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I. INTRODUCTION 

In some intense wildfires the difficulty of fire control is augmented by 

the spot fires initiated by firebrands. In urban fires flames are often pro­

pagated into residential areas by firebrands landing on wood shake roofs, 

starting a conflagration. 

In some cases, such as the Sundance fire (Rothermel [1967], Anderson 

[1968]) or Australian fires (Cheney and Bary [1969], firebrands have flown 

over distances of several miles initiating distant spot fires and secondary 

fire fronts. It is known that men have perished and equipment has been· 

destroyed because of the unexpected secondary fire front encircling the fire 

fighters. 

The need for understanding and predicting firebrand formation and 

behavior was the motivation for studies started at The Aerospace Corporation. 

several years ago. Wbile several researchers whose work was reviewed by 

A. Muraszew [1974] investigated the firebrand problem, no comprehens1ve 

theory or model was available for predicting firebrand-generated spot fires. 

The problem is quite complex in that it involves (a) the characteriza­

tion of convection columns or fire whirls formed over the fire front, (b) 

the characterization of fuels as firebrand donors, {c) the assessment of the 

probability of firebrand generation and lifting by the column, (d) the calcu­

lation of firebrand trajectories, and (e) the assessment of the probability of 

recipient fuel ignition and fire spreading. 

The work on the problem was started at The Aerospace Corporation in 

1972 and consisted of a review of th~ existing literature on firebrands, 

characterization of a two-dimensional thermal convection column based on 

the previous work of other investigators, and experimental work on firebrand 

burning in still air. This work was described by Muraszew [1974]. 
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It appeared from the characterization of the convection colwnn that 

even in case of large ,fires, like the California Romero fire in 1971, the 

uplift velocities in such a column were not ~igh enough to lift large fire­

brands; hence, any firebrand~ prod~ced with such colwnns will be small. 

Such small embers, emitted from the fire front, will fall a short distance 

(from zero to several hundred feet) from the fire fror:it. If several embers 

fall close together, each initiating a spot fire, the spot fire may coalesce 

into a secondary fire front 11 jwnping 11 ahead of the main fire. Therefore, 

it is not sufficient to estimate the probable number of spot fires; it is also 

necessary to define criteria for spot fire coalescence and probability of 

occurrence. 

The inception of long-range spot fires required a more powerful fire­

brand lifting mechanism, such as the relatively short-lived fire whirl. It 

should be realized that a fire whirl can generate firebrands that may land 

anywhere from the fire front to a certain maximum distance. The term 
11long-range firebrands 11 reflects the fact that the maximum distance can be 

quite large and can amount to several miles. It should be also realized that 

between the two firebrand lifting mec.hanisms described above there may be 

other special cases (crown fires, canyon fires, fire storms) which may 

result in an 11intermediate 11 range firebrand. Such cases were not considered 

in the analyses because of the unknown and undefined phenomenology asso­

ciated with them. 

The investigation of fire whirls [both analytical at The Aerospace 

Corporation and experimental at the Univers~ty of California, Santa Barbara 

(UCSB)] was started in 1974 under the funding of the U.S. Department of 

Agriculture (USDA) Forest Service, Intermountain Forest ap.d Range Experi­

ment Station, Northern Fo.rest Fire Laboratory (NFFL) in Missoula, 

Montana, with technical supervision by R. C. Roth~rmel. The work con­

tinued under a subsequent grant from the NFFL in 1975 and culminated in 

establishing a mathematical model of a fire whirl verified by the experi­

mental data. Scaled up equations for actual fire whirl characterization 
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subJ~ct to field verification were· a1Ho ·obtained, enabling calculation of fire­

. brand trajectories within and outside of a fire- whirl. 

··Parallel 'w_ith this work an e~perimental program -o~ the rate of fire -

brand burrtirig in wind w~s .initiated and ca.rried out by R. C. Rothermel in the 

NFFL .. Fr6m.this work, semi~e~pirical formulas were defined describing 

the ·~ate of a'.verage dens.ity ~hange of' a-fi~ebrand as a function, of its initia,,l 

size, wind velocity, moisture ·co~tent, and ti~e. Using these formulas to­

gtHhe:r .with an experiment~lly derived relationship on f{rebrand fall velo~ity 

by:Tarifa [1967] and combining it with fire whirl calculated uplift velocities, 

it was:·indeed confirmed that firebrands could travel even with a moderate 

wind of 20 mph to dis_tances over two miles and still have sufficient rriass left 

at impact to initiate a· spot fire. The firebrand burning and fire -whirl 

characterization work is described in two repc;>rts by Muraszew, Fedele, 

Kuby [1975 and 1976]. 

With the above work in hand, we are now in the position to develop a 

. model for the prediction of the probability of spot fire initiation·and spreading 

for short'.'""range fire brands from conventional convection columns and long-

. r.ange firebrands created by the mqre powerful mecp.anism of -a fire .whirl. 

It is also useful to know the range of firebrands and the potential for recipie:q.t 

fuel ignition in order to define the safe width of a fuel break which would 

contain the short-range firebrand hazard. These aspects are analyzed in 

this report. 

In the case of long-range firebrands it is impossible to consider any 

fuel breaks because of the dis'tances involved. The hazard of such firebrands 

can be mitigated in some cases, once their probable location and spot fire 

probability are known, by measures preventing an easy ignition of recipient 

fuels. In many cases, all that it may be possible to do is to evacuate the 

threatened area if lives are endangered. 
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It was recognized that, whatever statistical model for spot fires is 

developed, such a model will include some unknown empirical constants that 

will have to be quantified later by field observations. It should also be kept 

in mind that while the firebrand model is developed for wildfires it could be 

used with modifications to predict the hazard of spot fires in urban or 

suburban fires. The work on the statistical model reported here was funded 

by the USDA Forest Service, Pacific Southwest Forest and Range Experi­

mental Station, Riverside, California, under the direction of C. W. Philpot. 

Following verification of the spot fire model, the tasks remaining to 

be done in the future on firebrands are to develop a model for the initiation 

of fire whirls a·nd to integrate the statistical model into the general Fire 

Spread Model under development by Pacific Southwest Research Work Unit 

21 o. 

