. Firstly, there is the risk 
to life because at "flash-over" the atmosphere in neighboring 
compartments becomes lethal and secondly, the quicker the 
growth of fire, the larger the fire is when the fire brigade arrives. 

Large and small-scale experiments have been made to study 
this growth, particularly the effect of different types of wall lin­
ings. Hird and FischJt• showed that the course of development 
of a fire, in a furnished room with a wooden floor, with either 
flammable or incombustible wall linings, could be reproduced in 
model rooms of about one-tenth the linear size of the original. 

Figure 2 shows the temperature-time curves obtained in 
two pairs of experiments on different scales. Despite some con­
siderable variations in temperature between the model and the 
original, the patterns of growth in relation to time are very 
similar. These results are encouraging for future work in this 
field but a fire which is both increasing in intensity and spread­
ing is a complex problem owing to the effects of the disposition 
of furniture and the physical processes involved. This work is 
still in its early stages. 
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Nevertheless, these experiments have already shown that 
the" surface spread of flame" test16 leads to results where undue 
weight may be given to certain differences between the more 
flammable linings and insufficient weight to differences between 
the better wall linings. Because of this, a new test has been 
developed by Hird and Karas18 and Bigmore 17 to assess the con­
tribution of linings to the growth of fire to" flash-over". 

Clearly, one of the important elements in a study of fire 
spread, be it inside an enclosure or on an external surface, is the 
height reached by the flames, because this determines the rate 
of preheating ahead of the flame and therefore the rate of flame 
spread. It also determines the radiation transfer to nearby 
materials. Some experiments are being made to discover how 
flame height varies for different conditions. These are described 
later. 

Behavior after" Flash-Over" 

About 'the time of "flash-over" flames emerge from the 
windows showing that not enough air is reaching the fire to bum 
all the gaseous fuel produced by decomposition. The fire then 
burns at an approximately steady rate until the production of 
volatiles falls and flames no longer emerge from the windows. A 
typical temperature-time record of a small-scale fire obtained 
by Hird and Wraight18 is shown in Figure 3. Point (A) is the 
"flash-over". After "flash-over" the temperature continues to 
rise to a maximum at (B). In the final period, after (B), when the 
temperature falls because the production of gaseous fuel ceases, 
some of the residual charcoal may burn to ash. 

Construction should be such that it is able to contain the 
fire and so prevent spread of fire to other compartments. It is 
necessary to predict the duration and temperature of fires for a 
wide range of conditions to determine the requirements for vari­
ous structures and under what conditions they should be tested . 

Immediate considerations are the rate of burning and tem­
perature and what affects these quantities. There are many 
variables involved. Two of the more important, if not the most 
important, are the ventilation (air flow) and the total quantity 
and disposition of combustible material (fire load). 
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Effects of Ventilation 

The amount of air which enters an enclosure with one open­
ing (the enclosure considered to be at a uniform temperature) 
has been shown by Fujita19 to be approximately proportional to 
A VH where A is the area and H the height of the opening. This 
proportionality is not very sensitive to variations in temperature 
if the temperature is over 600°C. The air flow depends in prin­
ciple on the ratio of inlet flow of air to the rate of discharge of 
products of combustion but, since the rate of loss in weight of the 
fire, i.e. the mass flow of fuel, is of the order five times less (see 
below) than the mass air flow, the effect of small variations in 
this ratio may be disregarded. 

Where there is considerable gaseous motion within the en­
closure, the pressure differences tend to disappear because the 
accelerations in the flow occur within the enclosure rather than 
across the window opening, and as the window opening becomes 
larger and one obtains a rapidly moving flame zone which only 
partly fills the enclosure, the air flow may be expected to be 
determined by turbulent entrainment. 

Simms and Hinkley have recently measured the rate of loss 
of weight of cribs of wood in small-scale enclosures having an 
opening at low level and sometimes also an opening in the roof. 
The total air flow was calculated from measured values of the 
inlet air velocity. The rate of burning was relatively constant 
over a long period and this value is shown plotted against the 
total air flow in Figure 4. It can be seen that the rate of burning 
depends markedly on the air flow at low air flows but at high air 
flows it reaches an almost constant value. 

Fires with Low Ventilation- Rate of Burning and Duration 

In compartments with low ventilation such as are common 
in traditional buildings, the duration of the middle period 
T2 - T1 (Figure 3) is generally long compared with the time to 
"flash-over". Figure 5 shows the relationship found by Simms, 
Hird, and vVraightt~ in small-scale experiments, between the 
time T2 and the fire load. The time T1 was approximately con­
stant and was small compared with T~ so that for a given degree 
of ventilation there was a mean rate of burning which was largely 
independent of the fire load. 
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Ptchelintzev20 has also reported experiments showing the 
effects of ventilation and fire load on rate of burning. Figure 6 
shows the rate of burning as a function of Ay'Il for Kawagoe's 
experiments21 over a range of scale together with those of Hird 
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and Wraight.18 Some recent experimental results obtained by 
Ashton and Malhotra22 for full-scale rooms were also plotted on 
the same figure. 

Because in the experiments of Hird and Wraight and of 
Ashton and Malhotra no direct measurements were made of the 
loss of weight, a mean burning rate has been calculated from 

T 72 FT where Fis the total weight of combustible and the frac-
2 - I 
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tion ~ has been assumed for the fraction of wood, producing a 
charred residue, burning largely as charcoal. However, for the 
purpose of comparing data over a wide range of scale this 
assumption is not critical. 

Some of the scatter in the central part of the graph is due 
to the inclusion of results for fires in which the windows were 
large in relation to the wall area, where the behavior of the 
fire is dependent on the amount and surface area of fire load 
rather than on the value of Av'H. 

The results given in Figure 6 show that for compartments 
of approximately similar shape but varying in volume from 
about 0.2 to 300 m 3 the rate of burning R for small traditional 
windows, in relation to the value of Av'H does not show any 
marked scale effect. The mean value of the ratio between R and 
Av'H is about 6 kg min-• m-6 ' 2 corresponding to an over-all 
air /fuel ratio of about 5. 

The data in Figure 6 include some results for wood ~ inch 
as well as 1 inch thick. The greater surface area appears to give 
some, though not a proportional, increase in burning rates but, 
generally speaking, the rate of burning is largely independent of 
the fire load. These results show that for fixed low ventilation 
conditions the duration of the fire is proportional to the total 
fire load, not the fire load per unit area. The large-scale tests 
included in the data shown in Figure 6 are only full-scale in terms 
of a domestic room, but there is no obvious reason why the same 
relationship between the rate of burning and air flow should not 
apply for much larger fires, i.e. a single-story factory. 

It is interesting to consider the relationship between the 
duration of a fire and area for such a building. For a given type 
of occupancy one may assume that the total fire load is approxi­
mately proportional to the total floor area An and that the air 
flow for a given distribution of windows in the walls will be 
proportional to the perimeter, i.e. to vA 1z, for similarly shaped 
buildings. The duration of the fire will therefore be proportional 
to the ratio of these, i.e. to v A,,, for a given shape. It is interest­
ing to note that the time taken to control large fires by the fire 
brigade tends to follow the same law though there are other 
reasons in addition to the above why this should be so.23 
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Fires with Low Ventilation-Temperature 

As the absolute value of A VH is increased, the rate of 
burning increases and even when this is relatively the same in 
terms of floor area for fires of different scale, higher temperatures 
are obtained on the larger scale. Hird and Wraight's18 results 
are shown in Figure 7. Results showing the same trend have been 
attained in several full-scale tests made by Kawagoe.21 There is, 
however, a systematic difference between the two sets of data, 
possibly due to different positions for the thermocouples. 
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Figure 7. Maximum ceiling temperatures in room fires 

The temperatures referred to are mean values during the 
period of rapid burning. The temperature is not constant but 
rises during the period AB-i.e. from T1 to T2 (Figure 3) in a 
way which depends mainly on the cooling effect of the walls. 
As the walls become hotter, less heat is lost to the walls and the 
mean gas temperature also rises. It is possible to calculate the 
mean gas temperature and its variation with time from the 
rate of burning if known. 24 

Well- Ventilated Fires-Rate of Burning 

It has been shown aboYe that, when the window opening 
becomes large in relation to the size of the room, the rate of 
burning no longer increases in proportion to AvH but tends to 
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a constant value for a given fire load. This limiting rate is 
approximately that typical for a fire in the open. The rate of 
burning for well-ventilated fires increases in proportion to the 
fire load, or more correctly, its surface area. Figure 8 gives some 
results obtained by Webster and Raftery2" showing this relation­
ship for cribs made of various numbers of 1-in. wood sticks 
spaced 3 in. apart, burning in cubical enclosures with one side 
open. 
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Figure 8. Rate of burning of well ventilated fire 

Figure 8 gives data for tests in 1-, 2-, and 3-ft cubes and it is 
especially interesting to note that the same relationship holds 
between the rate of burning and fire load for all three sizes and 
hence there is no scale effect in this range. For wood of 1-in. sec­
tion the rate of burning is relatively constant for a long period, 
which is partly due to the effect of the increasing temperature of 
the enclosure opposing the effect of the increased depth of char 
in reducing the rate of burning. With 2- and 3-in. wood, the rate 
of burning tends to decrease more markedly with time after 
an initial maximum rate has been reached. However, for this 
range of thickness and the relatively large spacing between the 
sticks that has been used in this work, the maximum burning 
rate is nearly proportional to the area of wood exposed. 
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Well- Ventilated Fires-Radiating Temperature 

For the fires in cubes, Webster and Raftery26 measured the 
radiation from the open side. The results are shown in Figure 9 
where it can be seen that all the data have been correlated by 
reference to the rate of burning per unit area in the range of 
experiments so far made. Since the floor and window areas were 
the same and since the burning rate per unit area is almost pro­
portional to the fire load per unit area, it is necessary to perform 
experiments with differently shaped enclosures before discussing 
their interpretation. 
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Figure 9. Radiation from opening 

Application of Experimental Results 

Fire Regulations for Fire Resistance 

It has been found that for fires with low ventilation, the 
rate of burning is independent of the fire load and, for a given 
degree of ventilation, the duration is proportional to the total 
fire load, not the fire load per unit area. This has an important 
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bearing on the present British fire grading of buildings2'* where 
at present the fire resistance required of structural elements is 
based on an estimated fire load per unit area. However, if one 
fire lasts longer than another because of a smaller window, the 
temperature attained will be lower and this tends to make the 
severity of the exposure less than the increase in duration would 
lead one to expect at first sight. If the window openings are large, 
the rate of burning for a given thickness ot fuel is proportional 
to the amount of fuel, and the duration tends to become in­
dependent of the amount of fuel. The radiation within the en­
closure is dependent on the burning rate of the fuel. In 
both regimes the fire resistance required of a structure must 
be assessed in a way different from that assumed in present 
regulations. 

Venting of Fires in Large Single-Story Buildings 

Several fires in large undivided buildings in the United 
States and in the United Kingdom have raised interest in the 
practicability of venting the roofs of such buildings when fire 
breaks out. In the study of roof venting it is generally possible 
to make a model of the air flow, provided it is turbulent. The 

. d d I . f h . . · I ( 8L ) 112 h m uce ve octty o t e atr u ts proporttona to T A + 8 w ere 

8 is the temperature above ambient in the enclosure, TA the 
absolute ambient temperature and L the linear scale of the 
model. 

There is also a relationship between velocity, temperature, 
and heat production Q which, neglecting heat loss to the walls, 
may be represented as: 

u8L2 a: Q 

so that to obtain equal temperatures Q must vary as L612, Ex­
periments on this basis are being made by the Joint Fire Re­
search Organization. 

In the special case of a fully developed fire it is possible to 
calculate the vent and curtain sizes required to ensure that all 
• In the report referred to by reference 26 the term fire load is defined as the amount 

of combustible material per unit area expressed in heat units. It is desirable to 
have a term for the total quantity of fuel or its calorific value and in this paper the 
term fire load is used for this total quantity and fire load per unit area for the 
other term . 
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low level openings in the buildings are inlets for cold air. Yokoi27 

and Diakov28 have published methods of calculating these con­
ditions. In the case of a small fire vented at an early stage in its 
growth it is possible to use the theory of plumes to arrive at the 
quantities and temperature of hot gases which reach the ceiling. 

In addition to the flow problems one must take into account 
the effect of the changed ventilation conditions on the rate of 
heat production and a relationship of the kind shown in Figure 4 
may be used. 

Allowance must be made for the different geometry of the 
openings, because the air flow is a function of inlet and outlet 
areas in a way which cannot be described by the one parameter 
A VH. Because of the very different pattern of air flow in rela­
tion to fire load there may be a different constant of proportion­
ality between air flow and burning rate at low air flow rates. 
Provided a localized fire is small enough not to be starved in any 
way, venting would not have a significant effect on the rate of 
burning. 

The effect of venting on the rate of spread of flame over 
combustible surfaces is also of great importance and work on 
this aspect of the problem is now being started. 

Relationship Between Burning Rate and Air Flow 

Although it is not a constant, the amount of air required to 
burn unit mass of fuel must fall within certain limits if combus­
tion is to take place at all, so that over a large range of fuel burn­
ing rates one would expect that the burning rate and air flow 
would increase almost, if not exactly, in proportion. For a fire 
in an enclosure, some of the burning takes place within the en­
closure itself, utilizing air that enters the window and other 
openings while the remainder of the burning takes place outside 
the windows in flames which entrain additional air. 

The fact that the burning rate and the air entering 
enclosures with small windows are found experimentally to be 
almost in direct proportion calls for further discussion. In general 
terms, the more air entering the enclosure, the higher the heat 
release within the enclosure and the higher the mean temperature 
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of the gases, and the higher the heat transfer to the fuel. One 
would expect the gross burning rate to rise with increased air 
flow. 

A heat balance is not sufficient to predict both the tempera­
ture and the rate of burning for a range of fuel and air flow con­
ditions since this can only predict temperatures once the rate of 
burning is known. Similarly, Fujita's formula19 for burning rate 
contains experimentally determined or assumed quantities, viz. 
the degree of incomplete combustion and the excess air factor. 
A theory should be able to predict these quantities and be able 
to predict when flaming combustion prevails as opposed to 
destructive distillation, a process which does occur when the air 
flow is very small and which may culminate in either self extinc­
tion or "flash-over". The theory should be able to predict the 
relationship between burning rate and air flow over the whole 
range of air flow conditions. 

To derive such a theory one must discuss in addition to a 
heat balance, 

1) the factors (mainly temperature) affecting the decom­
position rate of the fuel. 

2) the chemical kinetics of the reaction. A simplified equa­
tion such as is often used in engineering combustion problems 
may probably be employed for these. 

3) the mixing pattern of the gaseous flow so that the effect 
of changes in the position of the reaction zone on the heat trans­
fer to the fuel can be discussed. 

At present insufficient quantitative data arc available to 
discuss these questions in necessary detail and what follows must 
be regarded as somewhat speculative. However, in discussing, 
even in general terms, the construction of a theory it may be 
possible to focus attention on weak and strong points and 
thereby more profitably direct future efforts. 

In view of the complexity of the processes and the diverse 
nature of the heat losses-loss by radiation from the window, loss 
of heat by hot gases through the window, loss due to the heating 
of the interior of the wood and the walls-considerable approxi­
mations will have to be introduced and the heat balance written 
in a simple general form assuming that the fuel is in excess so 
that the flow of oxygen governs the heat output. For any fire 
where flames emerge from the openings this is a satisfactory 
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assumption. Also it can be assumed that a mean temperature T1 

and a mean heat transfer coefficient 7i can be defined for the en­
closure so that 

[(R + M)c + 7iA .. ] (T1 - To) = 0.23MQo (1) 

where R is the rate of loss in weight of fuel 
M is the rate of air flow 
c is the mean specific heat of hot gases leaving the 

enclosure 
To is the ambient temperature 
Q0 is the heat produced per unit mass of oxygen 
7i is the mean heat transfer coefficient from the flames 

to the interior of the fuel and to outside the enclosure 
through the walls 

and A .. is the effective surface area of walls, ceiling, and fuel. 
Equation (1) can now be drawn as curves in Figure 10 for 

various values of~-:!; and a fixed value of Qo. For R « M, these 

curves approximate to straight lines. Because 7i depends on the 
thermal capacity of the walls it changes with time, becoming 
gradually less. The value of M for fires with small windows is 
determined mainly by the geometry of the window. For high 
temperatures it is insensitive to changes in temperature. 

The effect of heat on the decomposition rate of wood may be 
represented by 

(2) 

where m" is the mass rate of decomposition per unit area of 
wood and A 1 is the effective surface area of wood. 

It is assumed that the formation of volatiles from the solid 
material is thermally determined, 29 the reactions occurring in the 
gaseous phase being determined by the gaseous composition 
within the enclosure. m" is therefore assumed to be a function 
of the heat transfer rate at a particular time and, for a given 
mean heat transfer coefficient, it will depend on the temperature 
T1 in the way shown in Figure 11. At high temperatures this 
curve might be expected to approximate to the fourth-power 
radiation law. m" is of course dependent on time so the curve in 
Figure 11 also depends on the temperature-time history of the 
fire. For a given time of heating the curve in Figure 11 will 
typify the relationship between m" and T1• 
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Figure 10. Diagrammatic Sketch of Heat Balance (a Curves) 
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Figure 11 . Diagrammatic Sketch of Decomposition Rate as Function of Temperature 
({J Curves) 

The two relationships in equations (1) and (2) are super­
imposed in Figure 12 where the decomposition ordinate is pro-

portional to At! M. Thus for any one value of ~"1; there is a heat 

balance curve a and a decomposition curve {j. 
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Figure 12. Determination of Rand '"'fJ (Diagrammatic) 

The intersection X defines both T1 and Rj M for given 
values of A .. , A 1, and M and in principle is the solution of the 
problem. 

For large values of Af, the ordinates of {3 are small and ~"!; 
is small so the value of R! Mat the intersection X is approxi­
mately proportional to Ad M and R depends directly on A 1 • 

This is the direct relationship between rate of burning and sur­
face area of the fuel observed for large ventilation, which is not 
dependent on the air flow, and the heat transfer to the fuel is 
presumably the controlling factor. 

As M decreases, the value of ~1; increases, i.e. wall loss 

becomes relatively more important in relation to the rate of heat 
production. The a curve moves to the left and the {3 curve moves 
upwards so that the equilibrium position moves upwards and 
towards the left in Figure 12, i.e. towards the lower temperatures. 
This is in accordance with the trend shown in Figure 7 
for temperatures to decrease with a decrease in the amount 
of ventilation. The locus of the equilibria X is thus of the form 
shown in Figure 12. 
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The extent of the flattening of the curve would be deter­
mined by quantitative relationships between the various factors 
concerned but clearly the ratio R/ M can only become relatively 
constant if there is a relatively large heat loss to the walls. It is 
of interest here that in the calculations of the heat loss for the 
one fire for which he has reported details, Sekine24 found a 50 
per cent loss. 

There are minimum temperature conditions and oxygen/ 
fuel concentrations at which flames can persist and, therefore, a 
minimum value of air flow for flaming. To discuss air flows lower 
than this value, requires the consideration of chemical kinetics 
because at very low air flows an equilibrium can be established 
in which a process of destructive distillation allows the fuel to 
be consumed at a very low rate and at a relatively low tempera­
ture. Any reduction in the efficiency of combustion decreases Qo. 
This would tend to reduce the temperature for given values of 
R, M, and 7iAw in equation (1) and so flatten the heat balance 
curves and make Rj M even less variable with changes in air 
flow (Figure 10). 

It has been shown how the ratio of heat loss to the wall to 
heat generated increases as the air flow decreases and how con­
sequently the ratio Rj M, at first inversely proportional toM so 
that R itself is independent of M, gradually becomes less de­
pendent on M in accordance with the observed behaviour. 

From the above arguments, increasing the fire load at fixed 
values of M and Aw would raise the {3 curve without affecting the 
a curve. The rate of burning would thus increase almost propor­
tionally even at low air flows because the heat balance curves 
are only slightly inclined to the vertical unless combustion be­
comes increasingly inefficient at lower temperatures. The ex­
perimental data18 • 21 do not in general show the burning rate to 
depend on fire load, though there is some evidence in Hird and 
\Vraight's experiments18 that an increase in surface area pro­
duced some, though not a proportional, increase in burning rate. 
There is in general an apparent discrepancy between the experi­
mental data and the simplified theory given above, but there are 
some possible reasons for this: 

1) In both Hird and Wraight's and Kawagoe's experiments 
the density of packing for the various elements (sticks, planks, 
etc.) might have been too high for the effective exposed surface 
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area of fuel to increase much with the increases in the amount of 
fuel, so that there is doubt whether the experiments covered a 
large enough range of fuel surface area at any one level of ven­
tilation to be conclusive. 

2) A..,, the area determining the heat loss will, to some ex­
tent, increase with an increase in the surface area of fuel A 1 inas­
much as some heat is lost from the gaseous phase to the solid 
fuel. Increasing the fire load surface tends to increase the term 
1iA..,jcM. It has already been shown that the effect of increasing 
1iA,.jCM tends to offset the increase in R/ M due to increasing the 
ordinate of the {J curve. 

3) Any inefficient combustion would tend to flatten the 
heat balance curve and restrict the upward movement of the 
equilibrium position X, i.e. would tend to makeR/ M less vari­
able for different values of A 1• 

4) The pattern of flow depends on the ratio of forced to 
free convection flow, i.e. on the ratio R/ M. Increasing R/ M 
would tend to move the reaction zone away from the fuel sur­
face towards the window thereby reducing the total heat trans­
fer to the fuel and lowering m" for a given value of T1• This 
tends to counteract the effect of increasing the total surface 
area of fuel A 1• 

Clearly, in view of the above discussion, more information 
is required on the effect of heat on the decomposition of wood at 
high temperatures, and further experiments in which the effec­
tive exposed area of fuel is varied systematically, are necessary. 
Nevertheless, the theory outlined above could be used as a basis 
for discussing the observed features of fires in compartments and 
provides a basis for a quantitative theory or a correlation in 
terms of dimensionless variables. 

Hazards to Nearby Buildings 

Radiation 

Studies of the size of flames and the radiation from them 
and the radiation from the openings in the elevation of burning 
buildings are of great importance in assessing the hazard of a 
fire to a nearby building. 

The radiation from the opening in a building has been men­
tioned earlier in connection with the levels of radiation within the 
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cube, but the same intensity of radiation through the window 
opening can endanger neighbouring buildings if these are too 
near. In addition to this hazard, the flames themselves radiate 
heat onto other buildings and also onto the wall above the open­
ing in the burning building itself. 

Figure 13 shows the radiation intensity measured close to 
the flames and for this range of experimental conditions there is a 
correlation between the radiation intensity, and the rates of 
burning per unit floor (or window) area for the three sizes of 
cubes. Because the data refer only to cubes open on one side one 
cannot be specific as to floor, or window area. Because the 
radiometers were close to the flames, the changes in radiation 
intensity were mainly due to changes in emissivity, i.e. in flame 
thickness. Although no complete explanation is given of the 
reasons for this correlation, one must anticipate its possible 
breakdown for higher burning rates and large cubes because of 
the change in the relationship between emissivity and absolute 
flame thickness, i.e., for small flames these are proportional, for 
large flames emissivity is constant. 

Size of Flame 

In the experiments with wood fires in a cube26 it was found 
that with an increase in the amount of fuel and a consequent 
increase in the total burning rate, the height z of the flames above 
the top of the opening also increased. 

As a first attempt in correlating the results the ratio of the 
height z to the cube dimension D was plotted against the burning 
rate per unit area R/D2• This is shown in Figure 14 where it can 
be seen that there is a slight but systematic trend for the flames 
from the small cubes to be relatively larger than from the large 
cubes. In explanation, the turbulent fuel jet discussed by Haw­
thorne, Weddel, and Hottel30 may first be considered. They 
showed that the height of such jets is proportional to a linear 
dimension, namely the orifice size, and independent of the fuel 
flow velocity at the orifice. This was shown to be consistent with 
the view that air is entrained at a rate M' across the fuel-air 
interface proportional to the jet velocity and can be illustrated 
as follows: 

1 
M' a: E- A 

d 
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Figure 13. Flame radiation 

where M' is the rate of air flow 
A is area of interface 
E is the eddy diffusivity 

or 

P. H. THOMAS 

Open front of boK 

and d is a characteristic length determining the concentra­
tion gradient. 

Since for the turbulent flow E may be written as E a: ud where 
u is the local velocity in the stream, it follows that the flow of 
air per unit area of interface is proportional to u. This relation­
ship has been used by Morton, Taylor, and Turner31 in their 
analysis of buoyant plumes without any other assumption about 
characteristic length. Now in a fuel jet the momentum at the 
orifice is large compared with the buoyancy forces, i.e. the 

Froude number 2u 2 
,, is large compared with 1, z' being the total 

gz 
flame height. The velocity at the orifice therefore determines the 
velocity u at all points along the jet. In flames from burning fuel 
this is not always so. The burning rate from these cribs was of 
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Figure 14. Correlation of flame height for fires in cubes with one open side 

the order 4
1
0 g cm-2 s-1 ; so, for a gas density o~ 2g/l at room tem­

perature and 0.4g/l at the flame temperature, the initial velocity 
IS 

1 1000 
Uo = 40 X 0.4 = 60 cm/s 

which for flames of a height of the order 1 m gives a Froude 
3600 

number of 103 X 102 « 1. 

