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arbitrarily selected. The plots, with 25-foot and 115-foot spacing betweenrj piles, were built for the selected fire sizes. Fires were started by elec-
trically igniting spitter fuses and squibs.

Instrumentation was developed concurrently with burning of the test fires.
It varied greatly in both kind and amount from fire to fire. Emphasis was
placed on developing methods of directly and quantitatively measuring parameters
of interest. In the "external" approach to study used in the Flambeau program,
the parameters of interest were those concerned with the interactions of fire
and environment and the changes in energy release rate with time.

The parameters measured in the test fires included (a) air flow in and
around the fire area and pressure variations within the fire area; (b) thermal
energy production, including mass loss rate of the fuel, temperature in the
combustion zone, temperature of gases surrounding the combustion zone, and
thermal radiation from the fire area; (c) gas composition, primarily concentra-
tions of carbon monoxide, carbon dioxide, and oxygen within the combustion zone
and in the "streets" between fuel beds.

Data collected were not primarily for the purpose of developing statistic-
ally valid cause-and-effect relationships. Rather the intent was to gather data
which could provide the foundation for development of realistic theory on fire
behavior and to provide guides to development of experimental studies, both in
the field and in the laboratory. These studies would be aimed at solving fire
problems with a reasonable expectation of deriving practical benefits. These
objectives were largely accomplished.

Only six test fires were actually burned. And the tests were made under a
limited range of fuel and environmental conditions. Data from the tests have
yet to undergo rigorous analysis. Nevertheless, it is possible to draw some of
the more obvious conclusions from the completed tests...

1. Fuel characteristics, including those associated with both fuel ele-
ments and fuel beds, are the major controlling factors in fire behavior. The
burning fuel provides the basic driving energy for fire behavior phenomena
associated with fire. How the potential thermal energy of the fuel is released
may be affected in some cases by such environmental conditions as wind speed
and air stability. In general, however, the thermal pulse produced by a given
fuel bed will depend largely on the characteristics of the fuel and of the
fuel bed itself.

2. Rate of thermal energy production is of primary importance in deter-
mining fire characteristics and behavior. The rate at which the thermal energy
of fuel susceptible to combustion is produced is far more important than the
size of the burning area. Close-spaced fuel bed fires in the Flambeau program
varied in size by a factor of 11. However, air flow patterns, temperature,
fire behavior, and noxious gas production were in general the same in the
smallest as in the largest fires. The lower limit of fire size in which mass
fire characteristics will appear was not determined with certainty. Because of
the major influence of fuel characteristics this limit probably varies with
fuel type. In fuels such as were used in Flambeau test fires, mass fire char-
acteristics can be developed in fires in the order of 100,000-150,000 square
feet in area. Test results strongly suggest that mass fires can be developed
in a smaller area.

3. Strong airflow and turbulence develop within the fire boundaries.
In all test fires burned, the strongest air flow and turbulence
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SU1.MARY

Project Flambeau was an exploratory study into mass fire behavior,,The
research was conducted by the Pacific Southwest Forest and Range Experi:ment
Station, Forest Service, U.S. Department of Agriculture, for the OfiRe of
Civil Defense, U.S. Department of the Army, and the Defense Atomic Support
Agency, U.S. Department of Defense. The objectives of Project Flambeau were
to. . .

*Determine the minimum size of fire and fuel loading at which mass fire,
and particularly fire storm effects, occur, so as to provide a "standard"
mass fire for future and more sophisticated studies;

*Explore the instrumentation problem in mass hire research, and develop
instrumentation for such experimental work.

.Acquire as much quantitative infcrmation as possible on fire systems,
particularly in those areas of primary interest to civil defense problems,.

&Test the validity of the descriptive model of a simple mass fire system.t
Six experimental or test fires were burned at isolated sites along the

California-Nevada border from 1964 to 1967 (table I). '(

Table l.--Experimental fires burned in Project Flambeau, 1964-1967, California

and Nevada

Fire Plot code Date Fuel bed Arrangement Wind Fuel Intensity

No. No. burned spacing (rows) moisture rank

Ft. Ft.

1 760-1-64 1-31-64 115 3 by 3 Moderate Moderate 3
2 760-2-69 5-15-64 25 6 by 6 Moderate Dry 1
3 760-3-65 6-11-65 115 3 by 3 Strong Dry 2
4 460-14-65 12-6.65 25 18 by 18 Light Wet 6
5 460-7-66 6-14-66 25 15 by 16 Light Dry 4
6 760-12-67 9-29-67 25 18 by 19 Moderate Moderate 5

to wet

1Based on flame height and fire activity in individual fuel beds.

In addition to these six test fires, preliminary firesI were burned to
study the suitability of available fuels, to check the validity of the "external
look" approach to the study of fire behavior, and to gain insight into instru-
mentation needs of large test fires.

In the six test fires, multiple-fuel beds were used to simulate urban con-
ditions. The fuel beds were built by arranging uprooted pinyon pine and Utah
juniper trees in square piles covering about 2,000 square feet. Each pile of
fuel was 46.7 feet on a side, averaged 7 feet high, and contained about 40,000
pounds of fuel (dry weight). Test fire sizes of 5, 15, 30, and 50 acres were

IDescribed in 1964 interim report. 4
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of significance is the long time duration of carbon monoxide concentrations
within the fire area that are high enough to affect a person's judgment and
action, although not directly causing permanent injury or death.

-
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were inside the fire boindariii away fr6t major influence of ambient flow.
In the multiple fuel-bed fites-the increase in air flow'into the fire area
was significantly greater'than that of ambient flow: Air speeds within the
fire area, however, were several times greater than the air inflow at the
fire periphery.

4. Radiation is of minor importance in fire spread outside of the fire
boundaries. The lack of ignition by radiation outside of the fire boundaries
was a marked characteristic of all Flambeau fires in this test series. Radia-
tion as a factor in fire spread can be expected to become important only wherespread by flame contact and firebrands is limited. For urban fires, of the type
to be expected following nuclear attack, fire-induced turbulence within the

area initially ignited will insure maximum flame contact and firebrand move-
ment.

5. For multiple fuel-bed fires the position of a fuel bed in the array
has only a minor effect on its thermal pulse pattern. In the mass loss experi-
ment of Test Fire 6, only small differences were found in the mass loss rates
for fuel beds in different positions. The differences that did appear seemed
more closely related to variation in the circulation pattern within the fire
area than to position of the fuel bed with respect to the fire center.

6. The Countryman descriptive model is a realistic portrayal of a sta-
tionary mass fire system. All six zones of the model appeared in two of the
test fires. In other tests the convection column did not reach heights that
permitted smoke fallout and convective development zones to develop. Fire
behavior and associated phenomena were generally similar in the fuel, combus-
tion, and transition zones for all fires that produced mass fire characteris-
tics.

7. Wildland fuels may be used to simulate urban fires. Wildland and
urban fuel beds are dissimilar and cannot usually be expected to produce
similar fires in their natural state. But the thermal pulse produced by a
burning fuel bed is dependent so much on fuel bed characteristics that it is
possible to select and arrange wildland fuels to produce a thermal pulse that
will be similar to that of an urban fuel, and to produce similar fire charac-
teristics. Success in simulation will depend upon knowledge of burning charac-
teristics of wildland fuels and thermal pulse characteristics of the urban
fuel bed to be simulated.

8. Fire whirls are a consistent phenomenon in large and intensely burn-
ing fires. Fire whirls occurred in nearly all Flambeau test fires, and
commonly occur in wildland fires. This phenomenon is of considerable importance
in urban mass fire spread and in fire control activity. Fire whirls are likely
to be of major importance in civil defense aspects of mass fire because of
their destruLtiveness and their capability to rapidly spread fire and trans-
port noxious gases.

9. Lethal concentrations of noxious gases occur within and adjacent to
fires. High concentrations of carbon monoxide, carbon dioxide, and deficiency
of oxygen were found in the combustion zone of Flambeau fires. Less severe
concentrations appeared between the fires and on the fire edge. Since peak
concentration of lethal gases, minimum oxygen, and peak heat occurred at about
the same time, their combined effect may be greater than any one alone. Also
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FOREWORD
Subtask 2521E, "Interaction of Mass Fire and Its Environment,"

sponsored by the Office of Civil Defense, Office of the Secretary of the
Army, and by Defense Atomic Support Agency, Department of
Defense, was designed to help alleviate the lack of quantitative
information on the characteristics and behavior of mass fire. The broad
objectives of Project Flambeau were to:

1. Investigate and seek to establish the relationship of the fire
spread, fire intensity, and other fire behavior characteristics of mass fire
in relation to air mass, fuel, and topography, and to determine the
effect of the fire system itself on the environment surrounding it under
various synoptic conditions.

2. investigate ti rate of energy output of fires under various
environmental conditions and also the output of noxious gases that
might have a bearing on military and civilian action and safety.

Both field and laboratory work were needed to meet these
objectives. Because of the need for quantitative information character-
izing large and intense fires, work was largely confined to the
development of instrumentation and the preparation and burning of
field test fires. Size of test fires was scaled upwards as instrumentation
and ability to measure such fires were perfected.

The Final Report of Project Flamb-au . . .An Investigation of Mass
Fire (1964-1967) consists of three volumes: Volume 1, comprising this
report. Volume II, Catalogue of Project Flambeau Fires, 1964-1967;
and Volume Ill, Appendixes.

Volume I reviews our knowledge of fire behavior and factors
affecting it, describes the research approach, instrumentation develop-
ment, and test fires conducted; and reports results and observations
from the test fires completed. Emphasis is given to the work
accomplished since the interim report issued in June 1964.

Trade names and commercial enterprises or products are mentioned
in this report solely for necessary information. No endorsement by the
U.S. Department of Agriculture or by the U.S. Department of Defense
is implied.
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ass fires-fires showing the more violent fires and suggests some of its characteristics, describes
fire behavior-can erupt with savage fury the research approach used, the test fires-including
at almost any time. Whether in urban or selection of fuel type, fire configuration, and ,ire size;

rural areas, all that is needed is an ignition source and and development of instrumentation-and discusses
the right combination of fuels and weather. Such the results obtained. And it defines a mass fire and
fires-raging uncontrolled-can wipe out entire com- suggests a prescription for an experimental mass fire.
munities, destroy valuable resources, and snuff out
many lives. Knowledge of Mass Fires

Experiences in wartime have amply demonstrated
that mass fires can threaten entire civilian popula- From their long experience with mass fires, both
tions. Even in peacetime, normal ignition sources and urban and wildland fire control agencies have con-
natural fuel bodies can create massive conflagrations. tributed a qualitative description of many aspects of
With the development of modern weapons, large fires fire behavior. Firefighters have developed a remark.
can be ignited with lightning speed and devastating able degree of skill in predicting fire behavior, in
consequences. In either peace or war, man must learn developing control techniques, and in manipulating
how to cope with mass fire. Civil defense authorities fire to attain specified objectives. But much of their
and fire control agencies need to know when mass knowledge is intuitive-it is not easily converted to
fires are likely to start and how they are likely to the quantitative form needed for generalized applica.
behave. tion to the problem of mass fire.

In 1962, the Forest Service of the United States The lack of quantitative information has also
Department of Agriculture in cooperation with agen- handicapped theoretical approaches to an under-
cies of the United States Department of Defense standing of mass fire phenomena. Assumptions have
undertook a large-scale investigation--called Project been made about fire phenomena without any assur-
Flambeau-to add to our knowledge of the character- ance that they were vali4. Without quantitative data
istics and behavior of mass fire. The study was not the applicability of theoretical models formulated
designed to develop cause-and-effect relationships, from such work to the real-life situation must always
but rather to gain some insight into as many aspects remain in doubt.
as possible of mass fire. Its broad aim was to Accumulation of quantitative knowledge of mass
investigate mass fire under various fuel and weather fire has been hampered because of the need to limit
conditions, and the interactions of mass fire with its experimental work to small-scale fires in the open or
environment, in the laboratory. Such studies have proved helpful

A series of test fires were burned on isolated sites toward an understanding of fire phenomena. They
in California and Nevada. Instrumentation was de- permit careful control and measurement of experi-
veloped and tested concurrently with these experi- mental conditions. And they allow accurate analyses
mental fires. The data collected were intended to of some basic fire relationships. But the validity of
provide information about large free-burning fires for extrapolating from such studies to large, intense fires
use in the development of realistic theoretical and is questionable.
experimental studies aimed at solving specific mass Some characteristics of large fires have not been
fire problems. The investigation was focused on urban observed in small fires. They may not occur, or may
fires and civil defense problems, but information be too minute in small fires to detect. It seems likely
obtained should be useful for other purposes as well. that a different set of controls on fire behavior may

This volume of the Final Report summarizes the take over after a fire reaches a certain size or
work of Project Flambeau during the period intensity. The influence of gravity, lapse rate, and
1964-1967. It outlines our present knowledge of mass other atmospheric parameters make fire scaling un-
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usually difficult. Extrapolation is further complicated a towering convection column arid inflow of air from
by the fact that behavior of fire is a pattern all sides. This air inflow is believed to be a major
phenomenon, that is, the behavior at one point often reason for the lack of significant outward spread in
depends on the behavior of fire at another point, fire storms reported during World War 1I.

A third type of mass fires-the moving firo
Types of Mass Fires storm-has generally been overlooked. It is poten-

tially the most dangerous and destructive of all fires.
In the past, mass fires have been classified into one Under certain conditions of fuel, wind, and topog.

of two types: the conflagration and the fire storm. A raphy, numerous fire brands can ignite large areas
conflagration is usually defined as a fire that develops ahead of :i moving fire. In such case, the fire can
moving "fronts" or "heads" under the influence of develop many of the characteristics of a fire storm,
wind or topography. And the hot burning area is yet continue to move rapidly into unburned areas.
usually confined to a relatively narrow depth. A fire Such fires occur occasionally in wildlands, but gener-
storm has been defined (Rodden, John, and Laurino ally have not been recognized in urban areas. Because
1965) as a fire in which virtually the entire fire area is of the very large areas that can be ignited by nuclear
burning simultaneously. Such a fire is essentially attack, moving fire storms can flare up in both urban
stationary, with little outward spread. It is marked by and wildland areas.

RESEARCH APPROACH

Stationary Mass Fire boundaries are indefinite. In most fires, this zone

The stationary mass fire is the most susceptible to probably does not extend more than 100 to 200 feet

field scale study. Since the fire area is predetermined, above the combustion zone.

those variables concerned with fire spread can largely I -Fire (thehmel) Convection Zone: The area
be eliminated from the experimental design. Location between the top of the transition zone and the base
of the fire within the instrumentation network can be of the convection column cap. Energy for the
accurately fixed. Because there is no fire spread,
adequate firebreaks to prevent accidental escape of
the fire can be built more readily. For these reasons,
coupled with the apparent importance of the fire "
storm phenomena in civil defense, the experimental ("

program was aimed at the investigation of the -. Condensation Convection Zone

stationary mass fire.
It is convenient to consider a fire system as a

perturbation within an environmental field. The
perturbation is driven by the thermal energy released "-',. Z
by the burning fuel. The interaction of the perturba- Smok Falout Zone

tion with the environmental field creates the fire
phenomena associated with free-burning fires-the
fire behavior. Observations of large and intensely
burning fires suggest that a large fire system may have Fire Convection Zone

six different zones (fig. I):
I-Fuel Bed Zone: Extends from the ground to the

top of the fuel bed. The vertical dimensions may vary
from less than 1 inch to many feet, depending upon
the kinds of fuel involved. Transition Zone

ll-Combustion Zone" The actively flaming area in. Combustion Zone

and above the fuel zone. Vertical height varies, btt is
usually less than 100 feet above the fuel bed. g long

IIl-Transition (turbulence) Zone: Lies between Figure I-The Countryman model of a
the combustion zone and the more organized flow of fire system shows the six zones of a mass
the main convection column. Both upper and lower fire.

2



convection in this zone comes chiefly ftom the fAre, ment and the changes in energy release rate with
although some condensation of Wtet vapor is also time. Essentially, this appioach involves an "ex-likely. Vertictl heliht of this zotie May /ary toutfi less ternal" look at the fire.
than I,000 feet in some tires to thore than I 5,000 In the beginning of the Flambeau program, we
feet in others. recognized that the research would be probing into a

V-Smoke Fallout Zone: A relatively thin zone at largely unknown arez for which there was little
tic trse of the convection cap. This thin layer of precedent. Before undertaking full-scale mass fire

smoke spreading 3U[ fr.o. the Ootwotlon column is tests, it was necessary to have quantitative data on
characteristic of towering convection coluMns, the characteristics shown by such fires. This informa-

Vt-Condensation Convection Zone: The area tion was needed to test hypotheses suggested by
from the smoke fallout zone to the top of the theoretical or mathematical computations, and to
d6tWeotlon column. The column usually widens insure that instrumentation developed for full-scale
abruptly to form a "cap." It Is usually light in color tests was both adequate and appropriate. For ex-
as a result of the condensed water vapor or ice ample, the size of fire needed to produce fire storm
crystals. Heat from condensation is likely the chief effects was uncertain. Some investigators of the fire
source of energy for convection in this zone. This storms of World War It set the minimum size as
tone Is not found in all fires. Its formation depends greater than I square mile. However, observations of
UfWOfl ait teas characteristics as well as on size and wildland fires and prescribed burns (fires set to
enefW 6titpUt of the fre. The vertical length of this achieve a desired objective) have indicated that
zone is variable. At th,1es It may approach the length phenomena similar to that ascribed to fire storms
of the fire convection zone. often appear in much smaller fires, occasionally in the

order of 5 to 10 acres in size. Instrumentation
The total amount of thermal energy released by a requirements also could not be ascertained since the

fire depends primarily upon the size of the fire and range of individual parameters and both -atial and
the amount of fuel available for burning. The rate of ra ng ramets and b ial and
enerty release for the entire fire is a function of fire tmoree
size and interaction of the combustion zone with the
test of the fire system and its environment. At some Objectives
critical poitit in the total energy release rate, mass fire
characteristics can be expected to appear. By holding The investigative program was intended to be
fuel type, fuel loading, and weather pattern constant exploratory, and to cover a period of about 3 years.
and by varying fire size, the size at which a mass fire At the end of that time we expected that sufficient

will appear can be determined. The fuel loading and information would be generated to permit formu-
weather constants would, of course, have to be lation of realistic hypotheses of mass fire behavior
greater than some minimum value below which a and design of sophisticated laboratory and field
ms fire would not develop at any size. Once the size experiments permitting development of predictive
of fire which would produce a mass fire at the given models. At the same time adequate instrumentation
level of fuel loading and weather is determined, then systems for full-scale mass fire studies would have
these factors can be varied over the ranges which a been perfected.
mass Ire can be developed. During the exploratory and development process

In most theoretical treatments of fire systems, the we anticipated that data would be collected from test
burning area is considered a simple, uniform heat fires that would provide civil defense authorities with
source. This approach assumes that any areal vada- general information on conditions within a fire area
tions in the energy production pattern will not for immediate use in planning for protection of
significantly affect fire behavior. In these theoretical civilian populations from fire. The information col-
models, fuel-bed configurations of the same size and lected in the first phase of the Project would also
having the same total rate of energy release will provide a store of data useful in supplementing and
produce the saine kind of fire behavior when in the extending that to be collected in more sophisticated
same environmental situation. Any temporal varia- studies.
tions in fire behavior would be the result of inter- Specific objectives of this program were to:
actions of the entire fire with its environment and • Determine the minimum size of fire and fuel
changes in the energy release rate as the fuel is loading at which mass fire, and particularly fire storm
consumed. Parameters of interest would be those effects occur, so as to provide a "standard" mass fire
concerned with the interactions of fire and environ- for future and more sophisticated studies.
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* Explor.e the instrumentation problem in mass p69sible on fire systems, particularly in those areas of
fire research wrd to develop instrumentation for SUch primary interest to civilian defense problems.
experimental work. * Test the validity of the descriptive model of a

* Acquire as much quantitative information as simple mass fire system.

EXPERIMENTAL FIRES

In starting the experimental program, we faced Although these fuels were not expensive at the
three major decisions: (1) selection of fuel type; (2) source, handling and transportation to n lettpiable
selection of fire configuration and sizes; and (3) test area made the on-thate cost high. They also
evaluation of instrumentation needs and development had the disadvatage of not being consistently avail-
of instrumentation, able.