The Fire Spread Model will ultimately be able to predict the continuous 

progress of a fire front as well as assess and predict the hazard and loca­

tion of spot fires and spot fire coalescence into a secondary fire front. If 

this is done on a real-time basis, it will provide the fire managers with a 

powerful and modern to-ol for an efficient and safe way_ of fire fighting. 
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II. OBJECTIVES 

The primary objective of this study is tfie establishment of a physical 

approach and formulation of a statistical model for prediction of the short­

and long-range spot fire hazard. A basic goal of this study as in the 

previous work of the authors is to generate a model which would utilize fuel 

or weather input data usually available to fire managers. Subgoals are the 

following: 

a. Definition of fuel break widths which would contain the short-range 
firebrand hazard 

b. Definition of criteria for spot fire probability of occurrence and 
for coalescence 

c. Recommendations of future activity to validate the analytical 
models and further define the mechanisms involved in initiation 
of fire whirls. 
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III. SHORT-RANGE SPOT FIRES 

A. APPROACH 

To obtain a probability of spot.fires generated by firebrands lofted by a 

convection column existing over a fire· front, the following analytical steps 

were taken: 
(-

a. The convection column was characterized. 

b. Trajectories of firebrands and their condition at impact were 
calculated for various sizes of firebrands. 

c. The potential number of firebrands available of various sizes per 
unit of time was calculated from the burning fuel characteristics. 

d. The firebrand generation function was assumed. 

e. The number of firebrands impacting at various distances from the 
fire front was calculated. 

f. The probability of ignition of recipient fuel by impacting firebrands 
was determined. 

g. The expected number of firebrand-caused ignition points as a func­
tion of time per unit length of the fire front and their relative 
importance on fire behavior was determined. 

h. The probability of spot fire occurrence at various distances and 
time intervals was calculated. 

A brief description of the approach·taken in each of the steps will be 

given to provide the reader with a quick overview of the methodology adopted 

by the authors. A flow diagram illustrating these steps is given in AppendixA. 

The convection colurnn was characterized on the basis of work per­

formed earlier by other investigators and summarized by Muraszew [1974]. 

The main input to that characterization is the fire spread rate and ambient 

wind. The main output is the convection column shape and uplift velocity. 

Firebrand trajectories were calculated based on ea;lier work by 

Tarifa [1967] and Young [1973], for given properties of the ambient wind. 

Firebrand mass and size at impact were calculated using semi-empirical 
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equations obtained from experimental in-wind burning data reported by 

Muraszew, Fedele, Kuby [ 1976]. This calculation permitted elimination of 

those firebrands which, while still burning at impact, had too little mass 

left to be able to ignite the recipient fuel. Thus, the trajectory calculation 

gave the distances at ground impact and the remaining mass of.firebrands 

as a function of their initial size, density, and location in the convection column. 

Calculations showed that the impact distance varied approximately linearly 

with the initial location of the firebrand in the convection column. Since this 

initial location is random and there is an equal chance of~ firebrand being 

either at the edge of the column or in its middle, an even distribution of 

firebrands of given initial size across the impact distance was assumed. 

In calculation of the potential number of firebrands of a given size it 

was assumed that only dead fuel with low moisture content will provide fire­

brands which would likely continue to burn in. the air after leaving the con­

vection column. Consequently, the data on the amount of the dead fuel as a 

fraction of total burning fuel loading is needed such, for instance, as reported 

for chaparral by Rothermel and Philpot [1973]. Also, the size distribution of 

the dead fuel is required such, for instance, as reported for chamise by 

Countryman and Philpot [ 1970]. With that information available, and assum­

ing some average ratio of firebrand length/diameter, the number ·of potential 

fire brands in a given size interval can be calculated. 

Of course, not all of the potential fire brands will be lifted. The con­

vection column uplift velocity will limit the maximum size of 111iftable" fire­

brands. There is also some statistical function (firebrand generation func­

tion) which will depend on the fuel type, fuel configuration, gas velocity, etc., 

and which will determine the probable fraction of potential firebrands that 

could be lifted. To obtain the probable rate of firebrands lifted, the probable 

number has to be divided by the time period during which the-fire sweeps 

through a width equal to the convection column width at ground level. 
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. . 

The fire brand generation function that ~ill define: the probable fraction 

of firebrands lifted is an unknown parameter for which no ·field observation or 

experimental data are available. Consequently, a function was assumed 

based on the ·ratio of convection column uplift velocity to the gas velocity 
' . . . 

required to lift firebrands (of given size) and containing a single experimen-

tal constant which was parametrically varied in this report; the constant 

will need field observation data for various fuel types for evaluation in the 

future. 

From the calculation of the probable number of firebrands lifted and of 

the distance they can travel as a function of their initial size and location in 

the·colurrin, and with a uniform distribution acros's that distance, a numbe-~ of 

firebrands of a given size impacting within a given time interval per unit of 

distance per unit width of the fire front ca~ be calculated. From the in-fli&ht 

burning behavior of firebrands (Muraszew, Fedele, Kuby [1976]), their mass 

at impact can also be determined. The density of the impacting,-firebrands 

will decrease progressively with increasing distance from the fire front. If a 

firebrand's impact mass is su.ffuc:i,ently large, it ~an burn on the ground for a 

sufficient length of time to cause recipient fuel ignition. 

The probability of recipient fuel ignition is based on two sets of data: 

one is derived from a series of experiments carried out on in-wind burn1ng 

of firebrands at the NFFL and the other is data in the USDA Forest Service 

National Fire-Danger Rating System. The NFFL experiments indicated that 

for short flight time the firebrands will be flaming at impact. Consequently, 

all firebrands above a certain critical mass at impact will have an equal 

random chance to ignite the recipient fuel. This random chance is determined 

from the National Fire-Danger Rating System which relates to the probability 

of ignition of fine fuels as a function of air temperature and fuel moisture. 

These ignition data do not recognize the effects of fuel loa-ding (or packing 

ratio), the types of fine fuels, or other factors, although it was stated by 

Cheney and Bary [ 1969] that an optimum fuel °loading for ignition does exist. 



Considering this, the rate and number of ignition points is calculated by 

multiplying the rate and nllillber of impacted firebrands at given distances by 

the National Fire-.Danger Rating System ignition probability index multiplied 

by the fuel packing ratio factor. More experimental data is needed to verify 

and upgrade the ignition probabtlity model. 