The velocity determining the air entrainment is thus the 
velocity determined by buoyancy and it follows that 

M' o:: Vz' X area of fuel-air interface. 
This has the same form as the relationship between M and A VH 
for an enclosure at uniform temperature but the constant of 
proportionality would not be the same. 

In the case of a fire in an enclosure some combustion occurs 
within the enclosure and the remainder outside. The surface 
area of the external flame is equivalent to 2z(D + t) provided z 
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is not excessively large compared with D so that the surface 
may be considered rectilinear. 

The mean velocity of the gases in the flame zone outside the 
enclosure is assumed therefore to be proportional to the mean 
value of Vx between D < x < z +D. 

1 
Hence- ( (z + D) 3 ' 2 - D 3 ' 2) 2z(D + t) cc M' cc (R - Ro) 

z 
where R is the total rate of burning of fuel 

Ro is the part of fuel burning in the box 
and t is the thickness of the flames as they emerge. 

Since t is small compared with D the following simple cor­
rection suffices. 

For the highest rates of burning when z is of order 2D visual 

observation shows t '"""' ~ D and it is reasonable to take t cc R, i.e. 

. 1 z approximate y t = 6. 
Therefore 

Ro 
(3) D2 

The data in Figure 14 have been replotted in Figure 15 in 
terms of the two sides of equation ( 3) and it can be seen that a 
straight line is obtained with no apparent systematic scatter. 

The intercept ~ appears to be constant but there is no obvious 

reason for this. The highest value of the Reynolds number based 
on the cold gas velocity is of the order 2000 so that part of the 
flow within the box may be assumed to be laminar. On the other 
hand the velocities induced by buoyancy are of an order larger 
than those of the fuel leaving the crib so that turbulence will set 
in at some point in the box. In view of the extrapolation neces-

sary to obtain~· the error in measuring visually, and the uncer­

tainty about entrainment under the ceiling, it is not possible to 
explore the variation in Ro for these results. 

The flame lengths of fuel jets were shown by Hawthorne, 
Weddel, and Hottef3° to depend markedly on the composition of 
the fuel. For the volatiles emitted from wood this is somewhat 
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uncertain and consequently a quantitative theory has not been 
discussed here. 

Discussion and Conclusion 

Although the work on radiation and temperature from fires 
is incomplete so that it is not yet possible to relate actual fire 
behaviour to fire resistance requirements over the whole range of 
possible circumstances, it has been shown that the present basis 
of fire resistance requirements is deficient in some respects. 

Experiments on the behaviour of fire in rooms both in the 
United Kingdom and in Japan have shown that, over a wide 
range of scale, fires in single compartments with relatively small 
windows bum at a rate proportional to the total air flow that is 
induced by the fire. 

An outline of a tentative explanation for this behaviour has 
been given but as has already been pointed out further experi­
mental work is required before this formulation can be regarded 
as a satisfactory approach. With large windows the air flow is not 
restricted by the window and the fires bum at a rate which does 
not depend on window size. The flames from these fires increase 
in size as the burning rate increases with increased fire load and 
a qualitative explanation of the observed scale effect has been 
given in terms of the entrainment of air by turbulence. 

So far the main approach to building fires has been experi­
mental and models have at all times had to be justified by com­
parison with large-scale tests. Even this use of models, limited 
though it is, has provided information which would have been 
very much more costly if obtained from full-scale tests alone. 
It is hoped that future progress will be hastened by the develop­
ment of an understanding of the basic mechanisms involved in 
room fires. A start has been made and, though tentative, it ex­
plains some of the observed experimental features and justifies 
one's hopes that modeling can be used as a technique in the 
examination of building fires. 
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Discussion 

Mr. Barrows: Your experiments have rather a remarkable 
similarity to some of those used where forest fire fuels are in­
volved. Did you determine the moisture content of the smaller 
sized wood materials? 

Dr. Thomas: Yes, they were at a standard moisture condi­
tion but we have not investigated the effect of different moisture 
levels. 

Professor Hottel: Where was this radiation measured? I am 
not clear in the case of the open box. You used the term "maxi­
mum radiation." Was that hard up against the front of the 
openings, so that the radiometer "saw" throughout 21r 
steradians? 

Dr. Thomas: No, we measured a little distance away from 
the opening. 

Professor Hottel: Then how is it a maximum? 
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Dr. Thomas: I am sorry, maximum in time. Then we made 
a correction for the configuration and quoted the value that one 
would get if the radiation were a black body of equal intensity all 
over a rectangle. 

Professor Hottel: And then you spoke of a radiometer facing 
away from the flame. I do not visualize that set-up at all. 

Dr. Thomas: If you envisage a cube facing you, flames 
would rise above the top of it. You would see the inside of the 
cube and you would also see flames rising above the roof or the 
top of the box, and the radiometer is placed above the cube so 
that it could "see" only the flames. 

Professor Hottel: I am still not clear. 
Dr. Thomas: The radiometer was facing toward the flames, 

but it would be facing toward you so that it would not "see" 
anything of the fire inside the enclosure at all. 

Dr. Emmons: The radiometer was over the top of the box 
facing the open end? 

Dr. Thomas: Yes. 
Mr. Bond: Have Dr. Thomas's colleagues in England who 

are interested in building codes expressed any observations as 
to how they might use or apply some of this data, or what facton> 
of building codes his work will throw light on? 

Dr. Thomas: I have not discussed these recent ideas with 
them yet. 

Mr. Bond: I think this does have some important value in 
building codes because there is a good deal of argument going on 
as to how large window openings in buildings ought to be. A 
number of sessions have been held under the auspices of the 
Building Research Advisory Board of the National Academy of 
Sciences-National Research Council. The first of these sessions 
dealt with the question of spandrel walls, because how much 
money you put into the wall surface is an economic matter. 

These experiments in Britain and Japan and other places 
are valuable in emphasizing the importance of window openings 
and their relationship to the spread of fire between floors. Dr. 
Thomas mentioned the size of windows in homes. We are faced 
with a serious situation in this country with small windows 
located at heights from which no one can escape. 

Dr. Thomas: This window opening affects the problem in 
two ways. The smaller the window, the longer the fire lasts and 
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the lower is its temperature, but the smaller is the flame. We are 
looking at large windows because of the trend in modern design 
for large windows and for curtain walling, which may or may 
not stay in place for the duration of the fire. With large openings 
one may get flames which reach the floor above but, on the other 
hand, the duration of the fire is less than with small windows and 
one is faced with deciding whether the one factor or the other is 
the more important. We hope to discuss these questions in rela­
tion to building codes very shortly. 

Mr. McGuire: Do I understand that the radiometer on the 
left-hand side of the drawing on the blackboard was quite close 
to the orifice so that it was looking only at the orifice and not at 
the whole assembly including the flames around the orifice? 

Dr. Thomas: It did" see" some of the flame and we have not 
corrected it, but the configuration factor with respect to the 
flame is very much smaller than it is for the opening. The levels 
of radiation that were measured from the flame are something of 
the order of a tenth of those from the opening, so that while there 
should be a correction, we anticipate it to be relatively small. 

Dr. Huff: I would appreciate information on the determina­
tion of the composition of the gases emitted when the air was 
severely restricted. 

Dr. Thomas: We have not measured this, but these 
measurements have been made in Japan by Mr. Kawagoe and I 
think I am right in saying that they measured the ratio of carbon 
monoxide to carbon dioxide, but did not measure the unburned 
hydrocarbons. The measurements were made at a point fairly 
near where the flame emerges from under the window. 

Dr. Avery: As I understand it, your slides showed that the 
maximum burning rate was proportional to the mass of material 
in the cribs. It would appear that the rate should be proportional 
to the surface area of the wood. Did you make any examination 
of that relationship? 

Dr. Thomas: Yes, these cribs were almost exclusively of one 
thickness, and the area and weight are proportional, both being 
proportioned to the number of sticks in the crib. Vve have started 
to look at the difference with different thicknesses of wood and 
therefore with different areas for a given weight of wood. We 
have done a few experiments, and these show that the area is a 
factor. 
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There is a complication in a wood fire. One gets a period of 
growth so that the temperature and the heat transfer are in­
creasing over a period of time in the early stages of the fire and 
to some extent, one might anticipate that these will act in an 
opposite direction to the reduction of burning rate due to the 
increase in char thickness which tends to insulate the wood. With 
one inch wood, we find a more or less constant rate of burning 
over approximately three quarters of the duration of the fire but 
with the thicker woods, the burning rates are less constant in 
time owing to the fact that these two effects are separated in 
time. However, the maximum rates of loss in weight are approxi­
mately proportional to the surface areas of wood. 

Dr. Emmons: I have here an abstract of a paper" Duration 
of a Room Fire" by Mr. Kawagoe of the Building Research 
[nstitute, Ministry of Construction of Japan, which appears to 
discuss the problems raised by Dr. Thomas's paper. 

Abstract-Duration of a Room F£re by K. Kawagoe 

When the temperature of a room is uniform and higher than 
that of the outdoors, a neutral zone is found somewhere in the 
middle of the opening and the profile of pressure-height is shown 
in the inclined straight line. The inflowing velocity v' of air from 
a window into the room at the point h' below the neutral zone 
has been expressed by Bernoulli's theorem as follows: 

v' = • / 2gh' Po - Pi 
1/ Po 

The outflow velocity v" at the point h" above the neutral zone 
has been: 

v" = ~2gh"Po- Pi 
PI 

where Po is the density of open air, Pt is that of the air inside the 
room. 

If we denote the actual volume of air necessary for burning 
of 1 Kg of wood by L m3, the volume of discharging gas which is 
produced by combustion of 1 Kg of wood by G m3 , the width of 
the opening by B m, the height from the top of the opening to 
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neutral zone by H" m and the height from the zone to the bottom 
of the opening by H' m, the following equation is obtained by 
continuity of fluid. 

H" B V" meftn = g_ . H" = {(~)1!2Q}2/3 
H' B V' mORn L t.e. H' Po L 

From this equation the height of neutral zone is calculated. 
Denoting the coefficient of vena contracta of the opening by 

a, the volume air flow into the room per unit time is 

aV'munH'B 

and the mass rate w of burning wood is 

w = aV'meanH'B 
L 

From this, the fire duration, i.e. the period from when the tem­
perature begins to rise to when it reaches its maximum is 
obtained, provided the total weight of fuels within the room is 
given. 

From model room and full-scale fires, the following conclu­
sions have been derived: 

1) The temperature in a room is approximately considered 
to be uniform when combustion is active. 

2) The profile of pressure-height in a room is regarded as a 
straight line. 

3) The excess air factor is considered to be from 0.8 to 1.2. 
4) The rate of burning is regarded constant when the 

window is small and there are a lot of fuels in the room. 
The fire duration obtained by experiments agrees approxi­

mately with that computed from the theoretical rate of burning. 
Dr. Emmons: Dr. Thomas, do you care to comment? 
Dr. Thomas: I am rather embarrassed at commenting on 

Mr. Kawagoe's paper in his absence. I have seen this calculation 
before and I think it was first put forward by Dr. Fujita some 
time in the forties. The problem, as I see it, is not in the air flow 
calculation with which I agree, but in how one can make the 
assumptions that follow. I think they are probably true as re­
gards small windows but experiments with large windows show 
that the assumptions break down; for large windows the flame 
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zone is not necessarily uniform within the enclosure and the 
assumption of a uniform temperature is not satisfactory. One 
can only get a proportionality between burning rate and air flow 
into the window if there is no significant flame outside the win­
dow but the flame outside the room may be appreciable in size 
and some of the air for combustion is entrained into this flame 
and does not enter the room at all, so that one is faced with the 
problem of finding out why one can assume, for small windows, a 
proportionality between the rate of burning and the amount of 
air entering the window, or, in other words, why there is no 
significant flame outside the window for those conditions. 
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Upward Convection Current From A 

Burning Wooden House 

S. YOKOI 
Building Research Institute, 
Ministry of Construction, Japan 

Introduction 

The purpose of this study is, first, to find the approximate 
similarity law of temperature distribution along the central 
axis of upward currents from a circular and a rectangular heat 
source and, secondly, to calculate the temperature above a burn­
ing wooden house in a calm condition, based on this similarity 
law. 

Temperature Distribution of Upward Current 
from a Circular Heat Source 

Dimensional Analysis 

Let us take the origin of coordinates at the center of the 
heat source, the z axis in the upward vertical direction and the r 
axis in the radial direction. Equations of momentum and heat 
balance are represented as follows: 

(1) 

(2) 

where w is the upward velocity, 118 is the excess temperature at 
any point in the current, 8o is the absolute temperature of the 
surrounding air, C'P and pare the specific heat and density of the 
gas in the current, g is the acceleration due to gravity, and Q is 
a heat quantity conveyed by the current per unit time. 

186 
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Although it is impossible to solve these equations directly, 
it is possible to know in what dimentional relation, the tempera­
ture 118 and the upward velocity ·w at an arbitrary point (r, z) are 
related with the heat quantity Q. Suppose that the radius of heat 
source is ro, and replace the coordinates r and z with the non­
dimensional ones r /ro and ? fro, then equations (1) and (2) are 
changed to equations (3) and (4). 

d 1"' ( w )2 (') (') r 00 (tl(Jg .,3) (') (') 
d(z/ro) o rol/3 ;: d ;-;; = . 0 - o;- ;-;; d ;: (3) 

! "'( w )(il8gro113
) (') (') Qg 

o ro113 Oo 211" ro d ~ = Cp{J8oro2 
(4) 

The solutions of the above equations have the following forms: 

(5') 

(6') 

wherej1 andj2 are certain functions which represent the velocity 
and temperature distributions of the current and A ts 

(7) 

x and yare exponents to be determined later. If equations (5') 
and (6') are substituted in equations (3) and (4) and the expo­
nents of A in both sides of equations are compared, then the 
following equations are derived: 

In other words, x 
and ( 6') become: 

f 2x = y, 
lx + y = 1 

% and y = %. Therefore, equations (5') 

w (' z) _ = Att3j1 __ 

ro1' 3 ro, ro 
(5) 

(6) 
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In order to change the above equations to non-dimensional ones, 
let us use the following substitutions: 

Wrot/3 

W=a.J__ft_ 
'V Cpp8o 

(8) 

t:.8r o6ta 

e=a.JQ28; 
'V~ 

(9) 

Let us call these, the non-dimensional upward velocity and non­
dimensional excess temperature and use them hereafter in ex­
pressing the results of experiment. We obtain 

W = j.(r fro, z/ro) (10) 

(11) 

The forms of the functions/. and/2 should be determined accord­
ing to the results of experiments. 

Experiment and Results 

Two types of heat sources were employed. In the case of the 
first type, alcohol was burnt in seven circular vessels with radii 
of 3.3, 6, 9.9, 14.3, 18.75, 23.75, and 37.5 em. A communicating 
tube connecting the vessel and the alcohol tank was employed 
so as to keep the surface of alcohol at a definite height. The type 
of heat source in this case is provisionally called" continuous heat 
source." In the second type, a great many little wicks of alcohol 
lamps were placed within a circle of a certain radius. This is 
provisionally called "discontinuous heat source." The method of 
using a solid heat source such as an electric heater was con­
sidered. However, this method was not employed because, 
according to this method, the greater part of the heat produced 
is lost by radiation and only a small amount of heat is given to 
the ascending current, so that the ascending current is weak and 
is liable to be disturbed by a faint accidental breeze in the room. 
Also, the thermocouple, under direct influence of the radiation 
of the heat source, may indicate a temperature considerably 
different from that of the ascending air. We took the gas tem­
perature with bare chromel-alumel or copper-constantan ther-
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mocouples connected to a slow-moving oscillograph. The average 
value for about 10 minutes was obtained by observing the record 
on the oscillograph with the eye, and it was considered the tem­
perature of that point. Figure 1 indicates the horizontal dis­
tributions of temperature of the upward current from a con­
tinuous heat source of 9.9 em. in radius and a discontinuous heat 
source of 20 em. in radius. They are expressed in a non-dimen­
sional coordinate system. From this figure, we can recognize the 
following two facts: 

1) The horizontal temperature distributions at any height 
in the upward currents from the circular heat sources of various 
radii can be represented by one curve in these non-dimensional 
coordinates. 

2) There are two kinds of domains as to the horizontal 
temperature distribution. In the domain nearer to the heat 
source, (z/ro < 2.5) the horizontal distribution of the tempera­
ture takes the shape of a plateau and the hot current does not 
spread as widely in a horizontal direction as it rises, whereas in 

l -;; 

I )(' : 

0.5 ' .._. 
' ' 

X r.=9.9 
Continuous 
haotsourc:e 
o r0 •20 

Discontinuous 
haol source 

0o~~o~.5.u~l~.o~~l.5u.~2·~ 
r 
r; 

Figure I. Horizontal distributions of temperature above circular heat source 
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the domain farther from the heat source (z/ro > 2.5), the hori­
zontal temperature distribution is like the one of the upward 
current from a point heat source and the hot current spreads 
widely as if it started from a point heat source placed at the cen­
ter of the circular one. 

Figure 2 indicates the vertical distributions of temperature 
of the upward current from the circular heat sources of various 
radii. In this figure, coordinates are represented by non-dimen­
sional ones; instead of height z from the origin and excess tem­
perature ~8, the non-dimensional height z/ro and temperature 
e, represented in equation (9), are used. We can divide the 
regions into two domains as to the vertical temperature dis­
tribution. In this figure, all the vertical temperature distributions 
in the current from the sources of various radii can be repre­
sented by one curve although there are some exceptions in the 
cases of sources whose radii are ro = 3.3 em. and 6 em. This 
shows that there also exists a similarity law as to the vertical 
temperature distributions of the currents from circular heat 
sources. 

Figure 3 shows the diagrammatical temperature distribu­
tion near a heat source. Near the heat source, hot gas and sur­
rounding air mix at the boundary with drop in temperature. 
The higher the gas rises upwards, the deeper the air penetrates 
from the surroundings into the hot gas and at last the boundary 
between the mixed and unmixed gases disappears at A in Figure 
3. In the domain BAB, the temperature of the gas is nearly con­
stant, but above A, the central temperature decreases with 
height because the mixing is performed even on the central axis. 
This is why there are two different parts in this upward current. 

In the case of a rectangular heat source, we can imagine two 
kinds of boundary lines A1B1 and A2B2 which represent the 
boundaries due to the shorter side of the rectangle and to that of 
the longer one respectively. Figure 4 shows the diagrammatical 
picture of these boundaries. At point A 1 the boundary due to the 
shorter side disappears, while the one due to the longer side still 
remains. So in the domain between A 1 and A2, the temperature 
remains constant in the direction of B2B2 and the temperature 
distribution is similar to the one produced by a line heat source. 

In the domain above a point A2, hot gas and surrounding 
air are mixed in all directions, and so the temperature distribu-
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• ro= 14.3 em 
c ro= 18.75cm • z • ro=23.75cm -ro 

1.0 * r[s;37.5 

• 0.8 Discontinuous • heat source 
0.6 .c. ro;: 16 em • 0 ro=20cm • 
0.4 

0.3 • 
0.2 • 

Figure 2. Temperature distributions along the central axes of upward currents from 
circular heat sources, expressed on the non~imensional coordinate system 
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c c 
I . 
~ 

HEAT SOURCE HEAT SOURCE 

Figure 3. Diagrammatical temperature distributions near a circular heat source 

tion must show a similar distribution to the one when apoint 
heat source exists at the center of the rectangle. 

Temperature Distribution in the Domain Far From the Heat 
Source 

In the case of the point heat source, the domain of the air 
current spreads in the shape of an inverted cone with its vertex 
at the heat source. Thus, if instead of the horizontal distance r, 
measured from the central axis in the radial direction, the non­
dimensional quantity r /z is employed as the axis of the abscissa, 
and the non-dimensional quantity obtained by dividing the tem­
perature 118 at an arbitrary horizontal distance r by the tem­
perature 118m at the central axis in the same level, is employed 
as the axis of the ordinate, the law of similarity states that the 
horizontal distribution of temperature at any height may be 
expressed by a single curve. In a preceding paper, 1 the expres­
sion was generalized even further, and instead of r jz, the quotient 
r jzc213 was employed, where c was a parameter expressing the 
strength of turbulence in the current. 

Judging from the result of experiment, it can be presumed 
that the temperature distribution of the upward current from a 
circular heat source, in the domain far from the heat source, is 
the same as that of the upward current from a point heat source. 
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Figure 4. Front lines in the case of a rectangular heat source 

In Figure 5, results of the experiments as to the horizontal tem­
perature distribution of various circular sources and at various 
height, are plotted and the temperature distribution curve cor­
responding to a point heat source is also drawn. We can see that 
this curve passes near the center of the plotted points. This shows 
that the horizontal temperature distribution of the upward cur­
rent from a circular heat source, in the domain far from the heat 
source, is similar to that of the current from a point heat source. 

Next, let us proceed to the temperature distribution along 
the central axis. Figure 2 shows the result of experiment and is 
expressed in both non-dimensional and logarithmic coordinates. 
The inclination of the temperature-distribution line is nearly 
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Figure 5. Horizontal temperature distribut ion of the upward currents from circular 
heat sources, in the domain farther from the sources 

1r - tan- 1(3 / 5) . The vertical temperature distribution in this 
domain is the same as that of the current from a point heat 
source. The vertical temperature distribution in the case of a 
point heat source can be expressed :1 

(12) 

where c is a parameter relating to the strength of turbulence of 
the stream. From equations (9) and (11) the temperature dis­
tribution along the axis of the upward current can be expressed 
in non-dimensional form: 

e 

Eliminating ~em from both equations, we obtain 

e = 2~423 (!.)-5 '3 
c819 ro 

(13) 

( 14) 
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CONVECTION CURRENT FROM A BURNING HOUSE 195 

If we use the numerical value of c2 ' 3 = 0.1, derived from the 
laboratory experiment, we obtain 

(z)->ta 
e = 9.115 ~ (14') 

This is the non-dimensional equation for the vertical temperature 
distribution of the upward current from a circular heat source 
in the domain far from the source. 

Temperature Distribution in the Domain Near to the Heat Source 

In Figure 2 the temperature distribution along the axis of 
upward currents is plotted in a non-dimensional coordinate sys­
tem. We find that in the domain nearer to the heat source 
(z/ro < 2.5), the experimental points, except in the cases of the 
small continuous heat sources of ro = 3.3 em and ro 6.0 em, 
cluster along a line roughly expressed by 

e,....., 1.6 (15) 

In other words, we find that in this domain, the similarity law 
expressed by equation (15) holds concerning the vertical dis­
tribution of temperature. 

In the cases of the heat sources of ro = 3.3 em and 6.0 em, 
no similarity law holds, as is shown in Figure 2. This may be 
due to the following facts: the flames rising from heat sources of 
ro = 9.9 em and larger are turbulent flames and alcohol burns on 
nearly the entire surface whereas the flames from heat sources 
of r o = 3.3 em and 6.0 em may be roughly considered as laminar 
flames in which alcohol burns chiefly on the boundaries of the 
containers. \Ve exclude these laminar flames here. 

Temperature Distribution of Upward Current 
from a Rectangular Heat Source 

In the preceding paragraph, the temperature distribution 
of the upward current from a circular heat source was dis­
cussed, but the plan of a house is generally a rectangle and not a 
circle. Therefore, the conclusion in the preceding paragraph 
cannot be applied directly to the actual fire. In this section, 
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the temperature distribution in the upward current from a 
rectangular heat source will be obtained based on the conclusion 
of the preceding paragraph. 

Experiment and Its Results 

For the rectangular heat source, a square (29 X 29 em.) and 
rectangles (33 X 23 em., 47.5 X 17.5 em. and 66.5 X 12 em.) in 
which alcohol-lamp wicks were made to stand close together and 
bum, were used (discontinuous heat source). Also, in order to 
confirm the similarity law, a continuous heat source was used 
consisting of a rectangular vessel (27 X 10 em.) in which alcohol 
was burned. The method of measuring the temperature was the 
same as in the case of the circular heat source. 

Following the arguments for a circular heat source, the 
distribution of temperature of the upward current from a rec­
tangular heat source will be as follows: with regard to the tem­
perature distribution along the central axis of the current, there 
must be three domains-the first domain directly above the heat 
source where the temperature varies little with the height; above 
this, the second domain where the vertical distribution of tem­
perature is similar to the case of the upward current from a line 
heat source; and at the top, the third domain where the distribu­
tion of temperature is similar to the case of the upward current 
from a point heat source. The results were anticipated. 

