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WHAT BASIC FIRE RESEARCH CAN LEARN FROM FOREST FIRES

INTRODUCTION

Fires whether in the forest, the city, or in industry

are physical processes. This paper will restrict itself to

these aspects and leave aside numerous consequences, each

one of which deserves attention and without which an all in-

clusive discussion of fire is incomplete. No references

will be made to fire effects in biology, ecology, sylvi-

culture, medicine, psychology, design parameters for cities

and forests, operational research, or economics. Alas, the

absence of a single group in the United Stat-s that can pull

all these threads together Js a weakness in the approach

toward the fire problem which has, as yet, not been resolved

(Ref. 1).1

Before proceeding to the physics, chemistry, and

aerodynamics of fires, a few numbers will be presented

which delineate the magnitude of the task. They were col-

lected from various sources (Ref. 2).

The first estimate has to do with the relative magni-

tude of heat generation from forest fires as compared to the

heat generation from the combustion of fossil fuels. Using

the currently relatively stable statistics relating to acre-

age burned per year in the U. S. (4 x 106 acres/year), mul-

tiplying by 10 (ratio of world forest area/U. S. forests),

utilizing a tree count made by Professor Emmons (Ref. 3) :)s

a "reasonable" fuel/acre figure (500 tons/acre), one arrivei

1 References may be found on pages 27 through 31.
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at the rather startling he-at release of 400,000 x 10

Blu/year, which is roughly 10 times the world energy con-

sumption/year from fossil fuels. However, a more realistic

fuel consumption (per acre burned) is 5 tons/acre, which re-

duces the heat release figure to 1/10 of the energy release--

a still respectable number (equivalent to the energy release

of 10 megaton bombs).

A secon.iJ calculation concerns the rate of energy re-

lease in a mass fire as compared to the "normal" heat re-

lease near the ground owing to human endeavors and by solar

heating. As an example, in a city of 106 inhabitants, living

in an area of 10 by 10 miles, the "normal" average heat out-

put is 0.03 x 1012 Btu/hr. In case of a nuclear attack of

sufficient magnitcde to ignite this entire area and consume

all combustibles within 3 hours (the combustible loading

being set at 12 lb/ft 2--which is 250 tons/acre of 1/2 of

the "Emmons" forest fuel loading), the heat release rate is

30 x 1O12 Btu/hr or 1000 times "normal." By contrast, the

solar input in an equal area on a bright day is 0.15 x 1012

Btui/hr (i.e., 5 times the "normal" human output, but 1/200th

that of the fire). In the event of such a nuclear disaster,

one should not be surprised to find unusual phenomenological

effects from localized heat release on such a scale.

With regard to the physical phenomena of fires, it

should be noted that the more highly-developed areas of

fire technology, the important goals of which are the develop-

ment of effective fire control measures, the accumulation of

useful design data, the development of hazard indices and

"stopping rules," and of training devices, are fields in

which inventive genius and the sensible application of the

tools of modern technology can make and have already made

-2-
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profound inroads. Widespread support of this technological

branch is essential because modern society multiplies the

fire hazards at such a rate so that, merely to hold the

balance, improved techniques and practices must be instituted.

The scientific goals are set by a desire to under-

stand the behavior of fires as a physical (and chemical)

phenomenon. In view of the inherent complexity it is, per-

haps, not surprising that the effort in the past has not

been one of great vigor. Rare is the textbook which will

discuss fires either as a subject fit for aerodynamicists or

of combustion scientists. This is not an oversight. It is

only within the past 15 years that men have gone through the

difficult mental exercise of delineating several areas in

whi~ch useful contributions could be made.