The lack of quantitative information required to The second fuel source was wildland fuels from
decide any of these issues, the need to have infor- which test fires could be prepared and burned in the
mation that would permit setting up specifications area in which the fuel was found. Preliminary study
for a fuel bed configuration and size that would indicated that wildland fuels would likely provide the
produce a mass fire of urban characteristics, and the most suitable source of material for extensive tests.
need to have an adequate instrumentation system for
such a fire made it necessary to work on all problems Fuel Type Criteria
simultaneously. Wildland fuels in their natutal State have a wide

variety of characteristics-depending upon species and
Selection of Fuel Types their growth habits, soil, and other conditions. In

Fuel Parameters selecting a fuel type for fire tests, it was considered
essential to meet these criteria:

Numerous fuel parameters can affect the incep- 1. A large amount of fuel of the selected type
tion, growth, and behavior of fires (Byram 1952, should be available:-Each large-scale fire test requires
1959). The characteristics of fuel elements known to a great amount of fuel. To keep the fuel variables to a
affect fire include element geometry, surface-to-vol- minimum, the fuel selected should be available for all
ume ratio, surface features, moisture content, chemi- of the contemplated tests.
cal composition, specific gravity, and thermal con- 2. Arrangement of the fuel Into various configu-
ductivity. Important fuel bed characteristics include rations should be possible at a reasonable cost:-Wild.
continuity, arrangement, fuel size distribution, po- land fuels do not occur in configurations resembling
rosity, and amount (fuel loading). All of these fuel urban areas and hence must be rearranged to obtain
parameters and their interactions with the fire and desired configurations and fuel loading.
with other environmental factors are important in the 3. The fuel type should burn at a rate and with a
understanding of fire behavior. Investigation of ef- heat flux output approximating some type of urban
fects of these individual characteristics, however, was fuel bed.-To permit extrapolation of data obtained
beyond the scope of the experimental program-that in fire tests to actual urban situations, the relation-
of quantification of a mass fire system. Thus it was ship between burning characteristics of an actual
desired to limit the number of fuel parameters in the urban fuel and that of the test fuel must be
experimental design to a minimum so as to reduce the established. If the test fuel characteristics match
number of fires needed to accomplish the major those of a typical urban fuel, such as a house, then
objective. this relationship could be determined and the results
Fuel Sources directly applied to the urban situation.

4. The fuel must be found in areas suitable for test
Since it is practically impossible to conduct fires from a climatic, weather, topographic, and

large-scale mass fire tests with in-place urban fuels, public relations standpoint:-Large-scale tests depend
simulation of urban fires with other fuels was highly on weather conditions. The tests must be
necessary. Two general kinds of woody fuels were conducted under prescribed weather patterns. Fuels
considered. must be burned when dry and hence must have ample

One of these fuels was scrap lumber from slum and "drying weather." Therefore, fire test areas must have
highway right-of-way clearance and sawmill wastes. a climate and weather pattern that will provide a long

4



"burning season," and the weather patterns desired sel, and far from urban centers where supplies for
for the fire tests must be found reasonably gftm. the test fires and housing for the field crews could be

obtained.
Fuels Availabe: Preliminary Fires

'Nrl general fuel types appeared to haw poten.
tW fox r r. . t.. Preliminary test fires (Countryman 1964) were

] . hgpo , often referred to as conducted to investigate the suitability of each of the
rbu gh," covers extensive areas In the State. Amount available fuels and also to check the validity of the

of Nl per acre ranges from less than 5 to more than "external look" approach to the study of fire
40 tons (dry weight) (Firestop 1955). It grows over a behavior, and to gain insight into instrumentation
wide range of climatic zones but chiefly in the requirements,
warmer, drier areas of the State. Although essential h
for watershed protection in many areas, ghlig"1 Is

considered undesirable in ijpIW places and is being The first fires consisted of burning chaparral fuels
removed to cgqy J the land to forage or timber because the supply was plentiful and preparation
.[I[atJo. The fuel dries rapidly and is easy to costs relatively low. Test fires in this fuel were all

.,rra g ith derj.a.-t4 q lt, designed as simple heat sources. Fuels were spread
2. r *4 W As a isiult of several severe uniformly over the entire area to be burned. Fuel

p mm-i5 i QlOae suocession, a considerable beds ranging up to 92,000 square feet in size and
muoiint of ,kflmed timber was available. In the having a fuel loading of about 1.5 pounds per square
o]r timber stands, the merchantable trees ate foot were prepared.
removed after a fire. The logging debris and smaller When started by multiple Ignitions over the fuel
tInes are then bulldozed into piles or windrows and bed area, the fires In the chaparral buit up very
burned to prepare the area for reforestation. In young rapidly. Hot fires resulted, but lasted only a short
stands where the timber is relatively small, the entire time because of the mall fuel sizes characteristic of
stand is pushed over by bulldozell and bunched for the fuel type. Because of the short burning time,
burping. Amngunt of fuel available may exceed 100 convection columns were poorly defined, and air flow
W Pet amre, Heavy equipment is usually needed for patterns did not become stabilized. Heavier fuel
arty fUl rearrangement. loading would probably have increased the burning

Winter precipitation in the timber zones is rela- time to some extent, but would have substantially
tively heavy, and fuels-particularly those in compact increased construction costs.
piles-do not become dry enough to burn well for Fire characteristics of chaparral were considered
se1t#l moths after the wet season. Experimental representative only of very light urban construction,
lis there would be limited to a few weeks in the late and therefore the fuel type was not suitable for

1141 studies of stationary mass fire. The fuel type does

3. Pinyon pine-juniper trees. Stands of single-leaf have potential, however, for investigations of effects
Pinyon pine (Pinus monophylla Torr. and Frem.) and of ignition patterns on fire development and for
Utah juniper (Juniperus osteosperme [Torr.] Little) study of the mechanism, of fire spread in conflagra-
are found in the arid and semi-arid parts of eastern tion-type fires.
California tuid over much of the southwest United Fire-Killed Timber Fuels
StAtos, whore a long burning season prevails. These
two species are usually widespaced, but owing to Two types of fuel beds in fire-killed timber fuels
their heavy branching type of growth there is a were tested. Square in shape, the first fuel bed
considerable amount of fuel in each tree (Storey covered about 170,000 square feet. In this fuel bed
1969b). The fuel is highly resinous and burns very the timber was felled in place. Most of the trees were
well. In most areas the timber is considered to be of less than 8 inches in diameter at the base. Since all
no commercial value. Because pinyon pine-juniper fine material had seen previously removed by wild-
stands use much of the little soil moisture available fire, the fuel was supplemented with 51 tons of
they are being removed in many places to permit chaparral fuel to permit rapid fire spread from the
better growth of forage. Widely scattered and bulky ignition points and to ki ,dle the tree trunks. The fuel
In form, these plants would require special equipment arrangement somewhat resembled that of a residential
If they were used in the test fires. The stands that area leveled by an explosion (flg. 2). Fuel loading was
were available had certain drawbacks. They were at 3.5 pounds per square foot, or nearly 600,000
high elevation (over 6,000 feet), on generally rocky pounds for the fuel bed.
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Figure 2-In fire-killed timber fuel plot, trees averaged about 8 inches in diameter.

The fuel bed had to be burned under high were hazardous to working personnel. This method of
fuel-moisture conditions. However, the results indi- fuel bed preparation was discontinued after one bed
cated that this fuel and arrangement could produce a was built.
hot fire and a substantial convection column. In In the alternate method of fuel bed preparation,
addition, the burning time was also long enough for bulldozers pushed over trees and bunched them into
air flow patterns to become established, compact piles. The six fuel beds prepared in this

The use of fire-killed timber in this manner for test manner ranged in size from 7,200 to 49,700 square
fires had several drawbacks. Supplementing the fuei feet. Fuel loading in the smaller beds ranged from 19
with fine material proved to be time consuming and to 25 pounds per square foot. The largest fuel bed
expensive. Considerable manual labor was required to held about 40 pounds of fuel per square foot.
collect and distribute the fine fuel. Fuel loading with Compacted in this way the fuel burned well
large fuel was limited to the volume of the timber without replacing the fine material lost in the
stand in place. Rearrangement of the fuel into any wildfire. Intense fires lasting for several hours were
configuration other than complete cover of the area produced. Fuel beds of similar size within the fuel
was nearly impossible because tree stumps impeded loading range produced fires that appeared to resem-
the movement of equipment. The tangle of trees and ble each other closely. Fire characteristics were
'rush made instrumentation of the interior of the analogous to those that might be expected from
fuel bed slow and protection of sensor lead wires heavy construction or multi-story buildings.
difficult. The sharp limb stubs remaining on the trees But considerable difficulty was experienced !n
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instrumenting the interior of the fires. The long tree • The fuel size distribution of juniper roots was
lengths and compact piles made it impossible to move not determined, but ample data on the total root
any of the fuel to install instrument towers and weight of juniper are available.
wiring. Passageways had to be cut into the fuel beds & The fuel size distribution curves for the small

a with chain saws to provide access. As the fires pinyon and small juniper crowns paralleled one
burned, the heavy fuel continually shifted about, another closely at fuel diameters larger than
damaging or destroying sensors, wiring, and instru- one-fourth inch.
ment supports. This problem was particularly acute in • Fuel size distribution among branches of iden-
the largest fire and was obviously going to become tical girth from larger trees of either species appears
more difficult as fire size was increased, to vary only slightly.

The long burning fires would, however, provide In a companion report, Storey (I 969a) has de-
ample time to obtain detailed measurements. Because scribed in detail the methods used to select the test
of the long burning time at elevated temperatures and sites, clear the land, prepare the fuel plots, and
shifting fuel, instrumentation within the fire area determine the amount of fuel. Candidate test sites
would have to be designed to withstand the hostile within the pinyon pine-juniper types were chosen
environment, after a reconnaissance survey from a light aircraft,

Air flow into both chaparral and timber fires was study of aerial photos, and follow-up ground inspec-
observed to be very slight near the ground (Country- tion. Two sites were selected: the 45,000.acre Basalt
man 1964). In the fire-killed timber fires, it became Site north of U.S. Highway 6 and west of Basalt,
much stronger in the passageways that had been cut Nevada; and the 15,000-acre Mono Site south of
to install instrumentation. This finding suggested that State Highway 31 along the California-Nevada border
streets and spacing between buildings in an urban and northeast of Lee Vining, California. After the
mass fire would likely have an important effect on air sites were chosen, tree stands were tentatively match.
flow circulation patterns and hence, on fire behavior. ed with plot fuel requirements.
If this were true, fuel bed configuration in a fire Trees in each of the 14 selected areas were lifted,
would have an important bearing on fire behavior and transported, and piled to furnish the fuel for burning.
effects. And urban simulation would not be achieved The job of plot preparation was handled by a private
by experimental fires designed as simple heat sources. contractor. The test fuel beds were built by arranging

An attempt was made to build a test fire with a pinyon pine-juniper trees in piles covering about
multiple-fuel bed arrangement simulating urban fuel 2,000 square feet and standing 6 or 7 feet tall. After
configuration with the fire.killed timber. It soon fuel piles were completed, they were left to dry. Plots
became obvious that the cost of large plots would far were to be burned when their average moisture
exceed the resources of the program. Therefore content approximated that of wood in buildings. Fire
further work in this type of fuel was discontinued, built up quickly in the dry fuels, with flames shooting

Pinyon Pine-Juniper Fuels up 50 to 60 feet in less than 5 minutes (fig. 3). After
a hot fire had burned for 15 to 20 minutes, it was

The tests with fire-killed timber fuels had suggest. followed by 60 to 90 minutes of low flames and
ed that multiple-fuel bed fires would be needed to glowing combustion, but with considerable heat
simulate urban conditions. Therefore, pinyon pine production. The fuel beds required 4 to 6 hours to
and juniper fuels were evaluated for their suitability, burn out completely.
Storey (1969b) has reported how trees were selected In these early trials, we found that the cost of
and sampled at the test sites, the analytical proce- preparing each fuel bed from pinyon pine-juniper
dures used, and results obtained in relating weight of trees was cheaper than that of preparing plots from
fuel to size and to dimensions, and in determining fire-killed timber. And it was only 5 to 10 percent of
distribution of fuel weight. On the basis of the the estimated cost of preparing fuel beds from
findings, we concluded that... lumber.

* Dry tree weight, dry crown weight, and dry The manner in which the pinyon pine-juniper fuel
root weight were closely correlated with maximum burned suggested that it might be used to simulate
crown diameter, average crown diameter, and stem single-story, wood houses. Data on burning time and
diameter at 1 foot for pinyon pine and with heat output from such houses when completely
maximum crown diameter and average crown diam- ignited instantaneously were not available. Urban fire
eter for Utah juniper, which has multiple stems. chiefs had estimated that a wood house when

* About 25 percent of the total dry weight of completely involved in fire would probably bum
small pinyons may be in the needles. down in 15 to 30 minutes-about the same time as
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Figure 3-Fire produced in a pinyon pine-juniper fuel bed. This fuel
type was selected to simulate an urban residential area in the
experimental fires.

the hot period of pinyon pine-juniper fuel beds. moderate-sized suburban house and garage, the fuel
From observations of houses burned in accidental bed needed to cover about 2,000 square feet, with a
fires it appeared that flame heights seldom exceeded fuel loading of 15 to 20 pounds per square foot
the 50-60 foot flames found in fires of pinyon (Stanford Research Institute 1954). To keep fuel
pine-juniper fuel. The houses, once fully ignited loading within the desired range and to avoid com-
burned in the same general way as beds of pinyon paction by heavy equipment fuel beds had to be
pine-juniper fuel. This fuel appeared to be the best limited to 7 or 8 feet. Configuration finally selected
available to accomplish the immediate objectives of was a square pile of fuel 46.7 feet on a side, about 7
Project Flambeau. Therefore, it was decided to use feet high, and containing 40,000 pounds of fuel (dry
pinyon pine-juniper fuel to sinulate an urban reside ,- weight). This design became the "standard" fuel bed
tial area in the experimental fires. for all fires. The fuel bed was only about half as tall

Test Fire Design as the usual single-story house. But it could not be
made taller and fuel loading maintained without

The selection of the individual fuel-bed dimensions excessive costs for fuel arrangement. This test design
was determined by total fire size, fuel bed spacing, can be considered to be adequate representation of
and construction methods available, as well as by area single-family suburban houses after exposure to over-
desired and fuel loading. To simulate a pressures sufficient to cause structural collapse.
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Fire Sizes enough to produce distinctive and measurable differ-
To meet the primary objective of determining the ences in fire behavior.

size of fire at which mass fire characteristics appear, Plots with 25 and 1 I 5-foot spacing were construe-
fire size became the major variable in the experimen- ted for all selected fire sizes.
tal program. Test fire sizes of 5, 15, 30, and 50 acres Weather Effects
were arbitrarily selected. Since mass fire character- Wind and fuel moisture are the two major weather
istics have been observed in wildfires and in pre. effects on fire behavior. Wind acts on the fire directly
scribed burns within this size range, it was expected while fuel moisture is affected by relative humidity,
that the desired type of fire with arranged fuel would temperature, precipitation, and wind. To permit an
also be produced within these fire sizes. If not, approximation of these effects the plots of different
enough information would be gained on effects of sizes and spacings were replicated to permit fires
fire size to permit extrapolation to approximate the under two widely different conditions of wind and
minimum size required, fuel moisture. This plan gave a total of 16 plots,

'Fuel Bed Spacing about the maximum possible to construct with
In deciding upon fuel bed spacing several factors available funds. One group of plots of all sizes and

had to be considered. Compromises proved necessary. spacing was to be burned under low wind and low

For close-spaced fuel bed plots, we wanted the fuel fuel moisture conditions; the remaining plots were to
beds close enough together so that they would be burned under other combinations of wind and fuel

probably produce strong interaction effects, yet far moisture.
enough apart to allow for reasonably free air flow. In Ignition Method
wide-spaced plots, we needed enough fuel beds to The ignition patterns of fuel in wildland fires
provide some "central" piles-fuel beds surrounded influence the rate at which a fire develops and how it
on all sides by other fuel beds-in the smallest-sized behaves. Their effects seem to be due primarily to
fire. how fast fire spreads from individual ignition points

Previous studies indicated that a 40 percent and spreads throughout the entire fuel bed. If ignition
building density was the upper limit for urban areas, points are far apart, for example, part of the fuel may
and that 27 percent could be considered the lower be burned out before the entire fuel bed is afire. The
limit of firestorm potential (Fed. Civ. Def. Admin. result is a lower peak energy output rate for the fire
1957). area than if the ignition points are close together and

Whether a fire convection column should be fires merge quickly. This same effect can be expected
treated as a thermal plume, as a thermal jet, or in building fires. A fire in a building ignited at many

perhaps as a combination of both is uncertain. Both points will build up more quickly than if it were
thermal plumes and thermal jets can be treated as an ignited at a single point. Location of ignition points
inverted cone (Scorer 1958). A plume will have a 1/2 within the fuel bed may also determine how fast a
angle of 9 degrees; the 1/2 angle of a jet is 12 degrees. fire spreads through the entire fuel bed.
Available pictures of fire convection columns were Because of natural variations the pinyon
analyzed for their 1/2 angles. The angles approached pine-juniper fuel beds were not identical in fuel
(often exceeded) the 12 degrees of the jet. It was elements of different sizes or in arrangement of fuel
decided that the fuel bed spacing in the close-spaced elements. To minimize the spread-time factor, it was
plots should not be greater than would permit decided to use an ignition procedure that would
merging of the convection columns at about max- spread fire throughout each fuel bed in as short a
imum flame height (50 to 60 ft.). If a 12-degree 1/2 thne as was feasible.
angle is used, the distance is about 25 feet, corre- Preliminary work indicated that I-pound bags of
sponding to a 42 percent building density. jellied diesel oil fired by spitter fuses and electrical

For the wide-spaced plots a spacing of 115 feet squibs was an excellent ignition device for the fuel
allowed nine fuel beds in a square covering about 5 being used. Ten of the ignitors near the top of the
acres-corresponding to a building density slightly fuel bed resulted in fire spreading through the entire
under 10 percent-and provided two central fuel unit within 30 to 90 seconds. Since the ignitors could
beds. Again if a 12-degree, 1/2 angle is used for the be electrically fired, simultaneous ignition over the
convection cone, convergence could be expected at plot was possible. Later we found that by carefully
approximately 275 feet above the ground. This selecting ignition points, about the same result could
difference in spjaing of fuel beds and height of be obtained with six ignitors. But fewer than six
convection convergence was est:mated to be great ignitors, noticeably slowed ignition time.
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DEVELOPMENT OF INSTRUMENTATION

At the outset we had anticipated that development mometers and wind vanes are constructed of plastic
of and decisions on instrumentation systems for large or aluminum. They failed to withstand the high
experimental fires would be a major problem. This temperatures encountered within a fire area.
expectation proved to be true. Instrumentation de- Observation of preliminary fires also indicated the
sign and testing was carried along concurrently with presence of strong vertical rui-rents. Since cup ane-
the burning of fires of different sizes in various fuel mometers do not indicate true wind speed when the
types. fuel loading, and fuel bed arrangements. angle of flow from the plane of rotation of the cups
Because of time, manpower, and financial limitations, exceeds a critical value (MacCready 1966) both the
we decided to concentrate on one phase of instru- vertical component and angle of flow must be
mentation development and testing at a time. The measured.
instrumentation thus varied greatly in both kind and Adequate anemometers were not available. There.
amount from fire to fire. Emphasis was given to fore, anemometry suitable for use in a hot environ-
development of methods of directly and quantita- ment was developed at the Pacific Southwest Forest
tively measuring the parameters of interest. However, and Range Experiment Station's Forest Fire Labor-
some methods giving qualitative or semi-qualitative atory at Riverside, California. The first anemometer
measurements were also explored for feasibility, for this purpose was built with exposed parts made of
Whenever possible standard sensors and techniques stainless steel. For use within the fire area the body
were used. of the anemometer was heavily insulated. Tests

Three groups of parameters were considered for indicated that the anemometers would operate satis-
investigation: (1) air flow in and around the fire area factorily in all but the hottest portions of a fire
and pressure variations within the fire area; (2) (Murray and Countryman 1968).
thermal energy production, including mass loss rate Attempts to develop a wind vane for detecting
of the fuel, temperature in the combustion zone, both horizontal and vertical angles and capable of
temperature of gases surrounding the combustion withstanding high temperatures were not successful.
zone, and thermal radiation from the fire area; (3) gas It was then decided to'measure vertical and hori-
composition, primarily concentrations of carbon zontal components of air flow with three fan-type
monoxide, carbon dioxide, and oxygen within the anemometers rigidly mounted at right angles to each
combustion zone and in the spaces between fuel beds. other (fig. 4). A double ended shaft with fan blades

mounted on each end was used to minimize the body
Air Flow Measurements effect on anemometer response to air flow from

various directions. The anemometers produced good
Descriptions of mass fires and fire storms in World results in three large test fires of multiple-fuel beds.