If the temperature distribution of the upward current ulti­
mately becomes similar to the case of a circular heat source in 
the third domain, there must exist for the various forms of rec­
tangular heat source a circular heat source which gives a similar 
temperature distribution to the rectangular one in the third 
domain. The radius of this corresponding circular heat source r o 

will be called the "equivalent radius" of the original rectangular 
heat source. It was expected and confirmed by the results of 
experiments that the value of the equivalent radius ro is equal 
to the value of the radius of a circle having the same area as the 
original rectangle. That is to say, if we suppose the lengths of 
the adjoining sides of the rectangular heat source, a and na 
respectively (n ~ 1), the equivalent radius roof this heat source 
satisfies the following equation : 

(16) 
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CONVECTION CURRENT FROM A BURNING HOUSE 197 

If we plot the results of the experiments on the temperature dis­
tribution of the upward current from a rectangular heat source, 
by using this ro on the same non-dimensional coordinates ru; in 
the case of the circular heat source, the results are as shown in 
Figure 6. 

In this case, vertical temperature-distribution curves do not 
reduce to one curve, but become different according to the value 
of the ration (n is the ratio of the length of adjacent sides of rec­
tangles). But we can suppose that the curve is determined only 
by the value of n and is independent of the dimension of the 
rectangle as in the case of the circular heat source. To make sure 
of this fact, we burnt alcohol in a rectangular vessel (27 X 10 
em.), making it a continuous heat source (ro = 9.3 em, n = 2.7) 
and measured the vertical distribution of the temperature. We 
plotted the results on the non-dimensional coordinate system 
such as Figure 6 and it was confirmed that they agreed well with 
the vertical distributions of temperature of the rectangular dis­
continuous heat source (47.5 X 17.5 em, ro = 16.3 em, n = 2.7) 
used in the previous experiment. This is only one example, but 
we think it is sufficient to confirm the validity of the above men­
tioned similarity law. 

Temperature Distribution in the First Domain 

This is the domain where the temperature of the upward 
current does not change very much with height along the central 
axis of the current. The results of the experiment show that the 
temperature drops somewhat as the current goes up, especially 
in the case of slender sources. The reason for this may be as 
follows: (1) Since the temperature is high in this domain, even 
in the case of alcohol flames, there is gas radiation through the 
fuel vapor and carbon dioxide contained in the flame. This quan­
tity becomes larger as the shape of the source becomes slenderer, 
because the length of the circumference of the square is the 
minimum of all the equal-area tetragons. (2) The transition from 
the first domain to the second takes place slowly over a wider 
range as the shape of the source becomes slenderer, and the 
greater part of what was thought to be the first domain in the 
slender-shaped source is really a range of transition to the second 
domain. 
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As in the case of the circular heat source, non-dimensional 
equation of the temperature distribution in the first domain may 
be determined by the following equation : 

e = 1.6 (17) 

In Figure 6, if we define the height at which the line of verti­
cal distribution of temperature seems to change from the first 
domain to the second, the height of that boundary should com­
ply with the following rule: in the case of the circular heat source 
with a radius ro, the height of the boundary was about 2.5 ro. 
If this is applied to the rectangular heat source, the height where 
the first domain ends should be z = aj2 X 2.5 where a is the 
length of the shorter side of the rectangle. If this height is repre­
sented by the non-dimensional quantity z/ro, usmg equation 
(16), it reduces to 

( 18) 

If we apply this to the three kinds of rectangular heat sources 
used in the experiment, the upper limit of the first domain will 
be as follows: 

for heat source of 39 X 23 em (n = 1.4): z/ro = 1.85 
47.5 X 17.5 em (n = 2.7): z/ro = 1.35 
66.5 X 12 em (n = 5.5) : z/ro = 0.94 

According to the results of the experiments, since the transition 
from the first domain to the second takes place slowly, it is not 
possible to indicate the boundary point distinctly, but roughly 
speaking, the above points can be said to be boundary points. 

Temperature Distribution in the Second Domain 

Here, the vertical distribution of temperature of the upwara 
current is the same as in the case of the line heat source or 

!18 ex: z-1 

That is to say, on the double-logarithmic coordinate system the 
vertical temperature distribution line inclines 135 degrees to the 
horizontal axis. 

The definition of e which expresses the temperature in terms 
of non-dimensional quantity is in accordance with the equation 
(13). This time, however, instead of using the heat quantity Q 
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Figure 6. Temperature di~ributions along the central axes of the upward currents 
from rectangular heat sources 

given to the air in unit time from the entire heat source, we use 
the quantity Qo which, as in the case of the line heat source, is 
given to the air in unit time from the part constituting a unit 
length in the direction of the longer side of the rectangular heat 
source. That is, 

Q = anQo (19) 

where a and n were defined in the equation (16). Since the dis-
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tribution of the temperature t:.8,. along the central axis of the up­
ward current from a line heat source was represented as follows:• 

( OoQo2 
t:.O,. = 0.663c'-4 ' 9z-1 --

cp2p2g 
(20) 

Ifweeliminatet:.Om, Qoand Qfrom (13), (19), and (20), we obtain 

e = 0.663 (n1r)-1t3 (~)-! 
c'4!9 ro 

(21) 

This is the equation for the line which expresses the vertical 
distribution of temperature in this domain in non-dimensional 
fonn. 

Since the right side of equation (21) includes n which 
expresses the ratio of the lengths of the two adjacent sides of 
rectangular heat source, the position of the temperature dis­
tribution line varies on the graph according to the shape of the 
rectangle. Even if the strength of the heat source is the same, 
the slenderer the heat source, the lower is the temperature at the 
same height from the source. When the numerical value of 1r 
and parameter c'(c'2 ' 3 = 0.13) (the value obtained in the labora­
tory experiment) is substituted 

e = 1.76! (!.)-! (21') 
sv'n ro 

The three straight lines inclined 135 degrees to the horizontal 
axis in Figure 6 represent the three equations derived by giving 
n the equivalent numerical values of rectangles used in the ex­
periment. We can see that the points obtained by experiments 
cluster around the lines corresponding to the respective heat 
sources. 

The height of the boundary point bettveen the second and 
third domain can be obtained on Figure 6 as the point of inter­
section of the two straight lines of the equations (14) and (21). 
The reason is that in the third domain, regardless of the slender­
ness of the heat source, the temperature distribution along the 
central axis of the upward current can be given by the equation 
(14). If we calculate and express the height of this boundary 
point non-dimensionally, we obtain 

z 
ro 

c'2ta _ 
0.510 - 1 Vn1r c4 3 

(22) 
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Substituting in the above equation the values of c'2 ' 3 0.13 
and c~ : a = 0.10 obtained by the laboratory experiments and the 
numerical value of 1r , we obtain 

z/ ro = 11.75-v'n (22') 

Temperature Distribution in the Third Domain 

In this last domain, the temperature distribution is the same 
as that in the case of a point heat source of the same strength 
placed at the intersecting point of the diagonals of the rectangle. 
Also, it accords with the temperature distribution in the upper 
domain of the circular heat source with a radius equal to the 
equivalent radius of the rectangle. In other words, the tempera­
ture along the central axis of the upward current decreases in 
inverse proportion to the 5/3 power of the height from the heat 
source. We can express this vertical distribution of temperature 
in non-dimensional form as follows : 

e = 0.423 (~)-6'3 
c8 ' 9 ro 

(23) 

which is the same as the equation (14), the formula for the dis­
tribution of temperature along the central axis in the domain 
farther from the circular heat source. If we substitute the numeri­
cal value of c213 =0.10 obtained in the laboratory experiment in 
the above equation, we obtain 

(z)-6'a e = 9.115 ;;; (23') 

which is the same as equation (14'). Regardless of the slender­
ness and size of the rectangle, the vertical temperature distribu­
tion in this domain can be represented by one line. In Figure 6, 
we can see that the points derived by the laboratory experiment 
using the rectangular heat sources of 29 X 29 em., 33 X 23 em., 
47.5 X 17.5 em., and 66.5 X 12 em. fall near the line of the 
equation (23') in their third domain. 

The Distribution of Temperature Near a Burning Wooden House 

The above mentioned similarity-law of temperature dis­
tribution can be applied to a wooden house fire, if we eliminate 
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heat radiation . We will calculate temperature distribution above 
a rectangular burning wooden house during the period of its 
maximum intensity, giving the scale of the house and amount 
of combustion materials contained in it. 

Rate of Heat Generation in a Burning Wooden House DurinJ!. the 
Period of its Maximum Intensity 

We will first obtain the quantity of heat produced from a 
burning wooden house during 10 minutes of its maximum inten­
sity. Assuming the plan of the house to be a rectangle, we make 
the lengths of two sides of the house a meters and b meters respec­
tively, and the height of the ridge and eaves of the house, h1 
meters and h2 meters respectively, as shown in Figure 7. Let us 
make the quantity of combustibles contained in the house 
w kg/m2• Generally, the value of w is considered to be 165 kg/m 2 

for a dwelling and 135 kg/m 2 for other houses. The total quantity 
of combustibles in this house is wab kg. Assuming that the house 
burns completely, and that the amount of the generated heat per 
kg of lumber is 3560 kcal, the total of quantity heat generated 
from the house during the period of fire is 3560 wab kcal. In 
order to find the approximate ratio of the generated heat quan­
tity during the above-mentioned 10 minutes, to the total heat 
quantity, we take the standard time-temperature curve for a 
wooden house, which was obtained by averaging the results of 
a large number of fire tests of full-size wooden houses. In this, 
the indoor temperature 0 corresponding to time t (unit :hour) is 
approximately expressed by the following equation: 

0 = 6200(e-101 - e-ut) + 200 (24) 

Here, t = 0 does not refer to the time of the start of the fire, but 
indicates the time when indoor temperature reaches 200°C. It is 
not until about four minutes after the start of fire that the above 
formula holds good. The percentage of heat generated during 
the period from six to sixteen minutes after the fire starts (we 
regard this period as the one of maximum intensity of fire) to 
the total heat quantity is calculated by use of this equation. 
For this purpose, the calculation is made on the assumption that 
the amount of heat generated is approximately proportional to 
the temperature; that is to say, we neglect the decrease of gas 
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Figure 7. Dimensions of a wooden l::ouse on fire 

density caused by the rise of temperature. This is not strictly 
correct, but it will do for the approximate calculation. As the 
sixth minute after the start of the fire approximately corresponds 
tot = ~~o hr. and the sixteenth minute tot = % hr. let us inte­
grate the equation (24) from t = ~~o tot = ~5 . The temperature 
rise thus obtained is 170°C. Correspondingly, the temperature 
rise for a fire of one hour duration is 407°C. Accordingly, we may 
conclude that during the 10 minutes of maximum fire intensity, 
about 170/407 or 42 per cent of the amount of heat, produced 
in the course of one hour of fire, is liberated. Now, as it is known 
by experience that about 80 per cent of the total amount of heat 
is produced in the course of one hour of the fire, the amount of 
heat during the 10 minutes is 33.6 per cent of the total heat 
quantity in a wooden house fire. The absolute value of that heat 
quantity is 0.336 X 3560 wab ,..._, 1196.2 wab. Accordingly the 
amount of heat Q produced per second is 

Q1 = 1993.6 wab cal/sec (25) 

Calculation of Temperature Distribution Above a Wooden House 
Fire 

The flames in an actual fire, unlike the flames from alcohol 
in the laboratory, contain a large amount of heated carbon par­
ticles and the amount of radiation from these is considerably 
large. Thus, we cannot regard the value of Q in equation (13) 
as being independent of the height from the heat source but 
assume instead that it decreases with the height. According to 
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Dr. Kinichiro Fujita's paper,2 the area of the flame is approxi­
mately equal to the side area of the house and the emissivity of 
the flame is approximately 114 X 103 kcal/m2hr. If we use the 
same house as was introduced in the last paragraph, the heat 
quantity Q2, emitted by radiation in a fire is 

Q2 = 114 X 108 X 2(a + b)h, kcal/hr 

= 63330(a + b)h, cal/sec (25') 

As the radiation from the flame occurs mainly when the flame 
temperature is higher than 500°C, we suppose that the radia­
tion is practically nil when the temperature drops lower than 
500°C. Therefore, at this height we can change the value of 
Q, - Q2 to Q in equation (13). 

Q = Q. - Q2 (26) 

At the height where the temperature on the central axis of the 
upward current is 500°C, we put into equation (13) AB = 500°C, 
Cp = 0.24 cal/g. deg, g = 980 cm/sec2, p = 0.000456 gjcm3 and 
we obtain 

1.717r06 ' 3 

e60o = Q213 (27) 

If we substitute the value of Q, calculated by equation (26) and 
the value of ro (the equivalent radius of the burning house) 
into the above equation, we obtain the numerical value of the 
non-dimensional temperature e.;oo corresponding to 500°C. If 
we further calculate the value of n of the house (n = ajb), and 
use the corresponding curve in Figure 6, we can find the height 
Z&oo where the temperature on the central axis of the upward 
current drops to 500°C. Temperatures at height z lower than 
Z5oo can be obtained in the following ways: supposing that the 
amount of radiation decreases inversely proportional to the 
height from the top of the burning house, we substitute the 
value of 

Q, _ Q2z 
Z&GO 

for Q into equation (13) . Using the curve corresponding to the 
value of the burning house, we obtain the value of e, and from 
this we can calculate the value of A8. 
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As a numerical example, let us take four wooden houses, all 
having a ridge height of h. = 4 meters, and eaves height h2 = 3 
meters, whose cross sections are 12 X 12m., 24 X 6 m., 48 X 3 
m., and 12 X 3 m., respectively. We suppose that each contains 
combustibles of w - 165 kg/m2• We will calculate the tempera-
ture of the upward current of each of them at the height of 0 m., 
5 m., 10m., and 25 m. above the top of the house. The result of 
this calculation is as follows: 

House Number 2 3 4 

a 12 m 24m 48 m 12 m 
b 12 m 6m 3m 3m 
ra 677 em 677 em 677 em 338em 

n = ajb 1 4 16 4 

Qt 6080 X lOt 7600 X lOt t29t9 x to• 3800 X lOt 
cal/see eal/see eal/see cal/see 

wab 23760 kg 23760 kg 23760 kg 5940 kg 
Q. 47368 X lOt 47368 x toa 47368 x to• 11842 X lOt 

eal/see cal/see cal/see eal/see 
Q = Q.- Q2 41288 X lOt 39768 x toa 34449 X lOt 8042 x toa 

eal/sec eal/see cal/see cal/see 

ro5 ' 3/Q'11 0.4369 0.4480 0.4930 0.4086 
9too 0.750 0.769 0.846 0.700 
z,oo 2681 em 575 em 190em 372 em 

E Q(cal/see X I0-3) 47368 47368 47368 11842 
'-' ro''SfQ'II 0.399 0.399 0.399 0.316 

9 1.70 1.20 1.03 1.20 .. .l8 1354° c 1354° c 1354° c 1207° c 
----

E Q(cal/see X I0-3) 46152 40759 34449 8042 
II) ro"s jQ213 0.406 0.438 0.493 0.409 

f:) 1.52 0.80 0.57 0.59 .. 1!.8 1327° c 570°C 265° C 373° c 
-----

E Q(cal/see X w-s) 44936 39768 34449 8042 
~ ro•'• /Q"' 0.413 0.448 0.493 0.409 

0 1.33 0.59 0.41 0.36 .. M 1284° c 324° c 141° c 180° c 

E Q(eal/see X w-•) 41698 39768 34449 8042 
II) ro'''fQ21S 0.434 0.448 0.493 0.409 N 

f:) 0.79 0.29 0.195 0.154 .. .l8 555° c 118° c 67° c 63° c 
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With regard to houses 1, 2, and 3, whose floor areas are 
equal to one another, the decrease of temperature with the height 
is most pronounced in the case of the narrowest house (No. 3). 
Conspicuous differences are seen between this and the square 
house (No. 1) at the same height. 

Conclusion 

We found the approximate similarity law for the tempera­
ture distribution of the upward current from a rectangular heat 
source, based on dimensional analysis and the results of experi­
ments in the laboratory. Then we tried to calculate the tem­
peratures above a burning wooden house, making corrections 
for the influence of radiation. 
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Discussion 

Professor Hottel: I am not clear on the details of the dis­
tributed source; are the alcohol wicks separated? Where does 
the air come from; is it from below? 

Mr. Yokoi: Alcohol wicks were separated one from another. 
I put the heat sources on the floor so the air came from sideways. 

Dr. Blackshear: Concerning the two temperature distribu­
tions near the source for the rectangular flame, you had two sets 
of triangles meeting and the temperature distribution above the 
place where the smaller triangles met; I did not understand how 
you got the temperature distribution from the top of the small 
triangle to the top of the large triangle. 
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Mr. Yokoi: I will write on the blackboard. 
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A 1 B 1 means the boundary between the unmixed hot gas and 
cooled gas mixed with surrounding air in the direction parallel 
to the shorter side of the rectangular heat source. A 2 B2 means 
the boundary parallel to the longer side of the heat source. 

In the domain A 1B 1B 1, the gas tern perature must be con­
stant if we neglect the heat loss by radiation. Near the axis A 1A 2 
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there is a temperature gradient in the direction parallel to B 1B 1 

but no temperature gradient in the direction parallel to B2B2, 
because hot gas is not yet mixed with the outer air in that direc­
tion. So, on the axis A 1A 2, the temperature distribution pattern 
is the same as in the case of the upward current from a line heat 
source. 

Dr. Emmons: I gather that the combustion is rather con­
veniently simple in this case; it is moderately complex right at 
the fire. It is two-dimensional for a while and then becomes three­
dimensional, going rather rapidly from one to the other. It looks 
like a rather convenient way to behaYe rather than some of the 
other ways combustion sometimes behaves. 

In constructing this program, various requests to present 
material were sent out. Some did not get into the program be­
cause the material was not received in time. Dr. Zabetakis of 
the Bureau of Mines has some information to present on hydro­
gen burning. 

Dr. Zabetakis: The work on which I would like to report 
briefly is part of a larger program, a portion about which you 
heard yesterday when Dr. Burgess spoke. Unfortunately, we 
did not feel there would be sufficient time to complete this work 
and present a formal report on it at this session; as a result, we 
thought it best to give a short informal presentation. 

In this program we have looked at the explosive vaporiza­
tion and burning of liquid hydrogen. When hydrogen burns 
above a well insulated pool of the liquid, it burns rather slowly. 
Those who are familiar with the burning rates of volatile liquids 
might find this a little surprising. However, it turns out that 
when the liquid is spilled onto the ground, one obtains the ex­
pected results. That is, the hydrogen vaporizes quickly and if 
ignited, burns very rapidly. 

We have attempted to make several types of measurements 
to date. In one, we spilled the liquid hydrogen onto various sur­
faces (steel plate, gravel, and macadam) and measured the 
hydrogen concentration above the spill area. We thought we 
would get some sort of continuous rising cloud but were sur­
prised to find that this was not the case. By sampling at a very 
large number of points above the spill area at various times fol­
lowing spillage, we were able to construct plots of the hydrogen 
concentration as a function of time following a spill. These 
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showed that the rapid vaporization and mixing produced bursts 
or pulses of flammable hydrogen-air mixtures above the spill 
area. In some cases, these were entirely detached. However, we 
found later that a flame could propagate from one region into 
the other under certain conditions. 

We were also interested in knowing what happens to the 
energy liberated during the visible burning period, so we meas­
ured the radiation in a horizontal plane, the blast pressure, and 
the flame volume. We then made plots of each of these as a 
function of the quantity of liquid that was spilled, and as a func­
tion of the time from the instant of spillage to the instant of 
ignition. 

Vapor clouds were found to rise at the rate of three to five 
feet per second depending on the surface on which it was spilled. 
Flame balls that resulted upon ignition of the first pulse of hy­
dr<;>gen rose at something of the order of 20 feet per second. Ini­
tially flames traveled at speeds varying anywhere from just a 
few feet to several hundred feet per second, depending on the 
amount of premixing prior to ignition. When the liquid was 
spilled and permitted to mix for a short period of time, the re­
sultant flames were usually plume- or mushroom-shaped. 

Flame volumes were found to vary from essentially 0 to 
roughly 25 times the gas volume produced. They were, of course, 
not as big as the total volumes to be expected under confined 
conditions. 

The most bothersome part of the above flames was the 
amount of radiation that was produced. Assuming complete 
combustion and spherical distribution of the radiant energy, 
measured values of the radiant energy were as high as thirty 
per cent of the total available energy. 

Finally, we were also bothered somewhat by what appeared 
to be loud blasts (neighbor complaints were obtained from homes 
three miles away). However, the actual pressures that were 
procluced were relatively small. 

Studies with liquid hydrogen present additional interesting 
problems. For example, when the liquid is spilled, we start with 
a source of approximately the same density as air, but with a 
temperature of 20.4°K. As the surrounding air cools it becomes 
a little more dense than the hydrogen. Also, as the hydrogen 
picks up heat, it becomes roughly 1/a as dense and then rises quite 
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rapidly. If we ignite the resultant mixtures, the product gases 
arc very much more buoyant, so that we have a sudden rapid 
rise which gives results that are quite similar to those that are 
found (at least on a very small scale) in the atom bomb explo­
sions, i.e. mushroom-shaped flames . 

Dr. Huff: Without claiming any knowledge of this particu­
lar phenomenon, the statement that a large amount of energy 
was radiated in an incidental fashion is interesting. The general 
conception is that symmetrical gases are not very good radiators. 
Symmetrical gases form almost two-thirds of the theoretical 
combustion products, and the percentage can be very much 
higher with excess air. I would like discussion on this point and I 
expand my question to ask if this radiation phenomenon had 
been examined in other environments. My personal experience 
has indicated that contaminants may have some influence in 
this in a secondary effect, one of the pitfalls when we move from 
theory to practice. 

Dr. Zabetakis: The total amount of radiation observed was 
at first glance surprising. The flames were extremely nonlumin­
ous; one could see through them. This made it necessary to do 
our work after dark in order to get satisfactory photographs for 
use in estimating flame volumes. The first surge burned contami­
nants because initially there was a bright pulse but the subse­
quent large volume of flame is fairly nonluminous. We used 12-
junction bismuth-silver thermopiles to measure the radiant 
energy that was received at various distances from the flame. 

Professor Hottel: On the matter of radiation, I do not see 
why you suggest that it comes from a symmetrical molecule. It 
almost certainly comes from the hot water vapor that is pro­
duced in the combustion. The amount of radiation that comes 
from the chemiluminescense associated with the act of union of 
the hydrogen and oxygen is almost certainly minute compared to 
thermal radiation from the water vapor. 

If this is the case-and I am almost certain it is- then the 
expression of the radiation as a fraction of the heat of combus­
tion can be very misleading. I spent the first years of my techni­
cal career converting an M.I.T. associate, making measurements 
of flame radiation, from this viewpoint that there was some 
meaning to the expressing of radiation emitted during combus­
tion as a fraction of the heat of combustion over to the concept 
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that it was a function of time and temperature and shape and 
concentration of the radiating mass. 

If one were able to prevent dilution of the water vapor from 
the combustion of hydrogen with air, and if one waited long 
enough, the temperature would ultimately drop to the ambient 
temperature. That is the definition of temperature; it does not 
matter whether transfer is by radiation or any other mechanism. 
And so, if one waited long enough, the radiation from the com­
bustion products would be equal to the enthalpy of combustion. 
Consequently, I am always distressed when radiation is 
expressed as a fraction of the heat of combustion. 

Dr. Wolfhard: There are two ways of looking at the radia­
tion from flames. If one wants to study the mechanism of radia­
tion, then the proper way of doing this, as Professor Hottel sug­
gests, is to find the emitters such as C02 and H20 measure the 
temperature, and find the emissivity at any wave length. This 
procedure is bound to be cumbersome for fuel fires where the 
temperature is not uniform and the distribution of the emitters 
in space varies with time. A more empirical consideration is 
therefore acceptable as long as it is based on solid physical prin­
ciples. A column of hot C02 will lose heat by radiation and heat 
transfer to the surroundings. As long as the diameter of the 
column is small, i.e. the emissivity is small, radiation is emitted 
from the whole volume, whereas heat transfer is a surface effect. 
As we increase the size of the column the energy lost by radiation 
will increase relative to the energy lost by conduction. Beyond a 
certain size radiation itself may originate from the surface rather 
than the whole volume when the emissivity has reached unity 
and the radiation from the center of the column is reabsorbed 
and cannot leave the flame. The ratio of radiated energy to the 
total enthalpy of the column may thus become a constant for 
large flames. The column just considered is a poor approximation 
for a large fuel fire; however, experiments at the Bureau of Mines 
have confirmed that the ratio of radiated energy of a fuel fire 
to the heat of combustion approaches a constant value for large 
trays. Thus, if we know the size of a liquid pool, we know the rate 
of recession of the liquid from experimental evidence. The total 
heat of combustion is thus known and, therefore, the total radi­
ated energy. V\!e have, therefore, a practical rrodeling law which 
is what we try to achieve at this conference. 
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The ratio of radiated energy to total heat of combustion 
depends, of course, on the type of emitters available in a flame. 
Thus, hydrogen flames have practically only one emitter, i.e. 
H20, whereas alcohol flames have H20 and C02. This does not 
mean that a hydrogen flame will emit less than an alcohol flame 
as the flame temperature has to be considered too. Benzene 
flames radiate up to 60 per cent of the heat of combustion and 
this is due to the wide wave length range in which the flame emits 
as carbon particles emit as black bodies. 