It is realized that such n global n treatment of recipient fuel ignition may 

not represent actual conditions in that, for instance, fuel close to the fire 

front and heated by the flame radiation will be ignited much more readily 

than fuef farther away. Ber lad [ 1970] distinguished between the danger of 

firebrands in relation to the recipient nonburning fuel temperature .. If the 

temperature was at or above the spontaneous ignition point, then firebrands 

were of small significance since the fuel would ignite anyway. If, on the 

other hand, recipient fuel temperature was below the spontaneous ignition 

point, firebrands falling down in sufficient numbers· could add significantly to 

the fire spread rate. However, firebrand-caused ignition points sufficiently 

close to the fire front are not a major source of concern for the s,pot fire 

problem,. as explained in the following paragraph. 

A determination of only the expected number of i_'gnition points or spot 

fires-is not sufficient. Equally important is the determination of the effect of 

spot fires on the fire front behavior and on the fuel break requirements. Let 

us consider the· case of a burning firebrand leaving the convection column. 

The flight of a short-range firebrand will last for several seconds. After 

impact, ass Uilling that ignition occurs, there will be several seconds ignition 

delay; following this, if a spot fire is formed, there will be a several-second 

delay before the flame starts spreading. During all this time .. the main fire 

front is advancing and the spot fires formed within a short and calculable 

distance from the fire front will be engulfed by the 'advancing flame and will 

have no great significance on the fire front behavior. At the- other extreme 

of the distance from the fire front are firebrands which at impact are left 

with barely sufficient mass to ignite the recipient fuel. Any distance beyond 
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that is not of major concern because fireb:r,ands probably will ha.ve burned out 

in flight or are too small or light to burn long enough on the ground to ignite 

the recipient fuel. Thus,·. between the two extremes of the distances is the 

spot fire danger zone. If a fuel break can be provided whose width is equal· 

to or greater than the travel distance of the barely ignitionable firebrands, 

the short-range .firebrand and spot fire hazard is virtually elimiated~ Un­

fortunately, this may not always be possible, because a vigorous fire front 

and convection column will enable the hazardous size firebrands to trav.el to· 

_distances beyond those that may be considered feasible for local'fuel breaks, 

or because of strong wind which, even with moderate fires, can carry the 

firebrands to excessive-for-fuel break distances. In such ~ases, the hazard 

and danger of the spot fire zone is real. If the number of ignition points and 

s~bsequent spot fir.~s in that zone is appreciable, a possibility of several 

spot fires occurring almost simultaneo·usly may exist causing ·coalescence of 

those spot fires into a new fire· front ahead of the main fire, thus resulting 

m a step-lik~ increase in -the fire spread rate or fire "jump. 11 

The final step iri the evaluation of the short-range firebrands is the 

, . definition of the probability of one or more spot fires occurring within a given 

area over a cert'ain period of time, or of the probability of coalescence of 

spot,fires into a new fire front. Taking the, occurrence of a spot fire as. a 

discrete random event (with the expected or mean rate of occurrence within a 

given area determined as described), then the occurrences of spot fires are 

des.cribed -by a Poisson dis ~ribution by which the. pro·b.ability of a given 

number of spot fir.es occurring in a given time a~d area can be determined. 

The remainder of Section III of the report will describe in .more detail 

the key elements :of the. short-range spot fire hazard analysis. Examples of 

numerical application of the proposed method are given in Appendix C-I, II. 

One of the examples will represent an interval of the Romero fire in Califor­

nia in 1971, ,. the other the case of burning logging slash with dead fuel loading 

of over 40. tons /ayre. 



B. FUEL CHARACTERISTICS AND RECIPIENT 
FUEL IGNITION 

The fuel characteristics are germane to the firebrand problem from 

several aspects. The sizes and numbers of firebrands that are lifted up, 

burn, and travel away from the column depend on the characteris.tics of the 

burning fuel. The ignition of the recipient fuel by an impacting firebrand 

and the growth of an ignition point to a spot fire depend on fuel characteristics. 

The convection column (and fire whirl) properties also depend on various 

characteristics of the burning fuel. 

1. FUEL PHYSICAL CHARACTERISTICS 

The National Fire -Danger Rating System of 1974 recognizes five 

classes of fuel with respect to fuel size which could be ignited and consllilled 

within the flaming front. Three classes are dead fuels of sizes (diameter or 

thickness) less than O. 25 in., between 0. 25 in. and 1 in. and between 1 in. 

and 3 in. Since the fuel moisture is an important parameter in determining 

the ease of ignition and burning, the three size classes are also characterized 

by the response time to air humidity. The remaining two classes are live 

fuels: grass and other herbaceous plants, and twigs (less than 0. 25 in. dia­

meter) and foliage of woody plants. Woods of 0. 25-in. size are considered 

to be the upper size limit of live fuels that can be dessicated and consumed 

within the flaming front. 

To distinguish between the geographic areas of the country, the fuels· 

are divided into nine fuel models (from models A through I) which define in 

general terms the amount of fuels present by class and its arrangement (i.e., 

ground litter, tree cover denseness, etc.). (The NFFL has recently cate­

gorized fuels into thirteen fuel models, which may be more realistic in their 

size class and loading characterization.) 

It was assumed in our studies (and supported by experiments) that only 

dead fuels with moisture content below 20 percent are of a suitable material 

for firebrands. While it is appreciated that, in an established fire front, 

-12-



dead fuels with higher moisture content may burn and even two classes of 

small size live fuels may be consumed, the fact remains that once such fuels 

are withdrawn from the fire front they will n~t support self-combustion and 

will extinguish quite rapidly. There also may be cases of special fuels 

such as excelsio'r whi~h behave differently than normal' dead or live fuels, 

but the present firebrand analysis must of necessity consider the normal fuel 

characteristics and cannot be detailed enough to consider a micro-case of 

special fuels . 

. In considering the fuel characteristics pertinent to firebrand formation 

in a given convection column, dead fuel size, moisture, and fuel arrangement 

are of primary importance. If a fuel is of approximately cyHndrical shape, 

the siz.e characteristic is defined by its diameter. If its shape is irregular, 
' ' , 

the characteristic size is proportional to the volume/surface ratio. Fuel 

size and density _will define the limiting class of firebrand that can be lifted, 

the range of the firebrand discharged from the column, and the rate of its 

burning. Fuel moisture will determine the ease of firebrand ignition and will 

also have an effect on the burning rate during flight and after impact. Fuel 

arrangement., i. ~-, height of the fuel and dead fuel location and attachment, 

depth of the ground slash or litter, ground coverage, etc., will determine 

the value of the firebrand generation function or the number of firebrands 

actually lifted. 