War II and in large urban fires include frequent Response of the anemometers to variation in air
mention of strong air flow (Bond 1946; Busch 1962). speed is linear at all air flow angles (fig. 5). Response
Since air flow appeared likely to be of major to air flow angle deviates somewhat from the ideal
importan' in quantitative descriptions of mass fire cosine curve response (fig. 6), but is close enough to
systems early emphasis was given to air flow instru- permit correction of speed and angle to good accu-
mentation and measurements. racy.

Direct Measurement Visual Air Flow Tracers

In the preliminary test fires, commercially avail- In the early test fires, air flow near the fire was
able sensitive cup anemometers were used around the traced by the use of colored smoke released at ground
exterior of the fires. Air flow direction was detected level. Over short distances this technique was useful
by means of wind vanes turning a low torque for obtaining qualitative descriptions of air flow
potentiometer or contact disc. For exterior measure- patterns. The smoke diffused rapidly, however, and
ments these sensors perfomied satisfactorily. This air flow streamlines could not be filowed far.
type of air flow instrumentation, however, proved to Two techniques were tried * i attempt to obtain
be inadequate when multiple fuel-bed fires wele quantitative data from visual t 's. In one attempt
needed to simulate urban fires, and when internal smoke candles were attached to wers outside the
measurement of air flow patterns within the plot fire area and ignited sequentiity with electrical
became of prime importance. Most commercial ane- squibs. Time-lapse cameras were used to record the
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Figure 4- Vector anemometers measured vertical and horizontal com-
ponents and the angle of air flow in test fires.

70 100

co -FPw direction 600 300

80- ~Cosine curve

000

20 -Anemnometer A- 3
'o'

0 0 60L I 0 00 20 140 160 80 700).

",:I.OVO.T

Figure 5-For all air flow directions, the
anemometer responded linearly to 0changes in air speed. C0  15 R, 45 90

Angle (degrees)

Figure 6-Comparison of vector anemo-
meter response to ideal cosine response.



smoke trace. In the second attempt, cold-propellent fires did not perform adequately. And fire damage to
rockets were equipped with' a tracer producing the pressure sensor systems and failure of electronic
payload. Tc rockets were fired at a near vertical parts in the recording systems also contributed to
angle from close to the fire edge. Titanium tetra- poor performance.
chloride or aluminum powder was used to produce a Thermal Measurements
visual trace. Both materials left visible traces for
1,000 to 1,500 feet. Again, time-lapse cameras were Combustion Zone Temperature
used to monitor the trace. In the first tests, temperatures within the corn-The exploratory work with visual air flow tracers bustion zone w-.re measured by chromel-alumel ther-
showed that this technique would have value in mocouples made up of 28-gauge wire. These bare-wire
supplc.iting direct air flow measurement outside thermocouples were mounted on steel masts or strung
the fire area. Diffusion of the tracer material is rapid, between masts to get them in the desired position.
however, particularly near the fire edge. High-quality They did not prove entirely satisfactory. Tempera-
camera and timing equipment are essential. Reduc. tures within even the smaller fires approached the
tion of information obtained in this manner is also a maximum working temperature (2,500°F.) of the
slow and laborious process. Because of time limita- thermocouples. Under prolonged exposure to the
tions further work with visual tracers was shelved in elevated temperatures in the fire the bare wires often
favor of decdopment of direct means of air flow burned badly and frequently parted under the vibra-
measurement, tion and strain of the turbulence within the fire.

Pressure Measurements To solve this problem, chromel-alumel thermo-
couple! ,heathed In stainless steel or nconel and with

Three types of pressure sensing instruments were only the junction exposed were obtained. These
tested. The first type tried was the Kollman absolute thermocouple probes proved highly durable and
pressure pickup (Model 1421-04). This device consis- eliminated most of the problems of thermocouple
ted essentially of a bellows moving a contact over a breakage. However, in one very hot fire with multiple
wire wound resistor. Although the unit worked well fuels, bed temperatures far exceeded the -imit of
in the laboratory, its performance in the field was chromel-alumel thermocounles in some parts of the
unsatisfactory. Because of the mechanical linkage the fire (Philpot 1965).
sensors did nt respond well to small and fluctuating Because very high temperatures were possible in
changes in pressure. Large and rapid fluctuations in any test fires, it was decided to use platinum-
pressure, as might occur in a fire whirl, also distorted platinum rhodium thermocouples in those area where
th, linkage, thus affecting the accuracy. extreme temperatures were likely. The thermocoup!es

The second type of sensor tested had the baro- were sheathed entirely in platinum to form a probe.
metric element operating a differential transformer. It Several new problems arose when these thermio-
F,ave a better signal than the potentiometer type, but couples were tested in a multiple-fuel bed fire. The
did not respond well to very small pressure changes. thermocouples were very brittle and had to 'be

The third type of sensor tested was the Wianco handled with extreme care. Because of the very low
differential pressure transducer. It also has a baro- signal output from this type of thermocouple, ampli-
metric element operating a differential transformer, fiers were necessary near the probe installation and
but was constructed so as to measure differential within the fire area. Noise suppression in the long
rather than absolute pressure. This unit required one signal lines became a major problem since stray
side of the sensing element to be connected to a signals, possibly generated by the fire itself, vere
chamber of known pressure. The unit performed best picked up. The probes were much longer (up to 40
of the different types of electrical sensors tested. feet) than commercially available models, and con-

On two test fires a liquid manometer was also used struction of functioning probes proved to be difficult.
as a check on the electrical sensing units. This unit Expansion of the metals in the long probes caused
performed well but had to be read manually so that some of them to become electrically shorted early in
continuous observations were not possible. Because the fire test. The problems of platinum thermocou-
of the long tubes required, some damping effect was pies were never entirely solved. High quality amplifi-
very likely present, although readings were nearly ers and well-shielded signal lines eliminated much of
identical to those from the electrical units. the noise problem. In future fires using this type of

Pressure data obtained in the fire tests were sensor, most of the probe length should be thermally
gencrally unsatisfactory. The sensors used in the early insulated to reduce expansion.
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Soil Temperature disadvantages, this system was abandoned as imprac-
Ttical after two test fires and a more sophisticatedTemperatures of the soil at several depths were aspirated pipe line system developed.

measured between and under the fuel beds. Moisture- a t pesure tem devlop ed

proo thrmooupls wre nsW~d b diginga sort To measure thermal radiation, we used commer-proof thermocouples were installed by digging a short cially available sensors in all test fires. The type most
trench 8 to 12 inches from the desired location. A used was the Beckman.Whitley flat plate radiometer
metal rod slightly larger than the thermoeouple probe with a 180.degree field of view. This radiometer
was then inserted horizontally at the required depth consists of a thermopile sandwiched between two
level. The rod was withdrawn and the thermocouple thin sheets of Bakelitp 4 inches square. The plate is
probe inserted in the hole and dirt compacted around exposed to the thermal source in a vertical position.
it. The trench was then backfilled to complete the An electrically driven blower directs a stream of air
installation. vertically over boff sides of the plate to reduce

Gas Temperature ambient air tlo/weeffect and to cool the plate (fig. 8).
Since the calibration of the sensor varies with the

Since the thermal radiation field in the "streets" plate temperature the temperature is monitored by a
between fuel beds in multiple-fuel bed fires is very copper-constantan thermocouple also L nbedded i-
strong, the use of aspirated thermocouples is neces- the plate.
sary to obtain valid temperature measurements. We Radiometers were exposed outside the fire area at
tried several ways to do this. The first system tested various locations and heights. No difficulties were
consisted of a simple radiation shield connected to a experienced with the sensors or their installation.
pipe system. A blower outside the fire area drew air Flat plate radiometers were chosen because of
through the shield and past a chromel-alumel tlermo- their wide view angle. Tests with narrow view.angle
couple. Before the air entered the blower unit it was radiometers, such as the Eppley, showed that the
cooled by a water bath to prevent damage to the small section of the fire viewed did not provide a
blower motor and fan. This system worked well, but good measure of the variation and amount of thermal
required considerable time to install-particularly radiation of the fire as a whole. Evaluation of the
when temperature sampling points were numerous records from the flat plate radiometer, however,
and widespread. requires pictures of the fire covering the same area

To provide more flexibility, a self-contained as- viewed by the radiometer so as to provide infor-
pirated thermocouple unit was designed and built.'

This unit consisted of small blower, heavily insulated, mation on what the radiometer is "looking at."

and enclosed in a stainless steel shell. The thermo- Mass Loss Rate
couple was mounted in a radiation shield projecting
from the bottom of the blower shell (fig. 7). The unit In three of the fires, the mass loss of the burnitig
was designed to operate within the fire area for 90 fuel was measured directly to provide a measure of
minutes before external heat from the fire and heat output of a fire. In the first two tests,
internal heat generated by the blower motor would measurement was done by constructing weighing
stop the motor. Although the system provided the platforms in one corner of selected fuel beds, and
desired flexibility, it also had several serious draw- loading them with wildland fuel (Countryman
backs. The large amount of insulation made the units 1967a). Weight loss was measured by means of a load
rather bulky, and thereby increasing the weight and cell under each corner of the platform. These
wind-load on the instrument towers. The rate of platforms had an area of 225 square feet (15 ft. by 15
heating of the various units varied. And there was ft.).
considerable uncertainty as to just when the blower The direct measurement of weight loss proved to
stopped during a fire, and hence when gas tempera- be a workable approach from an engineering stand-
ture records were no longer valid. The close prox- point. Problems with shifting fuels had indicated that
imity of the blower motor to the thermocouple the entire fuel bed rather than a portion of the bed
sensor induced noise in the signal lines that was should be weighed. The shifting fuel during burning
impossible to suppress completely. Because of these and rapidly varying wind load also indicated that the

load cells should be scanned as nearly simultaneously
1Philpot, Charles W. A self.contained aspirated thermo- as possible.
couple. Pacific SW. Forest & Range Exp. Sta., U.S. Forest In !he third test, five platforms, each 48 ft. by 48
Serv., Berkeley, Calif. (n.d.) ft., were constructed to replace the standard fuel beds
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' The water calorimeter was tested over one of the
weighing platforms in Test Fire 5, on June 14, 1966.

t The device operated satisfactorily throughout the
fire. However, the results of the test indicated that
more information on the relation between water
temperature difference and burning rates at various
stages of combustion would be needed before the
data could be satisfactorily interpreted. To provide
this additional information water calorimeters were
installed over three weighing platforms and two
wildland fue! beds in Test Fire 6, burned on
September 29, 1967. Unfortunately support failure

X: .. and lead wire burn-out occurred very early in the fire
and little meaningful data were obtained.

Recordivtg System

In the first small test fires, data were recorded on
strip chart recorders. For some fires the recording was
done at a central point. In other fires, however, it was
more expedient to record the data near the sensors,
particularly when they were widely spaced. As larger
fires were burned and the need for more instrumenta-
tion became obvious, centralized recording was
adopted for all parameters. The large mass of data

Figure 7-Self-contained aspirated therm-
ocouple measured gas temperature in the
"street" between fuel piles.

in selected locations.2 By weighing the cotire fuel bed
at 10-second intervals many of the problems en-
countered with the smaller platforms were avoided.

Constant Flow Calorimeter

Visual observations of the multiple-fuel bed fires
indicated considerable variation in burning rate of
individual fuel beds in the array. Because of their high
cost it was not practical to install enough weighing
platforms to obtain statistically valid measures of this
variation To lower the cost of measuring the varia-
tion of heat production and to extend weighing
platform data, a constant-flow water calorimeter was
designed and tested. The device consisted of a
blackened copper tube suspended 10 feet above the
fuel bed. Water was pumped through the tube at a
constant and monitored rate. Temperature of the
incoming and outgoing water was measured at the
ends of the tube.

2 Mlurra). John R . and Northcutt. Lee I. Weighing platforms
]or large cah" ,njs Io.s rate experiments in large test fires
PaLink SW I ore~t & Range EIp Sta.. U.S. Forest Sey., Figure 8-Flatplate radiometer measured
Berkeley (Cail in d ) thermal radiation in the test fires.
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Figure 9-A trailer hoesed recording
equipment. It could be moved from
place to place in the test fire area.

/i "M
accumulated during a fire test created a major job of available in each fire.
data reduction from strip chart records. A recording Electrical noise in the very long (sometimes more
system aimed at putting the bulk of the data on than 2,000 ft.) signal lines caused considerable
punched tape was designed and built so as to permit difficulty. This noise was minimized by using well.
automatic data processing. Strip charts were still used shielded signal lines and separating a.c. power line
to record data for which a continuous record was trenches from those holding d.c. signal lines by at
desired since the amount of punched tape equipment least 50 feet. Despite these precautions, however, it
available required recording to be done on a time- was necessary to reserve considerable time before
sharing basis for different sensors and sesor loca- each test for locating and suppressing electrical noise.
tions. All time-sharing programing was controlled by This work had to be done after all instrumentation
a master clock permitting time synchronization. The was installed since sensor systems that would work
recording equipment was housed in trailers to protect well by thernscives would sometimes interact with
it from weather and dust and to provide mobility (fig. other systems when all systems were activated.
9), Development of sehsors capable of operating in

the hot environment proved to be less of a problemLarge-Fire than protecting lead wires and sensor supports fromInstrumentation Systems intense heat. Insulating materials tended to become
weak or brittle and subject to damage and failure

The major problem in instrumenting a large from strong air turbulence mnd flying debris. Back-
experimental fire was the installation of a complete filling of wire trenches required great care since any
and workable system. Each test plot presented new burnable material mixed with the backfill could cause
problems in terrain and soil conditions. Sensor wire burnout. In general, most loss of data was from
development was proceeding as the program prog- failure of lead wires and instrument supports rather
ressed; hence, new and more instrumentation became than failure of sensors.

15



RESULTS AND DISCUSSION

Of the multiple-fuel bed plots prepared, six were test fires appears to have followed the idealized
instrumented and burned (table 1). From these six energy distribution pattern used by Chandler, Storey,
fires and from preliminary fires a large mass of data and Tangren (1963) and Lommasson (1965).
has been collected and extensive qualitative observa- Thermal Pulse
tions made. Palmer (1969) has summarized in cata-
logue form the data available from the fires. All the Thermal pulse is the rate of heat output per unit
planned test fires were not burned; nor have the data area per unit time. Its magnitude and shape are
been exhaustively examined. But some trends in fire determined by the way in which iuel burns. Thus, all
behavior phenomena and fire system characteristics fuel and environmental factors affecting the rate and
are, nevertheless, evident. Since the number of test method of fuel combustion would affect the thermal
fires has been few and were burned under varied pulse. A prerequisite to prediction of fire character-
conditions, quantitative data were combined with istics then, is a knowledge and understanding of how
qualitative observations. Under these circumstances, these factors affect the thermal pulse from a fire.
some of the conclusions must be considered specula- Fuel beds are seldom homogeneous, but consist of
tive. Additional analyses are underway or contem- a variety of fuel elements. Characteristics of fuel
plated in the following subject areas: power spectral elements known or suspected to be of importance in
density, air flow patterns, correlation fields, mass loss burning rate of woody fuels include fuel element
rates, vorticity and convergence patterns, geometry, surface condition, chemical composition,

The development of fires in dry fuels all followed specific gravity, thermal absorptivity, and moisture

the same general pattern. After being ignited at content. The kinds of fuel elements making up the

multiple points the fire spread quickly throughout fuel bed and the way they are associated with each

most of the fuel bed. Fire activity-that is, the vigor other affect the rate of burning. Attributes of fuel

of combustion and turbulence in the combustion beds considered of importance are:
zone-was slow at first. But as the initial fires merged * Continuity is the gross, horizontal distribution of

the build-up in fire activity and flame heights to a fuel. Fuels may be spread more or less continu-

peak occurred with sth, tling rapidity. This shift from ously over an area, may occur only in patches with

a relatively slow burning fire to one of high intensity bare areas in between or may surround bare or
fire sometimes occurred within 10 seconds. Following nonflammable areas.
peak activity flame heights and fire activity then * Arrangement refers to both the vertical and the
decreased to a relatively low level. This decrease, with horizontal distribution of fuel elements of various
the fuels used in test fires, occurred rather quickly characteristics. For example, small or "fine" fuel
but it a much slower rate than the build-up to a peak. elements may be uniformly distributed vertically
After the initial rapid decrease, fire activity continued throughout the fuel bed or may only occur at the
to dwindle slowly until most or all of the fuel was ground level. Similarly, all fuel particles may be
consumed. In general, the burning pattern of these close together or may be far apart.

Table I -Experimental fires burned in Project Flambeau, 1964.1967, California and NevadaPlot i
Fire code Date Fuel bed Arrangement Fuel Intensity
No. No. burned spacing (rows) Wind moisture rank1

Ft.

1 760-1-64 1-31-64 115 3 by 3 Moderate Moderate 3

2 760-2-69 5-15-64 25 6 by 6 Moderate Dry 1
3 760-3-65 6-11-65 115 3 by 3 Strong Dry 2
4 460-14-65 12-6-6S 25 18 by 18 Light Wet 6
5 460-7-66 6-14-66 25 15 by 16 Light Dry 4
6 760-12-67 9-29-67 25 18 by 19 Moderate Moderate 5

to wet

1 Based on flame height and fire activity in individual fuel beds.
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Loading is the total (dry) weight of fuel per unit is further complicated by the interaction of many of
of area. This characteristic of fuel beds is probably the factors with each other and with the fire system.
the most easily measured. It must be considered in The test fires in Project Flambeau were too few to
conjunction with fuel element and other fuel bed establish definitive relationships, but data collected
characteristics, however, to be useful in prognosis provide some clues of how fuel and environmental
of burning rates and fire behavior. For example, an factors can affect the thermal pulse.
area covered with a few widely-spaced logs can
have the same total fuel weight as an area covered Moisture Content
more uniformly with loosely arranged kindling The moisture content of fuel has long been
fuels. Burning characteristics of these two areas recognized as having a major influence on the
would differ widely. ignition, development, and spread of fires (Hawley

Environmental factors influencing burning char- 1926). Numerous studies have been made of moisture
acteristics include both air mass and topography. content variations in both urban and wildland fuels
Topography has both a direct and indirect effect. (Fielding 1952; Philpot 1963;Pirsko and Fons 1956).