Thus, there is ample theoretical background to justify the 
expression of radiated energy as part of the total available 
energy, at least for large flames where this ratio has become a 
constant. This constant depends only on fuel type and flame 
temperature. Measurements taken at the Bureau of Mines have 
borne out these considerations. 

Dr. Zabetakis: The usual practice is to do as Professor 
Hottel has indicated. However, from the standpoint of safety, 
we felt that to give an expression in terms of an apparent am­
bient temperature would be rather useless in this particular 
application, because we were specifically interested in knowing 
how close we could place storage tanks to other tanks, to in­
habited buildings, and to personnel. If I find that my clothing 
catches on fire when I am a certain distance from a burning pool, 
this I feel is quite significant. Since I know that it takes some­
thing of the order of two or three calories per square centimeter 
delivered in something of the order of two or three seconds to 
ignite fabric or to cause serious burns to flesh (in this study we 
had explosions that occurred in the order of five to ten seconds), 
then it is quite important that I know how much of the total 
energy I can expect to receive if ignition occurs under optimum 
conditions. 

Dr. Lamb: Were the wavy variations of the concentration 
of hydrogen with height measured experimentally, or were they 
based upon conclusions drawn from flame photography? 

Dr. Zabetakis: These were experimental measurements. We 
made hundreds of samplings and analyses and were able to con­
struct the concentrations up to something like fourteen feet from 
two to six seconds after the liquid was spilled. 

Dr. Lamb: Have you an explanation as to why the wavy 
curve is obtained? I would have thought that the usual diffusion 
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transport equations would indicate a smooth curve of hydrogen 
concentration with height. 

Dr. Zabetakis: I should let someone better versed in tlat 
sort of thing answer this. My crude explanation is that you get 
flash vaporization. This causes a very rapid updraft which pulls 
air into the base, diluting the subsequent material. At the same 
time the surface temperature is falling, so that although the 
vaporized gas has a certain amount of momentum initially and 
pulls in a certain amount of air at ground level, the rate of pro­
duction of gas falls off as the temperature of the ground falls 
and rate at which air is pulled in slows down. This permits 
another little burst of hydrogen to be produced which then 
accelerates and pulls in more air, etc. We have gotten as many 
as six distinct pulses in this way; that is, pulses of hydrogen, and 
pulses of flame. 

Professor Hottel: I do not want to imply that there is so 
much an argument here as a question of definition. If you would 
say, because you want to use the number practically, that for 
balls of fire of a certain size a certain fraction of the heat of com­
bustion is radiated (counting radiation down to where its in­
tensity is one hundredth or one thousandth, or whatever you 
ovant to say, of the maximum intensity reached), then I would 
quite agree that there is a number. I do not like the unqualified 
statement that the fraction of the heat of combustion able to be 
radiated by the hydrogen combustion process is thirty per cent. 
I do not object to your number. I would like to have a little 
qualification of its meaning. 

Professor Taylor: I would like to ask whether any measure­
ments were made of the rate at which this ball of fire rose. The 
point is that in the atomic bomb, there was quite a calculable 
rate of rise of the ball of fire at different stages, and you might 
get an idea of the amount of heat contained in it at any time 
since the heat radiated out does not contribute to the gravita­
tional buoyancy. 

Dr. Zabetakis: I do not know if I heard the first part of your 
question correctly, but if I did, the answer is that the ball itself 
(when we had a detached ball, which we did in many cases) rose 
at the rate of approximately twenty feet per second and then 
gradually disintegrated as it reached about fifty or sixty feet, 
depending on the quantity spilled. 
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Professor Taylor: Roughly one would expect the ball of hot 

. d 2 • / (Pa - Pb) h • h d' f gas to rtse at spee 3 V ga Pa w ere a 1s t e ra ms o 

the ball, Pa the density of the atmosphere and Pb the density of 
the gas in the ball. Measurement of the speed of rise and dimen-

sions of the ball might therefore give an idea of Pa - Pb which is 
Pa 

approximately equal to Tb ~b Ta where Tb and Ta are the tem­

peratures of the ball and atmosphere, respectively. 
Professor Hottel: According to Mr. Sauer, Dr. Wise has 

something significant to say about yesterday's discussion on pool 
burning. In the absence of Dr. Wise, Mr. Sauer will present these 
ideas. 

Mr. Sauer: This is in relation to the constancy of the mass 
burning rate at large diameters. Experiments were performed 
at Stanford Research Institute on the burning of liquid droplets* 
and we inquired as to the scaling at very low pressures, because 
there was a question of whether convective action was taking 
place. A correlation was performed with standard groupings used 
in heat transfer and mass transfer. 

The Nusselt number. prime, contains the mass burning rate, 
m. The convective action was expressed as a function of the 
Grashof number shown on the board by Professor Hottel. The 
curve of theN usselt number vs. the Grashof number for the burn­
ing drops was similar to that for heat transfer. 
When the burning became turbulent we got a one third slope. 
The mass burning rate, which is the mass of fuel consumed per 
second, divided by the radius is likeN usselt's prime. The Grashof 
prime contains the third power of the radius so that for turbulent 
burning 

and . 
m m 
- a- = const. r2 A 

* AGOSTON, G. A., WooD, B. ]., AND WISE, H. "Influence of Pressure on the 
Combustion of Liquid Spheres," Jet Propulsion 28, 181-188 (195!1). 
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So this comes out to be that the mass burning rate per unit 
area is a constant if you have the one-third slope associated with 
the turbulent convection. This is a well-known fact in heat trans­
fer and mass transfer. 

It seems that this constant burning rate with the larger 
diameter is completely consistent with past history and there is 
no reason to believe, in view of our similarity concepts, that this 
one-third slope would deviate. Essentially we got an independ­
ence of diameter effect. About three years ago I discovered the 
British had reported this phenomenon in Fuel. 

a:: 
LLI 
m 
::E 
::> z 
!J 
LLI 
CJ) 
CJ) 
::> 
z 
(.!) 

g 
L TURBULENT ----':.. ... I REGION 

LOG GRASHOF NUMBER 

Dr. Emmons: It is clear that experimentally with the 
meager data we have for large sizes, the rate of burning per unit 
area is a constant. Since it is quite clear that there are convec­
tive and radiative mechanisms both operating, either both of 
them vary significantly but add to a constant or they both are 
constant. The latter seems to be the best guess at the moment. 

Dr. Burgess: My comment on this is that I do not believe 
that a plateau value in the burning rate is a typical behavior. 
That was the argument I made yesterday, that in the absence 
of atmospheric disturbances, the burning rate curve is typically 
exponential. With regard to droplet burning, it is my impres­
sion that radiation is completely immaterial. Is that correct? 
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Mr. Sauer: Yes, the radiation factors would have to be unim­
portant in this treatment, since the breakdown on this relation­
ship is probably due to radiation. 

Dr. Burgess: I agree that if convection were the dominating 
mode at large diameters, one should have a plateau. 

Dr. Agoston: Following his presentation this morning, Mr. 
Faure elaborated on the appearance of test fires he had observed. 
He stated that after the occurrence of a fire covering a large area, 
there is often appreciable unburned material in the central re­
gion. This indicates that the burning rate per unit area or, the 
heat flux to the bed of combustibles at the center is not equal 
to that out toward the periphery. Gaseous combustion products 
and smoke may prevent a significant amount of radiant energy 
from reaching the central regions. Hence, owing to this shield­
ing action, the over-all burning rate per unit area can be ex­
pected to decrease with increase in diameter. This decrease in 
over-all burning rate may be mitigated by convective heat trans­
fer since, on the basis of the afore-mentioned studies on burning 
spheres, the over-all convective heat flux is probably independent 
of diameter when the diameter is large. 
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EXPERIMENTAL TECHNIQUES 

WALTER T. OLSON, Presiding 

A Steady-State Technique for Studying Properties 
of Free-Burning Wood Fires-W. L. Fons 

Experiments with Model Mine Fires- J. G. Dawes 

On the Self-Ignition of Wood Materials- T. Kinbara 

Dr. Olson: We will present three papers, each concerned 
with a different experimental technique. These three techniques 
typify some of the methods presently used in fire research labora­
tories. As you listen to them and anticipate discussion, keep cer­
tain questions in mind. In the long run, model studies are in­
tended to help predict fire behavior on a large scale. The experi­
ments performed in the laboratories are to verify modeling con­
cepts or to reveal important relations related to modeling 
concepts. Experiments seldom suffer from lack of proper instru­
ments, although the use of instruments may be difficult. Experi­
ments do not suffer from the inability to achieve reproducible 
phenomena, although sometimes this taxes ingenuity. We must 
ask ourselves the following questions. Is the model good? Have 
we designed the correct experiment? Are we observing the right 
things? Are the results amenable to analysis in terms of under­
standable physical phenomena? Does the work teach us some­
thing that is generally applicable? If the work does not teach us 
something that is generally applicable, does it at least give us a 
correctly scaled and studied answer on the physics of some par­
ticular phenomenon in which we are interested? These are the 
kind of questions I think we should keep in mind, because there 

217 

Copyright © National Academy of Sciences. All rights reserved.

International Symposium on the Use of Models in Fire Research
http://www.nap.edu/catalog.php?record_id=20284

http://www.nap.edu/catalog.php?record_id=20284


218 W. T. OLSON 

is always the potential liability of patiently learning, at a cost 
of time and toil, the details of some man-made system which 
really gives little or no insight into the problems with which we 
are concerned. As we listen to these discussions and papers, we 
should keep in mind that we seek not just improved techniques 
to use in laboratories, but better experiments than we are 
performing. 

Following the presentation of the papers, the authors will 
sit on the platform as a panel, briefly discussing their work with 
each other. They then will receive comments and answer ques­
tions from some prepared interlocutors, and finally they will 
participate with the audience in answering questions and in 
discussing both their particular work and experimental 
techniques in general. 
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A Steady-State Technique For Studying 
The Properties of Free-Burning 
Wood Fires 

W. L. FONS, H. D. BRUCE, AND W. Y. PONG 
Pacific Southwest Forest and Range Experiment Station 
Forest Service-U. S. Department of Agriculture 

ABSTRACT 
A laboratory study was set up by the U.S. Forest Service with the 

ultimate objective of determining model laws for properties of wood 
fires, including rate of spread. This is a report of the first phase of the 
work, the development of a suitable bed of solid fuel and the technique 
of study. The bed chosen for initial study is in thf' form of long cribs of 
wood sticks. The technique is to start the crib burning at one end and 
to move the crib so as to keep the flame in a fixed position in space. 
Thermocouples in the convection column, radiometers, Pi tot tubes, gas 
sampling tubes, and other equipment are stationary. After an initial 
period of growth, the fire reaches a steady state. The effect of such 
variables as species of wood, density of wood, moisture content, size of 
fuel particle, spacing, dimf'nsions of crib, wind, and slope, on the rate 
of the fire and the partition of energy can be measured. 

Introduction 

Much has been written concerning the process of combus­
tion, mostly on controlled combustion. Relatively little has been 
written on uncontrolled fire. The reported work on models of 
uncontrolled fires 1- 3 consists of studies of laboratory fires under 
transient conditions, which includes the build-up time in the 
determination of the rate of burning. Some workers have made 
contributions to convection column theory4 • 5 and others have 
stressed the need to design an appropriate model representing 
an uncontrolled fire for development of model laws of fire 
behavior. 6 • 7 
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To the authors' knowledge, a technique for studying uncon­
trolled fires under steady-state conditions for wood fuels has not 
been reported. Such a technique could make it possible to study 
all phases of solid fuel fires, both theoretically and experimen­
tally, investigating individually all parameters that affect the 
fire, and inquiring into the effect of each independent variable 
on each aspect of the fire behavior. 

The U. S. Forest Service has conducted research for many 
years on free-burning forest fires under realistic or simulated 
natural conditions. A recent study at the Pacific Southwest 
Forest and Range Experiment Station was made on free-surface 
burning of liquid hydrocarbon fuels. From data on 148 experi­
mental fires, a dimensionless correlation based on heat transfer­
mass transfer analogy was established for rate of combustion for 
liquid fuel fires of limited size. The free liquid surfaces differed 
radically from those of solid fuels, and the liquid-fuel fires never 
reached a steady state. There was a clear need to develop a 
steady-state technique in wood fuels tor basic studies of fire. 

Following the recommendations of the Committee on Fire 
Research of the National Academy of Sciences-National Re­
search Council for an expanded research program on fire, the 
Office of Civil and Defense Mobilization made funds available 
to augment fire model research work of the Forest Service. The 
objective of the first phase of Project Fire Model has been to 
develop a steady-state aerothermodynamic system, burning solid 
fuels, in which the parameters that govern the combustion may 
be examined over an extended period of time. 

It is planned to use this system in a program of" diagnostic 
modeling" of a free-burning fire with the following objectives : 

1) To study this type of system with experimental fire 
models in which fuel , fuel bed, fire base, and atmospheric condi­
tions are controlled; to evaluate quantitatively the effects of each 
variable on the fire ; and to determine the model laws for fire 
properties including rate of fire spread; 

2) To obtain information about the effects of the properties 
of the air, fuel, and fire base on the following: 

a) Total rate of energy release 
b) Distribution of the released energy 
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c) Temperature, pressure, convection, and radiation 
pattern in and around the fire; 

3) To achieve a heat balance on a free-burning wood fire. 

Method 

Essential elements for the fire model are a wood fuel bed, 
a combustion table equipped to transport the fuel bed at a con­
trolled rate, a base of slabs on which the fuel rests, and instru­
ments to measure specified variables. 

The fuel bed is a crib of wood sticks of square cross section 
(Figure 1). The physical features of such a crib can be controlled 
-for example, the species of wood, the density of the wood, the 
dimensions of the sticks, the moisture content, the spacing, and 
the width and height of the crib. 

The crib is formed by placing the sticks in tiers with a par­
ticular spacing between sticks. A small drop of thermo-setting 
resin glue is placed on each junction to bond the crib into a rigid 
assembly. Before testing, the cribs are conditioned to moisture 
equilibrium in an atmosphere of constant relative humidity and 
temperature. The moisture content of the conditioned wood is 
determined by xylene distillation. 

The ignition device (Figure 2) is a shallow trough containing 
10 to 20 cc of n-hexane and an asbestos wick. One end is set 
afire by lighting the asbestos wick. The fire gradually spreads to 
the other end of the crib, reducing the wood to a residue of 
charcoal. 

A chain-belt mechanism in the combustion table is used to 
move the crib (Figure 3). The crib and its base rest on the chain 
belt which is moved manually by a worm-gear drive to hold the 
column of flame stationary (Figure 4). The mechanism also 
draws two heavy asbestos sheets (Figure 3), one on each side of 
the fire, in synchronism with the flame spread to simulate the 
relative movement of ground and fire front. 

Several separate slabs make up the base for the test cribs. 
Any practical material may be used for the slabs, such as earth, 
concrete, or prepared flooring. Thus far, preformed concrete 
slabs with a density of about 90 pounds per cubic foot have been 
used. 
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Figure 1. Wood crib assembled for a test fire. A trough of hexane will be ignited under 
the left-hand edge, and the f'ame will travel through the crib !rom left to right. 

Figure 2. Ignition of a test crib. The fame is from burning hexane in a shallow trough 
beneath one end of the crib. The hexane soon:burns away leaving the wood afire. 
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Figure 3. Combustion table with chain belt manul'lly driven by the hand wheel seen 
under the table at the far left. On the chain belt are concrete slabs on which the test 
crib will be placed. At each side of the concrete slabs are asbestos belts which move 
with the slabs. 

Figure 4. Flame from a test fire at three different times, illustrating the fixed position 
of the Aame as the crib moves. 
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To measure temperatures of the convection column, a grid 
of 36 chromel-alumel thermocouples is placed above the combus­
tion table, crosswise and lengthwise of the crib, from 1 inch 
above the top of the crib to 10 feet above the level of the table 
(Figure 5) . The thermocouples are connected to multipoint 
recording potentiometers. 

The smoke from the fire flows up into an 11-foot square hood 
and is vented through a stack 13 inches in diameter. Near the 
top of the stack is a motor-driven blower to force the exhaust. 
A thermocouple in the stack measures the temperature of the 
combustion gas. A Pitot tube connected to an ionization-type 
pressure transducer measures the velocity of the stack gas. 

Radiation from the crib fires is measured by a thermopile 
radiometer (Figure 6) mounted so that it can be pointed toward 
the fire at various angular elevations from the horizontal, the 
radiometer being always at a radial distance of 14 feet from a 
selected point in the fire. The stand is movable so that the 
radiometer can be pointed at the fire from front, back, or either 
side. 

To measure the heat transmitted from the fire to the base, 
the center slab of the base is removed soon after each fire and 
immersed in water in a sealed and insulated calorimeter box 
(Figure 7). The temperatures of slab and water gradually come 
to equilibrium, and the heat content of the hot slab is calculated 
from the rise in temperature of the water. 

The burning wood leaves a residue of charcoal consisting of 
ash, carbon, and partially carbonized wood. The residue from 
each fire is collected, weighed, and pulverized. Samples of the 
charcoal powder are burned to ash in a muffle furnace to deter­
mine their carbon content, and other samples are tested for their 
heat value in a bomb calorimeter. 

A technique of collecting samples of combustion gas in glass 
sampling bottles has been developed for analysis either in Orsat 
apparatus or by gas chromatography. 

A series of thermocouples, suspended from ceiling to floor in 
the laboratory and connected to a multiple-point recording 
potentiometer, gives a continuous record of the lapse rate inside 
the room during each experimental fire . Also, thermopile heat­
flow meter plates, fastened to the walls and ceiling of the room, 
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Figure 5. Grid of thermocouple wires above the combustion table 
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Figure 6. Thermopile radiometer mounted on a long circular-arc arm on which the 
radiometer can be slid up or down to various altitudes, always pointing at a selected 
point in the fire. 
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Figure 7. Hot concrete block being put into a water calorimeter to measure its heat 
content. 

provide data on the rate of transfer of heat out from or into the 
room through the ceiling and walls during the tests. 

Two motion-picture cameras take time-lapse movies of the 
fires from the side and rear. From these photographs the width 
and height of the flame can be measured and any unusual be­
havior can be detected. A carbon arc casts shadowgraphs of the 
flame and convection column onto a screen, and the images are 
photographed. 

Two important features of the procedure are: (1) The crib 
is made relatively long, and a zone or band of fire travels the 
length of the crib. After an initial period of buildup, the crib 
fires reach a steady state which they hold until near the end. 
Thus is overcome the difficulty of investigating a fire that starts 
small, grows to a maximum, then declines. It is the behavior of 
the fire in the steady state that is currently being investigated. 
(2) The position of the flame is held fixed in space by moving 
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the fuel into the fire. This technique permits thermocouples, 
radiometers, and other instruments to be stationary. The rate 
of fire spread is the rate the fuel has to be moved to maintain the 
flame in fixed position. 

Results 

Project Fire Model during its first year has developed an 
aerothermodynamic system burning solid fuels under steady­
state conditions. Some of the data obtained are presented here to 
illustrate its diagnostic usefulness. 

In the experimental fires to date steady-state conditions 
have been maintained for 15 to 30 minutes, but the duration of 
the steady state is limited only by such practical considerations 
as the length of the crib. During the steady-state burning, rate 
of spread of fire through the crib was linear (Figure 8). The 
linearity of the rate of spread after the critical build-up indicates 
how well a steady state has been achieved. 

The effect of density of the wood on the rate of spread of the 
fire was investigated early because the information was essential 
to the selection of wood for the cribs. An increase in specific 
gravity decreased the rate of spread of the fire through the crib 
(Figure 9). The rate of combustion expressed in Btu. per second 
plotted against specific gravity of the wood in the crib was linear 
(Figure 10). 

The horizontal distribution of temperature in a convection 
column at several heights is shown in Figure 11, and the change 
in temperature up the central axis of a convection column in 
Figure 12. Thermocouples in the flame just above the crib regis­
tered a lower temperature than those a short distance higher in 
the flame, where maximum temperatures were recorded up to 
1650°F. 

The part of the heat of combustion that went into the con­
crete slabs on which the cribs rested, varied from 2.3 per cent 
for the largest crib tested to 7.1 per cent for the smallest. In 
Figure 13 the rate of penetration into the concrete is plotted 
against the fire intensity, both expressed in terms of Btu. per 
second per foot of fire front. The points plotted in Figure 13 are 
rather scattered inasmuch as the rate of penetration depends 
also on the width and height of the crib and the density of the 
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Figure 10. Rate of combustion through cribs of white fir of different specific gravity. 

wood, and.the data are insufficient to allow segregation of these 
four parameters. 

Some of the heat value of the fuel is always left in the form 
of unburned charcoal. Figure 14 shows the amount of charcoal 
left as a residue from cribs of different weights. The heat remain­
ing in the charcoal averaged 1.21 per cent of the total heat of 
the fuel. 

Figure 15 plots irradiance to the side of the fire at an angle 
of 20° from the horizontal against rate of combustion. \:Vith 
irradiation measured from the sides, front, and rear of the burn­
ing crib at several angular altitudes, it should be possible to get 
a close estimate of the radiation energy from these model fires. 
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Figure 13. Relation between fire intensity and penetration of heat into the concrete 
base. 
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Experiments With 
Model Mine Fires 

A. C. RHODES AND P. B. SMITH 
Safety in Mines Research Establishment, England 

SUMMARY 
This report describes some experiments on the burning of wood in 

a ventilated duct. The wood was arranged to represent that normally 
present in a wood-lagged mine roadway. Preliminary experiments were 
made to decide the choice of suitable fuels and appropriate fuel density. 
In a second series of tests the effect of varying the air speed on the 
temperatures developed and on the production of oxides of carbon was 
studied. Differing modes of fire propagation in different air speed 
ranges were revealed and relationships were obtained between air speed 
and the length of fire in the duct and between air spePd and th" rate of 
penetration of the wood by the fire. 

Introduction 

The documentation of large fires in coal mines is seldom 
satisfactory because, when danger to life or of serious economic 
loss is involved, extinction of the fire is more important than 
recording its progress. Some large-scale experimental fires have 
been studied in detail and the results are extremely valuable. 
Experiments of this kind are time-absorbing and expensive and 
the use of small-scale models seems to offer a way of obtaining 
useful knowledge quickly. As a first step towards determining 
the applicability of model techniques, a simple model of a mine 
gallery was constructed and exploratory experiments on the 
propagation of a fire along the model gallery (or duct) were con­
ducted. Because one factor of great importance in the develop­
ment of mine fires is the supply of oxygen (which in practice 
depends on the air velocity along the duct), the effect of varying 
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this on the propagation of a fire in the model was studied in some 
detail. 

Apparatus 

The Ventilated Duct 

The duct was 48 feet long, composed of eight sections of 
equal length, and made of sheet steel; the bottom and sides were 
formed as a trough and lined with fire brick 1 inch thick. On 
top, each section had a removable lid lined with asbestos Y2 inch 
thick. The internal dimensions were 6.5 by 4.75 inches and the 
cross-sectional area was 0.214 square feet. This represents a 
typical mine roadway of 8 by 6 feet to a linear scale of 1 :15. 

Ports were formed as tubes 4 inches long and 2 inches diam­
eter, set into the side wall of the duct, having both inner and 
outer ends covered with transparent mica discs. The discs were 
easily replaceable and the inner ones were not tightly sealed to 
the ports, which were kept free of smoke by a slow stream of air 
fed to each port from a central supply. The quantity reaching 
the fire through the ports was quite negligible compared with the 
main flow. 

The main air supply for the duct was provided by blowers 
of the forge type with a maximum capacity of 115 cu ft/min. 
The air flow was measured by the pressure difference across a 
standard orifice plate in the supply pipe, and was controlled by 
a gate valve. 

Instrumentation 

Temperatures were measured by 18 unshielded chromel­
alumel couples, situated centrally in the duct section, one oppo­
site each viewing port. They were switched in turn to a record­
ing milliammeter by a thyratron switching circuit through a 
D.C. amplifier and a reference unit. 

Gas analysis for carbon monoxide and carbon dioxide was 
by infrared analysers. The sampling point was 3 feet beyond the 
end of the fire zone and the samples were drawn by a suction 
pump through a narrow bore tube and appropriate drying and 
absorption vessels. The instantaneous values recorded by the 
analysers were corrected for the delay in sampling. The total 
gas flow for analysis was about 9 1/min. 
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Experimental 

Some preliminary experiments showed that a suitable means 
of starting . the fires was to use an electrically heated wire to 
ignite a small quantity of wood wool. Tests were then made to 
decide the choice of a suitable fuel. 

Tests with Hardwood 

The results of experiments with various types of hardwood 
are summarized in Table 1. The method of arranging the fuel 
was varied and it was found that only when the wood lagging 
covered both sides and roof of the duct did the fire progress 
along the whole of the fire zone. The importance of supporting 
radiation to the continuance of a full-scale fire is well known and 
it was satisfactory to note that a similar criterion applied in a 
small-scale model. In these first experiments, visual observation 
of the fire was unsatisfactory as arrangements for purging the 
ports of smoke had not been made and no reliable measurements 
of fire length could be made. 