In determining the potential number of firebrands, the fraction of dead 

fuel and its size distribution must be known. The fraction of dead fuel will 

be a function of fuel age and some data on this are available. For instance, 

· Figure 1 from Rothermel and Philpot [1973] shows the total fuel loading and 

the dead fuel fraction for chaparral. In case of logging slash left on the 

ground for sufficient time to reduce the fuel moisture, all fuel in the classes 

of interest (up to 3-in~. size) can be considered firebrand material.. From 

the usually available data on fuel loading (tons/acre), fuel age and known or 

assumed relationship of dead fuel fraction versus age, the dead fuel loading 

can be determined. 
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To determine the potential number of fire brands, the size distribution 

of dead fuel must be known defining the fraGtion of mass, or volume for each 

of three or more fuel classes. Such a size distribution is shown_in Figure 2 

based on data from Countryman and Philpot [1970]. Within each size class, 

the cumulative weigh_t distribution is taken to vary linearly with size. 

Assuming that for cylindrical dead fuel sticks an average length:...to-diameter 

ratio of 10 is a reasonable value, then for a given group size interval from 

d 1 to d2 = d
1 

+ L1d, the number of sticks can be calculated from 

where 

R 

L1Wd , 
1,2· 

L 

Po 

Nd 

- - fire front spread rate 

= 

= 

= 

= 

weight of dead fuel per unit area between diameter 
d 1. __ 9-rid d

2 
.. 

stic.k length (assumed equal to 10 · d 1) 

dead fuel density (initial fire brand density) 

potential number of firebrands between d 1 ana, a2 
which could be lifted per second per unit length 
of fire front. 

( 1 ) 

The spread rate R can be· obtained from Rothermel 1s [ 1972] formulation. The 

inputs required for the calculation of-R ·are wind speed, ground slope, and 

fuel characteristics such as size distribution, moisture content, fuel depth, 

packing ratio, etc. Many fire hazard areas have been or are in the process 
.. -~ ·: ·. : ' ''. ,' ' 

of being so characterized by the USDA Forest Service. 

Equation (1) gives the mean rate at,whichfir~bJ;ands within the size 

interval could be lifted per unit length of fire· front, ~f all available fuel were 

lifted. To arrive at the probable number of firebrands within the· size inter­

val actually lifted, Nd is multiplied by a firebrand generation function (the 

fraction of all possible firebrands lifted) which is discuss-ed in Section III-D. 

-15-



I 

'""""' Ci' 
I 

U-
0 

z ~ 
0 :I: 

1.0 

0.8 

- (!) .__ 
~ 3: 0. 6 
a::: 
u. _,J 

LL.I 
LL.I ::::, 
>u.. 
~ ~ 0.4 
-J.LLJ 
::::, 0 
:§: 
::::, 
u 0.2 

0 ~--~~----------'-----'------J._;,;__11-.-i..J 
0 0. 5 1. 0 1. 5 2. 0 2.5 3.0 

FUEL DIAMETER, in. 

Figure 2. Cumulative Fraction Fuel Size Distribution of Chamise 



2~- RECIPIENT FUEL IGNITION: -FIREBRAND BURNING 
CHARACTERISTICS 

Another important aspect of fuel characteristics is the feasibility of its 

ignition by a firebrand. A great amount of research work was done in the 
I 

past on piloted or radiative ignition of wood and some of this work was 

reviewed by Murasze~ [1974]. 

For the short-range traje-ctories with a flight time of the order of 

10 sec, the small firebrands· (less than 0. 25-in. diameter) will be most 

probably in a flaming stage. This statement is based on observations from 

NFFL experiments (Muraszew, Fedele, Kuby [1976]). Thus, the ignition of 

the recipient fuel (which is assumed to be initially ·at a;i.r temperature) will be 

of the pilot ignition type. The recipient fuel ,is heterogeneous and the fuel 

most likely to be ignited is the dead fuel. The ignition lag, i.e., time to 

ignite a fuel element, will' depend on fuel type, on the ignition source heat 

f~ux; on the recipient dead fuel size, and on its moisture.· It will be assumed 

- -- here that the fuel element-to be ignited by the: fire brand is in or near the 

firebrand flame and, since all firebrands are assumed.to be flaming on im­

pact, the heat flux, if not its duration, is the same. Consequently, the igni-. 

tion lag will be ~n~y a function of recipient fuel size and moisture. - In defining 

some average ignition lag, this lag will be related to a mean size of the dead 

fuel expressed b.y 

d = n 
(2) 

j=1 

where V. and S. are the volllIIle and surface area of a dead fuel 11 j 11 size class. 
J J 
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The ignition lag was discussed by Muraszew [ 1974] and from the data 

presented there an approximate formu_la for mean ignition lag for fuel sizes 

less than 2 cm (0. 8 in.) is 

t. = 17.5-d0.75(MM )0.18 
ign · ref 

(3) 

where 

d = m.ean dead fuel diameter, cm ( < 2 cm) 

Mref = reference fuel moisture = 2 percent 

M = fuel moisture, percent ( < 20 percent) 

t. = mean ignition lag, sec 
1gn 

In order for the recipient fuel to be ignited by a firebrand, the on­

ground burning time of the firebrand should be equal to or greater than t. 
1gn. 

The on-ground firebrand burning time depends on the firebrand impact density 

and size, which in turn depend on the initial size and density of the fire brand 

and its in-flight burning characteristics. 

Firebrand burning in wind was evaluated experimentally in the NFFL, 

and a semi-empirical formqla was proposed by Muraszew, Fedele and Kuby 

[ 1976] defining the change in burning cylindrical firebrand average density 

where 

p -- exp ( 
t 

Dz 
0 

k = 4 3. 3 - 1. 2 8 · V + 0. 0 2 2 v2 
, sec / cm 

2 

t = burning time (from ignition), sec 

D = initial firebrand diameter, cm 
0 
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where 

p - instantaneous firebrand average density 

p
0 

= initial firebrand density 

V = relative to wind firebrand velocity (equal to instantaneous 
fall velocity), mph. 