Fires belong to the class of "diffusion" flames, well

known in combustion, wherein the oxidizer (generally air)

is not intimately premixed with the fuel (wood). They

resemble more conventional combustion systems in that they

can exhibit a "steady-state propagation" of a reaction zone

into the fuel bed, require "ignition" for this steady-state

to be set up, and can be perturbed by "suppression" tech-

niques to the point of complete extinction. From the stand-

point of thermodynamics or thermochemistry they show no

unusual behavior. However, the inherent factor which dis-

tinguishes fires from the more conventional all-gas premix.d

or diffusion flames is that the availability of fuel is

determined by an intricate feedback of heat from the reac-

tion zone to the fuel supply, and that, therefore, the

energy release rate is based on an interplay of fluid flow,

radiation, and reaction rate. In the simplest case, i.e.,

burning on the surface of "two-dimensional" liquid pools, a

liquid has to be heated, evaporated,and mixed with the

-3-



The John$ Hopkrns Univesrity
APPLIID PHYSMCS LA9OOATYOR

Sd|~e S•Ong Pev•y|nd

oxidizer. In the more complex case of solids, a gaseous

fuel is commonly first generated by an involved chemical

breakdown of the solid into gases (resembling, in principle,

the process of ablation) which subsequently have to diffuse

to the surface where they mix and react with the oxidizer.

It should be clear that the subdivision of the fuel, its

chemical composition, the aerodynamics of the mixing process

are all involved and present an almost infinite number of

permutations. Alas, most problems of practical import deal

with the latter case.

In order to break through this complexity, a number

of simple questions for very simplified systems have to be

answered first. Intensive investigation of the fire prob-

lems under controlled and reproducible conditions is so

recent, that, in fact, there is, at present, a dearth of

applicable "physical constants," such as burning rates,

ignition energy requirements, etc., without which one

hardly dare to explain, from basic principles, why the

magnitude of burning rates is what it is or what the limit-

ing processes are that determine these values. Once such

questions can be answered with reasonable assurance, but

only then, will it be possible to construct realistic models

of fire behavior, test them against known cases and apply

them hopefully to situations which, for one reason or other,

are not accessible to the conventional measurements of the

fire technologist. The most urgent goal is, of course, the

prediction of the behavior of fires on a very large scale--

so large, that simulation by a "test" fire is out of question.

In the following sections the status of burning rates'

ignition, suppression, fire plumes, and scaling will be dis-

cussed in detail.

-4-
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BURNING RATES 2

Even in the best understood combustion systems, the

prediction (not the measurement) of burning rates from

chemical kinetic and transport data has only recently been

partially successful (Ref. 4) for one systen (II2-O2). It

is not surprising, therefore, that the burning rates of'

fires are still in the stage where experimental i,,easurcments

are made in order to delineate the factors that have a sig-

nificant influence on burning rate.

The simplest system considered is the "two-dimensional"

burning off a liquid surface. Largely due to pioneer work

by Blinov et al. (Ref. 5), sufficient phenomenological data

are available to assess this system. It was shown (.Fig. 1)

that for a given fuel the burning rates at first rapidly

decrease with increase in tank diameter, and after reaching

a minimum, increase again toward a constant value which re-

mains independent of tank diameter to the largest size

studied (30 meters) (Ref. 6). Extension of similai work

(Fig. 2) to liquids with widely differing heats of 'vapora-

tion and combustion indicated (Ref. 7) that burning rate

could be expressed by:

T

VClz( Hvap + S Cfdt)

f- 0.0076 cm/min,

L Hcomb

2See "Two-Dimensional" and "Three-Dimensional" Fuel Bed

Fires in the Bibliography.

- 5-
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where VW = burning rate of a "large" pan fire,

H = heat of vaporization,
yap

Hcomb = heat of combustion, and

Integral = heat content of liquid.

Two interpretations have been given for this behavior.

There is little doubt that in the first phase (decrease in

burning rate with increase in diameter) the dominant heat

input is from a liminar diffusion Ilame by heat transfer

from the gas near the rim of the tank, where the reaction

zone is in close proximity to the wall and the surface. As

diameter increases, the system passes through a vibration

stage into a "turbulent" stage. It is here that analysis of

available data diverges (Ref. 8)--one assrmption being that

radiation from the products to the liquid is the dominant

parameter, the other maintaining that turbulent convection

would also give a diameter-independent result. The situa-

tion is not resolved at present.