Slopes modify the heat transfer by radiation, and This variation can range from less than 1 percent to
convection and spread of fire can be quite different- more than 200 percent for exterior fuels and from
depending on whether the fire is moving up or less than 10 percent to more than 30 percent for fuels
downslope (Reed 1906; U.S. Forest Service, Califor- inside buildings.
nia Region 1960; U.S. Strategic Bombing Survey Moisture in wood fuels reduces heat yield. This
1947). Broken topography and orientation of the reduction may be in the order of 15 percent for a
topography to windflow also modify fire spread and change in moisture from 0 to 100 percent when
hence, the thermal pulse pattern as well. In general, combustion is complete (Byram 1959). Moisture has
fire spread in hilly or mountainous areas can be much an even more pronounced effect on the rate of fire
faster than on level or rolling terrain for short time spread. Rothermel and Anderson (1966) burned
periods; over longer time periods, spread rates on less white pine and ponderosa pine needle beds of varying
steep terrain may be greater (Chandler, Storey, and moisture content in the laboratory. Equations they
Tangren 1963). obtained for rate of spread in still air were:

Topography affects fire indirectly by affecting ponderosa pine = R. = 1.04 - 0.044 Mf
local weather and microclimate (Fahnestock 1951; white pine = RO = 1.12-0.051 Mf
Hayes 1941). The aspect of a slope affects the in which R. = rate of spread (ft./min.)
amount of local heating (Fons, Bruce, and McMasters Mf = moisture content (percent dry weight).
1960a) and thus, affects fuel moisture of dead and But probably the most important effect of fuel
living fuels. In natural fuels, the variation of heating moisture on burning rate is its "smothering" action.
on slopes of different aspects may also be reflected in Water vapor being distilled from wood dilutes the
the kind and amount of vegetation. Differential flammable gases. Evaporation of the water also cools
heating in mountainous areas has a major effect on both the fuel surface and the other gases being
local wind patterns and hence, fire (Countryman distilled. All of these effects tend to slow or inhibit
1959a, 1959b, Countryman and Schroeder 1959). combustion and to lower combustion zone tempera-
Channeling of air flow by topography is also an ture.
important indirect effect. Observations ot wildland fires and prescribed

The air mass overlying fuels and land is perhaps burns indicate that once a fire is established in a fuel
the most variable of the components of the fire bed, the fire will burn well over a wider range of
environment. Air mass characteristics recognized as moisture content when the fuel loading is deep than
important in fire include wind, humidity, precipita- when it is sparse. This probably results from better
tion, temperature, and air stability. Near the surface conservation of available heat in the deep fuel bed,
the air mass is affected by topography and interaction thereby offsetting the effect of the water vapor.
with the fuel. It affects, and may be affected by, the In the relatively dry fuel beds used in most
fire system. Flambeau tests, fire spread rapidly from the ignition

In test fires it is difficult to isolate the individual points throughout the entire fuel bed. In dry fuels,
effects of fuel element, fuel bed, and environmental the burn-out time of fuel elements of different sizes is
factors on burning iates. Little control of some of the selective. Smaller fuels burn first so that as combus-
factors is possible in the open, and conditions seldom tion progresses, the residual fuel consists of larger and
remain constant for any length of time. The problem larger fuel elements. The fuel beds thus tended to

4
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"open up" and also to decrease in height with time. However, at the time of Test Fire 4, 3 to 4 inches of
Test Fire 5 (June 14, 1966) was typical of this snow covered the plot area, and considerable snow

burning pattern. Fuel beds in *his fire consisted lay within the fuel beds. Therefore, the moisture
mostly of Utah juniper trees. Fuel elements ranged in content of the fuel was much higher in 1966, with

size from foliage and small twigs to logs 2 feet in the small fuels having about 12 percent moisture and
diameter (Countryman 1967b). The thermal pulse the large fuels 24 percent. In Test Fire 5, moisture

produced by this fire (fig. 10) closely resembled that content was 6 percent for small fuels and 8 percent

of the idealized pulse used by Lommasson (1965) for for large fuels. The snow added more moisture to the

urban fuels and by Chandler. Storey, and Tangren fuel, and water vapor to the fire system as it melted.

(1963) for wildland fuels. The burning pittern for Test Fire 4 was entirely

The radiation data used in determining the thermal different than for Test Fire 5. The fire spread rather

pulse were obtained from a flat plate radiometer slowly from the ignition points and consumed small

placed near the center line of the fire, 200 feet from and intermediate sized fuel elements as it spread.

the lee side of the fire edge, and 10 feet above the Thus the bum-out of the various fuel elements was

ground surface. Based on the total amount of not as selective as in Test Fire 5, and some fine fuels

radiation received in the first 60 minutes a radiation were burning in the fuel beds while only the largest
index was calculated as a rate in percent per minute. fuels remained in the places originally ignited. Flame
Time period for the rate computation was 6.7 heights were much lower in Test Fire 4, averaging

seconds. only about 8 to 12 feet during the most active part of
Under Chandler's definition (Chandler, Storey, the fire as compared with 30 to 50 feet in Test Fire 5.

and Tangren 1963), the violent burning period for Consequently, the thermal pulse from Test Fire 4

this fire would be about 18 minutes. This period is built up more slowly, did not reach a sharp peak, and
defined as the time when radiation (or temperature) remained at a near constant level for a considerable
exceeds 50 percent of the maximum value recorded. period of time (fig. 11). The violent burning time
For wildland fuels, this value would fall between the exceeded the 60 minutes of data used in the analysis.

10 minutes for heavy brush and 24 minutes for The thermal pulse has the same shape as that which
timber fuels as prescribed by Chandler. The might be expected from a spreading fire in wildland

18.minute violent burning time would fall between fuels or from a stationary fire in urban fuels, with

the 13 minutes for heavy residential construction and buildings burning from the top down.

25 minutes for commercial construction proposed by As with Test Fire 5, the radiation index was

Lommasson (1965) for urban fuels. computed from data obtained with a fiat plate

The fuels for Test Fire 4 (December 6, 1965) were radiometer. The radiometer was near the center line

very similar to those in Test Fire 5 (June 6, 1966). of the fire and on the lee side 10 feet above the

3 I !
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Time after Ignition (minutes)

Figure I O-Radiant thermal pulse from a dry fuel bed with a continuum
of fuel sizes, in Test Fire 5, June 14, 1966.
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Figure I I-Radiant thermal pulse from a moist fuel bed with a

continuum of fuel sizes, in Test Fire 4, December 6, 1965.

ground, and 200 feet from the fire edge. Time than the first pile, so there will be ample

interval for computatiop of the radiation index was ventilation. This log pile will burn con-
15 seconds. siderably faster than the first one because

The range in moisture content of Test Fires 4 and the burning rate is less dependent on
5 did not represent the extreme range possible. Fuels conduction. The surface area was more
can be much drier than those in Test Fire 5, and fuels than doubled by the splitting, so that
arranged !ike those in these tests will still burn at a convection and radiation are correspon-
higher moisture content than those in Test Fire 4. dingly increased in the preheating effects.
Different fuel characteristics and arrangements may The burning surface is also increased by
also increase or decrease the moisture effect. the same amount.

Assume that the splitting action is
Fuel Size continued until the logs are in an excel-

For fuel beds with equal loading per unit of area sior state and occupy a volume 30 to 40
the rate of burning can be expected to increase as the times as great as in their original form.
fuel clc;nent size decreases, provided there is an Convective and radiative heat transfer will
adequate oxygen supply. Byram (p. 73, 1959) ex- be increased tremendously in the spaces
plains this relationship this way: throughout the whole fuel volume, and

the rate of burning might be increased toConsider a large pile of dry logs all apitweetefe ol ecnue
abou 8 iche in iameer.Althugha point where the fuel could be consumed

about 8 inches in diameter. Although in a few minutes instead of hours.
somewhat difficult to ignite, the log ple
will burn with a hot fire that may last for The ratio, a, of the fuel surface area to the fuel
2 or 3 hours. The three primary heat- volume is a convenient way to indicate the relative
transfer mechanisms are all at work. fineness of the fuel elements in a fuel bed. Fons
Radiation and convection heat the sur- (1946) and Fons et al. (1960b) reported that rate of
face4 of the logs, but only conduction can fire spread is related to o for small laboratory fires. In
transfer heat inside the individual logs. investigating the effect of various fuel parameters on
Since conduction is the slowest of the ignition time, Fons (19546) found that ignition time
three heat-transfer mechanisms, it limits decreased with decreasing fuel size (increasing a ).
the rate of burning in this case. Consider Fuel bed compactness refers to the closeness of
now a similar pile of logs that have been the individual fuel elements in the fuel bed, or how
split across their diameters twice, or crowded they are together. A highly compact fuel
quartered. Assume that the logs are piled bed has the fuel elements closely packed together; in
in an over-all volume somewhat greater a low compactness fuel bed the individual elements
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are spaced far aptrt. The converse of compactness is between 4 and 5 minutes after ignition.
porosity. Thus, a highly compact fuel bed has a low In the piled fire-killed timber fires the fuels
porosity value., consisted mainly of large sized.fuels with almost no

Fuel bed compactness or porosity can be ex- fuels less than I inch in diameter. Preliminary Fire
pressed in several ways. Fons (1946) used tie ratio, ), 380-6 burned at low intensity for the first 6 to 7
of the volume of voids in the fuel to the surface area minutes and then built up very rapidly as fire finally
of the fuel to measure porosity. He found that rate of involved all of the fuel. Peak intensity was not
spread of small experimental fires varied with the reached until about 14 minutes after ignition (fig.
reciprocal of X, or the fuel bed compactness. 12). The declining portion of the thermal pulse was

Rothermel and Anderson (1966) found that rate quite similar to that in Test Fire 5. Violent burning
of spread of laboratory fires was correlated with the time for Test Fire 380-6 was about 30 minutes. This
product of o and A. This product, however, is the duration is somewhat longer than the 24 minutes
ratio of fuel bed void volume to the fuel volume- prescribed by Chandler, Storey, and Tangren (1963)
another way of expressing fuel bed porosity. for timber fuels, but falls within the 25 minutes for

A convenient way to express compactness is by commercial buildings and 55 minutes for city center
packing ratio, 0 or the ratio of fuel volume to fuel and massive manufacturing presented by Lommasson
bed volume. This ratio has the advantage of being (1965).
more consistent with the conventional method of Another difference between these two fires was
expressing density of materials. The reciprocal of g is the amount of heat production after the first 60
the fuel bed porosity, -f. The pinyon pine and juniper minutes. In Test Fire 5, most of the fuel burned
fuel beds used in Project Flambeau had a porosity within 90 minutes after ignition, leaving relatively
estimated to be in the order of 15. few large pieces still burning. Within 6 hours after

In the Flambeau fires, the effect of fuel size on the ignition, practically all fuel was consumed. In the
thermal pulse can be illustrated by use of the thermal fire-killed timber a substantial amount of large fuel
radiation data. As indicated earlier the fuel in Test elements still remained and continued to produce
Fire 5 was made up of a continuum of fuel element considerable heat for more than 10 hours. It took 25
sizes from very small to large. This fire produced a to 30 hours for the fuels to burn completely.
t:iernal pulse that rose quickly to a peak and then Radiation data from a fire in piled brush were
began to drop immediately. It reached peak radiation available. This fuel bed consisted chiefly of fine fuel,

0

Time after Igniton (minutes)

Figure 12-Radiant thermal pulse from a fuel bed of large fuels, Test Fire 380-6.
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mostly less than I inch in diameter. The fire Flaming and mass loss rates reach a low level, and

produced a thermal pulse that built up rapidly to a glowing combustion predominates until the fuel is

peak in 3 to 4 minutes and then quickly declined (fig. consumed or ceases to burn.

13). This short, intense thermal pulse appears to be Observations of fires in the open suggest that in

characteristic of fires burning in fine, dry fuels. the initial combustion stage and early part of the
second stage, wind does not usually increase the
burning rate. Under some conditions it may even slow

Observations of free-burning fires in the open it down. In the early stages of a fire, the flames fill

leaves little doubt that surface or low level winds are the voids in the fuel bed, and under light winds,

a major factor in the spread of fire. Many investiga- usually extend well above the fuel bed. The flames

tions have been made into the effect of wind on fire and fuel restrict the air flow into the fuel bed, and

spread, but there still remains considerable uncer- maximum temperatues within the fuel bed can

tainty of the exact relationships. The uncertainty is develop. With strong winds the ambient air penetra-

even greater for the effect of wind on the burning lion into the fuel bed is greater, flames may be bent

rate of wood fuels where fire spread is not a factor. away from the fuel bed, and heat is dissipated

Once ignited a piece of wood appears to go rapidly. Thus, strong winds can lower the tempera-

through three phases of combustion. In the initial ture in the fuel bed and slow the burning rate in the

stage only the surface of the fuel is burning. During early fire stages.

this stage, mass loss rates and flaming increase As combustion proceeds, the smaller fuels and
rapidly. In the second stage, char begins to form on surface of the larger fuels are consumed. The porosity
the fuel su:face, and mass loss rates and flaming uf the fuel bed is thus increased. And cool ambient
become nearly constant. In the third stage, most of air can penetrate more readil) into the fuel bed
the highly volatile material has been cons-.,ied. interior. If the air flow is not to( strong, the wind can

have a fanning effect on the glowing char on the fuel

24 zurface, increasing its rate of combustion and tem-
perature. This will promote more rapid burning of the

I remaining fuel than would occur without wind. With
strong air flow, however, the fann;ng effect may be

20 -- jnullified 1-v the cooling ac.ion of the ambient air, and
2I the burning rate may be decreased. For any given fuel

bed, there is probably an optimum wind speed for
x 16most rapid burning. This optimum speed may change

as the combustion of the fuel proceeds. In any event,

Cwind exerts its maximum effect in the second and> 7 third stages of combustion.

._ 12 ---- The effect of wind speed can be illustrated by twot4--

crib fires burned in the development of a mass loss
study for Test Fire 6. Both fires consisted of square

Ccribs of milled lumber. The cribs were 64 inches high
8 and 12 feet on a side. The cribs were identical in

construction and held fuel ranging in size from
excelsior to material 4 by 4 inches in cross section.

4 Each crib was built on a weighing platform, and as it
burned, its weight loss was continuously recorded.
Crib A was burned with wind speeds averaging about
13 ft./sec., but with gusts to 22 ft./sec. For Crib B

0 the wind speed was nearly steady at 5 ft./sec. The
0 4 8 12 16 moisture content of the fuel less than 4 inches in
Time after Ignition (minutes) cross section was nearly the same for both cribs,

averaging 6.3 percent for Crib A and 6.8 for Crib B.
The moisture content of the 4-inch material is

Figure 13-Radiant thermal pulse from a uncertain, but was known to be higher in Crib B than
fuel bed of small fuels. in Crib A. However, this moisture difference would
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not .naterially affect the mass loss rate until the last In dry wood fuels. the peak thermal output is
stages of the fire. closely related to the burning of the fuel element

Mass loss rates expressed in percent per minute surface when the fuel bed is ignited near simulta-
were computed for the time taken to burn 5 percent neously. Since combustion depends on oxygen
increments of the fuel to provide a rate comparison at supply, the fuel bed porosity ( -y ) assumes major
the same stage in combustion for the two cribs. These significance in describing the thermal output poten-
rates showed that Crib A burned more rapidly tial of a fuel bed.
throughout the fire than Crib B, with the greatest With dry fuels and a continuum of fuel element
differences occurring before 50 percent of the fuel sizes, the thermal peak would occur early in a fire
was burned (fig. 14). By the time the peak rate was when the fuel bed is ignited almost instantaneously.
attained in both fires all fuel elements were in or Where only large fuels are available the thermai peak
approaching the second and third combustion stages will be delayed until the entire fuel bed is essentially
and thus most susceptible to wind effect. If cooling aflame. Both moisture and wind appear to broaden
action is not dominant, increasing i'"nd will tend to the thermal pulse peak. With high fuel moisture the
broaden the peak of the thermal pulse and shorten thermal peak during the surface burning stage is
the burning time for stationary fires. suppressed by the dilution and cooling of flammable
Thermal Output gases by water vapor. And the thermal energy output

rate can be expected to be lower at all combustion
Shape and magnitude of the thermal pulse charac- stages when fuel moisture is high. On the other hand,

terizes fire behavior. It follows, therefore, that the higher wind speeds broaden the thermal peak by
characteristics of the fuel bed and fuel element increasing the burning rate when the fuel elements are
coupled with those of the environment immediately in the second and third stage of combustion. The
surrounding a fire, are of primary importance in potential energy of the fuel will thus be released in
determining the kind of fire and its effect in any fuels shorter time.
subject to burning. The relationships involved are Flambeau test fires were burned as stationary fires
likely to be complex because of the interaction of and ignited in a manner that would minimize the time
fuel and environmental factors and the infinite for spread of fire through the entire fuel bed. Where
combination of fuels and environment possible. spread time is significant, or spread is from fuel bed
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to fuel bed, the therma! pulse from a fire area can positions within the fire area. Profiting from the
assume a variety of shapes and magnitudes- depend- experience gained with weighing platforms in pre-
ing upon the manner and rate of spread. vious fires, we redesigned both the platform and the

instrumentation.3 Five wildland fuel beds within the
Mass Loss array were removed, and five platforms large enough

Quantitative data concerning mass loss rates of t3 accommodate a fuel bed of standard dimensions
fuel in large free-burning fires have been almost were constructed in their place (fig. 15). To eliminate
completely lackig. The difficulties in directly mea- the variable fuel bed problem, milled lumber was used
suring mass loss rates have forced investigators to use for fuel platforms 1, 2, 3, and 4 in the fire. Platform
estimates from burning time, thermal radiation mea- 5 was loaded with wildland fuel to provide com-
surements, temperature patterns, or ocular estimates. parison with the milled fuel beds.

Direct measurement of mass loss rates in Project To maximize interaction of thermal effects, the
Flambeau was first tried in Test Fire 4 (December 12, milled fuel beds were designed so that their thermal
1965), when a weighing platform loaded with wild- pulse peak would occur at about the same time as
land fuel and supported by load cells was built in one expected for the wildiand fuel beds (3 to 5 minutes),
comer of a standard fuel bed. Although some and so that most of the milled fuel would bum while
problems were experienced with the instrumentation the surrounding wildland fuels were still actively
in this first attempt, the approach appeared feasible flaming. Because of the fuel element differences and a
and worthy of further effort. more efficient arrangement of the fuel in the milled

In Test Fire 5 (June 14, 1966) similar platforms fuel beds, it was not expected that the magnitude of
with modified instrumentation were constructed in the loss rates would be the same as for the wildland
three standard fuel beds (Countryman 1967a). This fuels. To aid in the design of the milled fuel beds,
experiment was designed to explore variations in mass small cribs of fuel were burned in the laboratory to
loss rates with position of the fuel bed in the fire obtain approximate mass loss rates for different sizes
area. Although differences in mass loss rates from the of fuels. Small cribs of mixed fuel sizes were also
three platforms were apparent, probable variations in burned to obtain some insight into the effect of fuel
the wildland fuel bed characteristics made it uncer- mixtures on the thermal pulse pattern.
tain whether the mass loss differences were the result The selected fuel bed design contained material
of fuel bed position or of fuel bed variations, ranging in size from excelsior to 4- by 4-inch lumber.
Problems involved with the use of wildland fuel and Size of material and proportions of each used are
placement of the weighing platforms in the standard given in table 2.fuel beds also contributed to difficulties in interpret- Tabic 2-Dimensions and amount of matterial in milled fuel

ing the data obtained. beds, Test Fire 6, September 29. 1967
The question of possible variations in mass loss

rates with position of the fuel bed in the fire is of
primary importance. Information on this effect is Cross section Length Amount

needed, not only for the practical application to fire (inches) I
behavior and fire effects prediction, but also in Feet Percent
developing scaling laws and establishing criteria for 4 by 4 3 42.4
mass fire experiments. And the question is subject to 2 by 2 6 19.5
considerable controversy. 1.5 by 1.5 6 11.9

Some investigators maintain that burning rates I by 1 6 16.8
should increase in the interior of the fire and with fire 0.5 by 0.5 6 6.6

size because of increased thermal interactions and Excelsior - 2.8

convective activity in large fires. Small laboratory
fires tend to support this hypothesis. But other Tle fuel beds were constructed in modules 6 feet
investigators contend that burning rates will decrease square. Each module contained a crib of 4-inch by
in the interior of fires and with increase of fire size 4-iich by 3.foot material in its center. The other
because of oxygen deficiencies. lumber was nailed together in the form of lattices

Mass Lss Experiment 3Murray, John R., and Northcutt, Lee I. Weighing platforms

To provide some answers to this problem the chief for large scale mass loss rate experlments in large test fires.

effort in Test Fire 6 (September 29, 1967) was to Pacific SW. Fo.est a Range Exp. Sta., U.S. Forest Sery.,

determine mass loss rates of fuel beds in various Berkeley, Calif. (n.d.)

23

4 --



Test Fire 6
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Figure 15-- Weighing platforms and instrument towers were set up in
Test Fire 6. buned on September 29. 1967, to determine mass loss
rates of fuel beds in different positions.