For firebrands burning on the ground, a similar equation applies 

Pimp = firebrand density at impact 

Pc = firebrand density at completion of burning 

D. = firebrand diameter at impact, cm 
imp 

(5) 

The fuel does not burn completely, but some material in the form of 

char· and/or virgin fuel will remain following completion of burning. For 

cylindrical fire brands; the 9ensity at completion of burning depends on its 

initial density and its diameter at impact, and is given·by 

( 6) 

This eq_uation is valid for 5. 25 cm > D. > L 25 cm. For smaller than 
imp 

L 25 cm .diamet.er fuels, assume pc/ P
0 

= .O. 05. 

For practical determination of the firebrand on-ground burning time 

after impact:, t , the final value of p in 'Eq~ (5) was ass urned to be 10 per-
res 

cent higher than p • · For the sizes of firebrands found to be viable threats, 
C 

the diameter changed' little in the short· flight time so that' D. · is· taken to be 
imp 

Do. (Similarly, fo:r plate-Eke firebrands, the·thickness changes little.) 
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From Eq. (4 ), p. Ip can be obtained once the flight time is calculated imp o , 
from a trajectory computation as described in Section III-C, and the fire-

brand density at impact: and the remaining on-ground burning time can be 

calculated as explained above from Eq. (5). 

The effect of fuel moisture is incorporated into Eqs. (4) a~d (5) by 

modification of the exponential parameter k appearing in the equations. The 

equation for k given below Eq. (4) was for oven-dry fuel with nominal mois­

ture content of 2 percent. Designating this value of k as k(M=Z)' then for a 

higher moisture content M 

where M f = 2 percent. 
_re 

(7) 

A simi°Iar set of equations was presented by Muraszew, Fedele, Kuby 

[1976] for flat plates representing, for instance, bark pieces, leaf clusters, 
) 

etc. 

For a given size firebrand, from Eq. (5), there,is a critical impact 

density for which the on-g.round burning time (t ) is equal to t." • · Fire -
res 1gn 

brands of that size landing with. a density greater than this critical value are 

· viable candidates to ignite the recipient fuel. Firebrands landing with a 

smaller density are not ignition threats. 

In addressi_ng the problem of ignition probability by a viable firebrand, 

the type of recipient fuel is an important factor. For example, Bunting and 

Wright [1973] found that even glowing firebrands could easily ignite cow 

chips and punky wood if the fuel mo'isture was below 10 to 13 percent. 

Anderson and Stockstad [1973] found that rotten white fir samples with mois­

ture content< 10 percent ignited very easily even with small glowing embers. 

Chene_y and Bary [1969] stated_ that in A_ustralian eucalyptus forests, under 

most wildfire conditions, flaming firebrands will have ignition probability 

approaching 1. Other fuels do not ignite so easily and require greater heat 

flux than that produced by small glowing embers. Unfortunately, consistent 
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ignition data on the .ignifability of various fuels with a fixed glowing or 

flaming combustion source are not available to permit an analytical definition 

of fuel type effect,, an·d assessment of ignition probability is reduced to the' 

various observations ma.de and their statistical interpretation. 

Blackmarr [1972] performed ignition tests with a number of ignited 

matches dropped ori the bed of slash pine litter wlth varying rnois ture content 

and observed the number of ignition potnts obtained as a percentage of the. 

total number of ignited matches. The percentages were quite high a_nd, even 

- with a miniature match (d -,_ b. 2 cm), approximately 40 percen.t of- them· 

ignited the pine slash at 20 percent moisture and 90 percent ignited at 15 

percent moisture. 

The National Fire-Danger Rating System [1974] provides a table related 

_ to fuel ignition probability which is common for all fine fuel types. The 

probability of ignition (by firebrands) is defined as a function of fuel moisture 

and dry bulb_ air temperature on either a sunny or a cloudy day. These data 

are reproduced in Table 1. It can be seen that the probability of ignition 

:drops rapidly a,s fuel_,moisture increases and that, contrary to Blackmarr 1s 

data, there is pra,ctically no ignition at 20 percent fuel moisture. It is 

-thought that the National Fire -Danger Rating System data represent the more 

·realistic fuel arrangement found in nature (combination of live and dead fuels) 

than Blackmarr 1s uniform bed of slash pine litter; therefore, the former 

probability·data we·re liEfed in our analysis. Since the dead fuel is easier to 

ignite, the dead fuel moisture content is appropriate for Table 1. It is 

- realized that these data do not include ignition variability with 9ifferent fuel 

types, but until such data are obtained the existing data must suffice. 

The ignition probability obtained from Table 1 is modified by applying a 

multiplicative packing ratio factor. Cheney and Bary [ 1969] found that the 

ignition probability decreased as the fuel packing ratio {3 decreased. For 
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State of Weather 

Col. 2 

Code 0-1 Code 2-9 

Dry Bulb 

Table 1. Ignition Componen.t 

Col.10 

Fine Fuel Moisture (Percent) 

Col. 9 

I i I I 

I 
Temperature 

Dry Bulb 
Temperature I 

I 
I 7 
I 

9 11 I 13 15 17 I 19 22 25 I 
(OF) 

Col. 3 

(OF) 

Col. 3 

1 2 3 4 5 6 l l l l l 1 I l l I I ~ 

I 8 10 12 14 16 18 I 21 24 25-t-I I I I 

10----+ 19 

20----+ 29 

30----+ 39 

► 40----+ 49 ► 

-----· 
C 

z 50----+ 59 

I ' I I 
·. 88 75 64 I 54 · 46 39 I 30 21 14 I 9 5 2 I o o o 

90 77 66 I 56 48 41 : 32 22 15 I 9 5 2 : o o o 
I I I I 

93 80 68 : 58 50 42 I 33 23 16 : 1 o 6 3 1 o o o 
I I 

60-• 69 95 82 11 I 61 52 44 I 35 25 11 I 11 7 3 I 1 o o 

------~------➔------~-------~------+------
98 85 73 I 63 54 46 I 36 26 · 1 e I 12 7 4 I 1 

I I I I 
1 oo 87 76 I 65 56 48 : 38 28 19 I 13 8 5 : 1 · o o 

· 1 oo 90 78 : 68 58 50 I 40 29 21 : 14 . 9 5 I 2 o o 
I I I I 

l00----+109 100 93 81 I 70 61 53 : 42 31 22 I 15 10 6 I 2 0 0 

------ -------,------7-------r------1-------
1 oo 97 84 : 73 63 55 I 44 32 23 . : 16 11 7 I 3 o o 

I I 
1 oo 1 oo Q7 I 76 66 57 I 46 34 25 I 18 12 a I 4 o o . 