This uncertainty regarding the .mportant flow processes

in this, the simplest, system is symptomatic of the entire

fire problem. Implicit in it is that predictions of combus-

tion volume (or flame height) and of radiation transfer,

numbers that are of critical importance in the prediction

of lateral propagation rates, cannot be made as yet. Equally

unresolved are questions whether, as diameter increases, the

burning rates will, in fact, remain constant and to what

degree the burning rate of a large fire can be predicted

from a knowledge of the behavior of individual, smaller seg-

ments when there are spacings between the burning units.

For "three-dimensional" structures (cribs), the analysis

of burning rate and side-ways propagation is in an even more

-8 -
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difficult situation. The experimental accumulation of rates

as function of fuel spacing, fuel dimension, height, moisture

conten*, wind, etc., has been admirably done by Fons (Ref. 9),

providing useful data about the order of magnitude of the

effects. It cannot be said, however, that a conceptual

understanding exists as yet as to the relative contribution

of convection and radiation on the propagation rate.

IGNITION3

A substantial amount of information has lately accumu-

lated in the area of ignition, largely influenced by the in-

tense interest in the consequences of ignition by radiation

from nuclear explosions. Based on intensive studies of a

variety of materials of different composition, thickness,

and spectral characteristics, design data are on hand froz,

which to draw conclusions about either the probable diameter

of ignition in case of bomb explosions or the safe spacing

of buildings when exposed to radiation from other buining

structures. Since the two cases differ in the ignition

mechanism they will. be discussed separately.

Ignition by Pul•;es of Radiation - The steps involved

in the ignition of an organic material, heated by radiation

in air, are too complex to permit their description in detail.

Suffice it to say that the process includes the establish-

ment of a heat wave moving into the solid, resulting in

chemical (and other) generation of gases wvhich escape into

the surrounding atmosphere. Aftei mixing with air and re-

maining in co)ntact with oxygen for a sufficient time, an

3See "Ignition" in the Bibliography.

"-9-
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explosion may set in in the gas phase (Ref. 10) or, in the

presence of an already established high temperature ignition

source, propagation of flame may commence and continue as

long as gas evolution and mixing with oxygen continues. If

,he heat release from the chemical reaction is adequate, the

initial radiation pulse may no longer be needed. The heat

dissipation in the solid is crucial in determining the gas

evolution rates; the boundary conditions (thick slab, thin

slab, insulation, etc.) have a profound effect on the igni-

tion energy requirements (Ref. 11); and the air-gas mixing

and self-heating process itself (which is related to the

scale of the irradiation) will influence the ignition energy

l imits.

A detailed study (Ref. 12) of ignition of thin a-

cellulose sheets (of different absorptivity) as a function

of irradiance has given useful information about the probable

radius of ignition from a nuclear bomb, demonstrating the

profound effect of atmospheric absorption and indicating

how the position of the initiating fire ball, in the atmos-

phere or beyond influences the ignition limit. Some uncer-

tainty still exists concerning the interpretation of small-

scale ignition studies (Ref. 13), taking into account the

above-mentioned mixing steps exterior to the solid. Reso-

lution of this will have a bearing on the most likely igni-

tion radius, which, in any event, will be of such magnitude

as to present an urgent fire hazard. Whether or not the

numerous small ignition sources will coalesce into larger

fires or go out depends on so many divergent causes that a

generalized prediction of the course of such fires is not

possible.