6-feet square. These were placed horizontally be- A full size fuel bed (6A) was burned to test the
tween each layer of 4-inch material. Excelsior was design and the ignition technique. The mass loss rate
spread over every other lattice as the module was curve (fig. 17) had the same form as the radiation rate
built. curves obtained for Test Fire 5. The peak loss rate

The first module was constructed using two 4- by occurred between 3 and 4 minutes after ignition,
.4-inch pices per layer. making a crib 6 feet tall. This about the same as esthnated for Test Fires I (Jantary
module was burned to test the design. The results 31, 1964), 2 (May 15, .964), and 3 (June 11, 196').
indicated more heavy fuel was needed near the Flame heights and other fire characteristics were :!o
bottom. of the crib to maintain good burning of the very similar to that obtained in Test Fire 2-the most
large material. The height of the crib was reduced by intense fire burned in the Flambeau prograrn.
8 inches and the four large fuel pieces removed from Data Analysis
the top were included in layers near the bnitorn. The
lattice design was also changed so as to include the Large weight loss platforms, such as were used in
material formerly used in the two top units. In the this experiment, react to wind load and possibly also
final design each fuel bed contained 49 of the 6-foot to pressure changes, although the cavity below the
square modules (fig. 16) and about 30,000 pounds platform was vented as much as it was considered safe
(dry weight) of fuel. to do so during the fire. These reactions result in

Each fuel bed was ignited by six electrically fired short-term fluctuations in apparent mass loss rates
bags of napalm. Weight loss data were recorded at that are frequently revealed in the 10-second scanning
IO-se:,md intervals throughout the test fire. period. The fluctuations were variable but were
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largest (in order of 0.4 lbs./ft/) a the early part of platform burned somewhat more slowly than the
the fire when it is most turbulent. As the fire undisturbed fuel beds.
progresses, they decline in frequency and magnitude. Although the time required to burn a given

For the weighed fuel beds in Test Fire 6 the amount of fuel did not differ greatly between the
cumulative percent of weight lost by 10-second four fuel beds in the large fire, the data suggested
periods was plotted over time. A curve ocularly fitted possible differences between mass loss rate patterns.
to these points maintained major changes in loss Mass loss rates, expressed in percent per minute, were
rates, but smoothed out short term fluctuations. The computed for the time required to burn 5 percent
time required to burn cumulative 5 percent incre- increments of the fuel. These rates were plotted over
ments of the fuel was then determined from this the cumulative percent of fuel burned to provide a
curve (table 3). The analysis was terminated at the 90 comparison of mass loss rates at the same stage in fuel
percent level since mass loss rates had become minute bed combustion. The results were:
and data fluctuations made determination of exact Fuel bed 3 had the highest peak mass loss rate at
times uri.ertain. 8.5 percent per minute when 10 percent of the fuel

Among the milled fuel beds the difference in time had burned. From this peak the rates declined slowly
required to burn a given percentage of the original to about 0.4 percent per minute at the level of 90
fuel weight was small. Active flaming in these fuel percent fuel consumption (fig. 18).
beds was found to subside rapidly after 60 percent of The peak mass loss rate for fuel bed 4 was also
the fuel had been consumed. Maximum time dif- reached when 10 percent of the fuel had burned. The
ference among the four fuel beds to reach this level peak rate for this fuel bed was not quite as great (8.1
was only 12 seconds. Thus the position of a fuel bed percent/min.) as for fuel bed 3. And the mass loss
within a fire area does not appear to affect mass loss rates declined at a slower rate (fig. 18).
rates. Both fuel bed 1 and 4 had the same peak rate. And

The weighed wildland fuel bed burned much more it occurred at the same point in fuel consumption.
slowly than the milled fuel beds. This finding was not However, after an initial drop in rate from the peak
unexpected since the wildland fuels contained a the mass loss rates declined very slowly until after 40
considerable amount of fuel larger than the 4-inch percent of the fuel had burned (fig. 18).
maximum of the milled fuel beds. And part of the The mass loss rate pattern for fuel bed 2 was
finer fuel was lost in shifting the fuel to build the unique. Its peak rate was lower (7.8 percent/min.)
platform and in loading it on the platform. It is and was not reached until 20 percent of the fuel had
possible that the wildland fuel on the weighing been burned. Although the rate declined slowly, it

remained higher than the rates of other fuel beds
Table 3 - Ttne to burn a constant percent offuel. by fuel bed until 50 percent of the fuel had been burned (fig. 18).

Loss Fuel bed number, .. Wind speed and air turbulence are believed to be

less largely responsible for the differences in the mass loss
(percent) 1 3 4 5 rate patterns for the milled fuel beds. Anemometer

towers were erected on all four sides of each fuel bed.
-- Minutes - Average wind speeds at the 20 foot level for 2

5 2.4 2 0 2.4 2.3 3.6 minutes to 6 minutes after ignition-the time period
10 3.2 2.7 3.0 2.9 4.6 when mass loss differences were gre,1test-ranged
15 3.8 3 4 3.6 3.5 5.8 from 6 to 40 ft./secltable 4). The ambient air flow
20 4.5 4.1 4.3 4.2 6.9
25 5.1 4.8 5 0 4.9 8.2 Table 4-Average wind speed around milled fuel beds, Test

30 5 8 5.6 5.7 5.7 9.9 Fire 6, burned September 29, 1967
35 66 6.4 6 5 6.5 12.3
40 7 4 7 2 7 3 7.3 15.1 Fuel bed No. N E W S
45 8 3 8.1 8 3 8.3 18.8

50 9.3 9.2 9 3 9.4 22.6 Speed (ft./sec.)
55 10.5 10.4 10.5 10.5 27 8 1 40 26 29 25
60 12.0 11.8 12.0 1 9 3J'.2 2 29 31 31 25
65 13.8 13.7 13 8 13.6 43.2 3 126 6 16 12
70 160 16.1 16.0 16 1 52.6 4 15 221 21 24
75 19.4 19.3 19 3 19.3 66.8 1
80 23.9 24.5 24.3 24 5 84.2 1Anemometer failed 3 minutes and 50 seconds after
85 30.4 31.4 30.6 31 6 1036 ignition.
90 40.2 41 8 40.4 43 1 1326 2Ancemometer failed 5 minutes after ignition.

26



ignition. A speed of 93 ft./sec, was recorded there at
Fuel ed 12 minutes and 20 seconds.

Fuel bed 3, which had the lowest wind speed, gave
the highest initial mass loss rate peak. At fuel bed 4
the wind speeds were higher and the mass loss rate
peak lower, and the rate declined less rapidly than at

I - , i fuel bed 3. For fuel bed I with still higher wind
Fuel Bed 2 speeds the sharp initial peak was followed by a periodFof very slowly declining rates. The air speed around

fuel bed 2 was the highest, for the fuel bed as a
whole, of any of wie four fuel beds. The mass loss

4record from this platform also had the greatest short
E term fluctuations, indicating a correspondingly high

* fluctuation in air flow around the fuel bed. This high
_ - wind speed and turbulence delayed the mass loss

Fuel Bed 3 peak, but gave a longer period of relatively high mass
loss rates.

The mass loss rate patterns for the milled fuel beds
give strong indication that pattern variations are
largely due to air flow. Inside the fire area air flow is
extremely variable, with local wind speeds several

Fuel Bed 4 times that of the ambient flow. Examination of wind

and mass loss records indicates that the air flow
around milled fuel bed 2 was probably the most
turbulent of the areas for which records are available.

4l Momentary wind speeds upto 72 ft./sec. wr
recorded at low levels in this area.

As indicated earlier, wind appears to increase the

20 40 60 80 100 burning rate for wood fuels in the second and third
Percent Fuel Burned combustion stages, and may possibly suppress rates in

the initial stage. This relationship seems to be borne
Figure 18-Mass loss rates for fuel beds 1, 2, 3, and out by the mass loss rate patterns for the milled fuel
4 in Test Fire 6, September 29, 1967 beds.

Results of the experiment suggest that variations
in air flow patterns will have more effect on mass loss

was generally from the southwest, and horizontal rates of fuel beds within a fire area than by position
flow direction within the fire boundaries was pre- with respect to the fire center. Since increase in air
dominately from the south or west quadrants. Thus flow and turbulence can be expected to be closely
air flow data from the south and west towers would related to the rate of heat production, the burning
be indicative of which flow had the most effect on characteristics of a fuel bed are of primary im-
the fuel bed. portance. Fuel beds with a low surface-to-volume ( a )

The wind speed at fuel bed 3 was the lowest of the are likely to be more strongly affected than those
four positions except at the north anemometer tower. with a higher a value for the same volume of heat
The ambient wind coupled with the fire induced production. Fuel bed spacing and "street" configura-
indraft forced the convection column and flames tion can also be expected to be of major importance.
from this fuel bed to lean strongly inward. Thus most
of the flames from fuel bed 3 were in and above the Air Flow
space between it and the adjacent wildland fuel bed
on the upwind side. Hence, the north tower was in Strong inflowing winds have often been suggested
the active combustion zone, and the high wind speeds as one of the characteristics of mass fire. Narrative
recorded are the result of this position. accounts of urban and wildland conflagrations also

The highest average speed for this time period was often mention high wind speeds in the vicinity of a
at the north tower of fuel bed 1, where a fire whirl large fire. Usually these winds have been assumed to
likely formed nearby between 2 and 2.5 minutes after be indrafts flowing into the fire, replacing heated air
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and gases rising in the convection column.
That such air flow is always into the base of thefire is by no means certain. Instances of wind blowing x __,........

outward from a fire have been documented Null

(Chandler, Storey, and Tangren 1963; Countryman
and Schroeder 1958; U.S. Army Corps of Engineers
1958). This phenomenon has been observed by the -

author on several large wildland fires. And it has also
been reported by others. In addition, there is some
evidence (Schroeder and Countryman 1957) that
major air entrainment into the convection column
may take place well above the ground level. Qualita-
tive observations on many wildfires have indicated Figure 19-Schematic of air flow around

only light indrafts into the base of tile fire. a stationaT)' fire.

In preliminary single-fuel-bed fires, we noted that at an angle, observations of smoke tracers around the
indrafts directly into the base of the fire were very fire indicated flow in many areas was parallel to the
light, and generally could be detected only with sides of the fire. To investigate this anomaly a small
smoke tracers or no-lift balloons (Countryman 1965). scale model of a multiple-fuel-bed fire was con-
In the fuel and combustion zones, these fires ap- structed using electrically heated "fuel beds." This
peared to block ambient air movement. Air flow was model was placed in a wind tunnel and air flow traced
similar to fluid flow around a solid object, with with smoke. By carefully adjusting fuel bed tempera-
eddies and turbulence forming in the lee or wake of ture and air flow speed, it was possible to create a
the fire (fig. 19). Above the fire in the transition and convection column and flow pattern near the surface
convection zones, the ambient air flow appeared to that closely resembled what had been observed on the
be absorbed into the fire system. close-spaced fires. From this rather crude model the

In wide-spaced, multiple-fuel-bed fires (Test Fires streamlines of air flow appeared to be as shown in

1 [January 1, 19641 and 3 [ June 11, 19651) it was figure 20. Thus whether air flow sampling at a fixed
apparent that individual fires blocked ambient air point would indicate parallel flow, flow at an angle,

flow. The fire as a whole also appeared to have a or direct flow into the fire would appear to be largely
weak blocking effect. The most notable effects, a matter of placement in the sensing device. There-

however, was the acceleration of air flow within the fore, we concluded that the recorded data were

fire area and the turbulence that developed (Country- consistent with what actually occurred, and that the

man 1965). Some of this acceleration was probably apparent anomaly between recorded air flow and
caused by vertical air currents, but this effect could observed flow was due to the small number of

not be measured since only horizontal flow anemom- sampling points.
etry was available.

In the close-spaced ftiel-bed fires, the air flow Measurement
pattern became quite different. The blocking effect Air flow data were recorded by the vector ane-
to ambient air flow was quite apparent, and air flow mometers described earlier for three of the Test
pattern within the fire area was obviously much more Fires-4, 5, and 6. In the sampling procedure used,
complex. In these tests, the effect of the fire as a the wind speed was integrated over a 2-second period
perturbation in the ambient flow became apparent and recorded every 10 seconds. Since data were
soon after ignition. In general air on the windward recorded at 50 to 87 stations at each fire for periods
side of the fire flowed directly into the fire at an up to 5 hours, an enormous mass of data have been
accelerated rate. On the flanks the instrumentation accumulated. Only general features of the air flow
usually indicated air flowing into the fire at an angle shown by these data have as yet been analyzed.
to the edge. but in some places, it appeared to be The basic air flow pattern for all of the close-
moviiig directly into the fire. On the downstream or spaced fuel-bed fires was similar. Since Test Fire 5
lee side of the fire, the air flow direction was more had the most extensive air flow instrumentation it has
erratic than in other areas, but mostly into the fire been chosen to illustrate the general pattern. In this
area against the prevailing ambient wind. fire, air flow data were recorded at 32 locations and

Although the air flow instrumentation indicated at several levels at each location for a total of 72
the air flow on the flanks was generally into the fire sampling points. *ro provide a measure of air flow

28

- ,,



unaffected by the fire, a control station was set up ignition these intervals were: I to 10 minutes, 20 to
about 0.8 mile from the fire area (fig. 21). 29 minutes, 40 to 49 minutes, SO to 69 minutes, 90

Ten-minute time intervals at various stages in the to 99 minutes, 120 to 129 minutes, 180 to 189
fire were arbitrarily chosen for analysis. In time after minutes, and 240 to 249 minutes. Average wind

Figure 20-Schematic of air flow L[[
around a multiple fuel bed fire, _-
based on a model placed in a wind -R D 1 D 1 D -D 1 D 1D
tunnel and air flow traced with
smoke. -E]---D DE D _ F]_

SDD DDD

38 21
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Figure 21-Location of anemometer towers for Test Fire 5, June 14,
1966. Tie control tower, upper left-hand corner, was set up 0.8 mile
from the fire area.
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speed for three 10-second periods around each fire effect did not extend out more than 400 to 500
minute were calculated, and the horizontal and feet from the fire edge.
vertical angles recorded for each of the three observa. The air speed recorded on Tower 1 suggested that
tions These data were then plotted for each station a fire whirl formed at or near this location (fig. 27).
for the selected time interval. Wind direction angles The speed of this whirl 20 minutes after ignition.
were usually plotted to show the range of direction, averaged 63 ft./sec. Its peak speed was 122 ft./sec.
both horizontal and vertical. If the range in direction and may actually have been greater since the capacity
was 150 or less, the directions were averaged, of the anemometer apparently was exceeded.

These data showed a large fire effect in the early Air flow continued to be stronger on the down-
stages, and then a gradual decline toward ambient wind side, but at Tower 20, it was relatively weak and
conditions as the fire progressed. To reduce the mass variable (fig. 28) indicating the null point in the air
of data available, only data from the 20-foot level for flow pattern around the fire was near there.
portions of four of the 10-minute time periods In the third time period, wind speeds were slightly
analyzed are reported. These include data from the lower than the second period and flow direction more
initial stages of the fire (I- to 10-minute time period), erratic (figs. 29, 30). Numerous vortices formed in
a time period soon after the fire peak (20- to the downwind portion of the fire during this stage of
29-minute time period), a period in the declining the fire. This activity was reflected in the generally
stage of the fire (60- to 69-minute), and a period higher wind speeds in this area. Another fire whirl
when only large fuel remained (120- to 129.minute). apparently passed near Tower 22 at the 60-minute
The data reported are typical for the air flow patterns mark as indicated by the speed and direction there
during these stages of the fire. (fig. 29).

By 120 minutes after ignition about 85 percent of
Flow Patterns the fuel had burned, and fire activity had dwindled to

For the first 2 minutes after ignition, the direc- a low level. Only the larger fuel elements remained,

tions of the horizontal air flow and of the ambient and flame heights generally were only 2 or 3 feet.

flow were the same generally across the plot from Much glowing material remained in the fuel beds,

left to right (figs. 22, 23). Wind speeds were also close however, and considerable heat was still being pro-

to ambient as indicated by the control station (figs. duced. Vortices in the form of dust devils also

22. 23). although some slight fire effect can be appeared frequently in all parts of the fire area,

detected in the second minute. By 3 minutes after although vortex action was still predominate on the

ignition the fire had a very obvious effect on both air downwind side. Ambient air flow was beginning to

flow direction and speed. On the downwind side air predominate, but it was obvious that the fire still

flow was into the fire against the ambient wind, and affected the air flow (figs. 31, 32).

flow into the fire on the flanks was also apparent (fig. As might well be expected, the fire had a major
24). Wind speeds also increased sharply, particularly effect on the vertical air flow pattern. The peak

on the fire edges and within the fire boundaries (fig. vertical component during three observations at any 1

24) The fire effect continued to strengthen as the minute was plotted. And where both negative (down-

fire built toward its peak (figs. 25, 26). Air flow flow) and positive (upflow) occurred both are shown

direction indicated that the maximum convection (figs. 33-39). Horizontal flow is indicated only when

activity was offset somewhat downwind from the fire no vertical flow occurred in any of the three

center, confirming visual observations of the fire. observations.

During the thtrmal peak the effect of fire appeared to Before ignition and during the first minute, hori-

have extended more thin 500 feet on both the zontal flow predominated at all stations (fig. 33).

upwind and downwind siles. And the air flow into Vertical flow began to appear in the second minute

the fire tended to be stronger on the downwind than (fig. 37) and continued to increase as the fire built in

on the upwind side. intensity (figs. 35-37). During the first minutes

The flow pattern established in the early stages of nearly all vertical flow was within the fire boundary

the fire had not changed materially by the second or at the fire edge, and was both positive and

time-period analyzed. The fire effect appeared to negative.

have diminished somewhat, but air speeds near the By 5 minutes after ignition a negative vertical

fire ind within the fire boundaries were still substan- component was obvious at the center of the down-

ti.il. aho,c ambient, and the effect on flow direction wind side (fig. 37). The tendency toward negative
was still strong (]gs 27. 28). By then, however, the vertical flow persisted into the second time period
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(fig 38) along with both positive and negative from observers on the ground indicated a strong
components in the rest of the fire area. The negative tendency for downward flowing air in these areas.
component on the downwind side at the 20-foot level This was confirmed to some extent by the air flow
was no! continuous, but sometimes switched to instrumentation; however, much of this downflow
horizontal or positive flow (fig. 39). seemed to be occurring above the level of

At 60 minutes after ignition tile vertical air flow at instrumentation. The air flow patterns indicated by
the fire edge and within the fire boundaries still photography, instrumentation, and ground observa-
remained, and sometimes extended to the downwind tions seemed to indicate a center of low pressure near
side of the fire (figs. 40-41). As in the second time ground level and under the main convection column.
period the vertical flow was both positive and Flow toward this area was both horizontal and
negative. The effect of the fire whirl at Tower I at vertical.
tile 60-minute mark was also evident (fig. 40). The chaotic air flow pattern within the multiple-

Vertical air flow components were evident in the fuel-bed fires seems to be associated with the burning
flow pattern as late as 120 minutes (figs. 42, 43, pattern of the fuel beds. During the most active
although generally much weaker and more variable flaming period I the fire each fuel bed maintains a
than in the early stages of tile fire. separate convection column of varying heights. Each

Throughout the active fire period both air flow fuel bed column may often break up into two or
instrumentation and visual observations indicated more separate columns. The heated air and gases in
strong air flow and turbulence within the fire the columns seldom rise smoothly, but almost imme-
boundaries, with a much less prontotnced effect at diately develop vortex rings, with the flow at the top
the fire exterior. This characteristic was noted in all being outward and relatively downward along the
multiple and singie fuel-bed tests. sides as the vortex rises. Sometimes the vortex ring

Observations at ground level of all of the close- appears to have a central core of rising gas; in other
spaced, fuel-bed fires showed areas around the perim- cases, the rings may appear as a series of rising
eter of the fire which permitted a view deep into the bubbles with clear air between. The individual
fire area These areas were from the windward side of columns expand as they rise and the vortex rings and
the fire, near tile center of tile lee side, and to a lesser convection bubbles begin to intermingle. As the
extent on the flanks near the downstream edge of the columns continue to rise they finally merge rito a
fire Aerial photos taken of Test Fire 5 showed an air single column, with the vortex rings and convective
flow pattern that confirmed these observations. On bubbles appearing on a larger scale. The turbulent
the lee stdt and on the flanks there were large area between the flames and the merged columns is
hciinsphiertiial areas almost clear of smoke. On the the transition zone of the Countryman descriptive
windw. I side the smoke was held near the grouind model (fig. 1)
over nfe.rl, 49 percent of tile plot by the ambient The air flow in the transition zone is complicated
wind !ti, ./4 Stud of time lapse photos and reputs by the tendency of the convection columns to lean in
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Figure 44-Sketch based on several photos shows strong inflow areas in I

all of the close-spaced, fuel-bed fires. Arrows point to the direction of
airflow.