I I I I 
1 oo 1 oo 90 I 79 69 60 I 49 36 27 I 19 13 9 I 4 1 

I I I I 
1 oo 100 92 I so 10 61 I so 31 28 I 20 14 9 I s 1 

I I I 1 

10-+ 39. 

40-+ 49 

60-+ 69 
::) 

z 
70----+ 79 0 

::) 
80-+ 89 ..J -----· 

Cl) 
0 90-+ 99 

100-+109 

110-+119 

120-120-

50-+ 59 

80-+ 89 

90- 99 

110----+119 

120-120-1-

0 0 

0 

0 

Purpose: To compute a number related to the probability that a fire \vill result if a firebrand 
is introduced into the fine fuel complex.* 

Procedure: If the state of the wea.ther is coded 2, 3, -1, 8, or 9· (column 2), or if the obser\'ation 
is being taken before 1000 or after 1500 LST, the dry-bulb temperature (column :3) 
is entered to the left in that section of the table labeled "cloudy.·· Otherwise, enter 
the temperature in the section labeled "sunny.·· Head the IC at the intersection 
of the column indexed by the FFI\1 (column !J) and the row indexed b~· the dr~·-bulb 
temperature ( column 3 ); record in column 10. 

* If it is raining (state of weather code 5, 6, or 7) or there , . ..,. snow or ice on the ground 
fuels, record a zero ( 0) in column. JO. 
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packing ratios greater than the optimum·for. ma_ximum burning efficiency · 

p the ignition probability is taken to be independent of the packing ratio 
op 

so that 

P. = P. (fJlfJ ) for fJ <Pop 1g 1g
0 

op 

and (8) 

P.-· = P.· for fJ?:: /3 op 1g 1g 
0 

where P. is the value obtained from Table 1. 
igo 

The possible existence of bare spots, i.e., spots not covered by fine 

fuels, can be taken into account by multiplying the ignition probability by the 

fraction of area co've red by fine fuels. · For simplicity,· this fraction is taken 

as one in this report. 

C. CONVECTION COLUMN AND FIREBRAND .TRAJECTORY 

The uplift force in a convection column is created by the thermal 

buoyancy of the air ent~ained in and heated by the burning fuel bed. The rate 

of fuel burning and hence the column velocity (and uplift force) are increased 

by increasing ambient wind speeds. Muraszew [1974] has reviewed past 

convection column investigations and has divided the convection column i~to a 

high buoyancy zone and a low buoyancy zone above it. Muraszew modeled 

the high buoyancy zone after Thomas [ 1962, 1965 J and the low buoyancy zone 

after Morton [1956]. This .modeling is summarized in the following para­

graphs. 

The ,high buoyancy zone contains the combustion reaction flame region 

and is characterized by a c·onstant characteristic temperature and density. 

The vertical velocity increases to a maximum u
0 

at the upper end of the high 

buoyancy zone. The presence of intense turbulent gusts near the .hot, burning 

fuel bed is expected to maintain a high level of velocity above the column 

_z3:...· 



bottom. Consequently, the column uplift velocity is taken here to be constant 

and equal to u • The height of the high buoyancy zone (flame height) l and u 
0 0 

are functions of Mf' the fuel burn rate per unit width of flame front. In cgs 

units 

0 
= 400 M213 

~ f , 

where 

u 
0 

= 434 1v1213 
' f (9) 

( 10) 

with Wn being the total fuel mass loading per wiit area.and R the fire front 
t 

spread rate. 

The high buoyancy zone characteristic temperature T£J is given by 

2 7 2 0 0 P [ T fl - Too ] 1/ 2 + 1 = H c Cr 
' oo Tf£ Cp (T££ - Too) 

(X) ' 

( 11 ) 

where '.H is the fuel heat of combustion (-8500 cal/gm) and C is the radia-
c . r 

tion loss factor (--0. 95 ). Typically, Tf,l - 857°K. The density is obtained 

from 

( 12) 

The convection column width at the ground A is assumed to be equal 
g 

to the flame width which can be calculated according to Albini [1966] by 

d2 
A = 2b = 7" R = _a_ R 

g g res 4af · 
(13) 

0 
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\. 

where 

·· b = half-w:i.dth of the column at the ground 
g 

T = flame residence time or average fuel burning time 
res 

d = mean size of all the fuel 
a 

(l'f 
0 

= thermal diffusivity of dry, fuel. 

It is ass urned that the fuel in the near vicinity of the fire front is dried by 

the fire {so that the dry fuel moisture content is approximately 2 percent). 

Note that the mean size fuel burning time coul"d ~lso be calculated using the 

procedure described in Section III-B for determining the on-ground fire­

brand burning time [Eqs. (5 ), (6 )]. However, Eq. (5) was derived from 

experiments in which single fuel sticks were burning. It would not apply to 

fuel burning in fire fronts where many heat sources are present, much 

higher rates of heating are encountered, and the burnout times of a stick 

much shorter. Equation (13) for 'T is more applicable in this case. 
res 

{Alternatively, Anderson [1969] indicates that there is justification for using 

a flame residence time which varies linearly with size. ) 

The convection column half-width at the interface of the high and low 

buoyancy zones b is given by 
0 

b 
0 

= 

3. 19 p 
co 

MfH C 
C r ( 14) 

- T ) 
co 

with the half-width b varying linearly from b to b , so that b = b + (b -b )z/£, · · g O . g O · g 
where z = 0 is the ground. Equations (9) through (14) characterize the high 

buoyancy zone. 
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Muraszew [ 1974] utilized the Morton [ 1956] approach with modifications 

for a line source instead of a point source to ·characterize the low buoyancy 

zone. The appropriate conservation equations for mass, momentlllil, and 

energy are 

a' up 
00 

d 2· 
dz (u b Pj) = bg(poo - PJ) ( 15) 

where a' = O. 274 is the low buoyancy zone air entrainment coeffident, Pf is. 

the density, and b is the half-width. At the interface z = £, u = u , b = b , 
. 0 0 

and PL = Pf!,· The solution for z ~ i is 

u = u 
0 

b = 0. 2 7 4 (z - L) + b 
0 

Equation (16) characterizes the low buoyancy zone. 