Ignition from Steady Radiation - A significant studv

(Ref. 14), based on laboratory studies of radiation from

- 10 -
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window openings in burning enclosures, has been presented

recently from which estimates can be made concerning the

"safe-spacing" of buildings so that the radiant flux from

one full-involved structure does not set fire to a neighbor-

ing structure. Peak intensities of radiation from full-

ventilated fires (the worst case) of 4 cal/cm2 /sec are

postulated on the basis of a variety of model experiments,

which permits estimating the intensity of radiation at

points away from the source. Based on the criterion that

long-time exposure of a relatively thick specimen to heat

of a radiant input of 0.3 cal/cm 2/sec, in the presence of a

pilot flame, is adequate to ignite most articles of practi-

cal interest, safe distances in the absence of artificial

cooling or reduction in radiation transmission can be de-

termined. The results, based in large measure on model

experiments, give a valid basis for the establishment of

building codes without recourse to intuitive "rules-of-

thumb."

A model of a forest fire, in which propagation of

flame is assumed to be by radiation only, has recently bet'n

proposed by Emmons (Ref. 15). It does not cover the more

common flame propagation along a continuous line (in soil

duff or tree crown, where convection and radiation effects

are intimately intermixed), nor the setting of new ignition

sources by brands. However, as an aerodynamic-ignition

model it is unique and instructive, presenting a graphic

picture of expected fire behavior as a function of fuel

spacing (including "breaks" in fuel), energy flux, etc.

Such modeling efforts uncover areas where experimental data

are urgently needed for further progress.

- 11 -
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SUPPRESS ION4

Suppression, the inverse to ignition, is the main

arena for the fire technologist. Much admirable work has

been done, such as the evaluation of jet engines for rapid

inerting of enclosures, aerial bombardments of developing

fires, intense search for chemical inhibitors, etc.

Here, too, the scientist is confronted by more

questions than he can answer with confidence. Thanks

largely to the impressive work of Fristrom and colleagues

(Ref. 16). a generally satisfying picture is el.,erging re-

garding the interplay between kinetics and transport prop-

erties in premixed flames. Once the coupled steps are known

which are responsible for the formation of stable flames, it

is relatively straightforward to explore the action of known

inhibitors, to explain their actions, and to predict in which

direction a search might be useful. It must be admitted

that, as in the current search for effective drugs, the usual
"screening process" of a large number of possible compounds

is often faster and more dramatic in its results. It is

clear, however, that the inhibiting action of halogen com-

pounds, for example, is quite specific to particular flames

and oxidizers. Unthinking extension of one set of "inhibi-

tors" to other flame systems, without an understanding what

steps one can or should interfere with, very frequentlv

leads to unsatisfactorv interpretations of results and

t'rroneous conclusions.

How subtle the interacting threads by which inhibit-

ing matetials interfere %ith flame propagation are is shown

by the ingenious experiments and explanations by Wise (Ref. 17)

4 See "Suppression' in the Bibliography.
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F concerning the effectiveness of inorganic powders in ex-

tinguishing hydrocarbon diffusion flames. The superiority

gof KHCO 3 over other seemingly similar powders has been well

established. The most consistent explanation of their action

requires rapid evaporation and dissociation of the particles,

formation of relatively stable compounds between metal atoms

and flame radicals and subsequent reaction with another free

f radical to form a stable product. The metal atom acts as a

catalyst to permit free-radical recombinations which, in

Sits absence, would not be possible. To be effective, though,

a particulate material must optimize several important re-

qquirements.

The action of water, the cheapest and generally most

F available extinguishing agent, has been under scrutiny under

various situations (Ref. 18). Its effectiveness is clearly

related to transporting it to the scene where it can be most

useful, either as coolant of the gases (by reducing the

emissivity of the flame), in reducing surface temperatures

(by decreasing the rate of emission of combustible gases),

as a radiation blanket to interfere with the radiation

balance between fire and fuel, or as a means of raising the

ignition energy requirements of the fuel. It has been

F established that water iequirements are significantly less

if the fuel surface is cooled in preference to the gas

phase and that in the convection columns above Itirs• the

momentum oi the water spiav must be able to overcome the

buoyancy of the convection plume. Quantitat ive deduct iogns

concerning minimum water rquirements have shown that l:

large-scale operational fire extinguishment�- more than 100

t imes as much water is used than is necessary to success-

fully combat the fire: Such guidance, setting forth the

.achievable goalt to the technologist, is one of the princi-

pal objectives of the research effort.I.
- 13 -
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PLUMES
5