various directions-in some cases, almost horizontally. orientation the ambient air flow direction would
Thus the flow is not strictly up or down but may appear as approximately southwest and the convec-
assume almost any angle. Measured air flow in the fire tion column as leaning toward the northeast.
interior generally showed a strong horizontal compo- Turbulent air flow was evident at all towers and at
nent and rarely a vertical component alone. Often all levels, with air speeds and directions fluctuating
two levels on the same instrument tower showed the widely. Despite the highly variable air flow, individual
vertical flow to be in opposite directions. towers tended to show different patterns. At tower 6

The highly complicated flow within a fire area can on the upwind side of the fuel bed the flow at low
be illustrated by the air flow data taken around levels was generally toward the fuel bed and at high
milled fuel bed 2 in Test Fire 6 (fig. 15). In this fire speed (fig. 45). Vertical components at these levels
anemometer towers were located in the "streets" on were usually slight. At the 20-foot level the
all four sides of the milled beds. The vector air speeds horizontal air flow direction was consistently toward
in feet per second and showing the vertical flow fuel bed 2 and at moderate speeds. The vertical
directions at various heights were plotted for a period component was small and usually directed upward,
near the fire peak for each tower at fuel bed 2; an although some intermittent downflow was also
azimuth arrow shows horizontal direction. evident. Air flow at the 50-foot level was also toward

The "streets" in Test Fire 6 did not run in true the fuel bed and at speeds nearly double that at the
north-south and east-west directions. To simplify data 20-foot level The vertical component, although
analysis, however, we oriented the anemometers with small, was consistently directed upward.
the "streets" instead of cardinal directions. With this The air flow at tower 8 on the downwind side of
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Figure 45 -Air flow pattern at tower 6, Test Fire 6.

the fiuei bed was much more erratic in both speed and Tower 5 on the east side of fuel bed 2 was
directon than that at tower 5 (jig 46). At the 3.5- probably closer to the convection column from tlus
and 7-foot levels the horizontal flow was sometimes fuel bed than any of the other towers. The vertical

directed toward the fuel bed and sometimes away wind component at this tower was always directed
from it. Wind speed at the 20-foot level tenided to be upward at all levels and sometimes was very strong
greater than at the 50-foot level. And strong down- (fig. 48). At 3 minutes and 44 seconds, for example,
ward components appeared at both the 20- and the vector air speed at the 70-foot level was 80

50-foot levels. ft./sec. and very nearly vertical. Similar strong vertical
At tower 7 on the west side, the flow was components appeared at 3 minutes, 24 seconds; 4

generally along the north-south "street" at all levels minutes, 14 seconds; and 4 minutes, 24 seconds.

(jig 47). Air speed at the 20-, 50-, and 70-foot levels Horizontal flow direction was also relatively consis-
was much the same. At the 20-foot level the flow was tent at all levels at this tower.
nearly horzontal. The 50-foot level showed a pre- Effects of Fire
donimately downward flow. And at the 70-foot level,
an upward component persisted. The air flow patterns in and around the Flambeau

Air flow at the 3.5- and 7-foot levels on tower 7 test fires showed consistent patterns for a given fuel
was miore errati. in both speed and direction than at bed arrangement. In the single-fuel-bed test, the fire
the higher levels The speed at 7 feet was often blocked the ambient wind, with turbulence and
greater than any of the other levels For both the 3.5- eddies forming in the wake of the fire. Little direct
,rod 7-fo ut levels the vertncal component was consis- inflow into the sides of the fire could be detected.
tently directed upward. The same flow pattern appeared around individual
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Figure 46-A ir flow pattern at tower 8 in Test Fire 6. September 29. 196 7,

fuel beds in the multiple-fuel-bed fires, where the fuel with strong horizontal and vertical components. ,
beds were wide-spaced. In addition, air flow in the Speeds in excess of 100 ft./see. were recorded and
"streets" within the fire boundaries was accelerated may have gone much higher. Air entrainiment into the.
in the direction of the ambient flow. This accelera- fire area appeared to originate from both the ring
tion is probably due to convergence of the ambient vortices created in the numerous small convection
flow between the fires and to an added vertical columns in the combustion and transition zones and
component. The wide-spaced fuel-bed fires as a whole the direct flow into the fire between the convection
appeared to block weakly tile ambient flow, and columns.
some flow into the sides of the fire was noted. The tendency of tile individual columns to lean

The effect of the fire on the air flo% was much with the ambient wind and for the columns and their
more pronounced in the close-spaced fuel bed fires. ring vortices to intermingle has a major influence on
Here the blocking effect was similar to that in the the air flow at any one location. For example, the air
single-fuel-bed fires, with turbulence and inflow flow between two fuel beds may be influenced by the
developing on the lee side. Air inflow into the sides of fire in one fuel bed at the lower levels and by the _
the fire was also pronounced. Whether the air flow convection column of' the other fuel bed at higher
sensor indicated flow directly into the fire or at an levels. Since any array of natural fuel beds, urban or -
angle depended upon the location of the instrument. witdland, are not likely to burn uniformly, ani flow
Although the air flow outside the fire boundaries was characteristics will depend strongly on the burning
appreciably stronger than tile ambient flow, it did not pattern of the fire.
reach the hurricane speed often believed associated Althoughl the development of separate small con.
with mass fires. vection columns is perhaps more "orderly" in the

Within the fire bouihdaries of the close-spaced inuitiple-fuel-bed fires, this same characteristic ap-
fuel-bed fires the air flow was extremely turbulent, pears in large continuous fuiel bed fires. Here the
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Figure 47-Air flow pattern at tower 7 in Test Fire 6, September 29, 1967

columns occur randomly and move about during the tendency for two columns to develop. In Test Fire 4,
fire However, tie downward flow components ap- which burned slowly, this tendency was less pro-
pear to be present along with "lanes" for air access to nounced, however, a deep indentation on the lee side
the interior of thle fire between the individual small was apparent.
columns In the Project Flambeau tests, there w s The tendency for a fire to break up into more than
little tendency for a large fire area to merge into one one column appears after the fire is well developed. It
gigantic flame, but rather a strong tendency toward it not clear, however, whether the tendency for more
breakdown of the fire area into many smaller fires. than one convection column to form marks the

An interesting and perhaps important phienome- beginning of a new convection pattern or simply a
non in thie close-spaced fuel plots was thle develop, weakening of the fire convective system as the
ment of areas of strong inflow in the lee and flanks of thermal energy output drops. With the fuels and fuel
the fire In Test Fire 5, this flow tended to divide the bed loading used in Flambeau a high level of thermal
fire into tour separate convection columns within the energy output was maintained for a relatively short
trainsition ione In Test Fires 2 and 6, we noted a time-possibly too short to permit the development
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Figure 48-Air flow pattern at tower 5 in Test Fire 6, September 29, 1967.

of multiple large columns. In large wildland fires, for inflow patterns to develop that caa create more
multiple columns are not unusual, but their mode of such columns. One important result would be the
development has not been described. opening of the fire interior to a fresh air supply and a

If the appearance of multiple large columns is decreased chance of oxygen starvation of interior fire
actually a phase in the development of the fire areas. Thus sheer size of the fire would not limit
system, it is of interest to speculate on the impor- burning.
tance of the phenomenon. it is likely that as the size The spatial thermal pattern for a large fire, natural
of the fire increases, there will be more opportunity or nuclear-induced, is very unlikely to be symmetri-
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cal hlence, air flow patterns around and into the about 30 percent of the heat energy of the fire was
columns also would not be symmetrical. With a produced by radiation. After testing small wood
number of fire areas of different thermal output rates cribs, McCarter and Broido (1965) put the radiation
and virious sed columns, it is possible that flow value at 43 percent. Fons, et al. (1960b), also using
patterns conducive to the growth of large vortices widl small wood cribs, calculated radiant energy at 18
develop percent. Despite the uncertainty of the amount of

radiant energy produced by a fire, radiation is one of
Thermal Radiation the basic thermal characteristics of a fire.

The role of thermal radiation in fire spread and Measurements

other fire phenomena has received considerable atten- Flat plate radiometers were used to measure
tion, particularly in theoretical and mathematical thermal radiation for most of the Flambeau fires.
work Radiation is also a major consideration in civil These measurements were made to determine the
defense activities where protection against thernmal radiant energy to whicn a target outside the fire area
radiation in a fire is a necessity, would be subjected, and to aid in the interpretation

The relative importance of radiation in the heat of other quantitative fire data, visual observations,
balance of a fire is uncertain. Vehrcncamp (1955) in and pictorial data. Of the multiple fuel bed fires
stud) ing a crib fire 50 feet in diameter calculated that burned the most complete and reliable radiation data

N 200' E Test Fire 5

Radiometer

F-----OO
IB

~200'
II O AII

ID

I'igure 49 Radiometers wete placed at fire different sites in Test Fire
5, June 14. 1966. to measure t/zcrmal radiation.
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were obtained for Test Fires 5 and 6. Portions of the were nearly equal, with rates of 2,457 Btu/ft.2 /hr.
data from these fires have been selected for analysis and 2,369 Btu/ft. 2/hr. respectively. At location D
here as an illustration of the kind of information that the peak radiation occurred slightly ahead of the one
can be derived from ihis type of instrument, at the center location (C), and a preliminary peak at

In Test Fire 5, radiometer locations A, B, C, and D location B also appeared beforc the peak at C.
were on the downwind side of the fire, while location The relatively low rate and the lag in peak

E was on one flank (fig. 49). All radiometers were 10 radiation at the center station may have been due

feet above ground level and 100 feet from the fire partly to the ignition method, but to a greater extent

edge, except at location A, which was 200 feet from to the air circ:lation pattern that developed as the

the fire. Output of each radiometer was scanned nine fire built up in this test fire, the ignition was by

times per minute. rows, beginning on the outside edge on each flank

The thermal pulse from Test Fire 5, as indicated and moving towaid the center row. About 32 seconds

by the radiometers, had !he same general form at all were required to complete the ignition sequence. As a

locations. However, there were minor variations at result of the ignition pattern the fire built up more
the different locations that were indicative of the fire quickly on the flank edges. This condition was

and smoke patterns for the part of the fire viewed by reflected in the slightly later time of peak radiation at

the radiometer. the center location as compared with locations B and
Each radiometer had a 1800 field of view. "here- D.

fore radiation levels at the center location (C) should The radiometer at location C was looking into one
be highest since the radiometer closer t. the fire of tht major inflow areas described earlier for this
corners would view more nonfire area. This was not fire. In the early stages, the flames there were held
the case, however, in the early part of the fire. At close to the ground by inflowing air, and fuel beds
location B (fig. 50), the thermal radiation rose beyond the outside row were partially obscured by
quickly to a peak exceeding 2,900 Btu/ft. 2/hr., the low level smoke. And probably the air above the fire
highest level reached at any of the radiometer sites. in this area was also relatively cool. This fire behavior
Peak radiation at locations C (fig. 51) and D (fig. 52) would also contribute to a lower radiation rate at the

300W

_ _ -- . . . .. --. 2."

2400- 7 711I
1800 - . .

S1200 -- - - - - -

600 --

10 U 304

Time after Ignitior (minutes)

Figure 50-Thernal radiation at location B, Test Fire 5, June 14, 1966.
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Figure 51-Thermal radiation at location C. Test Fire 5, June 14, 1966.
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Figure 52 -T"hennl zradiation at location D, Test FireS5, June 14, 1966.
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fire center line tlhan nearer the fire edges. As the fire of the minor variations appearing in the radiation
progressd air inflow decreased and smoke obscura. records, The larger "bumps" in the records, however,
lion lessened. The th.rmal radiation rate at the center could well be caused by flrc whirls which locally
l(cation was tllc higher than that at the corner increase flaming for short periods. Possible fire whirl
locations. Tlic relative radiation rates then more effects are particularly apparent in the last half of the
nearly approached that which would be expected radiz.ion record for location C (fig, 51).
froin a uniform fire area, On the fire flank (location E) the peak radiation

The high peak radiation rate it location B is al, (2,754 Btu/ (l.2 /hr,) was only slightly lower that, at
hie result or fire behavior, The sector of the fire location B. And the radiation pattern was similar at
viewed from thi% location built up rapidly and both locations (fg., 53). Location E was upwind from
appeared to burn more intensely than other areas in the strong inflow area on the fire flank and appar-
the fire possibly because of differences in the fuel ently was little affected by it, Fire whirls did not
bed loading. The fuel beds burned out quickly, and develop on this side of the fire, and the radiation rate
the rapid decline in fire activity is apparent in the curve is relatively smooh.
radiometer record. Except for a lower radiation level, the radiation

lecause of natural variations the fuel beds do not pattern at location A, 00 feet from the fire edge. is
burn uniformly. neither within fuel beds nor between nearly identical to that from location C (flg, 54), Fire
fuel beds, This variation in burning rate causes most whirl effect was also apparent at this location.

N Test Fire 6

ro'------------

iore 55 Railhiersc / r~ it 7Te! Ilre 6, ,S'plt,.mber 29), I1967 , were, set
up on/ the( west and Notlh jide,
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For Tet Fire 6, radiometers were placed near the north side of the fire .fig. 58) was somewhat different
center lines on the west and north sides of the plot than on the west. The peak rate was reached
(fg. 55), at 10 feet and 50 feet above the ground, and ealier-about 5 minutes after ignition. And it was
S100 feet from the fire edge. Ambient wind was from much higher, reaching a value of 2,400 Btu/ft.2 /hr.
the southwest at approximately twice the speed in As with the curve recorded on the west side, the
Test Fire 5. Because of numerous unseasonable rains radiation curve at 50 feet (fig. 59) was similar to that
the fuel moisture for Test Fire 6 was about double at the 10-foot level, but with a higher radiation
that for Test Fire 5, averaging 12 percent or more for reading.
most fuel element sizes. At both tha 10- and 50-foot levels, the radiation

At the 100 foot level on the west side, the thermal curves obtained for the north side were more erratic
pulse indicated by the radiometer in Test Fire 6 was than those from the west. Numerous "peaks" and
quite different than in Test Fire S. Rising more "valleys" are apparent. Effects of wind and fire whirls
slowly, radiation rates did not show a sharp initial were probably responsible for this difference. On the
peak (fig. 56). The peak rate-reached about 12 west side, the ambient wind coupled with the
minutes after ignition at 1,300 Btu/ft.2/hr.-was fire-induced indraft kept the flames leaning strongly
about one-half the rate in Test Fire 5. From this side into the fire in the first two rows of fuel beds.
of the fire the thermal pulse shape appeared to be Beyond this, much of the fire was obscured by
between that of Test Fire 4 (fig. 10), burned under smoke, particularly in the early part of the fire. On
high moisture conditions, and that of Test Fire 5, in the north -i-ie the flames were more upright, and
which fuels were quite dry. there was considerably less smoke obscuration at low

The thermal pulse at the 50-foot level (fig. 57) at levels. Because of the wind, however, the convection
the west location resembled that at the 10-foot level, column was strongly tilted toward the radiometer
except for higher radiation rates. Since at the 50-foot location. And convectiye heat sometimes reached the
level more of the fire area was within the view angle radiometers, particularly at the 50-foot level. The
of the radiometer, this higher rate could be expected. turbulent wind flow in this area resulted in inter-

The radiation curve at the 10-foot level on the mnittent, partial, obscuration of the fire by smoke.

3200 10- -0-3-- --- --

.2404
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00 030 40 50

Time after Ignition (minutes)

Figure 56-Thermal radiation at the 10 ft, level, west side of Test Fire 6, September 29, 1967.
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Figure 57-Thermal radiation at the 0 ft. lelv, went kde of Test Fire 6 Septebe 29. 1967.

5I 0

_ T , I I I ' I , , i ,

IL__i __

-, I I I I I i

III T i I,

I _ _ _ 1 I i _ _t -t ! I , , I ___--__t

_0_ _ _ _ _ _ iO i 60

Time after Ignition (minutes)

Figure 58-Thermal radiation at the 10-ft. level, north side of'Test Fire 6, September29. 1967.
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Fire whirls bean devel4opfg early in the C= na thog tm. , he*gts reah 50 o 60 f et, and ah
the north edg and within the view of the radiometer. fre perued for wam b o The t %rt .m,
They probaby contributed greatly to the fluctatim cum I* 60) f r do! cli c* resembles the
rkaition fi .M the nor si. From the Wat la e Moomowter

wtirt ud not be seen by the adiometer unt late 61/for the same fre.
in the fire beause of the dense smoke. nhe coaling effet of ambient and cocctive air

flow Js probaNy respom for the low tempentre
n inaals 3riai tt to tbw fire ar. Around the

In all the tet fires, we found that inition of sngle-ful bed tst the expowd fuels were usually
ground4evel fues outside of the plot area was wall and eneraly we'? expom to the air flow.
confined to a short ditn from the fire edge. O The restrited am of 4nition by radkient was
the windward side and fmnks this distance wa needy aso observed in the maltiflx fued bed fires. In Test
always less than 10 feet. On the kee sde the distance Fire 6, the ignitors in two fuel beds in an outside row
varied, and appeared to depend on flame an& and on failed. Four fuel beds outside the plot were purposely
flame length. Ti distance was never observed to left without *g.itom None of thes fuel beds ignited
exceed the verticil projection of the flame to the during the fire despite other burning fuel beds only
ground. 25 feet away. We also noted that on the windward

In one of the teflffr- (380-6)offire-klied timber side and flanks of this and other multipie-fuel-,ed
fuels, thetmoccuples were inserted into hardwood fire, the graus brtih, and twigs in the uatreets"
doweli 14-inch in diamter and 4-inches long. The Orivnted in the direclion of air flow did not bum for
thermocouples were in the center of the dowel a distance of 75 f.t or mor nto the ire interior. in

radially and about 1 inch from the u.per end. Th7e addition, vagtation int some as well within the
dowels %ere exposed in an upright position about 24 interior of the fir-. also wa not bumrned.
inches above the ground and at various distances from Wildiad f&-l bedz their natural state are quite
the fire edge. The highest temperature record was porous. The fuels outside th: fire are readily cooled
only 2950F. in a dowel 6 feet from the fire edge even by air fHow aA radiant heating, thus nakIng radiant
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Figure 61-Therrl mdlation in Test Fire 380-6.

heating of fuel ahead of a fire a relatively slow give greater exposure to radiant heating and provide
procss It is unlikely that radiation is a ajor factor for less effective cooling by air flow. But evidence
in spread of firue in wildland fuels except under spec;ia suggests that in urban centers wind and flying fire
conditions, such as very low ambient wind speeds, or brands are the key factors in spreading fire. Storey
in very narrow, step-sided canyons. and Noel (1965) have compiled a list of major urban

In urban fires, radiation may be a nore ita !actor fires for the period 1925 to 1965. In most cases
in fire spread. The extensive flat surfaces of buildings where the reason for fire spread was available, wind
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Men L= Rit loss rtpekdqilyadthendelndime-

Oneuseof aditio daa fom ire hs be. atly;theradatin rte ada m uch broader peak

lkofdata on actual mass losstefo field-scalt rate had declined to nearly half of its peak value (fig.

crbfrsused in the development of &he mas loss radiation rates the ratio of the average radiation rate
rate experiment set up in Test Fire 6 provided an during a given timne period to the mass loss rate during
opportunity toepoehsqestion since both mass the same period was computed. If mass loss rates and
loss rates and thermal radiation data were recorded. radiant energy incident on the radiometer are directly

Crib Fire B descrd earlier, contained four of the related, then this ratio could be expected to be
6- by 6-foot modules. One ignitor in the center of the constant. 71e ratios, however, showed a considerable
four modules provided ignition. In this fire a flat deviationz ftom aconstant value(fi. 64).
plate raffionetcr was exposed 3.5 feet above the top There are sever-a reasons for this disparity. A
of weiging platform and 21 feet from the edge of radiometer responds only to the radiation from the

Sthe fuel bed. Weight loss and radiation were recorded surface within its view angle-on what the radiorrvter
conitinuousy. "sees." In the ignition stage of the fire, much of the

Based on the total mass loss and termal radiation burning takes place within the fuel bed, and flames
for the first 30 minutes of the fire, mass loss and are relatively low. Therefore, fuels shield the radio.{ radiation raes were computed in percent per minute. meter from much of the combustion area, and the
Plotted over time, they showed a *imla form (ji-g radiation-mass loss ratio is small. Generally, the lower
62). although the radiation peak was reached some- the radiometer in relation to the fuel bed the greater
what later than the peak mans loss rate. the shielding will be in the first stage of the fire.