(16) 

In the presence of a horizontal wind, the column is tilted. Put_nam[1965] 

observed that the tilt angle </> for a wind speed W is given by 
X 

tan</> = W /u 
X 0 

(17) 

The column centerline is tilted at the artgle </>, measured from the vertical, 

with the half-width b(z) unchanged. 
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With the convection column characterized, the trajectory of a firebrand 

can be determined. Firebrands whose density and size are such that their 

fall velocity within the column is less than the column vertical velocity can 

be lifted. Tarifa [1965] showed'that a firebrand in flight quickly reaches the 

velocity of the gas in which it is ·moving, with an additional downward com­

ponent equal to its instantaneous fall velocity Wf" Thus, within and outside 

of the convection column, the fire brand trajectory is given by 

w 
X 

( 18) 

where u = 0 outside of the column. If a vertical wind component is present, 

then that component is added to the right-hand side of the first of E.g. (18). 

The wind can be a function of posftion. 

where 

The fall velocity is given by 

vf 

A 

CD 

p 

g 

= firebrand volume 

= its drag area 

= its drag coefficient 

= its instantaneous density 

= gravitational acceleration 

= density of the gas it is flying in (e.g., Pg= Prf, in the high 
buoyancy zone, P. = p outside of the column, etc.) 

g 00 

(19) 

Within the column, if "x/z is greater than the slope of the column side 

(db/dz + tan</J), then the firebrand can escape the column. The smaller the 

size of the firebrand, the smaller Wf and the smaller the value of "xi~. 



Particles that are too small will not leave the column and, therefore, will 

not be ·viable spot fire threats. The critical maximum size of a firebrand is 

that which can be just lifted, and is given by Wf = u
0

• 

In the present work, the assumption is employed that a firebrand 

(which can leave the column) is ignited within the column or fire front but 

starts burning as it leaves the convection column. As it burns, its density 

decreases according to Eq. (4) with t measured from the time the firebrand 

leaves the column. With the diameter (or thickness) of a firebrand changing 

little, the insfantaneous fall velocity during burning is.simply 

Wf = W (PIP )
112 

f 0 
0 

where Wf is the initial fall velocity in the ambient air. 
0 

(20) 

For a given firebrand density, size, shape (cylindrical or plate), and 

initial position in the convection column, the trajectory equations are inte­

grated enabling the total distance traveled and the firebrand impact density 

to be determined. If its density in flight drops to pc as determined by Eq. (6), 

it is assumed to have burned up at that point. 

The firebrand initial position in the column is taken to be a vertical 

height off the ground equal to the fuel bed depth and to be uniformly distri­

buted horizontally. Trajectory calculations show that horizontal uniformly 
\ 

spaced initial positions within the convection column approximately result in 

uniformly spaced impact, or landing, positions. The maximum impact dis -

tance for a given size, density, and shaped firebrand occurs when the fire­

brand is at the upstream edge (relative to the wind) of the column (if it does 

not burn up in flight), and, of course, the minimum when it is at the down­

stream edge. Thus, if Nd is the total number of potential firebrands of a 

given size class (with a given initial density) per unit length of fire front per 

unit time and Lx the maximum distance traveled without burning ll:P in flight, 
d -
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~then the potential rate of impact of firebrands of that size per unit area is 

Nd/Jxd· Multiplying this by the firebrand generation furiction F d would give 

the actual number that land per unit time per unit area. 

The time of flight decreases and, therefore, the impact density in­

creases for smaller travel distances. Up to that distance for which the im­

pact density is just large_ enough so that the on-ground firebrand burning 

time is equal tot. , there is a given probability of recipient fuel ignition 
1gn 

and, hence, of a spot fire. Within that distance, or within J,, if the impact 

density at£ is grea.ter than the critical, the expected num:edr of spot fires xa 
per unit time per unit area resulting from a firebrand of a given size class is 

(Nd/ f ) FdP . At greater distances from the front, ·the expected number is 
xd 1g 

zero. · Since larger sized firebrands will have smaller ix (and smaller Nd), 

the expected number of spot fires per unit area decreases tith increasing · 

distance from the fire.front. 

All of the components required to calculate the expected number of spot 

fires have been discussed except the firebrand generation function. This is 

discussed in Subsection D. 

D. FIREBRAND GENERATION FUNCTION 

The firebrand generation Fd is the.probable fraction of all potential 

firebrands actually lifted. It depends on the intensity of the lifting mechanism 

and o"n the fuel characteristics. The generation function is expected to depend 

on the size and density of the firebrand, on the intensity and degree of com­

pletion of burning of. the fuel, and on the nature of the fuel. 

The characterization of size distribution was described in Section III-B. 

Besides knowing the weight fraction of a given size class, the degree of 

attachment to larger pieces, branches, etc., is important. While a given 

size firebrand could, by itself be a viable spot fire threat, if it is attached to a 

large branch or stem of a shrub, then it is not a threat unless it becomes 

unattached.· Available size· distribution data do not distinguish between single 

firebrand members and those which are attached to a shrub. E'-ven if a 
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potential firebrand is unattached and lying on the ground, it may be near the 

bottom of the ground litter and thus not readily available for lifting. Whether 

individual or attached, it may be consumed by the fire. H the shrub height is 

fp.irly large or the area is heavily wo.oded with trees, then the movement of a 

fuel member which is otherwise free to be lifted could be impe·ded. ·Thus, 

F d depends not only on the fuel size distribution but on its configuration or 

arrangement.. Thus, for instance, the firebrand generation function for a 

given size firebrand would be e.xpected to vary for the nine fuel models men­

tioned in Section III-B. 

The potential for lHting also depends on the column uplift forc_e. The 

drag force on a ·firebrand depends on the velocity squared and the firebrand 

acceleration depends on the differen~e between the drag force and the fire-
1 

brand weight. Since the firebrand upward acceleration then varies as 

(u /V )
2 

- 1, the firebrand generation function was taken to depend on this 
o er 

factor, where V is the fall velocity-in the column for a given firebrand size, 
er 

shape, and density, given by Eq. (19). 

The firebrand generation function was taken to have the following func­

tional form 

(21) 

where K is dependent on the fu~l model and is constant for a given fuel model. 

Values for F d of 0. 001 to 0. 02 were considered reasonable values for a 

convection column, with K depending on fuel characteristics and varying from 

0. 0005 to o~· 005. (In the two cases considered in Appendix C, i.e., the 

Romero fire case a:nd the logging slash, values of K of 0. 001 and 0. 00335, 

respectively, were se_lected.) Fuel models characteristic of open areas~ 

with large amounts of ground litter fuel, would be expected to have larger 

values of Kand of F d than areas characterized with dense trees, large-sized 

shrub material, and a small arn.0-unt of loose ground litter .. Laboratory . 

and/or field data are-needed to determine the .adeq·uacy of such a functional 
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form and to determine K. Such data would require specification of fuel 

characteristics and cplumn velocities, as well as a measure of the number 

and· size of fire·brand.s lifted. 