Perhaps the best understood part of fires is the

convection column by which the burned hot gases leave the

combustion zone. Such wakes have been extensively analyzed

for a variety of possible fluid dynamic conditions. The

properties of the buoyant columns in a cross-wind, in

atmospheres of different lapse rates, the rate of rise and

structure of the initial thermal, the effect of moisture

condensation nnd of radiation have been reported; either

as an exercise in fluid mechanics or in connection with air

pollution problems where knowledge of the behavior of the

buoyant column under a variety of atmospheric conditions is

important (Ref. 19).

The simplifying assumptions in all these analyses

ai e•

1. that rate of entrainment of gas at the edge of

the plume is proportional to some characteristic

velocity,

2. that the profiles of mean velocity and mean

buoyancy force in horizontal sections are

similar at all heights, and

3. that the density variations are "small."

Applying the analysis to steady sources (fires or

emissions from stacks), the strength of the source can be

rtelated to the height (under windless conditions) at which

the buoyancy becomes zero and the plume ceases to rise

tRef. 20). The height of the plume (in meters) is

H - 31(l + n)"3 8 Q1:4

JSee "Plumes" in the Bibliography.

- 14 -
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where Q - rate of heat discharge at source in KW arid

n - fraction of adiabatic lapse rate.

The general correctness of the mode! has been veri-

fied in experiments where a liquid of one density was in-r jected into another of different density. The behavior of

the expanding wake (flowing upwards, if a low-density liquid

r was injected into a high-density liquid; downward, in the

opposite case) corresponded satisfactorily with the predic-

tions.

Table I gives representative values of the computed

height to which the fire convection column would be expected

to rise in a wind-free atmosphere with a lapse rate of

* 6.5CC/Km (i.e. + 0.66).

These models, in general, do not concern themselves

with the initial flow conditions at the point where the

lowering of gas density occurs. Thus, the flows near the

starting point do not conform to the simple "chimney"

anal ys is.

One further example in which the fluid dynamnic prop-

erties of the wake are predominant will be mentioned. Under

conditions of cross wind, the tzansiport and deposition of

tuie brands ahead of the reaction zone can be of crutCIal

importance in set ting the piopagatiun iate of f ires. This

problem ha% been invest igatvd more clo.selv by Ta:-ifa (Ref.

21) who has calcu late'i the t ajectorles of burning part ic les

of known drag and buo ning zate, from data obtained =i• a low

speed wind tunnel. Flight paths, set by the vert itc. watke

fIltt and horizontal %inds, give the slant ranges *hich cai.

be traversed bY a stzli-burnirag brand. Despite somewhat

artificial assumptions regarding the upward velocity in the

- I- -
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Table I

Compt'ted Heights of Fire Convection Columns (H)

as Function of Rate of Heat Discharge (Q)

SOURCE RATE OF CONSUMPTION OF FUEL Q (KW) H (i)

Household Chimney 4 lb/hr of coal

(1/2 of heat in flue) 8 80

Bonfire 400 lb wood/hr 450 200

Power Station Heat equivalent to 1/2 MEW 5 x 105 1200

Forest 1000 tons/hr
(at 4000 cal/g) 5 x 10 6  2200

Burning Town 250-500 houses,/hr
containing 10-20 tons
combustibles (5000 tons/hr) 2.5 x 107 3200

- 16 -
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wake and the interaction of the cross-wind on wake and

particle trajectory, the calculations are an instructive

first step of predicting distances in which brands can be

troublesome.