Gas analyses showed that at maximum burning rate all the 
available oxygen was used. In experimental fires of limited length 
in an underground roadway at Buxton, the oxygen concentration 
seldom fell below 15 per cent. This difference must be re­
membered when the results are being compared. 

Tests with Softwood 

Strips of red deal 0.25 inch thick were arranged on the floor, 
larger pieces being supported at one end by smaller ones. The 
arrangement was similar to that used in experiment 9 with hard­
wood. Results are given in Table 2. Continued propagation was 
obtained in three of the tests. The results are consistent with the 
idea that regular propagation is obtained with fuel densities of 
about llb/cu ft of duct volume, which is almost exactly the same 
as that in an arched roadway of the typical dimensions, 8 by 8 
feet, lined on sides and roof with boards one inch thick. When the 
density exceeded this figure, fires in the duct had alternating 
periods of greater and lesser activity and the time of burning 
increased. Below this figure fires did not propagate. 

Copyright © National Academy of Sciences. All rights reserved.

International Symposium on the Use of Models in Fire Research
http://www.nap.edu/catalog.php?record_id=20284

http://www.nap.edu/catalog.php?record_id=20284


TABLE 1. Tests with Hardwood N w 
00 

Moisture Density Duration 
Ex pt. Placing of fuel Content lb/cu ft Airflow of fire Products of Combustion Remarks 
No. % of duct cu ft/min min Max. COt% Max. CO% 

4 Roof and Sides 14 8 61 82 21 5.7 Extended full 37 ft 
5 .. .. .. 16 8 61 87 22 5.7 
6 .. .. .. 15 8 50 89 15 5.7 
7 .. .. .. 15 8 66/120 67 20 10.0 .. .. tt , 

23 .. .. .. 10 8 35/66 89 20 5.0 
24 2 Sides 10 4 42/61 14 - - Went out at 21 ft 
8 1 Side 15 2 50 - - - .. .. .. 2ft 

22 Roof 10 4 30/70 - - - .. .. .. 1 ft 
18 Random on floor 10 2 50 10 15.7 5.0 .. .. .. 6ft 
19 .. .. .. 10 1 39/66 - - - .. .. .. 7ft 
9 Echelon on floor 15 1 55 - - - .. .. .. 6ft 

> 
0 

~ 
TABLE 2. Tests with Softwood 0 

tl 
t:rl 

Moisture Duration Maximum Ul 

Fire No. Content Density Airflow of fire Remarks Waste Gases > z 
% lb/cu ft cu ft/min min COt% CO% tl 

11 10 0.5 33/47 - Went out at 14 ft 6 0.15 :c 
12 10 0.5 35 11 .. .. .. 7ft - -
10 10 1 45/50 13 Extended full 37 ft 10 0.6 t:l:l 

13 10 1 41/53 20 .. .. , u 13.5 5.9 Ul 

14 10 1 35 2172 .. .. , , 
13.5 5.5 a:: .... 

17 10 3 30/50 42 Spasmodic propagation 13 5 t-3 =: 
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Tests with Fibreboard 

239 

Attempts to establish a self-propagating fire with fibre­
board strips were unsuccessful. The fuel only smouldered for a 
short time after ignition. 

Discussion 

These experiments showed the importance of fuel type, 
method of arrangement and fuel density, and it was decided 
that, for the next phase of the work (the effect of ventilation), 
hardwood disposed on the sides and roof of the duct would be 
adopted as standard. 

Although in the early work the control of variables was to 
some extent unsatisfactory, temperatures of about 850°C were 
recorded by the thermocouples. This figure corresponds with 
that recorded for full-scale fires. 

Later, this experience resulted in improved control and 
improved methods of temperature recording were adopted. 

Effect of Variations in Air Speed 

These experiments were made with pieces of hardwood con­
ditioned to a moisture content of 10 per cent. The sides of the 
duct were lined with pieces 4.5 by 4.5 by 0.5 inches and the roof 
with strips 8.5 by 4.5 by 0.5 inches for the whole 37 feet available 
as fire zone. The fuel density was about 8.0 lb/ft3 of duct volume. 
The air speed was constant throughout each experiment, but 
air flow was not started until the igniting source (wood wool) 
was well alight. The delay was 10 to 20 seconds. Analysis for 
carbon monoxide and dioxide was, as before, by infrared 
analysers, readings being taken every half-minute. The instan­
taneous results were corrected to allow for the delay in sampling. 
A complete cycle of eighteen thermocouple readings was taken 
every minute. Visual observation through the air-purged ports 
was satisfactory. 

Results for a Typical Fire 

The way in which the proportion of the oxides of carbon in 
the waste gases varied with time is illustrated in Figure 1 (a). 
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In some fires there was a steady rise in the proportion of oxides 
of carbon from the moment of ignition; in others, the burning of 
the wood wool (used to ignite the main fuel) led to a rapid rise 
in the production of oxides of carbon followed by a fall as the 
wood wool burnt out. 

The temperature attained by each of 18 thermocouples was 
recorded each minute; fire 33 lasted some 40 minutes and 720 
temperatures were recorded. It is not possible to show these with 
clarity on a single graph. Figure 1 (c) shows selected results, 
namely the variations of temperature along the length of the 
duct at four times (10, 15, 20, and 30 minutes). The point of 
maximum temperature moved along the duct at the rate of about 
0.6 ft/min. Once the conditions were approximately stable, at 
any one time the temperature fell exponentially with the dis­
tance along the duct. 

The duration of a fire varies with the criterion adopted for 
defining it. The minimum temperature for the ignition of wood 
in an unvitiated atmosphere has been stated to be about 300°C 
and a fire may be considered no longer active when temperatures 
near the fire (but not actually in the fuel embers) fall below this 
figure. It must be noted that when the atmosphere reaching the 
fire is low in oxygen, the temperature at which active flaming 
ceases may be much higher than the 300°C at the start when 
the atmosphere had its normal proportion of oxygen. Many fires 
suggest 500°C as the appropriate figure. For fire 33, duration is 
recorded on four separate criteria: 
Time during which temperature exceeded 300°C 59.3 min. 
Time during which temperature exceeded 500°C 48 min. 
Time until visible flaming ceased 49 mm. 
Time until all glowing ceased 61 min. 

The differences between the first and last and between the 
second and third are unimportant. Because oxides of carbon 
continue to be produced as long as there is smouldering, there is 
possible correlation (which in practice was quite good) between 
the rates of fuel consumption measured directly, using the appro­
priate duration figure, and calculated from gas analysis figures. 
Arbitrarily, the durations listed in Table 3 are based on the first 
criterion. 

The average rate of fuel consumption was estimated in two 
ways: (1) the known weight of fuel consumed divided by the 
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TABLE 3. The Effect of Air Speed Variation 

Average% Average Maximum Maximum Maximum rate-
Fire over the period burning burning fire zone of penetration 

Fire No. Air Speed Duration of fire durat ion rate rate length of burning 
ft/min . min. CO: co lb/min. lb/min . ft in./min. 

31 43 15.3 12.45 6.20 0.09 0.11 3 0.0086 
37 100 25.3 - - - - 7 
26 133 36.0 10.20 5.70 0.23 0.37 9 0.0084 
27 133 27.0 11.00 5.90 0.25 0.37 8 0.0105 
35 154 152.0 8.50 2.85 0.20 0.43 9 O.ot08 
34 184 109.0 9.65 2.72 0.27 0.47 10 0.0106 
38 186 121.0 - - - - 12 - > 
28 206 136.8 9.85 4.76 0.33 0.57 11 0.0118 
30 250 85.0 - - - - 16 - (") 

25 284 90.0 11.00 6.00 0.53 0.79 14 0.0128 ::t! 
33 350 59.3 12.52 3.48 0.66 1.00 21 0.0085 :I: 
39 393 64.5 - - - - 19 - 0 
32 453 49.3 10.85 3.57 0.76 1.24 17 0.0166 0 

~ 
36 482 50.7 - - - - 17 - Ul 

40 490 52.0 11.40 4.00 0.87 1.28 21 0.0139 > 
41 537 42.7 9.30 3.20 0.77 1.38 20 0.0157 z 
29 615 41.7 9.90 3.48 0.94 1.70 21 0.0185 0 
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time of duration of fire 33 gives a figure of 0.70 lb/min, (2) the 
values for the proportions of oxides of carbon averaged over the 
whole period of burning, and a figure for the average rate of fuel 
consumption calculated as follows: 
If the average C02% = X, and if the average CO% = Y, 

X 
average rate C02 production = 100 X V cu ft/min 

and 

average rate CO production = 1~0 X V cu ft/min 

where V = volume flow of air in cu ft/min. 
Then, since C + 02 = C02 and 2C + 02 = 2CO, 

average amount 02 used for C02 production = ~~ cu ft/min 

and 

average amount 02 used for CO production = 1 VY cu ft/min 
2 100 

Total 02 used 1~0 (X + {) cu ft/min 

100 v ( y) . Total air used = 21100 X + 2 cu ft/mm 

The average amount of air required to consume one pound 
of hardwood is stated by Speirs1 to be 67 cu. ft. 

Hence, average rate of fuel consumption is given by 

~ (x +f) j 671b/min 

For fire 33, application of this formula gives a value of 0.66 
lb/min, which agrees well with that obtained by the first method. 

If in this formula we substitute the maximum figures for the 
average ones, we obtain the figure of 1.0 lb/min for the maximum 
rate fuel consumption. 

y 
It may be noted that the sum of X and 2 as defined above 

equals the percentage of oxygen consumed by the fire. In many 
of the fires the sum approached 21 per cent which shows that 
the atmosphere was almost completely vitiated. In these condi-
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tions the zone of flaming combustion did not correspond with 
the zone over which the temperature exceeded 300°C. 

Comparison of the observed fire zone length with the tem­
perature records suggested that when the atmosphere was greatly 
vitiated a temperature of 500°C or above must be substituted 
for that of 300°C applicable when the atmosphere was fresh. 
Figure 1 (b) illustrated how the two criteria (observation and 
temperature in excess of 500°C) correspond for fire 33. The 
maximum observed fire zone length was about 21 feet and this 
occurred when the fire was 24 minutes old. At this time the fire 
front had reached the end of the duct and it is not possible to 
state whether the zone would have continued to increase had 
the duct been longer. 

From the values for the maximum fire zone length and the 
maximum burning rate a value for the rate of penetration of 
the wood by burning can be derived. 

If the maximum burning rate = p lbjmin, and the maxi­
mum fire zone length = q ft, then, since the perimeter of the 

wood in the duct is 4.5 in + 4.5 in + 8.5 in = 1 ;is ft, the area of 

17.5q 
wood burning = --u- sq. ft. 

Now a burning rate of p lbjmin = ~ cu ft/min since the 

measured density of the fuel used was 36 lb/cu ft. 
The rate of penetration of burning into the wood 

p 17·5q 12· I . 0222p. I · = 36 12 X m. mm = . q m mm. 

In the case of fire 33, the rate was found to be 0.0085 in/min. 

Results for All Fires 

Fires may conveniently be described and compared by state­
ment of a limited number of parameters. These may be, for in­
stance, duration, proportion of oxides of carbon in the waste 
gases, average and maximum rates of fuel consumption, fire zone 
length and rate of penetration of the solid fuel by burning. Table 
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3 compares fires of 17 experiments on the basis of these headings. 
The gaps in the table are due to faults in sampling of the waste 
gases, to blockage by soot and tar, or to leakage of air into the 
sampling train. 

Three types of fires are described in Table 3. 
1) Fires which did not propagate at low air speeds (Nos. 26, 

27, 31, 37). When the oxygen vitiation was almost complete, 
active flaming ceased and production of the oxides of carbon 
decreased rapidly. Smouldering continued for some time after 
this, but was eventually extinguished when the fire had only 
travelled a short distance along the duct. 

2) Fires which propagated at medium air speeds along the 
whole length of the duct, although not at a steady rate (Nos. 25, 
28, 30, 34, 35, 3S). In fire 25, a period of high activity was fol­
lowed by one of slow smouldering which lasted as long as 25 
minutes. Flaming combustion recommenced, died again and a 
second period of smouldering began. This cycle of lull and re­
vival was repeated several times. 

3) Fires which propagated at high air speeds through the 
whole fire zone without check (Nos. 29, 32, 33, 36, 39, 40, 41). 

Figure 2 shows the duration of the fires plotted against air 
speed. There is a marked discontinuity at about 150 ft/min 
when there is a transition from a fire which does not propagate 
to one that propagates cyclically. This point may correspond 
with a transition from laminar to turbulent flow. Turbulent flow 
is generally associated with Reynolds numbers exceeding 3,000. 
A dimension of 14.2 em. can be calculated as the equivalent 
diameter of the duct; taking the viscosity of air at 850°C as 
450 X 10-e poise, a value for the critical velocity of 142 fpm is 
obtained. This lies in the transition region between 133 and 154 
fpm in which the discontinuity occurs in Figure 4. 

A low degree of turbulence may be expected to lead to an 
accumulation of products of combustion on the fuel surface and 
may thus explain why type (1) fires are self-stifling. As turbu­
lence increases with increasing air speeds, the transition zone is 
reached and, although some self-stifling occurs, it does not per­
sist because as the temperature drops turbulence is increased. 
The fire then revives and the cyclic phenomena with fires ven­
tilated at air speeds between 150 and 300 ft/min are observed. 
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FIRES I'ROI'AGATED CONTINUOUSLY 

o~~so~~~oo~~~~~~2~oo~~2~~~3~oo~~3s~o~~~~.~~-.soo~•s~~~~~~·,~so~~= 

Airspeed : ft(mln 

Figure 2. Variation of fire duration with air speed 

Above the latter figure, turbulence is complete, and the fires 
propagate continuously. 

It is worthy of note that in none of the type (2) fires did the 
temperature fall below 325°C during the periods of quiescence, 
and that, when the oxygen supply was adequate, flaming com­
bustion recommenced. 

Figures 3, 4, and 5 show the variation of carbon monoxide 
and dioxide with time, comparisons of the observed and derived 
fire zone lengths, and the variation of temperature with dis­
tance from the ignition point at various times, for the three types 
of fire. 

Figure 6 shows that the relationship between maximum 
burning rate derived from the analyses of oxides of carbon 
and air speed is nearly linear over the range considered. The 
graph of average burning rate against air speed shows a discon­
tinuity at about 150 ft/min corresponding with the one already 
found in the duration of fires at the same air speed. The flatten­
ing of the curve at higher air speeds suggests that an average 
burning rate of about 1 lb/min is unlikely to be exceeded. The 
curve in Figure 7 (variation of maximum fire zone length with 
air speed) also flattens at high air speeds. 

The observed fact that duration, average burning rate, and 
maximum length all tend to approach limiting values at high air 
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speeds may be because the duct is of limited length. There was 
no similar observed limit to the maximum burning rate. It is to 
be expected that, when all or nearly all the available oxygen is 
being consumed, the burning rate will depend only on the air 
speed. 

Figure 8 shows that the variation of the maximum rate of 
penetration of the wood by burning with air speed is approxi­
mately linear, but the scatter of the results makes any rigid con­
clusions impossible. At the highest air speeds the maximum 
penetration rate approaches the figure of 0.025 in/min quoted by 
Lawson and others. 2 

Discussion of Results 

The results obtained during the tests are useful chiefly in 
indicating the limits of a model duct as small as the one used. 
Calculation shows that of the heat developed during a fire in the 
model, between 50 and 65 per cent is lost by conduction through 
the walls. In a full-scale fire, conduction losses are quite small. 
Although accurate analyses of the waste gases of large fires are 
rarely available, it is believed that the oxygen content seldom 
falls below 15 per cent, whereas, in the model vitiation was al­
most complete. In a model considerably larger than the one 
described, heat losses could be minimised and it could be ex­
pected that atmospheric conditions would approach those of a 
large-scale fire. As a guide to future experimentation and the 
design of larger models, the results may be summarised as show­
ing that, with the existing small duct and in the conditions 
described 

1) continued propagation of a fire with wood was only 
possible when roof and sides were lined with fuel, that is, when 
there was supporting radiation, 

2) when the fuel was softwood, 
a) increasing fuel density increased the time of dura­

tion of the fire, 
b) for continued propagation there was an optimum 

fuel density corresponding with that recorded for some large­
scale fires, 

c) above this fuel density, fires propagated spas­
modically, 
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Figure 6. Variation of average and maximum burning rates with airspeed 

3) maximum temperatures attained approached 1000°C as 
in full-scale fires, 

4) there was a narrow range of air speeds (150 to 300 ft/ 
min) below which fires did not propagate and above which they 
propagated continuously; at air speeds in this range propagation 
was spasmodic; there is some evidence that the range covers 
the transition from laminar to fully turbulent conditions, 

5) when the atmosphere reaching the fire was greatly 
vitiated, a fall of temperature below 500°C might cause the ex­
tinction of active flames, but any criterion of the" duration" of 
a fire must be to some extent arbitrary, 

6) when the fuel was hardwood the maximum burning rate 
bore an approximately linear relationship to the air speed. 
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Discussion 

Dr. Dawes: With the permission of the Chairman, I would 
like to tell you a little about two other types of work on models 
being carried out at the Safety in Mines Research Establishment 
(Great Britain). The first is connected with the forensic work 
that proceeds after there has been an ignition of methane-air in a 
coal mine. After the incident there may be doubt about the cause 
of the ignition, even about the site of the point of ignition. Often 
the only definite information the investigators have is that 
obtained by themselves on the geographical spread of the flame 
in the underground workings. The possibilities of models in 

Copyright © National Academy of Sciences. All rights reserved.

International Symposium on the Use of Models in Fire Research
http://www.nap.edu/catalog.php?record_id=20284

http://www.nap.edu/catalog.php?record_id=20284


EXPERIMENTS WITH MODEL MINE FIRES 253 

helping to determine the point of ignition, the disposition of 
flammable gas mixtures and the progress of the flame have been 
explored at the Safety in Mines Research Establishment by 
Dr. H. Titman.* 

A number of models of underground workings in which 
ignition of gas had occurred, where there were surviving witnesses 
and where there was little doubt about the point of ignition, were 
constructed. Flammable gas mixtures were created in different 
parts of the models and were ignited at different places. The pro­
gress of the flame and its spread were noted. (A film was 
then shown in which experiments on flame propagation in two 
transparent plastic models were demonstrated.) Titman has 
shown that so long as the model is aerodynamically matched to 
the rest of the ventilating circuit in the same way as in the actual 
incident, then the spread of flame and the relative duration of 
burning observed in different parts of the model is only matched 
if the point of ignition and the disposition of gas is the same in 
the model as in the real life incident. This leads to the possibility 
of using a model technique to locate a source of ignition. 

The second sphere of work in which modeling techniques 
are being used concerns the behaviour of buoyant gas in an air 
stream. Since the work is likely to be of interest in the field of 
fire research, I take this opportunity of bringing it to your notice. 
So far we have published only one interim report. t 

In coal mining we are faced with the ever present hazard of 
methane, which of course is a flammable buoyant gas and which 
seeps into the roadways and working places of a coal mine. The 
ventilation of a coal mine is largely designed to dilute this 
methane to below its flammable limit and thus to avoid the 
hazard due to explosion following an ignition that might follow 
adventitious mechanical or electrical sparking. But, it is not 
sufficient just to provide enough air to dilute the methane; it is, 
of course, essential that the air and the methane are mixed. This 
means that, in a given situation, with a given inflow of methane, 
there is a requirement for a minimum air velocity as well as a 

*TITMAN, H. "The Use of Models in the Investigation of Underground Methane 
Explosions," Safety in Mines Research EstablishmE'nt (Sheffield, England) Research 
Report No. 163 (February 1959). 

t BAKKE, P. "Some Interim Notes on Methane Roof Layers," Safety in Mines 
Research Establishment (Sheffield, England) Research Report No. 164 (February 
1959). 
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mtmmum air quantity. In order to make recommendations on 
the operational criteria to aim for, it has been necessary to study, 
both theoretically and experimentally, the general problem of 
movement and turbulent diffusion in flows of mixed fluids. This 
problem is analogous in some ways to the buoyancy problems 
encountered in fires. The treatment of the problem, which has 
been developed by Bakke is based on the simultaneous solu­
tion of the equations of motion, continuity, and diffusion with an 
eddy diffusivity depending on the Richardson number. It incor­
porates a leading assumption regarding the expression of the 
Richardson number in terms of average properties of the flow. 
The theory therefrom developed enables predictions to be made 
of the rate of movement and turbulent diffusion of the buoyant 
layer in dependence on the velocity of the ventilating flow. 
A graph showing an example of the theoretical results was 
shown. This concerned the relation between the parameters 
_ ( A.p V)tta ( A.p V)tta 
uj g -P jj and u~j g ~- D where u~ is the ventilating 

velocity at the edge of the buoyant layer, u is the mean velocity 
of the layer, g is gravitational acceler~ion, tlpjp the relative den­
sity difference, and V the volume flux o the layer prior to mixing. 
Dis the width of the channel. 

The predictions of the theory have been verified in such 
experimental work as has been completed. Experiments are in 
part large-scale, but the bulk of experimental information is 
obtained from small-scale models. 

Dr. Olson: In the model mine fire where you had the wood 
with a forced draft, as I understand it, this flame would build 
up with time over a reasonably long period, several minutes, 
and then die down; is that the time scale? 

Dr. Dawes: It depends on the velocity range. At air speeds 
above about 300 ft/min in the model gallery the fires propagate 
continuously. They reach maximum intensity in about 5 minutes 
and burn evenly for about 50 minutes. At air speeds below about 
150 ft/min the fires again take about 5 minutes to build up, but 
after about 15 minutes have stifled themselves and do not revive. 
In the intermediate range of 150 to 300 ft/min a type of spasmo­
dic burning occurs. The fire will burn brightly for perhaps 5 or 
10 minutes and then will be quiescent, perhaps for as much as 30 
minutes before again reviving, and this type of cycle may be re-
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peated a number of times. Dr. Roberts of Imperial College, 
London, has offered a quantitative explanation of the observed 
phenomena which will eventually be published as a Safety in 
Mines Research Establishment Research Report. Qualitatively, 
his picture is that when the flame has been started, heat is trans­
ferred from the flame to the wood and products are distilled off 
and inflame. If the heat transfer is adequate the fire will propa­
gate continuously. If, however, there is insufficient heat transfer 
from the main air stream to the wood, the distillation is reduced 
and inflammation ceases. However, smouldering combustion 
continues and if the heat conducted from a smouldering region 
through the wood promotes sufficient distillation the products 
can be ignited by the smouldering area and again inflammation 
will occur. The periods of inflammation are, however, quite short 
in comparison to the over-all duration of the fire. Figure 4 (b) 
in the paper gives typical quantitative information. 

Dr. Olson: Are they on the order of a minute or two? 
Dr. Dawes: Inflammation continues for periods of a few 

minutes, the quiescent periods cover up to 40 or 45 minutes. 
During the quiescent periods the temperature, measured by 
thermocouples in the center of the cross section remains, over 
some region at least as high as 300°C, but did not, in the 
quiescent periods, exceed 500°C. 

Dr. Shipman: Can you tell us what the capital Vis? 
Dr. Dawes: The parameter shown on the graph relating 

methane layer velocity with ventilating stream velocity, i.e. 

( !lp V)' ta tt/ g -;; D is not the Richardson number. It is a parameter 

which it is convenient to use in describing methane layering 
phenomena. At the Safety in Mines Research Establishment we 
call it the Bakke number, after the man who has developed the 
theory. In the case presented in the graph, Vis the volume of 
methane entering the system in unit time and !lp is the difference 
in density between the methane and the air. A discussion of the 
Richardson number is to be found in the paper by Bakke which 
has been referenced earlier. 

Dr. Shipman: And the D is the dimension? 
Dr. Dawes: D is the width of the roadway into which the 

volume V of methane is issuing in unit time. 

f 
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On The Self-Ignition of 
Wood Materials 

T. KINBARA 
University of Tokyo, Japan 

K. AKITA 
Fire Research Institute of Japan 

lntrodudion 

If combustible materials are piled on the ground they often 
ignite spontaneously. Whether they ignite by themselves or not 

·depends not only upon the chemical and physical properties of 
the materials, but also upon their quantities and the ambient 
temperature. 

If wood materials are piled in the open air, self-ignition 
takes place only if the materials are piled mountain-high. This 
is because the accumulation of heat from the chemical reaction 
inside the pile is very slow. It is, therefore, practically impossible 
to carry out experiments on self-ignition of this kind. 

If the differential equation for self-ignition could be solved 
analytically, experimental investigations for this phenomenon 
would be of no use, but actually it is impossible to solve the equa­
tion completely. Thus, to study self-ignition of slow-heat-pro­
ducing materials, it becomes necessary first to find an approxi­
mate solution which docs not depend on the size of the sample, 
and second to ascertain whether this solution is consistent with 
the experimental results obtained using a sample of small size. 

The authors have solved the differential equation approxi­
mately in the case of a spherical sample kept in a uniform tem­
perature field, and have found how temperature rises with time. 