In crib Fire 6A the radiomete wzk; exosed 10 As more, fuel is involved in the initial combustion
feet above the top of the weighiing platform and 50 stage, more flammable gas is produced than can burn
feet from the edg of the fuel bed. Thi fire contained within the fuel bed. Much of the combustion then
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Figure 63-Rate of mass loss had a higher peak than did the thermal radiation rate in Test Fire 6A.
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Figure 64-Ratio of radiation rate to mass loss rate in Crib Fire B, and Test Fire 6A.

takes place above the fuel bed, and within the view of larger compared with volume than in the initial stage
the radiometer. Peak flame heights and maximum of the fire and hence, produces a larger radiation
mass loss rates occur au,'i this stage. And the flame output relative to the mass loss rate (fig. 64).
shape usually is in the form of a trun,.ated cone or As the fuel combustion proceeds into its third
sometimes roughly cylindne'l in shape (fig. 65). stage the proportion of charcoal to unburned wood
Flame volume is thus relaiively large as compared increases. Since charcoal has nearly twice the heat of
with surface area. combustion per unit weight as wood the amount of

As the fuel moves into the second and third heat produced per unit of mass loss also becomes
combustion stages the volume of flammable gas greater. This difference also contributed to the higher
production decreases. Flame shape also changes- radiation-mass loss ratios in the later stages of a fire.
frequently assuming a conical shape, or the burning The efficiency of combustion also affects the
area may consist of a number of cone-shaped flames relationship between mass loss rates and radiation. In
(fig. 66). Surface area of the flame then becomes the early stages of a fire, volatile gas production rate
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Figure 65-In early stages of a large fire, the flames may turn cylindrical
In shape. Flame heights reach a peak and mass loss rates are at a
maximum.

Figure 66-In middle stages of a large fire, the flames are cone-shaped.
Volume of flammable gases decrease.
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is high. And so=re gases likely escape without being Temperature
burned. Much solid particulate matter is produced, asevid.ncd b th muh deserandd, aoke Of all the varnamete-: measured, temperature ",s
evidenced by the much dvnser and dark smnoke

the most difficult to obtain in large fires. The amountproduced. Therefore, efficiency of combustion in the ofdaotindnFabeuesswsiiedy

early fire stages is less than in the later, less violent of data obtained in Flambeau tests was limited by
difficulties created by high and variable temperature,burning stages This differemne would also tend to

increase the tadiation-inass loss ratio as the re long thermocouple leads, electrical noise generated or

progres, intensified by the fire, and mechanical failure of
ro the results of the F nl~ '_u test fires it thermocouples wid supports in the hostile environ-

From ment, along with the relatively small amount of
appears that thermal radiation has been omerated as a tinstruiticntation. Bnlt enough data were obtaed tofactor in fire spread when there is significant Wr flow.

wn "itw. the magiftude of temperature to be expectedBut in Bitt winds, slow spre ,dq fires, ard certain and some of the factors that may affect the temper-
topographic situations, radiation may assume a orei
important role in fr e propagation. ature in mass fire.

The relationship between thermal radiation rates, Fuel Zone Tempeature
as measured by a wide-angle radiomter at one point, Milled fuel beds used varied in size from 4- by 4-
and nass loss rate. of burning fuel is not close. When a by 4-inches to 42-feet by 42-feet by 64-inches. Peak
fire is burning violently the mass loss rates are temperature within these fuel beds did not appear to
probably closely associated with the volume of flane vary with the size of the bed. Peak temperatures
produced; the radiation rate, on the other hand, ranging from about 1,9000F. to 2.S000F. were
depends on the surface area of the flames. Thus, measured in both the small and large fuel beds.
flame shape assumes significant importance in this Porosity of these fuel beds was low enough to
relationship. severely restrict the air inflow to the fuel bed interior.

Flame shape changes with time as combustion'of The fuel bed porosity increased as the fuel was
the fuel bed proceeds. It may also be altered by consumed, thus permitting more ambient air to
ambient air flow and turbulence induced by !he fire. penetrate to the fuel bed interior. Rate of decline of
Thus, the amount of radiant heat a receptor may temperature from its peak was closely a"sociated with
receive depends upon the burning characteristics of a the extent of "opening up" of the fuel bed. Temper-
given fuel bed, external conditions that may alter the atures measured over wildland fuel beds were in the
burning characteristics, and receptor position with same order of magnitude as those over crib fires. Thus
respect to the fire. the peak temperatures for the wildland fuel beds

Although thermal radiation may not be a primary probably fall within the same range as those for
factor in fire spread it is of major importance in milled fuels.
defense of civilians. In Test Fire 1, the fuel beds were Flame Zone Tempamture
spaced 115 feet apart. Air temperature at 4.5 feet
above the ground reached a peak of 65 0F. (240 above A persistent characteristic of flame temperatures
ambient) in 60 to 90 seconds. Despite the low air above a burning fuel bed is their large and rapid
temperature, however, the radiated heat made it fluctuations. This fluctuation occurred hi single fuel-
impossible for unprotected perronnel to walk be- bed fires (Countryman 1964) as well as those in
tweer the fuel beds during the violent flaming multiple array. An example of this fluctuation is
period-about 12 to 15 minutes. shown in a recorder trace of a platinum-platimun-

In the fires with close-spaced fuel beds a 150-foot rhodium thermocouple exposed 10 ieet above a
distance from the fire was the limit of human wildland fuel bed in Test Fire 5 (.fig. 67). The
tolerance during the peak flaming period, although recorder had a full-scale response time of 0.125
short-time exposure at a closer distance was possible. second. Turbulent air flow mixing cooler ambient air
As the fuel was consumed the limiting distance with the flames and gases above the fuel ied and
became less and less, and it was usually possible to flame pulsing or "flicker" probably accounted for
walk between the fuel beds after 60 to 90 minutes. most of this fluctuation,
Thus, although radiant energy levels were not high Peak temperatures in the combustion zone vary
enough to ignite fuel more than a short distance from over a wide range and seem to be related in part to
the fire the radiation level outside the fire area was rate of combustion. Fuel beds in Test Fire 2 burned
above the limit of human tolerance for a significant more violently than those in the other test plots. In
period of time. this fire the flames above the fuel beds were massive
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Figure 67-Thermocouple trace, Test Fire 5, June 14, 1966. Shows
fianme temperature fluctuations, by tiim after ignition.

and extremely turbulant. Ring vortices composed first 6 minutes of Test Fire 6 (table 5). Peak
entirely of flame often formed just 11boy; the fuel temperatures probably were not reached by the
bed. And flame temperatures apparently went highr 6-xinute mark; however, the collapse of another
than the limit (2,5000F.) of the chronvl4fluincl tipw~ @l~gwh@F@ jiq ~jh fire partially opened the
thermocouples exposed over the fuel beds, IMhey may upirati~ §§fl pi f~ 14e tzpra[ have exceeded 3,0000 F. (Phipot 1 965). Similar mauromnn 411iq, fyq~ tflq#g) ;pneratures
flame activity also appeared in one of the milled-fuel may have Actualy boon greame ow~ PfiewINlTP of
fires burned individually. At 10 feet above the fuel more thin I ,100"P at 3,5 foet 1ndjqgt#§ thq pqtjtp!
bed the temperature exceeded the Limit of the protection needs for civil defaese
chromel-alumel thermocouple. Peak temperature Temperatures above the comubutign x.9pp u4lY
within the fuel bed, however, was 2,300"P. With less decrease rapidly with hecight-at lat thrpuph the
violent burning, such as occurred in Test Fires 5 and transition zone. In the first 6 minutes of TOOt Firp 6,
6, and in other crib fire%, the massive flamnes ani the temperature at 100 feet abovo theq goiter of
extreme turbulence were less pronounced. Peak tc - milled-fuiel bed I rose to 6400F, The flw qyvaj fii
peratures 10 feet above the f.uel bed in these fires fuel bed were probably 50 to 60 feet tall lit thig timP?
ranged firm 1 ,6000F. to I ,9000F. and the temperature within the fuel bed jin the prder

It is not certain whether the higher flam zone of 2,5000F. Only 75 feet away a thormocuple
temperatures in the fires with the faster combustion suspended 40 feet above the weighed wgilgnd NOe
rate is due to less cooling by ambient air mixing or to bed indicated a maximum temperature of 6609F!
a better gas-air mixture. Appearane of the flames (fig. 68). This peak temperature occurred at th# seine
suggests the latter may be a more likely explanation. time weight loss rate was at maximum and when peak
In the violently burning fires the m~asses of burning flame heights can be expected. Flames probably 414
gas often assumed a bright orarge color indicative of not exceed 30 feet and probably were pulled toword
high temperature and efficient combustion. In the the stronger fire In the adjacent milled-fueo)l 4.
less violent fires the flames tended to be dull red. Temperature within a fire system is Park@4 b~y

Go:nos ofteTlzl~ulodfrs emperature

Ga s t ftemlil-ulbdfrs emperature Table 5 -Temperature proftle for Test Fire 6 (74a12-6 7),
was measured in the spaces between the fuel beds and Spebr2,)6
also above the combustion zone. Temperature be- Height above ground (ftj).

tenthe fuel beds varied widely with time and with Tml 3.5 7 120 150 80 1)
hegtabove the ground (Countryman 1964; Philpot

16)Inone plot with wide fuel-bed spacing, the air Degrees F.
temperature at 4.5 feet rose only by 24 0F. (Count~y- 1:13 130 150 180 110 80 80

mn1964). In the close-spaced fuel-bed fires, the 2:12 230 250 690 400 280 220
flames often filled the spaces between the fuel beds, 3:11 1010 1030 370 230 230 240
and temperatures approached flame temperature. 5:10 980 850 760 360 360 400

Temperatures were recorded by shielded and 6:08 1120 1020 710 1160 960 640

aspirated chroinel-alumel thermocouples at a tower 6:8 1 12 100 50 10 90 64

12.5 feet from the center milled-fuel bed I during the lMinutes and seconds after ignition.
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wd sptial and temporal variations. These variations Air flow patterns and turbulemt mixing also affect
w caused by Ihe entrement of ambient air into. temperature variations in areas outside the active

fter area and the strong turbulence within the fire combustion zone but withu", the rCt, A the
system. .o .. jsi zOn mlmutteinds to drop rapidly

Peak temperatures within Flambeau fuel beds with ej.t. ]Be-C of inflowint &t, little tetrper-
ranned from 1,900°F. to 2,5000F. Si~of thene fiei 2ture incree can be pqct4 outside the fire
beds appeared to have little effect c,. the internal boundaries.
temperature; however, the beds were all of about the
ume poroity. Because of the effect of ambient air Noidous Gases
im temperature, fuel beds of other characteistics
qay pvc different peak temperatures. Incree"g prq .n h ben expresed over the

Variation of temperature in the combustion zone roW tht npxiqA p nAy play in the safety and
af i fire system is strongly affected by the air actions of p@rwlqrIl i and uound a fire area. In
turlence and is also related to the combustion rate. World War 1I, .ma4y opi tht detd in helters iere
Wn4 fyonrgle conditions peak temperatures may appareqy untoulheod by fire, Even In treat subject
be near the maxinum (estimated to be 3,5000F.) to hig teipergture, the position of bodies and the
possible for wood-derived gases. The necessary candi- mein of the victin-m in te that dath was often
tos were approached in some Flambeau fires. These not from lurns but from some other cause. The same
hgher temperqtures did not seem to affect the conclusion has beep reAclied i some cases in whie, h
t nrvri e of the interior of Flambeau fuel beds- firefighters have been ke irt wildland flies.
poasibly because of the generally short duration of To fi.4 op. if gas qould b@ responsible for such
tha maVe as production needed to produce high fatalities, we tqok qpls ii and around nany of the
temperature. Flambeau test fires. In the early fios, analyses were
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=z tocirbco nmra-xid, =bon dioxide, vl ~ In cdin:j taut Paudy (1954) observed the
Qxyg Inthe lazer fire. of ritrom, hydro- phy1 cffc o r p to =n ay=oStM
carbons. st tez sipor, a-nd paxt e manet e c s c r n m .p -e gf'cts ranged from

S!S =v~d Restts of these anytes v,-re reported Mfahush to ;~is jg4 xqw (bk G~

by &iib, Leovaid. and Yundt (!969). From informis . PY S&Lnn f!948),
in g'en-l P3 s=D1 s jkes in or near the &oldo and YLcWaster (I"6M 41 red tables

cornbmwtin zoce Is=e s 3owe a uatninion-fiine dhowing the sifeiLs of cqjbon dioxide sp4 axen
pirern cpite surmla to the thers-al prijse Pattern. For &rciency (icae 7. 81
cxnozu azse peit c otrabons occu~rred early hnCniutssrpso se ir iRicted =k
the f-ie at about the sasmn ce as peak flamz and cubon mnoxide ra tios exc cdi- percent

m=ss I,. hea cTmh e a Ion pied of low bt in seeral tW fres. Grab samu .$ h indicated the

* s=X::4=~ sigficant concetration of h1-azadous en1Ctratio my 0-ce~( 5 petceot in -W ffM.
pism. The oxygen concen txo fovitwed the vemre Carbon dioxide concentrations c 3LO e.P8 !
cf this pattem-mb "amtxm cocention ocued haw been ==-sured in swme of the last Flrb

e ny m the fire and httle oxygen de&cncy was Fes, wnd oxygen cor entrations have drepped below

zpparmmt in the later sags. Thus, peak cn n- 7 percent.

trition of rwmiou gase, iraximum w.ater wvar
conc-tration, rmximnn oxygen, and h Tzbio 7 -ELffE fgfgZMen deftkicy on hum.ns

l occred at about the sz= time.

The precis effect of variost oncentratio s of Ox.a
crbo monoxd on huma.s is not knovn with c nt of inl Effwti
certainty. Tolerance v2es amng diffemret people. a(P;=)
And the carbo. inoflxide effects see to vary wits rl

thed--ft f ctiityo9 No effet; normal &it.
the degree of -ctivi~, of the subject. Synargistic . erv.
effects of noxis gas produced by cornbustion in 10 im, eshortne ofbreth;

combination with heat is particularly uncertain. But dp zr more rapId respiration;

some progu t&eiA1 d an understanding of theSe , , - .p C'"Yon

effects is being mad- (Pryor, Fear, and Wheeler exertion.

1968). 7 Super set in.
5 Minimal concentration compatible

with life.
2-3 Death within one minute.

Table 6-Effects of ccJ.on monoxide on humans_______ __________

Caeboon moncx~e I

content of fihaled Effects TabLe 8-Effects of carbon dioxide (oxygen content normal)
ar (percent) on humans

0.02 Possible mid frontal headache aftei Cbon dioxid
2 to 3 hours. content of inhaled Effects

0.04 Frontal headtche and nausea after 1 air (percent)
to 2 hours. Occipita! (rear of head)
her4ache after 2Y to 3 i hours. 0.04 No effects; normal air.

0.08 Headache, dizziness and nausea in 2.0 Breathing deeper; tidal volume
% hour. Colapse, unconsciousness increased 30%.
and possible death In 2 hour. 4.0 Breathing much deeper; rate slightly

0.16 Headache, dizziness and nausea in quickened; considerable discomfort.
20 minutes. Collapse, unconscious- 4.5-5 Breathing extremely labored, almost
ness and pos'ie death in 2 hour unbearable for many individuals.

0.32 Headache and dizzifness in 5 to 10 Nausea may occur.

minutes, unconsciousness and 7-9 Limit of tolerance.

danger of death in 30 mninutes. 10-11 Inability to coordinate; unconscious-

0.64 Hezdache and dizziness in I to 2 ness in about 10 minutes.

minutes., unconsciousness and 15-20 Symptoms increase, but probably

danger of death in 10 to I5 not fatal in 1 hour.

minutes. 25-30 Diminished respiration; fall of blood

1.28 Immediate effect. Unconsciousness pressure; coma; loss of reflexes;

and danger of death in I to 3 anesthesia. Gradual death after some

minutes. hours.
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Results of the noxious gas investigations in the test eyewitness accoutl RBsh!i II[ , Iiit 1
fires served to confirm that noxious gases can be q this disaster was anth¢ , , f
very real hazard to civilian populafions and to casuties q [ tRjga"
firefighters. Concentrations of carton mq.1ide j Tornadq-like winds have also been reported in
particular. can occur in lethal concentrations both in both urban and wildland fires. These winds seem to
p near a fire area. The hazard is intensified y differ from the fire whirls in orign in tht they
,oxious gses and water vapor to reach peak concefi appear to begin well above ti
tration St the same tix.e as minimum oxygen and then extend to the ground. Thhgi ,iI
maximum heat. becomes the same as for fire 04i4 s.

Of significance also was the long period of Conditions for Development
relatively low concentration (0.05 percent or less) of
carbon monoxide. Beard and Wertheim (1967) found The [I-h.N4M 9f thg developmont Of fire whirls
that human judgment was significantly impaired in the open Is far from being completely known.
when subjects were exposed to an atmosphere con- Research and observation, however, have provided
taining 50 parts per million (0.005 percent) for 90 some clues about the characteristics of fire whirls and
minutes. The time required for significant impairment where they may develop. Byram and Martin (1962)
of judgment decreased rapidly with increasing con- and Broido (1964) have used a special device to
centration, and at 250 parts per million (0.025 create a fire whirl on a minature scale. The device
percent) was only about 22 minutes. Carbon monox- imparts a rotational motion to air fl gt
ide concentrations of these orders of magnitude burning a small rlimy t ,
apparently can persist in a fire area for several hours. ip cTesq burning rqtas anti lame hpigh Wre
Near the' center of Test Fire 6, for example, the observed in these experiments. The qti! ratmens
concentration of carbon monoxide at 0.05 and 5 feet of fire whirls have alsQ -t'e zntte d hat -h

above the ground in the center of a "street" was still hypotheses have no ifn !t Iinde atu1 1 t,-

0.02 percent or greater when sampling was discon- tions.
tinued 4 hours after ignition. This situation may not 9 ,,11.6 ses .laurvers
be important in a small fire where people may escape report that fire whirl§ appear most frequently on the
quickly and exposure time is likely to be short. But it lee iqp f a ridge. It has been suggested that the
can become critical in a very large fire, such as might whirls %y r slt" ft em lpy pfpssure areas Eausy by
be expected from a nuclear attack, where people may flow across the ridge (Grq, !957. p i a
have to remain in the fire area for extended periods. been observed in fires over an area whe ea 'I floWeddy created by topography wa4 known tp exist

Fire Whirls (Countryman 1964). They hayq al 9 been observed to

Fire whirls-whirlwinds of fire-are one of the occur pIore f qyqtl, W" n e @ifr nlss was
most spectacular fire behavior phenomena. They nstable to a considerable depth- sqch , as qhe qas
resemble the appearance and behavior of dust devils in the Hamburg fire storm ip W r I H ([.rt
that often develop on strongly heated land surfaces. 1963).