SCALING
6

None of the cases described previously have giver'

any evidence that scaling-up of the area of a fire should

bring with it an unusual behavior. The only semi-quantita-

tive and frequently quoted "large-scale" measurement (from

the Trensacq Fire as reported by Faure (Ref. 22)), has

given flame heights and burning rates below what would be

expected from correction of smaller crib burns, Fig. 3.

Similarly in "two-dimensioral" burns up to a diameter of

30 meters, no unusual behavior a! the largest dimensions was

noted.

This tranquil picture, however, is not in accord

with two sets of field observations: (a) the reporting ()I

winds of hurricane force at ground level during some incen-

diary fires in World War II and (b) the so-called "blow-up"

of forest fires when a "normal" fire front appear, to change

its burning characteristic qualitatively and quantitatively.

In the latter case a pronounced rotary swirl is frequently

associated with the phenomenon.

Based on conservative estimates of burning rates and

air requirements, it is difficult to account for the high

surface winds unless the mechanism of air induction is

6 See "Fire Whirls" in the Biblicgraphy.
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F basically different from that of the conventional line or

area fires, namely that a large-scale vortex flow is estab-

lished. This introduces flow problems previously recognized

in dust whirls, dust devils, tornadoes, and hurricanes

possessing rotating columns in which the angular momentum

is several orders greater than in the surroundings. It is

by no means clear under what conditions such large-scale

fire whirls form and by what mode air is introduced into

this rG.ating vortex near the ground. Similarly, little

1' evidence is available from which to judge whether, if such

a cyclonic flow is established, a substantial effect on the

burning rate of the fuel bed should be expected. (Byram

has observed a burning rate increase of 3 in model experi-

f ments (Ref. 24).) Only qualitative bits of evidence for

circulation have been obtained, more or less by accident, in

photographing air flow patterns near large fires, frequently

not within the main heat release zone but in regions behind

the convection column in the direction of the prevailing

wind, Fig. 4. These secondary "tornadoes" appear related

to the flow of wind around the fire column or the wood crib

[ (Fig. 5).

Sixice the field observations of whirls occur at ar scale which is difficult to reproduce on an experimental

basis, their study has become, perhaps, the most challeng-

ing problem in the fire research field. The recent model

experiments of Morton (Ref. 27) on the behavior of low den-

sity liquids injected into a rotating tank, Fig. 6, are

probably the first clear-cut indications that buoyant

columns in a vortex field, while showing behavior which is

[ not at variance with general expectations of vorticity, will

produce effects which cannot as yet be predicted with any

[ degree of assurance.
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r CONCLUS ION

I
Fires pose questions to the physical scientist that

will be answered only after the expenditure of much thought

and ingenuity. Dcspite a few bold and successful thrusts

the results to date are only moderately encouraging. This

should be a warning signal to those whose concern is the

conservation and proper utilization of natural resources.

Excessive empiricism and exclusive dependence on technical

brilliance alone can choke the applied effort which, while

[making encouraging progress, is presented with increasi,,gly

more difficult problems. A parallel effort must be made

toward describing correctly the complex phenomena and under-

standing the physical processes that are responsible for

fire behavior. Much help has already been extended frow

the fields of fluid flow and meteorology, from combustion

and high-temperature chemistry. Yet, the fire problems are

too urgent and too specific to be solved merely by waitin,,

for results from related fields.

I Is the curreit effort as good as it might be? Despite

much laudable effort, there are serious deficiencies such

as the absence of a really professional and broadly-based

organization, utiencumbered by parochial interests, with

f recognized channels of communication between its members and

with the scientific community, joining together all those

who invest their professional efforts in this field. Consider

the handicap of a newcomer to the field of fire research, In

his search to discover and to acquire the background souices

from which his own contributions must start. In this field

even the expert has a harder task to communicate with his

peers than is generally the case. While efforts have btei

made and are being made to remedy this weakness, a fully

L adequate solution is not at hand at this time.

-23-
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