These results were compared with those of experiments con-
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ducted using sawdust contained in a sphere of wire gauze. The 
theoretical and the experimental results showed close agreement 
with respect to the qualitative pattern of temperature rise with 
time; and, if the consumption of material during the process is 
suitably assumed, the agreement becomes quite satisfactory. 

Thus the solution is considered to be applicable to the self­
ignition of spherical samples of large size placed in a constant 
uniform temperature field. 

Fundamental Equation for Self-Ignition 

We considered the heat generation due to chemical reaction 
of the material to be of the Arrhenius type, as is commonly 
assumed. Then, if the thermal conductivity of the material is 
assumed constant, the fundamental equation for self-ignition is 
as follows: 

aT 
cp- = kV2T + Ae-BJRT at (1) 

where Ae-EIRT = Arrhenius heat generation term per unit 
volume 

T = absolute temperature 
c = specific heat of the material 
k = thermal conductivity of the material 
p = density of the material 
E = activation energy of the material 
R = gas constant. 

We considered the case in which a specimen of uniform 
material in the form of a slab, cylinder, or sphere is placed in a 
region of temperature Ta. The above equation is transformed into 
the following well known equation of dimensionless quantities, 
assuming c and p constant. 

ao a28 m ae 
- =- +-- + 6e6 

ar a~2 ~ a~ 

h d. . . A r2 E w ere 6 = 1scnmmant = - -- e-EJRTa 
k RTa2 

E 
8 = reduced temperature = -- (T 

RTa2 

(2) 
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~ = reduced distance = ~ 
r 

r = reduced time = _!!___ t 
cpr2 

T. KINBARA AND K. AKITA 

m = 0 for a slab, m = 1 for a cylinder and m = 2 for a 
sphere 

r = radius for a cylinder and a sphere, half thickness 
for a slab 

x = distance from the center (form = 2), from the cen­
tral line (form = 1), or from the central plane (for 
m = 0). 

Strictly speaking, A and accordingly a cannot be constants 
but must change gradually due to the consumption of the ma­
terial. However, we assumed first that their variation was very 
slow, and examined this assumption to determine whether it was 
reasonable in the light of experimental results. 

Solution of the Fundamental Equation 

Equation (2) for the case of a steady state, i.e. for ae = 0, 
iJr 

has been extensively studied and solved by several authors.1 

However, the equation in its complete form is unsolvable, and 
therefore we tried to arrive at an approximate solution for it. 

Since the difficulty in solving (2) arises from the inclusion 
of the term e8, we assumed the approximation 

e8 = 1 + {30 (3) 

where {3 is a constant with respect to 0 and ~. If one assumes {3 to 
be a certain absolute constant, equation (3) will be too rough 
an approximation. Therefore, we assumed {3 a function of Oo, i.e. 
the temperature in the center of the specimen and the highest 
among the temperatures at all points of the specimen at that 
time. Thus we put 

(4) 

If the temperature in the center at an instant t is Oo, we con­
sider that equation (4) holds throughout the time interval 0-t . 
The constants at and a2 depend on the shape of the specimen. 
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For the steady state, we obtain 

d28 m do 
d~2 + -~ d~ + a( 1 + {38) = o 

259 

We can easily solve this approximate equation and its solution 
should concide with the one which has been already obtained by 
many authors. {3 should be chosen just to meet this requirement. 
Thus, for example, if the specimen is spherical2 

{3 = 1 + 0.36918o + 0.0908802 (5) 

This is the answer obtained for the stationary state. Never­
theless, if we assume that equation (5) can be extended to the 
non-steady state, the fundamental equation 

ao a2o 2 ao 
- = - + - - + a(1 + f38) ar a~2 ~ a~ 

is solved, and for the conditions 

[ao] [k ao J [Olr-o = 0, - = 0, - - + a8 = 0 
a~ ~-o r a~ ~-' 

(6) 

where a means heat transmission coefficient, the solution is as 
follows:2 

8 = ! ( /J sin qo~ _ 1) 
{3 Hqo cos qo + iJ - 1 sin qo) 

_ 4/Jqo2 f e'9•2-9~2>T sin qn sin qn~ 
{3 n-1 qn(2qn - sin 2qn)(qn2 - qo2) ~ 

(7) 

where 

a 
(8) /J = -r 

k 

qo = y{36 (9) 

tan qn 
qn 

1, 2, 3 (10) - -- n 
/J - 1' 
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Thus, for the center temperature 8o, we obtain 

8o = ! ( p.qo - 1) 
{3 qo cos qo+ ;-=-1 sin qo 

(11) 
_ 4p.qo2 t SID q,. e:90t_9,.t), 

{3 n-i (2q,. - sin 2q,.) (q,.2 - qo2) 

Now, when p. is not small, equation (10) shows that 
q,. ~ q. + (n - 1)11", and the terms for n > 2 in the series (11) 
can be neglected except for the short period after the start. 
Then equation (11) transforms into 

T = 1 log { 1 
q.2 - qo2 e (2q. - sin 2q.) (qt2 - qo2) 

X ~---
4qo2p. sin qo 

p.qo 
------; -----------,---
qo cos qo + p. - 1 sin qo 

This equation together with (9) and 

- (I + PBo)} 

q1 = - (p. - 1) tan qh (q. < r) 

(12) 

gives T corresponding to any 8o. Figure 1 shows some examples 
of the relation between T and 8o. For some (cS, p.), 8 becomes sta­
tionary after a long time, while for others (cS, p.), 8 rises very 
rapidly after a certain time. This is to be considered the ignition 
time. 

Comparison with Experimental Results 

These theoretical results were compared with the experi­
mental ones obtained by one of the authors. 3 In this experiment 
a spherical gauze (wire screen) basket containing sawdust was 
suspended in the center of a rectangular copper vessel which was 
heated uniformly from outside by a number of nichrome heating 
systems. Figure 2 shows the heating system as well as the spheri­
cal basket. The temperatures inside the sawdust were observed 
by thermocouples (copper-constantan, 0.18 mm. diameter) at six 
points along a horizontal radius. Various spherical baskets of 
different sizes were used and the temperature of the copper 
vessel was adjusted to several values. 

Figures 3 and 4 are examples of these results, and the latter 
corresponds to the case of self-ignition. The time in these figures 
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1.6 t----t---

0.2 0.4 0 .6 0.8 1.0 
T 

Figure l. Relations between 8o and -r for several &'sand for 11. = 15, oo. 

LID THERMOCOUPLES 

PORCELAIN TUBE THERMOCOUPLES 

Figure 2. Heating system and a spherical gauze containing sawdust 
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200 

DIAMETER OF SPECIMEN : 15.5cm 
CURVE A • AMBIENT TEMPERATURE 
CURVE I • TEMPERATURE 0 em FROM CENTER 
CURVE 2 • TEMPERATURE 1.8 em FROM CENTER 
CURVE 3 • TEMPERATURE 3 .6 em FROM CENTER 
CURVE 4 • TEMPERATURE 5.4 em FROM CENTER 
CURVE 5 • TEMPERATURE 7.2 em FROM CENTER 
CURVE 6 • TEMPERATURE 9 0 em FROM CENTER 

400 500 
TIME (minutes) 

600 

Figure 3. Variation of temperatures inside a sawdust (Japanese cedar) specimen. 
:\o self-ignition. 

li = 3.19, J.l = 24.3 
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Figure 4. Variation of temperatures inside a sawdust (Japanese cedar) specimen. 
Self-ignition. 

li = 4.62, J.l = 24.3 

is measured from the instant the basket is put into the copper 
vessel. 

It is interesting that, in both cases, the temperatures at all 
points of the sample attain the ambient temperature at the 
same time, that is to say, the temperature inside the sample is 
uniform and equal to the surroundings at this instant. We can 
choose this instant as the origin of r, and thus the initial condi­
tion [O],_o = 0 is satisfied. 
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Figure 5 shows one of the experimental results expressed in 
terms of rand 8. Small circles mean the experimental results and 
the dotted curve means the corresponding theoretical one 
calculated by equation (12), using the following data which 
have been obtained by the same author with several other 
experiments. 

c = 0.44 cal g- 1 °C- 1 

p = 0.14 g cm-3 

E = 26.1 kcal mol- 1 

A = 1.46 X 109 cal cm-3 sec- 1 

k = 1.4 X 10-4 cal cm- 1 oc -1 sec- 1 

a = 4.4 X 10-4 cal cm-2 °C-1 sec- 1 

o and J.l. in this experiment are 4.15 and 24.3 respectively. 

Consumption of Material 

The experimental and the theoretical results show agree­
ment with respect to the qualitative behavior of temperature 
rise with time, but from the quantitative point of view the agree­
ment is far from perfect. This discrepancy may be due partly to 
the errors in the physical constants used, but it is impossible to 
make the theoretical curve coincide with the experimental results 
by assuming these constants suitably, because the theoretical 
curve is too steep and intersects the observed one. 

Figure 4 and even Figure 3 show that the temperature has 
a tendency to decrease after a certain time. It means that the 
material is partly consumed and production of heat decreases 
as the chemical reaction proceeds. Figure 6 shows the carboniza­
tion which appeared in the sawdust in the experiment of Figure 5. 

To take this consumption into account, A and accordingly 
o in equation (2) should be considered to decrease with the reac­
tion, and if our consideration is limited to the period before 
ignition, the amount consumed until a certain time may be con­
sidered as a function of the temperature at that moment. Thus, 
for the sake of simplicity we assumed, 

A = Aoe-~9 

.". 0 = Ooe-M ( 13) 
where X is a certain constant. 
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Figure 5. Comparison of experimental and theoretical results 
T., = 167" C, r = 7.8 em, 8 = 4.15, p. = 24.3, 8o = 6.1, X = 0.43. 

Then the fundamental equation (2) transforms into 

a8 a28 m a8 , . __ = _ + _ + ~oe<t-A> 
aT a~2 ~ a~ 

This equation is again transformed' into 

a8' a28' m a8' , ,, 
aT a~2 

+ - -- + ~e 
~ a~ 

where 
8' = (1 - X)8 
~' = (1 - X)~o 

Now, suppose ~o and X are given, then ~' is known and the 
relation 8' - T will be known from Figure 1. Accordingly the 
relation 8 - T will also be obtained. The constants ~o and >. 
should be chosen so as to make this relation coincide with the 
observed 8 - T. 

In the case of the example shown in Figure 5, ~o and X were 
found, by the method of trial and error, to be 6.1 and 0.43 respec-
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Figure 6. Carbonization of sawdust seen in the sample used in the experiment of 
Figure 5. 

tively. The solid curve in Figure 5 shows 8 - T obtained in this 
way. 

The same method was applied to other experiments and 
the following are the examples of them. 
( 1) Ta = 179 oc, r = 5.25 em, a = 3.95, p. = 16.5, 8o = 5.6, 

>. = 0.39. 

8 (Obs.) 

8 (Cal.) 

0.20 

1.25 

1.24 

0.25 1 0.30 0.35 0.40 0.45 

-1A8j-i-.7-0-·\--l-.9-5- 2.30 3.07 

1.50 I 1.73 --2-.0-3--I--2.-36--I--3-.0-2-

----~---~'------------~---~--~~-
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(2) Ta = 173 °C, r 
~ = 0.40. 

0 ( 

0 ( 

T 

Obs.) 

Cal.) 
I 

0.20 I 
1.08 I 
1.08 

I 

T. KINBARA AND K. AKITA 

6.25 em, a = 3.89, p. = 19.6, 8o = 5.3, 

0.30 I 0.40 0.50 I 0.60 0.70 

1.31 I 1.54 1.80 I 2.16 2.75 

1.47 
I 

1.77 
I 

2.04 
I 

2.32 2.65 

The agreement of the calculated and observed 8 is always 
almost satisfactory, and it is interesting that ~ has a common 
value approximately equal to 0.4 in all cases. 

Thus, assuming the consumption of materials in the process, 
our theory seems to be applicable to the self-ignition of spheri­
cal samples of any size. However, further investigations should 
be required concerning this problem. 
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Discussion 

Mr. Fons: Dr. Dawes, in describing the first model, you 
did not mention the moisture content of the wood. 

Dr. Dawes: The timber used in the experiment was con­
trolled within 1 per cent of 10 per cent moisture, 10 per cent 
being the average. 

Concerning Dr. Kinbara's paper, unfortunately I have not 
had time to follow through all the equations, but I would wel­
come Dr. Kinbara's comments on the following. In Figure 3, 
there is a set of temperature curves corresponding to different 
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positions in the sphere, and the ambient temperature is also 
shown. The various curves coincide at a given point which is 
taken as the time zero. However, the center of the sphere rises 
above the ambient temperature. Does this mean that there is 
some form of self-heating? Secondly, have you of necessity to 
quantify the value of o? Did you explore experimentally the 
region between the value of o = 3.19 in Figure 3 and the value of 
o = 4.62 in Figure 4? Is there any effect for values of o > 3.19 
but for o < 4.62, if the time scale goes on far enough? One 
assumes that Figures 3 and 4 are two curves of a family; what 
criteria do you use to decide when you have self-ignition, and 
when you have not, if there is some form of self-heating going on? 

Dr. Kinbara: It has not yet been manifested why tempera­
tures at all points inside the sphere attain, at the same time, the 
same temperature which is equal to the ambient temperature Ta. 

As for o's in Figures 3 and 4, they were calculated by the 
formula already given: 

r 2 E 
0 = A - -- e-BIRTa 

k RTa2 

where we used the data for A, k, and E obtained by one of us by 
other experiments. 

It has been well known that there is a critical value for o, 
and if o is larger than the critical o, i.e. oco the temperature of the 
specimen will increase infinitely, while if it is smaller than oc, 
the temperature cannot increase indefinitely but arrives at a 
stationary state. The critical oc for spheres is 3.32. 

Dr. Dawes: I am not sure of the use of terms. The tempera­
ture rises above the ambient at the centre. It seems therefore that 
there is a reaction, but this is not defined as a self-ignition. 

Dr. Kinbara: It is a phenomenon which has been commonly 
called "spontaneous ignition." But we call it"self-ignition." 

Dr. Olson: Is that due to a small amount of decomposition 
of the sawdust? 

Dr. Kinbara: Yes. Theoretically speaking, the accumulation 
of heat inside any exothermic decomposable substances occurs 
at any temperature. At the early (low temperature) stage, the 
sphere is heated mainly by the heat conducted from outside. 
So the temperature is lowest at the center. At the late (high 
temperature) stage, however, it is heated by the heat of decom-

\ 
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position and this heat flows out of the sphere by radiation and 
conduction. So, the temperature is highest at the center. If the 
heat produced by decomposition and the heat dissipates just 
balance, the sphere will keep a stationary temperature. 

Dr. Dawes: Is the definition of self-ignition independent of 
the time involved? Does a continuing reaction at a low activity 
level constitute a self-heating or a self-ignition? Does it matter 
when the activity dies down? 

Dr. Kinbara: The definition of self-ignition or spontaneous 
ignition is independent of the time. Even though a reaction is 
at a low activity, it can constitute a self-ignition if, for instance, 
the radius is large and accordingly, ~ is greater than ~c· The 
material dies down with time and ~ will decrease gradually. 
This is what I have discussed. 

With regard to Mr. Fons's experiment, I think the difficulty 
in such experiments as Mr. Fons has described is that the experi­
ment is not reproducible. When the same experiments are re­
peated, the results are not necessarily the same. This is because 
it is very difficult to have the same fuel and to keep it in the same 
condition. I tried, several years ago, to find the velocity of pro­
pagation of combustion along a rod, paper, and a group of them, 
and so I know the difficulty very well. In Mr. Fons'sexperiment, 
all the fuels and the equipments were carefully arranged and it is 
admirable that he got very systematic results as were shown in 
his many figures. 

He got several very interesting results. I would like to com­
ment on one of them. He said that the velocity of spread of 
burning along a crib, measured in inches per minute, decreases 
as the specific gravity of the material increases and there is a 
simple relation between them. 

I have deduced a simple law from my experiment using 
paper as a fuel. It seemed that the rate of burning, i.e. the weight 
of the fuel burned in unit time, was the same for all the fuels, if 
the chemical properties and the shapes of the fuels were very 
similar. Thus, the velocity of propagation along one sheet of 
paper is twice the velocity along two sheets of the same paper. 

It seems to me that the same holds in the case of Mr. F ons' s 
experiment. This is because, I think, the factor which plays a 
most important role in spreading of burning is "how air is 
supplied." 
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This may be demonstrated clearly by the following experi­
ment. Suppose we prepare two similar boxes, each of them 
being divided into two rooms by a sheet of paper P as shown 
in Figure A. Air and carbon dioxide are contained respectively 
in the lower and upper halves of the box A, while they are con­
tained respectively in the upper and lower halves of the box B. 
\Ve can kindle the paper in both cases, but the flame in box B 
dies down after a short time, while in box A it spreads in the same 
way as in the open air. This shows that the air necessary for the 
combustion is supplied mostly from under the paper. 

A B 

AIR 

p p 

AIR 

Figure A. 

There is another interesting experiment which shows the 
effect of air supply to the mode of burning. As shown in Figure B, 
a sheet of paper P, cellophane being most favorable, is stretched 
along an inclined glass plate leaving a space of about 3 mm 
thickness between them. The most favorable angle of inclination 
of the glass plate is about 30 degrees. If the paper is kindled at a 
point 0, the flame will spread, contrary to our expectation, only 
downward. The upper side of the flame front F automatically 
dies down and there remains a fan-shaped hole on the paper. 
This is because air cannot be supplied to the upper side of the 
front. Thus the mode of burning changes greatly according to 
the air supply from under the fuel. In Mr. Fons's experiment, 
the rate of burning would be very much changed if the cribs 
were suspended in the air. 
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F 

Figure B. 

Mr. Fons: If we suspend a crib in the air, I would expect 
the fire to spread at a different rate, how differently I do not 
know for we have not carried out that experiment. If we change 
the spacing between the particles (the distance between the 
sticks) the rate of spread would be affected. We do not yet have 
data on the effect of spacing, but we changed the size of the 
sticks and found interesting results. 

Perhaps eventually we can put numbers together to get 
some sort of composite quantity or dimensionless ratio that will 
describe the fuel bed. There must be an explanation of why two 
pieces of the same paper burn faster. It could depend on the 
volume of fuel. \Vhat happens when you increase the size to 
three or four sheets of paper? 

Dr. Kinbara: If a fair wind is blowing along the surface, the 
velocity increases as the flame goes on, because the paper in the 
lee side is heated before ignition by the hot gas from burning 
parts, whereas the velocity is independent of the size of the paper 
if no wind is blowing. However, the velocity depends on the 
thickness of the paper. I pasted two sheets of paper on each other 
and got 2-sheet paper. In the same way, I made 3-sheet, 4-
sheet, and so on up to 10-sheet paper, and observed the veloci­
ties of spreading of fire along their surfaces. The result showed 
that the velocity was just inversely proportional to the number 
of sheets. It means that the mass of paper consumed per unit 
time is the same, i.e. the air that can flow into the fuel is the 
same. I suppose this is because the shape and size of the fuel as 
well as the temperature of flame is the same for all cases. 
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Commentaries 

Mr. Caldwell: In connection with Mr. Fons's paper, it 
seems to be a needed piece of experimental work but I am sur­
prised at the reproducibility or precision that he and others get. 
We work with conditions beautifully set up, steady states, and 
we get all kinds of scatter, but Mr. Fons gets the good results. In 
connection with the dimensions of the crib, Mr. Fons, you men­
tioned that you had worked with several crib dimensions. Do 
you plan standardizing on this crib? 

Mr. Fons: We think that this model could be adapted for 
some other kinds of work, such as testing fire-extinguishing 
chemicals. In that case, we would select and use one particular 
size crib only, but for data on burning rates, we will vary the 
crib by testing different sizes and arrangements and materials 
(different species of wood). We would like to take other wood 
fuels to extend the density range and learn whether the data for 
other species will fall on this same curve for white fir. 

Mr. Caldwell: In connection with your crib, you can, as you 
say, use it for different materials, different kinds of woods, or 
chemicals, or anything you choose. How are you going to apply 
this in a larger scale, say to forest fires, where you have compli­
cating conditions of terrain and underbrush and such things as 
that? 

Mr. Fons: The system is designed to answer certain ques­
tions in burning and, once we get some numbers in answer to 
these questions, we can perhaps design a predictive model which 
will represent a complete natural free-burning fire. 

I did not mention this, but we visualize this model as being 
a section of a moving front. We made tests on the effect of width 
of crib on rate of spread, and we found the cribs do not have to 
be very wide for the effect of additional width to be negligible. 
In this case the sides do not know what the middle is doing. The 
same was true with depth or loading; the spread was increased 
little by making the cribs higher than 13 inches. This kind of 
information may be useful in planning experiments. 

Professor Hottel: On this same question, I am rather sur­
prised by the comment that the middle does not know what the 
side is doing. Do you have data on cribs twice as wide as these, 
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to see whether the combustion-front propagation velocity de­
pends on air flow? 

Mr. Fons: We have kept the height of the crib constant 
and increased the width from five inches to sixteen and a half 
inches, and we found the forward rate of spread levelled off when 
the crib was about ten inches wide; sixteen inches made no fur­
ther difference. \Ve do not have extensive data for different 
depths, but only data for two particular depths. We did the 
same, holding the width constant and increasing the height and 
again we reached a plateau. 

Professor Hottel: The spread is into the interior, away from 
the fire front? And the air to burn that wood- does it come into 
the center and onto the back side of the fire? It must come in 
from the sides, and I suppose when you get very close to the other 
end the speed changes? 

Mr. Fons: Just before the flame reaches the far end of the 
crib, its speed does slow down. It looks as if, after a certain 
width, the air coming in from the side meets enough resistance 
so that the spread does not change more. We measured the width 
of the fire, the burning area. With one particular size crib, for 
the ~-inch material, the width of the burning area measured 
from the ignition front back to the embers where no flame could 
be seen was about four inches ; for 1 ~-inch material, the burning 
area measured about sixteen inches. 

Dr. Robertson: I was under the impression that this was a 
one-dimensional fire, most of the air for combustion diffused in 
from the burning face. Is that not so? 

Mr. Fons: The air comes in from all directions, probably 
primarily from the sides. 

Mr. Grumer: The impressive films shown by Mr. Barrows 
in his discussion of "Natural Phenomena Exhibited by Forest 
Fires" (see Appendix) indicated the effect of loading on the rate 
of flame spread. In your experiments with crib fires, height was 
varied. I imagine this is comparable to varying the loading as 
shown on the films. Were the loading ratios about the same in 
these crib fires as in the fires shown in the film? Should we con­
clude that the loading has a tremendous effect on the rate of 
flame spread or does it have a minor effect as soon as the surface 
of the ground is fully covered? 

Mr. Fons: This is where one gets into trouble in thinking 
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from model to prototype. I think we can explain it this way: the 
difference in loading shown in the films probably was in the 
range of our model. Below five- or six-inch heights is where we 
found most change in rate of spread with change in height. I 
want to make one other point. Our tallest crib was 1372 inches 
high. Calculating pounds per square foot, this represents a load­
ing of 180 tons per acre. Mr. Barrows was talking of fuel load­
ings of the order of 7 to 30 tons per acre. 

Dr. Van Dolak: The paper by Smith and Rhodes presents 
some interesting and pertinent aspects of fire problems in mines 
but illustrates a general problem concerning the concept and 
meaning of modeling. To some, modeling is making something 
on a small scale, to others a model in some way attempts to 
reproduce a real life situation on a more tractable scale. In the 
Smith-Rhodes paper, there is some difficulty with respect to 
the latter concept of modeling. Thus one can be concerned that 
in reducing the mine roadway to a 1/wscale on a linear basis, 
there is a vast increase in the surface to volume relation, in fact 
by a factor of fifteen. With this change one can expect peculiar 
effects. For example, the authors report a complete loss of the 
oxygen from the air. In a real life situation, much of the air would 
flow through the center of the roadway, never becoming in­
volved in a combustion process. This is well borne out by the 
rather discouraging results obtained in this country and in 
England with attempts at underground gasification of coal. Here 
the coal along a narrow channel is ignited and caused to burn 
with air pumped through the channel. In the beginning the 
process yields gas of a reasonably high Btu. content but it very 
quickly begins to deteriorate when, because of channeling, most 
of the air does not enter into the combustion process and thus 
dilutes the gasification products. 

The authors report a relationship between air velocity 
and the spread of fire but I am not sure how to extrapolate the 
results to a real life mine roadway. The explanation offered is 
that perhaps the break in the propagation curve (actually it is a 
burning time versus air-flow curve) is the result of induced tur­
bulence at some critical level. If this is the case, it is perhaps 
pertinent only to the small-scale experiment and not to the real 
life situation. I think there may be a more simple explanation, 
being merely that of oxygen depletion. If one looks at the data 
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on the intermittant self-extinguishing flame, one finds that when 
the flame has used up most of the oxygen, it extinguishes, but 
the fire continues to smolder with a very low rate of combustion. 
The suggestion offered by Dr. Dawes involving thermal-conduc­
tivity and regeneration of volatiles sounds quite reasonable. The 
volatiles burst into flame, depleting the oxygen; then the flame 
extinguishes because of lack of oxygen. If, on the other hand, 
enough air is put through this channel, a constant flame of pro­
pagation can be sustained to burn to the end of the channel. 