Fire whirls developed driring 
sqn

Fire whirls are common in wildland fires where they oa o 1 e o la ! m I r s s. ,Ipq ! nf th fIft
vary greatly in size, strength, and duration. Most on .l o.irt.

meet as many of the known conoitions reqqirpd fpr
whirls are small, but occasionally a large one of fire whirl develqpMp! a,! I (C.ttptryrnqn
destructive size and force will develop. Air flow 1964). The plot of 72,,_, s4r etva o at~ n
speeds iiI such whirls have not been accurately . ep f . fe.o
measured, but must be high. Type of damage is a lee slope within a small canyon. The plot wasburned in late afternoon during unstable air eo€]-
similar to that of tornadoes. In the Polo Fire near t in ith a fto in haste ridnetions with a wind of 8 to 10 mnp.h., across the ridge
Santa Barbara in 1964 (Pirsko, Sergius, and Hickerson
1965), for example, a large whirl moved out of the top.

fire, demolished two houses, damaged several others, u

and caused other damage. It uprooted large trees and upslope thermal air flow, and the lower half fired 2 or
slammed a piece of quarter-inch plywood 3 inches
into an oak tree.

Fire whirls have also been reported in urban 4Dergarabcdian, Paul, and Fendell, Francis. Parqeters
governing the generation of geophysical vprtices. (n.d.)

conflagrations. In the Tokyo fire after the 1923 (Unpublished office report on file TRW Systems, Redondo
earthquake, fire whirls were reported in several Beach, Calif. 19 p., illus.)
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~i~ilF~ 6'9 st j~ire whirls in the .

siO "* Ffifi5 Ih an unsiable
Wt6~ i~ viichi fherrna? wind andv

the fire bi*64'& W~ie~jH EPai .i/Fnben

ffhlifiutes later to provide additional heat. The fire were forming near the pointf where the cool ambient
buii up rapidly, and Mdk *hflrl began to occur as air met ili6 warm thermal winds from the fire-and

soonas te iitia f e gan to merge. Whirls where eddies could be expected to devtlop. Te cool
increased in siile arid frequency over time. The largest air was blocked by the fire and thermal wiralsi and
whifl19, filed with dust and ashes, developed after tended to flow over the canyon. the result was an
Oractically all of the fuel bed had been consumed. unstable condition (fig. 69).

P~rom a helicopte~r we could see that most of the On the other Flambeau tests on near-level terrainj
whirls were deVeloping along a line parallel to the most fire whirls tended to develop on the lee side ol"
ridge, and about 50 to 75 feet below the ridge top. the fire. In Test Fire 5, for example, fire whis
From the smoke movement, it was obvious the whirls developed repeatedly along the boundaries of the

LiZ

A'~-~ ~ t!

k1 i

Figure 70 Paired fire whirls, developed in Test Fire 5, June 14, 1966.
each rot ating in opposite directions.
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stronginflow area2on the ie sideof the flCft 4  UiOtiWir!ntb okoireo 19234
oIt a (Bx 19621 mentio that people_ had difificulty

Frequently two or mrt whrso poiesz - ..-- the whrirls pamsd c=~ (without flre).
the inflow boundary and rotatig sn opposite direc- breating vn,-- -&-W also relate the-
tiors z -peared it the sam time (ft5, 7O0L The same Firefighter in willlhnd tire a..- -Ut

situatira developed in Test Fires 2 and 6. '94e of air" when czint evenl in siizl whirts u.
Th.. whirls developing in the FL--nbeau test fires hanvedot of te fire amItisoiO key thit

were small -usually less than 10 feet ia diameter. the pressure withi the -ni& is low. A whiri passic-5
Occasional a whirl would extend to 3,000 feet or ove an unseald shelter vvAtifi system i ruc
mrore into the convoctian cahin. The flame heigh!t he pressi~ i U ith Iinies. if L".- %Whi is
in the whirls, howevert, seldon. exceeded 50 to 60 feet iollowtd by &,=ms at aeat ambient premsur. i164~e
and usually t~a not more than 1I5 to 2 times the mty likelyA be, he fiakia&in ~aepre*ernin tie
flame height of the burning Fuel beds. fhans could be drawni inid th6 th*lfes at high

temperatures with daasttdbi ietaili id ;i t& t:-s
Al1thotigh the mecfaisms of fire rhL- inddpd

lh a rapidly spreading, wind-driven wildland fire, meait awe not wel! wnderstood, thee are certain -ais
flee whirls are noi critil -rarely do they coatxiw.#!e and conditions that are conduc.-m to their an-
directly to suread '-Aile tho fret is running. Unfdef Z=ic. One of the nmvre iniott of these conditions
so me situatiorts, however, fire whirls wrev be one of Es the presence of vdiflit in the air flow irs or
die mechanisms for injecting firetrznds into tse around the fire area. this is coidenced by the fact
convection c'4 ..in and may thus contribute to fire that the whirls occur mosz fte-quently wilete eddies mn
spotting. Once a control first is establikhed around a the air flow are most likely to oc=u, such gs oh ie
fire the development of fire whirls essumes greater do-Nnwind portions of the fire ame, on the Wc 0&d of
significance Whtirls developing %ithin the fire area ri1§es or cerain toogitpi oiurtoLFr
can and do pic-k up burning materials and scatter appears to concentrate and intensify the tret
them outside the cotntrOl line. thus sbtifing fire spread already prement in thes irems
anew. This occurs often eniougi to be a problem Li Vortices also seemi to ow=u more often wnder a
fire control in wildlands. In urban fires, sp:ead of strongly I aing coneeticgifhin 0h-n-o Te erec

su1i fres is generally giow, fuel loading is heavy, one. 'With leaning coilunms the vomtics ppma as fire
burning time relatively long, and channeling cf air whisis in tie fire area, and as dust devi& downs indI ~ flow in streets and between buldings privelent. from the fire. Wnhetliei the moare frequent occ=rnce
Under these conditions large. intensely burning areas of vortces under this condition is caused by anstable
are likely to develop, fostering the creation of fire conditions created by cool ambient air over the warm
whirls The capability of whirl to prod=c frt brands column, to the air circulation pattern mel up by the
can help spread fire. column itsef. to more Qki~ tddies from the stronger

Fire whirls in urban fires my be hazardous to the air flow needed to make a convection coluim lean, or
civilian population, including firefighters, and are to a combination of all of& these factors is u"a-ertain.
potentially dangerous to buildings and equipnnent. It Is obvious, however, that fire *hirls gre a enirion
These hazads exist within and outside the fire fire behavior phenomeinon. The likelihood of very
boundaries. The hazard to humn fife comes not only lap fire whiffs or vortices developig in n=s fires
from the rapid soread of fire by the whirls, but also does not appear to be great. More res.,arch, both
from the strong possibility that whirls contain large theoretical and exper iental, is needed before the
amounts of noxious gases or at least are deficient in significance of fire whirls to mass fire behavior Is
oxygen whether they contain fire or not. firmnly established.

CHARACTERISTICS OF MASS FIRE

T1he prismary purpose of Project Flamibeau was to The term "mast fire" was coined shortly after
gain enough information about large fire behavior to World War If when it became obvious that the large,
permnit writing a prescription for fuels and weather destructive fires created during that war would
that woul,4 produce a mass fire. Unfortunately, there undoubtedly occur in any further large-scale military
has been no clearcut definition of mass fire. action -particularly with the ad-anc of weapons
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technology and its great fire-setri potential. Sinc vmotices compomd of flme and larre and boiling
the term ,-=s fire" ws riot dearly defined it has umm of fame cmo. TEs type. of fire did not
come to hA - vurious shades of nxa&n s, depending usuay appear or cortinue unl-_% the esergy broduc-
umn the experience with fire an individull might tfOnt ra,e wgS ,000 lUfft.2/nix. or more. Fire
have mid the purpose for whic he pplied the te m activity d= sed as energy production rate decreas-

it w dt t w t ed. and the violent activity largely ditappeared below

few fr= ecomplete in the pi d Fsnmbeau pro. 5,000 Btu/ft 2 jiin. Thtis an energy production rate

era, and -these under a limited range of fuel and threshold of 5O to 8.000 BtuM.2/in. would

eninmental conitions, that eough knowledge seem reasonble for the apeance of mass fire.

was gained to permit an unequivocable definition of
a,ss fire. However, de Fl=beau test fires provide Fire Area Threshold

thc most complete, and indeed, peraps the only The area of fire at whih the m nu en-rgy

qwntitative data that make a beginning in the reare a os ire is mo difu lt

deitaionrele rate wi produce 3 mass re i more difficult

Just 7h= on the s[r of fire behavior a f to delimit. Other factrs than sheer size are Lnvolved,

becoms a s rte is ucertaI. In natul such as wind speed and fuel bed configuration. Area

fuels, fies may burn i gr=ss or with flames of fire needed to produce mass fire characterist s
onlya few~ iaycben h-h. n or wth .also appears interdependent on energy rele;ase rate.only a few inches h -gh. In other sit-atiors densue
brush or timber stands will bum with flames 200 feet A characterWtic of large Fires is their tendency to
or more in height. Combustion rates also vary widely break up into numerous sroll convetion columns
in urban fires-depending on size of building, con- within the combustion and transition zones. Th.
struction rmterisl, building contents, igition pattern, characteristic has been observed in wildland fires as
and other factors. well as on the more ordered fuel be-s of the test fires,

Fires large in area are not recessAy mass fires, The tendency for fires over some critical size So bum
since low energy relea. rtes do not usually generate and behave as a complex of rny smaller rues
violent fire behavior. And the behavior of a small provides a useful criteria in distinguishing mass fires
sector of such a fire is little dfferent than if that from small or low-intensity fires.
sector was burning alone. On the other hand, very Another characteristic of the close-spaced
small fires burning with a high rate of energy release multiple-fuei-bed fires was the dominance of the fire
seldom exjubit violent fire characteristics. The rerrn in controlling the circulation pattern within the fire
". z fire" fhen carries the comnotation of both arge area. -Mis same deninace of the fire in controlling
size and high rtes of energy release. the circulation pattern appeared in the larger single-

Since energy release rates and fire area are both on fuel bed fires, although in these fires the individual
continuous scales the problem of defining mass fire convection columns drifted about, and the air flow
then resohes into setting threshold values on these pattern was more random in nature.
scales where a fire can be considered a mass fire. A The tendency for multiple colunms and internal
general definition of these values is: The minimum air circulation patterns to develop, appeared fre-
fire area and energy release rate at which a further quently in single-fuel fires of the standard size (2,200
increase in fire area or energy release rate will not sq. ft.). Sonie indication of the same behavior was
significantly change the pattern of fire behavior. The apparent in milled-fuel cribs as small as 144 sq. ft. in
chief concern in the defir ition is the pattern of area. However, in these fires the ambient air flow
behavior. Greater fire area or energy production may appeared to play a dominant role in the circulation
change the magnitude or violence of the fire phenom- pattern. The only single-fuel-bed fire k380-6) in which
ena produced, but the general pattern of these the fire began to control the internal air flow pattern
phenomena should remain unchanged. was about 50,000 sq. ft. in area. The ambient air flow

during this fire was approxifately 10 ft./sec. Energy
rate production is not available but likely exceeded

Energy Production Threshold 5,000 Btu/ ft. 2 /min. for much of its active period,

In the Flambeau test fires, those fires with and over 8,000 Btu/ft. 2/min. in the early stages. We
apparently the greatest energy release rates were estimated that the fire should have been at least
characterized by tall flames in relation to the fuel bed 100,000 sq. ft. in area or greater to have fully
height and by great turbulence in the combustion exhibited mass fire characteristics.
zone. Massive gas production was obvious, with ring Probability of mass fire developing is determined
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i. npar by how the fuel beds are -paced For 7 given be at least IO Osquare feet. with 515 cent of
size of fuel bed ard level of heat energy production the area covered with fuel beds m a ,-m p3em.
per unit area of fuel bed, in reas ng the spacing must And amnt wind would be less than 10 ft.sec.
obviously reduce the average energy yield for the fire
area as a whole. However. from the Flambeau tests it Specications for MaS Firo
appears that as long as the fuel bed spacing is not too

great, mass fire characteristics associated with fire Fuel elem-nt and fuel bed charactersrts largely
area will persist a long as the energy production rate determine the kind of fire that is produced. Restlts
of individua fuel beds exceeds the minimum level for front the m=s loss experiment in Test Fre 6
mass fires. indicated that for multipe-fuel bed fires, the location

just where spacing distance becormes critical is of the fuel bed within the fire area only slightly
urncertain. For the Flambeau fuel beds the spacing of affected the energy producti-on rate. Thus a single-
25 feet produced mass fires for part of the burning fuel bed desiged to yield the necessa.y rate of
span in all tests. The ratio of fuel covered to total thermal energy will produce a mas fire when enough
area for these fires was about 50 percent. In the of these fuel beds are burned in a iniform array.
wide-spaced plots this ratio was only about iS The milled-fuel beds used in the mass loss exper-
percent, and mans fires were not produced although iment, if burned singly when the fuel are dry, will
the individual fuel bed energy rate may have exceed- give a peak energy rate of about 17,000 Btu/ft.2/MM.
ed 1000 to 12,000 Btu/ft.2 /min. But conceivably and an energy rate greater than the 5,00
larger fires with this wider spacing might have Btu/ft. 2 /min. minimum set for mas fire for about II
produced mass fires- Since the maximum size of .minutes. The strong air flow and turbulence within a
wide-spaced fuel-bed fire was only 137,000 sq. ft., mgs fire would tend to reduce this peak somewhat
the effect of fuel bed spacing on mass fire develop- and extend the time the energy rate it over the
ment is left unanswered. minimum. Therefore, fuel beds of this configuration

The smallest clos,-spaced fuel-bed fire (Test Fire are suitable for creating mass fire
2, burned May 15, 1964), covered about 165,000 sq. The following specifications for fuel bed design,
ft Although energy rates were not measured directly, fire configuration, and weather that will produce a
estimates based on the appeara..ce of burning fuel mass fire are based on Flambeau tests. There are, of
beds where the energy rate was known indicated the course, many other fuel bed designs and fire config-
rates well above the minimum threshold for mass fire. urations possible that will also produce mass fires.
Circulation patterns were a-most ccmpleiely dota- Fuel Bed (Wood Fuel): Specifications for a mass fire:
nated by the fire within the fire boundaries. Surface to Volume Ratio (0) 25.11 ft.2 /ft. 3

Appare;tly a s,'r..iler fire of this configuration would Porosity (7) 23.85 x 10-2 fL3 /fL2

also have produced mass fire characteristics. It thus Fuel Loading > 17 Ibs.jft.2

seems reasonable to conclude that the minimum size Kindling Fuel 10 x 10-2 bs./ft. 3

fire to produce a mass fire in multiple-fuel-bed fires is Fuel Bed Area >1700 ft.2

Ignition Points 11300 ft.2 of fuel bed areain the order of 100,000 to 150,000 sq. ft., with a Fuel Moisture <10 percent

uniform fuel coverage pattern over at least 50 percent
of the fire area. And ambient wind speed should not Fire:

Fire Area > 100,000 ft. 2

exceed 10 ft./sec. These same requirements apply to Fuel Bed Spacing <25 ft.
single-fuel-bed fires. Terrain Level (Approx.)

With these specifications the mass fire would have
massive, turbulent flames, with multiple convection Weather:
columns in the combustion and transition zones. Ambient Wind 10 ft. level <10 ft./sec.

Ambient Wind 5000 ft. level <20 ft./sec.Thermal energy output would exceed 5,000 Relative Humidity <30 percent
Btu/ft.2 /min., and the fire would dominate circula- Temperature >500 F.
tion patterns within the fire area. The fire area would Lapse Rate Neutral to unstable
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SUMMARY AND CONCLUSIONS
Projec. Fiasnbeau was an exploratory study into 3. Strong airflow and turbulence develop %ithin

mass fire behavior. Its principal purposes were to the fure boundaries
provide descriptive information on large fire systems In all test fires burned, the strongest air flow and
and to deveiop instrumentation system and techni- turbAln~e were inside the fire boundaries away from
ques suitable and adequate for full-scale mass fire major influenre of ambient flow. In the multiple-
studies. Data col-ected were not primarfly for the fuel-bed fires the increase in air flow into the fire area
purpose of developing statistically vald cause-and- was ignificandy greater than that of ambient flow.
effe-t relationships. RaLher the intent vas to obtain Air speeds within the fire area, however, were several
data which could provide the foundation for develop- times greater than the air inflow at the fire periphery.
ment of realistic theory concerning fire behavior and 4. Radiation is of minor importance in fire spread
to provide guides to the development of experimental outside of the fire boundries.
studies, both in the field and in the laboratory, that The lack of ignition by radiation outside of the
could be airmed at the solut.on of fire problems with a fire boundaries was a marked characteristic of all
reasonabie expectation of deriving practical results. Flambeau fires in this test series. Radiation as a factor
These obiectives hive largely been accomplished in fire spread can be expected to become important

Flambeau tcst fires have been few, and have been only where spread by flame contact and firebrands is
burned under a limited range of fuel and environ- limited. For urban fires, of the type to be expected
mental conditions. Data from these tests have yet to following nuclear attack, fire-induced turbulence
undergo rigorous analysis. Nevertheless, it is possible within the area initially ignited will insure maximum
to draw some of the mre obvious conclusions from flame contact and firebi-and movement.
the completed tests: 5. For muliple-fuel-bed fires the position of a

1. Fuei characteratics, incbding those assocted fuel bed in the array has only a minor effect on its
with both fuel elements and fuel beds, are the major thermal pulse pattern.
controlling factors in fire behavior. In the mass loss experiment of Test Fire 6 only

The burning fuel provides the basic driving energD small differences were found in the mass los rates for
for fire behavior phenomena associated with fire. fuel beds in different positions. The differences that
How the potential thermal energy of the fuel is did appear seemed more closely related to variation in
released may be affected in some cases by such the circulation pattern within the fire area than to
environmental conditions as wind speed and air position of the fuel bed with respect to the fire
stability. In general, however, the thermal pulse center.
produced by a given fuel bed will depend largely on 6. The Countryman descriptive model is a realistic
the characteristics of the fuel and of the fuel bed portrayal of a stationary mass fire systent
itself. All six zones of the model appeared in two of the

2. Rate of thermal energy production is of pri- test fires. 1 other tests the convection column die
mar'/ importance in determining fire characteristics not reach heights that permitted smoke fallout a-,d
and behavior, convective development zones to develop. Fire

The rate at which the thermal energy of fuel behavior and associated phenomena were generally
susceptible to combustion is produced is far more similar in the fuel, combustion, and transition zones
important than the size of the burning area. Close- for all fires that produced mass fire che:acteristics.
spaced fuel-bed fires in the Flambeau program varied 7. Wildland fuels may be used to simulate urban
in size by a factor of 1 I. Ilowever, air flow patterns, fires.
temperature, fire behavior, and noxious gas produc- Wildland and urban fuel beds are dissimilar and
tion were in general the same in the smallest as in the cannot usually be expected to produce sialar fires ir.
largest fires. The lower limit of fire size in which mass their natural state. But the thermal pulse produced by
fire chardcteristics will appear was not determined a burning fuel bed is dependent so much on fuel bed
with certainty. Because of the major influence of fuel characteristics that it is possible to select and arrange
characteristics this limit probably varies with fuel wildland fuels to produce a thermal pulse that will be
type. In fuels such as w-re used in Flambeau test similar to that of an urban fuel, and to produce
fires, mass fire characteristics can be developed in similar fire characteristics Success in simulation will
fires in the order of 100,000 to 150,000 square feet depend upon knowledge of burning characteristics of
in area. Test results strongly suggest that mass fires wildland fuels and thermal pulse characteristics of the
can be developed in a smaller area. urban fuel bed to be simulated.
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8 Fire whirls are a consistent phenomenon in High concentrations of carbon monoxide, carbon
large and intensely buming fires. dioxide, and deficiency of oxygen were found in the

Fire whirls occurred in nearly all Flambeau test combustion zone of Flambeau fires. Less severe
fires, and commonly occur in wildland fires. This concentrations appeared between the fires and on the
phenomenon is of considerable importance in urban fire edge. Since peak concentration of lethal gases,
mass fire spread and in fire control activity. Fire minimum oxygen, and peak heat occuired at about
whirls are likely to be of major importance in civil the same time, their combined effect may be greater
defense aspects of mass fire because of their destruc- than any one alone. Also of significance is the long
tiveness and their capability to rapidly spread fir,. and time duration of carbon monoxide concentrations
transport noxious gases. within the fire area that are high enough to affect a

9. Lethal concentrations of noxious gases occur person's judgment and action, although not directly
within and adjacent to fires. causing permanent injury or death.
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