\Vhile I have been critical of this paper, I would like to ex­
tend my sincere congratulations to the colleagues of Dr. Dawes 
for the elegant approaches to the modeling of gas explosions in 
mine situations. Here I think they have given attention to the 
problems of scale and have attempted to seek a means of model­
ing the actual event. I have had an opportunity to witness these 
demonstrations in England and I found them convincing. I am 
equally impressed with the very excellent work done by Mr. 
Bakke at Safety in Mines Research Establishment on the prob­
lem of methane layering. This problem is important and has 
unfortunately been neglected. 

Dr. Dawes: Of course we at the Safety in Mines Research 
Establishment recognise the limitations pointed out by Dr. Van 
Dolah in connection with the fire modeling work we have carried 
out. The scale was too small and the Reynolds numbers were 
much smaller than those obtained in practice. The mixing of 
air, distillation and combustion products in the model must be 
affected by the buoyance effects associated with temperature. 
These effects can be described in terms of the Richardson num­
ber. The effect of scale on the mixing of different fluids in situa­
tions appropriately identified by the Richardson number has 
been discussed by Bakke (1959 loc.cit.). It was not to be ex­
pected therefore that the work on this, the first pilot model, 
would reproduce the mixing conditions or the complete phe­
nomena observed in a mine fire. What is important about the 
model work that has been done so far is that it has afforded staff 
the opportunity of studying a combustion process in controlled 
conditions and has provided data and phenomena demanding 
explanation. This has deepened the understanding of the com­
bustion process in a situation somewhat similar to the practical 
situation. The work cannot be applied directly to the full-scale 
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practical situation, but the results help to interpret phenomena 
observed on the larger scale. 

It may be useful to say something about the background 
against which this model work has been done. When there is a 
fire in a coal-mine there are two things in connection with the 
ventilation that one needs to know, for it is on occasion possible 
to exercise some control over the ventilating air that reaches 
the fire . One needs to know the effect of the ventilation on the 
fire, and the effect of the fire on the ventilation. This latter is 
important for in many coal mines there are large volumes of 
free methane and any change in the general pressure distribution 
in the ventilation circuit may result in the migration of these 
bodies of methane into the fire zone. The subsequent ignition 
of the methane-air mixture can give rise to disastrous firedamp 
or coal-dust explosions. This side of the problem contributes a 
study in aerodynamics once an "equivalent" for a given fire is 
known and will not be considered now. 

Study of the effect of the ventilation on the fire in particular 
situations is possible with certain facilities we have at the Safety 
in Mines Research Establishment. We have a full-scale roadway 
about 800 ft . long and cross section about 57 sq. ft . with a slope 
of 1 in 28 up (in the direction of the ventilation) . In this 
roadway we can work with timber fuel bodies (representing 
the linings and supports of a coal-mine roadway) of up to 
about 100 ft. in length. This is a large-scale model of what 
we get in practice, but the roadway has only one slope and 
by some mining standards, it is not large enough. Nevertheless 
we hope to examine the correspondence, if any, between this 
large-scale model and smaller-scale models. If there are differ­
ences, we hope to win an understanding of them, particularly 
through work in controlled conditions on the small scale, and 
thereby enlarge our knowledge of what goes on on the full scale. 

In the work we have done so far, we pretend to have done 
no more than make a start. We have discovered limitations in 
the first model and we now feel better able to design an improved 
version which we are sure will improve our knowledge of com­
bustion processes in this type of geometry. 

In addition to the above, however, and this is our reason 
for presenting this paper to you, we believe that we have pro-
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duced information which will be of interest to those concerned 
with combustion and heat transfer in similar situations. 

Dr. Fristrom: Have you considered the possibility of scaling 
by changing the pressure and/or composition of gas inside, or is 
this too dangerous? 

Dr. Dawes: Control of the gas pressure inside the model is 
not, of course, possible with the facilities at our disposal at 
present. It would obviously provide a useful extra degree of free­
dom in our next model. 

Professor Toong: I think the work of Drs. Kinbara and 
Akita is very interesting. By adjusting the values of a few param­
eters used in their analysis, they succeeded to bring the theoreti­
cal and the experimental results into fairly good quantitative 
agreement. One critical test of the model used by the authors 
can be obtained by comparing the theoretical and the experi­
mental results at the various radial positions and for different 
sizes of the specimens by the use of only one set of values for the 
floating parameters. I wonder whether the authors have done 
that. 

The authors observed in Figure 4 that the temperature 
rises to a peak and then drops. They explained that the tem­
perature drop is due to the consumption of material and the de­
crease in the heat produced as the chemical reaction proceeds. 
But the authors apparently fail to comment on the steady-state 
temperature profiles which were attained after the temperature 
drop. It seems to me that this steady-state situation is very 
important and deserves detailed investigation. Also, I wonder 
whether these steady-state results check with their predictions 
using the assumed value of {J. 

Perhaps I should point out another physical phenomenon 
which has not been mentioned in this paper. This is the circula­
tion of air and gaseous products of combustion inside the saw­
dust specimen. I think that the presence of these internal con­
vective currents can probably explain the more gradual rise 
in the measured temperature at the center of the specimen, as 
shown in Figure 5. 

Dr. Kinbara: The equation for the steady state of the self­
heating of a sphere of decomposable material has been solved by 
Chambre using Chandrasekhar's table. We solved approximately 
the same equation using a parameter {J which depends on th~ 
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central temperature. Our paper about this is now in the press 
and will appear in Combustion and Flame 4, 173-180 (1960). 

Our solution showed a very good agreement with Chambre's, 
and so far as the stationary state is concerned, I believe that 
there can be no question about our solution. 

We tried to extend our method of parameter {3 to the case 
where the temperature changes with time. However, it is not 
granted that this method can be applied to the non-steady state. 
Thus the solution was tested comparing it with experimental 
results. The agreement with respect to the temperature rise 
with time was not satisfactory, and we tried to find an assump­
tion with which an agreement can be arrived at. 

It is not necessarily only one assumption, as Dr. Toong 
pointed out, that brings the experimental and the theoretical 
results together. However, our assumption that the quantity of 
material decays by decomposition is one of the most reasonable 
ones and made the agreement quite satisfactory not only in the 
central temperature, but in the temperatures at all points. 

The fundamental equation (1) is applicable only when the 
temperature is not so high. At high temperatures, heat will be 
produced by the oxidation of the material and a convection 
current may flow inside it, as Dr. Toong pointed out. Our solu­
tion is applicable only to the early part of the self-ignition 
process, but it is useful for finding the time of self-ignition. Any­
way, Dr. Toong's comments are very suggestive. We will make 
an effort to improve our theory. 

Dr. Thomas: I would like to ask Dr. Kinbara about some 
numerical values in his calculations. I have seen a previous paper 
by his colleague, K. Akita, in which a heat of reaction of 30 cal/ 
gm was used. Now it is possible quite independently to calculate 
a theoretical relationship between the heat of reaction and the 
loss of reactant during the induction period so that the empirical 
constant X which Dr. Kinbara introduces is related to the heat of 
reaction. I find that if one uses a value of about 100 to 150 cal/ 
gm for the heat of reaction, the order of value we have found 
experimentally for fiber insulating board, one gets a figure of 
about 40 per cent for the reactant loss which is the order magni­
tude that Dr. Kinbara finds necessary for correcting his theoreti­
cal relationship. According to calculations made in connection 
with thermal explosion theory, the figure of 30 cal/gm seems too 
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low to account for the sharp distinction that is observed between 
a state of no ignition and ignition. 

Dr. Kinbara: The data used here came from the results of 
experiments made independently by K. Akita. Some errors 
might be involved in them. Dr. Thomas's suggestion about the 
heat of reaction is very interesting. We will turn our steps to this 
point according to his suggestion. 
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ADJOURNMENT 

H. C. HOTTEL 

Chairman, Committee on Fire Research and Fire 
Research Conference 

I WOULD like, on behalf of the Committee on Fire 
Research and the Fire Research Conference, to thank you all 
for your interest in fire as indicated by your coming to this Sym­
posium. Especially, we would like to thank our foreign guests 
for taking so much time and trouble to come and tell us what 
they are doing. If you have gotten as many ideas about what 
you ought to be doing in the future in the fire research field as I 
have, you will feel that the meeting was well worth your while. 
I am full of thoughts about how to change some of my ap­
proaches to various problems, and I am sure many of you are. 
The Symposium is adjourned. 
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Appendix 

Full-Scale Studies and Tests 

Natural Phenomena Exhibited by Forest Fires-J. S . Barrows 

The St. Lawrence Burns-G. W. Shorter 

Operation School-Burning-R. M . Hill 
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Natural Phenomena Exhibited 

by Forest Fires 

J. S. BARROWS 
U. S. Forest Service 

ABSTRACT 
Forest fire phenomena are presented through a series of motion 

pictures and 35 mm slides. These films have been taken by the staffs of 
the Southeastern, Pacific Southwest, and Intermountain Forest and 
Range Experiment Stations of the U. S. Forest Service and by Dr. 
Vincent J. Schaefer during the course of fire research activities. Both 
regular speed and time-lapse motion picture photographic techniques 
are employed. During parts of the presentation two motion picture 
projectors and two screens are used simultaneously to facilitate com­
parisons of fire behavior under various fuel and weather conditions. 
The films illustrate certain behavior features of wild fires as well as 
small-scale experimental fires in forest fuels. 

Examination of the natural phenomena of forest fires is related 
to the International Symposium topic of Fire Models. Analysis of the 
behavior of large-scale forest fires and smaller scale experimental fires 
in forest fuels permits critical examination of combustion theory for 
free-burning fires. Introduction of the atmospheric, topographic, and 
heterogeneous fuel factors associated with forest fires indicates the 
complexity of the many variables to be considered in the development 
of fire scaling theory. Many of the characteristics of forest fires have 
not yet been measured or analyzed in relation to existing theory. The 
viewing of forest fire phenomena through the medium of various photo­
graphic techniques presents an opportunity to consider some of the 
courses for future fire research. 

Introduction 

Forest fires are free-burning fires. Unless restricted by sup­
pression measures the rate of spread, size, intensity, and life 
cycle of forest fires is governed by natural phenomena in the 
forest and in the atmosphere above the forest. Complex interre-
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lationships of physical, chemical, and atmospheric factors in­
fluence forest fire behavior. In particular, forest fire behavior is 
influenced by fuels, weather, and topography. 

In some parts of the world the vegetative cover forms one 
of the most massive fuel bodies for fire. When extensive areas 
of certain brush and forest types become critically dry, violent 
fires may result from almost any ignition source. Wind velocities 
of 13 to 18miles per hour or more are often present during fires of 
the type viewed here, although wind is not an essential prereq­
uisite for violent fire . Such fires display massive flames, an ad­
vancing flame front, frequent small and sometimes large flame 
whirls, a pulsing motion to flames, and extremely rapid destruc­
tion of all finely divided fuel particles. 

Large forest fires produce great volumes of smoke which 
vary in character and color in accordance with variations in 
fuels and rates of combustion. The Dudley Lake Fire shows 
many distinct phenomena that are typical when a massive wind 
driven fire develops in a dense coniferous forest. The smoke 
column is carried forward in a long relatively narrow band per­
pendicular with the wind. Vertical development of the convec­
tion column is restricted by the wind. Relatively small vertical 
smoke columns develop over the site of more intense combus­
tion . Occasional black puffs of smoke usually come from rapid 
combustion of coniferous tree crowns and limbs. The main smoke 
column exhibits an almost continuous cork screw motion. 

Massive flames extending 100 feet or more vertically from 
the fuel body or nearly equal distances horizontally when driven 
by wind are characteristic of violent forest fires. Flames from 
burning gases appear sporadically in the convection columns. 
Topography influences heat transfer by radiation and convec­
tion processes. Heat transfer is so intense that fires jump from 
one side of a canyon to another. As shown in the Topango 
Canyon Fire, barriers such as roads are of little consequence in 
stopping the fire spread. Fire brands are lifted in the convection 
columns and fall out to start new fires. The phenomenon of 
vegetative cover on an entire mountain being on fire and then 
moving rapidly to the next mountain indicates the great amounts 
of energy being released. 

The foregoing serve as a brief introduction to forest fire 
phenomena. Because of the complexity of the many factors in-
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volved, it is necessary to attempt to simplify forest fire behavior 
through separate examination of some of the major variables. 

Fuel Factors 

For est fuels are heterogeneous in character. Part of the forest 
fuel body, commonly known as ground fuels, lies on the forest 
floor. This fuel complex includes duff, freshly fallen tree leaves, 
grass, low shrubs, dead tree branches, and down logs. Another 
part, known as aerial fuels, is suspended above the ground. This 
includes tree trunks, limbs, leaves, hanging moss, and dead 
standing snags. Such fuels involve a wide range of surface ex­
posure to weight ratios. 

The Dudley Lake Fire, Arizona, illustrates some of the 
features of rapid and large-scale combustion of heterogeneous 
fuels. In a 48 hour period some 20,000 acres of mature timber, 
fresh logging slash, and the normal fuels associated with this 
type were consumed. Estimates indicate that about 300,000 
tons dry weight of forest fuels were consumed. During the peak 
burning periods fuels were being consumed at a rate of about 
22,500 tons per hour. 

Close-up views of the Dudley Lake Fire show some of the 
phenomena existing when both ground and aerial fuels are burn­
ing. The fire on the ground is intense and advances wherever 
fuels are continuous. Fuel concentrations cause heat to be trans­
mitted vertically to ignite the tree crowns. Wind driven flames 
sporadically travel horizontally through the tree crowns. The 
flame front travels through the finer fuels. The heavier fuels 
continue to burn for many hours after the flame front has moved 
ahead. 

The Topango Canyon Fire illustrates fire behavior when the 
fuel body is composed primarily of small size materials. In this 
case the fuel body is mainly brush. Green vegetation in brush 
fields may contain as little as 50 per cent moisture content. Dead 
vegetation will contain as little as 3 per cent moisture content 
and measurements of };? per cent have been recorded. The fuel 
body on this fire contains about 15 to 20 tons dry weight per 
acre. Such fuels are extremely flammable and are a major factor 
in a violent fire such as the Topango Canyon Fire. A nearly solid 
flame front moves rapidly through the area. 
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The Intermountain Lumber Fire illustrates fire behavior 
features when the fuel body is composed primarily of large-size 
material. The fire is in a log deck containing some 6 ~ million 
feet of timber. The log deck contains about 130,000 tons dry 
weight of fuel. A fire of this type travels slowly, but develops 
very intense heat. Relatively little smoke is produced in compari­
son to fires burning in green vegetation. Pulsing flames are shown 
by the time-lapse photography. Rising currents in the convec­
tion column carry some of the chemicals dropped by low flying 
aircraft upward and away from the fire. Chemicals dropped at 
the outer edge of the convection column fall to the fuel body at 
the fire front. Small whirls occur in the flames and in areas ad­
jacent to the fire at infrequent intervals. 

Experimental burning of logging slash plots at the Priest 
River Experimental Forest in Idaho illustrates fire behavior 
characteristics in fuels containing a large amount of finely 
divided particles. Each plot contains a measured amount of 
slash. 

Time-lapse photography shows the behavior characteris­
tics of different weight concentrations of logging slash. Light 
slash plots contain 7.5 tons of fuel, dry weight per acre; medium 
slash 20 tons; and, heavy slash 32.5 tons. Rate of spread, flame 
heights, and fire intensity increase as the amount of fuel 
increases. 

Simultaneous projection of time-lapse motion pictures of 
fires in two different weight concentrations of logging slash per­
mits comparison of fire behavior characteristics. One of these 
fires is burning in heavy white pine slash (32.5 tons per acre). 
This fire has an average linear rate of spread of 18.3 seconds per 
foot. The other fire is burning in light white pine slash (7.5 tons 
per acre). This fire has an average linear rate of spread of 84.1 
seconds per foot. The fire in the greater weight concentration of 
slash exhibits a well developed convection column and much 
greater flame heights. 

Weather Factors 

Weather factors have a major effect on fire behavior. Part 
of these effects may be expressed in terms of fire spread according 
to the dryness of the fuels, the amount of moisture in the air, 
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and wind velocity. These three measurements of weather factors 
and their effects on fuels have been combined into a single 
numerical expression known as burning index. Great diurnal 
changes occur in burning index. 

Time-lapse photography with an 84 degree sphere camera 
during three days of the Coal Creek Fire illustrates variations in 
fire behavior according to typical diurnal changes in weather 
factors and burning index. During the afternoon hours the fire 
produces a well developed convection column and fuel consump­
tion reaches peak intensity. At night the fire dies down. In the 
early morning hours the valleys are filled with drift smoke and 
the combustion rate remains at a low level. As air temperature 
increases and air moisture decreases the fire increases in 
intensity. Drift smoke clears and the fire again develops a strong 
convection column. These diurnal changes illustrate the impor­
tance of fire environment and especially the importance of 
weather factors to combustion rates in forest fuels. 

Wind is a vital element in fire behavior. The Dudley Lake 
Fire is a classic example of the violent combustion which takes 
place when high winds and low humidity occur in a fire area. 
Winds here range from 20 to 35 miles per hour. During the late 
afternoon the relative humidity fell to less than 5 per cent. As a 
result the fire was driven some ten miles and would have gone 
further had it not run out of the heavy fuels in the ponderosa 
pine type. The smoke column extends nearly 200 miles downwind 
from the fire. The smoke is so intense that the fire front is 
obscured. Measurements from an airplane showed that the 
maximum height of the smoke column was about 7000 feet 
above the fire. Without wind the smoke column would be much 
higher. Under these wind conditions a massive convection 
column becomes horizontal. Minor vertical convection columns 
appear for short periods over areas of intense combustion. 

Changes in wind direction are of major importance in fire 
behavior. Upslope winds occurring in the afternoon hours be­
cause of thermal activity may become downslope winds in the 
evening when surface heating is reduced. These downslope 
winds are especially pronounced when the gradient wind corres­
ponds to the slope direction. Flames which climb upward on 
steep slopes are bent back down the slope. Under these condi­
tions flames assume erratic behavior. Upslope convection cur-
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rents collide with the downslope winds. Pockets of unburned 
gases periodica!ly burst into flame in the smoke column. The 
bases of the flames creep into th ewind. Firebrands are carried 
from the upper to the lower slopes. 

Dryness of the atmosphere has a significant effect on com­
bustion rates. Simultaneous viewing of two fires burning in iden­
tical fuels, but under different conditions of air temperature and 
relative humidity illustrate the differences in combustion rates. 
Each of these fires is burning in western hemlock slash, 32.5 tons 
per acre dry weight. One is burning when dew point temperature 
is 43, relative humidity, 26 per cent. The average linear rate of 
spread of this fire is 16.7 seconds per foot. The other fire is burn­
ing when dew point temperature is 48, relative humidity, 61 per 
cent. The average linear rate of spread of this fire is 55 seconds 
per foot. 

Topographic Factors 

Steepness of slope, altitude, aspect, position of fire on slope, 
and the shapes of mountains and canyons are all factors of 
topography which have an influence on fire behavior. Nearly 
all of these topographic factors are present in the Coal Creek 
Fire burning in the rugged mountain country of Glacier National 
Park, Montana. \\lind direction changes at various points be­
cause of the shape of the mountains and the direction of canyons. 
The smoke column changes in both its vertical and horizontal 
configuration. A fire running up a steep slope changes to parallel 
the slope as it reaches a point where adjacent topography per­
mits the gradient wind to have effect. 

Fires on steep slopes burning during periods when upslope 
winds prevail have great capability to transfer heat up the slope. 
As displayed in the Refugio Fire in California, the result may be 
a massive fire which spreads rapidly and violently. As such fires 
near the ridgetops, the interplay of thermal and gradient winds 
causes erratic behavior. 

Convection Columns 

The convection columns of forest fires display many distinct 
phenomena. The strong vertical column indicates intense com-
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bustion and will extend to great heights (5 miles or more) unless 
altered by gradient winds. The nature of atmospheric lapse rates 
may either favor or retard convection column development. 
Other features of convection columns include whirling motions, 
rhythmic pulsing, and sudden vertical accelerations. 

Time-lapse photography of the Merten Creek fire in Idaho 
shows strong vertical motion above the fire. The smoke column 
continues upward until winds aloft break the ascent. Cloud 
motion indicates the direction of the gradient wind aloft. 

Time-lapse photography of the Pungo Fire in North Caro­
lina shows a convection column strongly altered by wind at the 
surface. However, convective activity is strong enough to permit 
the smoke to continue vertically as it moves with the wind. 
Rapid bursts of smoke are visible as new fuel areas burn. A roll­
ing motion continues in the smoke column for several thousand 
feet beyond the site of initial convective activity. 

Photography of a Priest River slash fire shows some of the 
features of a convection column throughout its life cycle. As the 
fire grows in intensity a single, well developed convection column 
forms. While the fire is at its peak intensity, rhythmic, pulsing 
motion characterizes the flame action. This pulsing continues 
until the fire passes its period of peak intensity. At this point the 
main convection column subsides and several small columns 
appear at the edges of the fire. This sequence of events was 
observed repeatedly on fires in heavy slash, but was not evident 
in lighter amounts of fuel. 

Occasionally large and violent whirls occur in convection 
columns. One of the largest whirls viewed to date was seen in the 
Poleline Fire in Southern California. Estimates indicate a whirl­
ing velocity in excess of 200 miles per hour. Both horizontal and 
vertical motions are evident. The flames extend more than 500 
feet into the whirling convection column. 

Conclusion 

This review has presented a few of the phenomena exhibited 
by forest fires. Analyses of these phenomena indicate the need for 
specific measurements of many forest fire factors and for con­
tinued study of them in relation to fire theory. Experience with 
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these fires suggests the need to carry forward some of the re­
search outlined by the NAS-NRC Fire Research Committee. In 
particular the viewing of forest fire phenomena suggests the 
need to carry out three specific fire research projects: (1) 
analyses of existing forest fire data in relation to atmospheric 
variables, (2) measurements on forest fires, and (3) study of 
model fires in forest fuels in laboratories where some of the key 
atmospheric variables may be varied and controlled. 
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The St. Lawrence Burns 

G. W. SHORTER 
National Research Council, Canada 

SUMMARY 
A field operation at Aultsville, Ontario, carried out by the Fire 

Section, Division of Building Research, National Research Council, 
Canada, early in 1958 is described. Eight buildings were burned under 
controlled conditions. Factors governing the scale of the operation are 
outlined. Measurements made were primarily associated with the sur­
vival times of the occupants and the radiation levels at various dis­
tances from the buildings. The results are discussed in terms of their 
immediate practical application and their relation to possible model 
studies. 

When it became known that the international St. Lawrence 
Power Project would result in the flooding of large areas in 
Canada, including a number of small Ontario towns, it was 
realized that this would provide a unique opportunity for carry­
ing out full-scale experiments on the buildings which could not 
be moved away. The first suggested objective was a study of the 
development of mass fires. A survey of the villages involved in­
dicated that this suggestion was impractical. In the one instance 
where the building density, following the removal and demolition 
of a number of the buildings, might have been adequate for such 
a study, the proximity of one of the new townsites made the 
operation too dangerous. As the development of a fire in a single 
building is the subject on which information is most needed in 
peacetime, consideration was then given to studies involving 
individual buildings. 

Many studies immediately suggested themselves but only 
two were finally selected. The first was to study the develop­
ment of a fire in a dwelling with regard to the time of survival of 
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the occupants and the second was to determine the effect of the 
development of a fire in a building with respect to the prob­
ability of its spread to adjacent buildings. The British Joint Fire 
Research Organization, which co-operated in the project, was 
particularly interested in studying a fire in a large compartment 
with reference to the initial growth of the heat content of the 
gases and to the ventilation rates. 

The next question was to determine th number of buildings 
to be burned. The object of burning a large number of buildings 
would have been to increase the number of useful results. The 
independent variables would be such factors as the internal lin­
ings, exterior claddings, ventilation, size of building, geometry, 
etc. It was already known that at least some of these factors have 
interactions so that a factorial design of the experiment sug­
gested itself. The available buildings did not, however, lend 
themselves to such a design. Further, this was the first time that 
a field experiment of this kind had been attempted in Canada and 
it was possible that the instrumentation to be developed or other­
wise adapted for the tests might fail. It was desirable on these 
counts to limit the extent of the operation. 

It was decided that the effect of combustible interior linings 
and of timber claddings would be two factors to be investigated 
carefully in dwellings. A search was therefore made for a group 
of residences that were similar in other respects. With this re­
striction the choice was reduced to six. There were only two large 
buildings available in the same location- a school and a com­
munity hall- so that no decision was necessary regarding the 
scale of the operation involving this type of building. Accord­
ingly, arrangements were made with the Hydro-Electric Power 
Commission of Ontario to have six two-storied dwellings and the 
two larger buildings at Aultsville made available to the Division 
of Building Research, National Research Council of Canada, for 
experimental burns. 

After minor modifications, three of the dwellings were lined 
with combustible material, at least on the ground floor, and 
three were lined with noncombustible material. One dwelling 
in each of these categories had timber exterior cladding; all 
dwellings had wood floors and subfloors. Uniform wood cribs 
were used as the igniting source. The two large buildings, two 
stories in height, were converted to single compartments by the 
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demolition of the upper floors. Most of the resulting scrap lumber 
was left on the ground floor and the fire was started in this wood. 

Measurements were made of carbon monoxide and oxygen 
concentration, smoke density, sound, temperature, black-body 
temperatures and radiation intensity at all the dwelling fires. 
In the case of the two larger buildings, no sampling of the 
atmosphere was carried out but measurements were taken of the 
ventilation rates. 

For the interpretation of the gas analysis and smoke density 
results, survival criteria were required. For carbon monoxide 
concentration, it was assumed that life could not be sustained 
after a concentration of 1.28 per cent had been attained, or after 

a time when { K,,tlt = 4.5 where Kco = concentration (%)and 

the unit of time is the minute. This latter criterion is based on 
the relationship between the amount of carbon monoxide that 
the body retains and the conversion of blood haemoglobin to 
carboxy haemoglobin. The lower limit of oxygen was taken as 
10 per cent. There is almost certainly an interaction between the 
effects of carbon monoxide and oxygen concentration. Survival 
time should be expressed in terms of one equation involving both 
parameters but unfortunately no such relationship is known to 
have been established. 

The limiting temperature which was adopted was 300°F. 
The smoke criterion was a range of visibility of 4 feet. Visibility 
here indicates the distance at which the holder of a fireman's 
handlamp can perceive objects by the light it reflects. The cri­
tical times for the survival of occupants in the upstairs bedrooms 
are given in Table 1. 

TABLE 1 Critical Times for Survival 

Closed Bedroom I Open Bedroom 
Type of Wall 

lining 
Gas or Temp. I Visibility Gas or Temp. Visibility 

Criterion Criterion Criterion Criterion 
-

Noncombustible 11.7 mins. 6.4 mins. 2.5 mins. 2.1 mins. 
(300°F) (300~F) 

----
Combustiblt> 5.6 mins. 3.4 mins. 1.8 mins. 1.6 mins. 

(1.28% CO) (300°F) 
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Only the times given by the smoke criterion and the shortest 
of those given by the other criteria have been included. The time 
at which visibility falls to a low level has been included in a 
separate column because interpretation of the significance of 
this criterion is difficult. The critical times given by the CO, 02, 
or temperature criteria relate to death or loss of consciousness, 
but this is not the case with the visibility criterion. 

Radiation levels were correlated in terms of the hypotheti­
cal levels at window openings which would have produced the 
measured values on the assumption that window openings were 
the only sources of radiation. The agreement between the hypo­
thetical values relating to different radiation measurements on 
the same side of a building was good, indicating that this method 
of correlation was satisfactory. It was found that the maximum 
values of the hypothetical levels of radiation were 40 cals/sq 
em/sec where the buildings were lined with combustible material 
and about half this value for those with incombustible material. 
The black-body temperatures never exceeded 1000°C which 
corresponds to a radiation level of 3.6 cals/sq em. It is thus 
apparent that the greatest contribution to the measured levels 
of radiation remote from the buildings was from the volume of 
flame surrounding the window openings rather than from the 
window openings themselves. Wind conditions affected radiation 
levels; it appeared that both direction and velocity could have 
had an influence. The results obtained, however, were not ade­
quate to allow an analysis of these effects. 

The black-body temperature measurements were of interest 
in considering the validity of the furnace time-temperature curve 
specified in ASTM Standard E119-58 for the fire resistance test­
ing of building constructions. The results answer the criticism 
that the rise in temperature of the ASTM Standard curve is 
greater than would be found in practice. For the combustible 
lined buildings, the black-body temperatures were in general 
about 150°C higher than those prescribed by ASTM. The 
maximum values of measured air velocity compared favorably 
with those predicted by an application of Bernoulli's equation on 
the assumption of equal inlet and outlet areas and a gas tem­
perature of 1000°C. 

Upon studying the results obtained from the St. Lawrence 
Burns operation, it became apparent that full-scale burns have a 
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threefold purpose. Firstly, they can supply results which may 
have immediate application. Secondly, they direct attention to 
problems which require further investigation. Thirdly, they 
supply results which allow correlation between full-scale and 
small-scale work. 

When considering radiation from burning buildings the St. 
Lawrence Burns fulfilled all three purposes. As an example of the 
first function, the results of the St. Lawrence radiation measure­
ments have direct application in the formulation of building code 
requirements intended to govern the minimum spatial separation 
which should be established between buildings. The result of 
primary interest in this respect is that buildings lined with com­
bustible materials can give rise to radiation levels about twice 
those that will be produced by incombustible lined buildings. In 
adopting precise values of the radiation levels to be anticipated, 
importance should be attached to the time at which peak values 
were attained during the St. Lawrence experiments and the 
probability of the development of effective fire fighting during 
this time. 

The St. Lawrence radiation results showed that radiation 
levels differed appreciably where linings were combustible as 
compared with incombustible. The results thus fulfilled the 
second purpose, in suggesting that radiation levels might vary 
with the proportion of combustible linings in a room. The effect 
of combustible linings on walls or ceiling only was not investi­
gated; hence, further work will be called for if this information is 
to be obtained. It is thought that smaller scale studies could 
achieve this object since no reliance need be placed on the abso­
lute values resulting from such studies. The radiation levels 
will lie between those given by the two types of linings investi­
gated on the full scale. It is therefore only necessary to infer 
from model studies the approximate nature of the law which 
should be used for interpolating between the two full-scale re­
sults. It follows that in the carrying out of such work, the St. 
Lawrence radiation results could achieve the third purpose by 
providing results which would permit of the correlation of full­
scale and small-scale work. 

The results of the survival time studies illustrate how the 
operation achieved the second purpose listed above. The perti­
nent results show that times were short for the conditions in-
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vestigated and that simply closing a bedroom door gives no 
appreciable delay in the time taken for the room to become 
smoke logged. This indicates that the main effort towards en­
suring that occupants escape from a building which is on fire 
should be directed towards containing the fire within one com­
partment and to maintaining a safe atmosphere in the areas not 
directly involved in the fire. It is hoped that an investigation will 
shortly be made into the orders of pressure which have to be 
established in an escape route in order to confine smoke to the 
compartment of origin of a fire. A preliminary experiment has 
indicated that, when a fire is vented to some small extent, the 
pressure required in an escape route would be quite low; it is 
probable that it could be achieved with a small conventional fan 
system. If this suggestion is verified, the concept will have appli­
cation to the design of stairwells and corridors in, for example, 
hospitals and hotels. 

At all stages of the St. Lawrence operation, consideration 
was given to the possibility of burning models of the eight build­
ings with a view to establishing simple scaling laws. If this were 
possible such scaling laws might conveniently be extended to 
allow the prediction, by the use of models, of the development of 
fire in other buildings. Theoretical considerations have suggested, 
however, that such an approach might not be rewarding. The 
variables involved in this development of fire include radiative, 
convective and conductive heat transfer, ventilation rates, gas 
evolution, and various chemical processes. While the mechanism 
of radiative transfer appears to be amenable to scaling, other 
processes such as convective heat transfer and ventilation follow 
laws which insofar as they are known, have conflicting scaling 
requirements. A limited program of model studies carried out by 
the Fire Section has confirmed this view. Full-scale and quarter­
scale burns of a furnished room indicated that any relationship, 
if one exists, is extremely complicated. In one instance, the quar­
ter-scale burned more rapidly than the full-scale while in another, 
the reverse obtained. 

Consideration has also been given to the concept that the 
St. Lawrence burns might constitute a portion of a larger opera­
tion, involving various scales of model burn, aimed at acquiring 
a deeper fundamental knowledge of the phenomena associated 
with fires in buildings. The complication of the problem and the 
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interactions involved suggest that the experiment should be of a 
factorial or statistical design. Even if many of the variables are 
eliminated, the number of experiments involved appears to be 
prodigious. It is not obvious that the outcome of such a program 
would be the derivation of results of general application. 

In the immediate future, therefore, model experiments 
undertaken by the Fire Section will be confined to problems in 
which the number of independent variables is very restricted. 
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Operation School-Burning 

R. M. HILL 
Fire Marshall, City of Los Angeles, California 

Introduction 

As a result of the tragic fire at Our Lady of the Angels 
School, Chicago, Illinois, on December 1, 1958, in which 95 pupils 
and teachers died, intensive inspections of the Los Angeles 
schools were made. The Board of Education gave to the Los 
Angeles Fire Department a three-storied section of the Robert 
Louis Stevenson Junior High School which was scheduled for 
demolition. The Educational Facilities Laboratories, Inc., estab­
lished by the Ford Foundation contributed $25,000 for the 
project. 

Tests were designed to find ways to increase the safety of 
occupants under fire conditions in multi-storied, open stairway 
school buildings. It is recognized that the enclosure of stairways 
will minimize fire and smoke spread. Fire protection authorities 
often find stairway doors locked and administrators object to 
closed doors because they may interfere with safe and free pas­
sage of students. 

Scope and Limitations of the Tests 

Fires were built at the bottom of an open stairway, in class­
rooms, and in corridors. Individually and in combination, tests 
were made of the effectiveness of curtain boards, roof vents, and 
complete and partial automatic sprinkler systems. Tests were 
varied to simulate conditions existing in winter and summer. 
Data was tabulated on the operation of automatic fire and smoke 
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detection equipment, fusible links and automatic door closers. 
Temperature, pressure, and smoke density were recorded as well 
as the functioning of the fire protection equipment during each 
test. Evaluations were made from these records and these were 
correlated with the judgment of observers. 

The tests reported herein were conducted in a building in­
volving a specific type of construction and with open stariways. 
The test fires, while believed to be representative of the type of 
fire which might occur in a school, involved ordinary combustible 
materials and were planned and built to produce conditions 
most desirable for these tests. 

Participants 

Among the organizations that participated were: 
1) Sponsoring agencies 

Los Angeles Board of Education 
Educational Facilities Laboratories, Inc. 
Office of the Fire Marshall, State of California 
Los Angeles Fire Department 

2) Major contributors 
National Fire Protection Association 
National Automatic Sprinkler and Fire Control Asso­

ciation 
American District Telegraph Company 
Minneapolis-Honeywell Regulator Company 

3) More than 40 other organizations made contributions of 
material and labor. 

The Building 

The school used for testing was built in 1925. By using fire 
resistive partitions, a 90 foot section of the building was isolated. 
The exterior walls were brick; the floors of the corridors were 
reinforced concrete and the walls were plastered hollow clay 
tile; the rooms had double wood floors on wood joists with metal 
lath and plaster ceilings; partitions between rooms were metal 
lath and plaster on wood studs; stairways were of reinforced 
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concrete with walls of brick or plastered hollow clay tile. The 
portion of the building used was 65 by 90 feet, three-storied, 
with partial basement, two open stairways, and an exterior metal 
stairway. 

Instrumentation and Fire Protection Equipment 

Temperatures were recorded at 23 places and included 
measurements 5 feet above the floors to simu'ate the average 
head height of school children. Two photoelectric cells to measure 
smoke density were used on each floor. Inclined manometers 
measured pressure and vacuum. Six firemen, two on each floor, 
stayed as long as the floors were tenable, to act as observers. 
They recorded their subjective reactions during the fire. 

Fire protection equipment included : automatic sprinklers 
valved in such a manner as to simulate complete automatic 
sprinklers as well as various arrangements of partial automatic 
sprinklers; roof vents having a free open area of 63 square feet 
were installed above each of the open stairways; curtain boards 
(draft or fire curtains) were installed in corridors and stairway 
openings to retard the spread of heat and smoke and aid vent 
action; automatic fire detection systems including both heat 
sensitive and smoke sensitive systems; fusible link operated 
devices of various kinds; and a water aspirator for testing 
induced draft ventilation at the top of one stairway. 

The Test Fire 

All test fires were in wood pallets, each roughly 4 by 5 feet, 
constructed of well-seasoned boards nailed to 2 by 4 inch wood, 
generally with space between the boards. The majority of the 
fires involved 1,400 pounds of pallets. 

This type of test fire was selected because it resulted in a 
moderately fast developing fire. It involved a fire load of about 
one-third of what might be expected in an average classroom of a 
school; however, the fire load in a classroom would be spread 
over a much larger area than the test fire. The test fire produced 
realistic quantities of smoke typical of the amount generated 
from fires in ordinary combustible materials. 
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On the basis of an average calorific value of the wood used 
in the test fires of 8,000 Btu/lb and complete combustion of the 
wood in 30 minutes, an average rate of heat release would be 
374,000 Btu/min. 

It was estimated that about 75 per cent of the wood pallets 
were burned in a twenty minute period. Of this, about 66 per 
cent (or 50 per cent of the total) were burned in the period be­
tween 5 and 15 minutes from the start of the fire. This would 
give a maximum average heat release of 560,000 Btu/min for 
this ten minute period. 

Criteria of Untenability and Evacuation 

As used throughout this report, smoke and temperature 
conditions are based on the following criteria. 

Untenable smoke conditions were based on two combined 
factors (1) visibility and (2) the irritant effects of the products of 
combustion. Visibility was determined by placing an illuminated 
placard bearing a 12-inch letter, 5 feet from the floor 45 feet 
down the hallway from an observer. When the letter was no 
longer visible to the observer, the time was recorded as the point 
of untenable smoke conditions. The judgment of firemen and 
nonfire department personnel observers determined when the 
products of combustion were so irritating that evacuation would 
not be possible. These two determinations were correlated with 
smoke density readings of equipment installed by the American 
District Telegraph Company. 

A maximum tenable temperature of 150°F was established . 
A human can stand temperatures considerably above 150° for 
very short periods of time in a relatively dry atmosphere, but 
children and teachers would not be likely to enter a corridor from 
a cool room when the temperature at the 5 foot level was more 
than 150°. 

It has been estimated that an average three-storied school 
building with adequate exits can be evacuated in 2 to 3 minutes 
under practiced fire drill procedures. This estimated vacuation 
time is used throughout this report. 
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Summary of Results 

The results of the tests indicate that most of the methods 
of protection did not provide satisfactory safeguards against 
smoke and heat conditions. 

1) With the test fires with no fuel added to the fire (due to 
the construction of the building), lack of visibility and irritant 
effects of smoke were the principal hazards to life. Untenable 
smoke conditions preceded untenable temperature conditions 
in nearly every test. 

This might be expected with smoldering fires; however, this 
was true even with free-burning fires. In the base series of fires 
(no protective features), untenable smoke conditions were 
reached in 2 to 7 minutes on at least one entire floor above the 
fire. This series included fires at the bottom of a stairway and in 
rooms. Conditions within the building were varied by having 
the doors, windows, and transoms in both the open and closed 
positions. 

2) Natural draft vents of the sizes tested in this investiga­
tion and installed and opened as described in each test did not 
keep corridors and stairways tenable for exit use. 

Untenable smoke conditions were reached in 4 to 5 minutes 
from the start of the fire, on at least one entire floor above the 
fire. When vents were opened by means of fusible links, unten­
able smoke conditions were reached several minutes before the 
vents opened. Even when vents were opened before the test 
fires were started, untenable smoke conditions followed in some 
cases. Opening of vents increased draft on the fire resulting in 
an increase in the rate of heat and smoke development that 
made smoke in the corridors and stairways more dense until 
vent action started. The action of vents eventually cleared smoke 
from the building but, by this time, untenable temperatures had 
been reached on all floors. The unsatisfactory results concerning 
the effectiveness of natural draft vents should not be considered 
as evidence of the unsuitableness of vents for all uses. Vents 
in industrial, warehouse, and similar occupancies are a proven 
desirable feature to minimize fire damage and to facilitate fire 
fighting under certain conditions. However, the tests reported 
herein on natural draft vents were conducted to investigate the 
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life safety possibilities through their use in the multi-storied 
building used for test purposes. 

3) The addition of curtain boards (draft or fire curtains) 
with roof vents did not significantly aid in decreasing smoke 
spread through the building and, in fact, had an adverse effect 
on the action of the vents in some tests. 

Curtain boards, while not effective against smoke spread 
did" bank" heat as would be expected. The latter has been the 
primary purpose of curtain boards in industrial fire protection 
applications. Smoke "cutoff" is more important than heat 
"banking" where life safety is the objective. 

4) Forced draft up to the capacity tested failed to produce 
more satisfactory venting action. 

5) A complete system of automatic sprinklers will maintain 
low temperatures throughout the building and will reduce build­
up of smoke and irritating gases. 

With a complete automatic sprinklers system, untenable 
smoke conditions were not reached in any corridors except two 
local areas closest to the test fire. However, when the test fire 
was arranged so as to provide extensive shielding against sprin­
kler water distribution, untenable smoke conditions developed 
in the corridor of fire origin and those above. Under these con­
ditions, the fire was held in check but not extinguished by the 
sprinklers. This points to the necessity of eliminating any 
arrangement of the building or its contents that could shield a 
fire from sprinkler discharge. 

6) Partial automatic sprinklers (sprinklers installed in cor­
ridors and stairways but not over the test fire) did not prevent 
smoke spread throughout the building even when installed to 
provide a water curtain between the test fire and the corridors. 

The purpose of placing sprinkler heads in exitways only in 
certain tests was to evaluate a type of installation that had been 
suggested as suitable to protect exitways so that occupants 
could escape safely. Operating sprinklers in the building kept 
temperatures in the corridors at or below the tenable level 
(150°F), but in many cases untenable smoke conditions existed 
in the building before sprinklers operated. Furthermore. in the 
cases when sprinklers opened, steam resulting from their opera­
tion drove observers from the immediate vicinity. Water dis­
charge from a sprinkler head is not designed to provide a smoke 
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barrier but rather to distribute water over a specific area at a 
rate capable of absorbing heat in quantities sufficient to cool 
the burning material below its k·ndling temperature. Sprinklers 
are usually ins alled to cover all areas and obstructions should 
be removed to facil :tate good water distribution. These two 
conditions for satisfactory sprink'er performance were inten­
tionally disregarded. 

7) Roof vents and partial automatic sprinklers ( nstalled 
in corridors and stairways but not over the test fire) were not an 
effective combinat on. 

Sprinkler action was similar to that in tests without vents. 
Natural draft vent action was slowed down considerably due to 
the low temperatures existing within the building resulting from 
the operation of the sprinklers. Forced draft effectiveness 
with the water aspirator was similar to that in tests without 
sprinklers. 

8) Combinations of roof vents, curtain boards (draft or fire 
curtains), and partial automatic sprinklers (installed in corri­
dors and stairways but not over the test fire) did not prove to be 
satisfactory. 

Untenable smoke conditions existed in all corridors before 
sprinklers operated. Sprinkler cooling action tended to nullify 
the thermosiphon effect of the roof vents in addition to producing 
steam. The curtain boards did not improve vent action. 

9) Untenable smoke conditions, and in many cases unten­
able heat conditions, existed in the building before the operation 
of fusible link actuated devices. 

This was true even with free-burning fires. Under the con­
ditions of these tests, untenable smoke conditions existed before 
temperatures were reached at which fusible link actuated devices 
would operate. 

10) Enclosed stairways will not provide protection against 
heat and smoke unless the doors are kept closed or are closed 
immediately after an outbreak of fire. 

Tests employing temporary enclosure of stairs, except for 
the door opening, showed that if stairway doors are not closed 
when fire occurs or immediately thereafter, heat and smoke will 
make corridors and stairs untenable in about the same time as 
though they were not enclosed. Present day fusibly operated door 
closing devices will not operate rapidly enough to close doors 
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before corridors are untenable. Automatic closing devices acti­
vated by the ordinary heat responsive fire alarm system would 
not be fast enough to guard against spread of smoke. 

11) Automatic heat detection devices detected the presence 
of fire at about the same time that untenable smoke conditions 
were reached within the building. 

Prompt notification of fire was experienced when detection 
equipment was located directly over the test fire. Fire detection 
devices when spaced at the maximum distance recommended 
will operate in two minutes or less when subjected to the stand­
ard fire test conditions used by testing laboratories. Under con­
ditions of the tests discussed in this report, a fire signal in 2 
minutes would not allow sufficient time for safe evacuation of 
the building. 

12) Automatic smoke detection devices detected the 
presence of fire before untenable smoke conditions were reached, 
but not in sufficient time to allow complete evacuation of the 
building. 

1 t appears that automatic smoke detection devices, if 
directly over the test fire, would provide an early notification of 
fire and could allow reasonable time for evacuation. However, it 
is questionable whether smoke detection devices would allow 
reasonable time for evacuation under all conditions. 

13) Opening a hole to provide a vertical flue in the stair­
ways did not significantly change any of the results. 

This hole was opened in the stairways in order to provide a 
vertical flue in an attempt to overcome the circuitous route for 
smoke and heat. With the stairways open, smoke and heat cir­
culated through the building somewhat faster but the effective­
ness of roof vents, curtain boards, and automatic sprinklers was 
not improved. 

14) Cellulose fiber acoustical tile (Classified Class C under 
U. S. Federal specification SS-A-118b and commonly known as 
"slow-burning") resulted in very rapid fire spread when ignited. 
This constituted a distinct hazard in that it was the means by 
which fire could be readily transmitted throughout the building 
endangering all portions and persons therein. The rapid flame 
spread characteristic of the tile can be reduced with the applica­
tion of a fire retardant paint. 
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The cellulose fiber tile ignited at temperatures from 700°-
8000F and the flame progressed with a "wave-like" action for a 
few minutes, then suddenly developed a deep (3 to 5 feet) flame 
front that spread with such rapidity (5 to 10 feet per second) 
that observers fled their posts. In one demonstration fire (not 
included in this report because it was not part of this series) the 
flame spread rapidly over the surface of the cellulose fiber acous­
tical tile even though the ceiling was broken into bays, 5 by 5 
feet in size, separated by ceiling beams 2 feet in depth. 

Future Investigations 

The speed at which untenable smoke conditions were 
reached in these tests emphasizes the need for prompt notifica­
tion of fire conditions and rapid evacuation from school build­
ings. A review of the time available for evacuation may prompt 
school administrators to re-evaluate their fire drill procedures. 

Certain basic fundamentals and conclusions derived from 
these tests point to the need for re-evaluating some current 
provisions for life safety in existing codes and standards and for 
further tests to establish more information of a basic nature on 
which future recommendations may be based. 

More tests of vents of larger sizes are needed, possibly up to 
the total area of the stairway enclosure, with corridor curtain 
boards. The vents should be operated so that they will be open 
before untenable smoke conditions prevail. Any favorable re­
sults obtained should be weighed against the economic and prac­
tical problems encountered in the use of large vents. 

The relatively fast operation of the automatic smoke detec­
tion equipment in some of the tests indicates the need for fur­
ther research on automatic detection equipment which is 
actuated by smoke in order to obtain reliable early notification 
of fire conditions. 

There is a great need for a standard method of classifying 
the sensitivity of fire and smoke detection equipment as it re­
lates to response time for the area protected. As previously 
pointed out, when detection equipment is spaced at the maxi­
mum distances recommended, it should give an alarm in two 
minutes or less when subjected to the standard test fire. There 
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is no information available on response time when spaced at 
lesser distances. 

These tests indicated that thermal devices on door closers 
were slow to operate. Further research should be done on other 
methods of opening and closing doors. 

Tests should be conducted in buildings of other types of 
construction and with different arrangements and numbers of 
stairways to determine if there would be any variation from the 
results obtained in the tests reported herein. 

The smoke conditions experienced in these tests indicate 
that smoke can be the critical factor in defining life safety in 
schools and, therefore, flame spread characteristics should not be 
the sole criterion for determining the life hazard of interior finish 
materials. A study should be made on tenable levels of smoke 
generation. Standards should be developed for classifying interior 
finish materials based on these predetermined tenable levels. 

A minimum number of tests were run to simulate complete 
automatic sprinkler coverage because sprinkler performance has 
been tabulated for many years and has been shown as excellent 
for the protection of property. More tests should be run simulat­
ing complete coverage to obtain more data on operating times in 
relation to smoke conditions with various sizes of test fires. 
These tests should include the installation of sprinklers designed 
for fast operation. 

It would be desirable to test some interior finish materials 
that have been listed by Underwriters' Laboratories, Inc., as 
having been subjected to the "tunnel test" (NFPA Standard, 
Fire Hazard Classification of Building Materials No. 255) to 
verify the classification of such materials for life safety purposes 
based on the flame spread rating determined by this Standard. 
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their appointments from the President of the Academy. They include 
representatives nominated by the major scientific and technical socie­
ties, representatives of the Federal Government, and a number of 
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the development of new knowledge and new techniques that may aid 
in preventing or controlling wartime and peacetime fires. The Com­
mittee and Conference were established in December of 1955 at the 
request of the Federal Civil Defense Administration. They are sup­
ported by the Office of Civil and Defense Mobilization, the U.S. De­
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