E. SPOT FIRE· REGIMES AND HAZARD 

· The methodology· for predicting the ignition points (spot fires) induced by. 

firebrands generated by a steady-state convection column was presented in the 

preceding sections. For a f_ire,brand~induced ign_ition point to become a 

threat, the firebrand rriust travel to its impact point, and ignite the recipient 

fuel; then the resulting :ignition point must spread before the main fire front 
~I. ' • • . ' . . ' ' 

reaches the ignition ;pot. If the main fire front ov~r runs the ignition loca -

tion before .a spotJ~re.can begin spreading, then that ignition point does little 

to influence the fire behavior and is not a threat. Thus, firebrands that fall 

too close to the fire front do not influence its behavior. 

, Spot fires that are initiatied sufficiently far from the main fire front can 

begin to spread out before the main front engulfs, the ignition point. Then 

these spot fires produce a "tongue" of fire jutting ahead of the main front .. 

If a number of these spot fires occur almost .simultaneously and close to each 

other, then there is a danger of rapid coalescence of a number of spot fires 

into another. broa.d fire front _out ahead of .the main front. When the. main 

front catches up to the initiation location of this induced front, which itself is 

spreading and moving forward, the result is in effe.ct a jump in. the fire front 

position. These· discontinuous jumps can result in a much more rapid rate of 

fire front progress. than would a conventional fire spread. 

Thus,· there is a zone, or region, close to the main fron~ whe·re recipient· 

fuel ignition does not change the fire behavior or increase the hazard from 

the fire. There is also a maximum distance (from the instantaneous front 

location) beyond which no spot fires induced by the steady_-state convection 

column can occur because the firebrands that do travel farther do not land 

with sufficient mass to pose an ignition threat. For a ·given size -firebrand, 

there is a critical impact density below which it will not ignite the recipient 
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fuel [from Eqs. (5) and (6 ), with p = 1. 1 p ], and a specific in-flight burning 
. C 

time associated with that impact density [from Eq. (4)]. From a trajectory 

calculation, the maximum travel distance that results in an impact density at 

least as large as the critical density is obtained; it is called L . There is max 
a critical size firebrand which results in the largest maximum travel distance, 

L
3 

(L = greatest L . over all firebrand sizes), while still remaining an 
3 max 

ignition source threat. Larger firebrands are not lifted as high in the convec-

tion column and fall mor~ quickly outside of the column and, therefore, do 

not travel as far. Smaller firebrands either.do not leave the column or, if 

they do, burn faster and thus have a shorter travel distance (or shorter 

bu.tning time) over which they are still an ignition threat. Thus, the short­

range spot fire danger zone is that region between the maximum threat dis -

tance and the distance within which the main front will overrun any ignition 

point. 

The distance within which any spot fire will be overrun before it can 

spread (L 1) depends on the spread rate R of the main fire front (see Figure 3a ). 

This distance is equal to the distance the front advances in a time equal to 

the flight time of a firebrand, plus the time it takes the recipient fuel to be 

ignited, plus the time it takes the fire to start spreading. The fire must start 

to spread before the ignited fuel burns out. Thus, the spread time is the on­

ground burn time of the recipient fuel. Since the dead fuel is the more easily 

ignited, the spread time is taken to be the on-ground burning time of the 

average dead fuel size, as determined by Eqs. (5) and (6) with p and d (the 
0 . 

average dead fuel size) replacing p. and D. . Since d will usually be less 
imp imp · 

than 1. 25 cm, p Ip = 0. 05. With p = 1. 1 P· in Eq. (5 ), the spread time is 
C O C 

given by 

(
M) 0. 44 2 

t = 43. 3 -2 , d 1n(O. 95/0. 005) 
spr 

(22) 
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This would normally be the largest time component in determining L
1

. Thus, 

L
1 

is given by 

= R[tf n + t." + t ] 
L 1gn spr 

(23) 

The mean flight time to travel a distance L
1 

is determined, by iteration, 

from trajectory calculations, and t:' is given by Eq. (3). 
1gn 

The largest maximum travel distance (and the critical firebrand size) 

for which the impact density is greater than or equal to the critical impact 

density ·is determined by calculating the critical impact density for various 

sizes and determining from trajectory and in-flight burning calculations which 

size travels the farthest while still having an impact density at least as large 

as the critical density. The critical density for a given size is determined 

from Eqs. (5) and (6). If the size of the maximum threat range firebrand is 

less than 1. 25 cm (as is usually the case), then p Ip = O. 05 and, with 
C 0 

P = 1. 1 p , Eq. (5) for p for a given size firebrand becomes 
c er 

[ (
M )o. 44 2 ] 

p / p = 0. 05 + O. 005 exp t. /43. 3 -
2 

D 
er o 1gn o 

(24) 

After obtaining p versus D , the maximum threat range L 3 and the critical 
er o 

size are determined from trajectory calculations utilizing the convection 

column characterization and Eqs. (4), (18) through (20). 

The region located between the distances L
1 

and L
3 

ahead of the instan­

taneous fire front (and convection column) is where spreading spot fires can 

begin (see Figure 3a). If a region of depth L
3 

were devoid of_fu~l, then there 

would not be a short-range spot fire threat. A fuel break should be of a depth 

greater than L
1

. A fuel break less than or equal to L
1 

would have no signifi­

cance in spot fire hazard reduction. The L
3 

is the maximum fuel break depth 

needed in order to essentially ~liminate the short-range spot fire threat. 
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The distances. L
1 

.and L
3 

depend:on the fuel, wind, and terrain charac­

teristics. All three affect the fire front spread rate R (R incre·ases strongly 

with an increase in wind or uphill slope .angle,), which directly affects L
1

. 

The L
3 

also is affected by R sin~e the convection colum.n uplift velocity in-· 

creases with R. The wind directly affects the firebrand travel distance. 

The increase in L 1 and L 3 with increasing wind and uphill slope angle is 

illustrated in the first example of the Romero fi 7e in Appendix C (see Table 

C-5). For instance,. L3 increases more rapidly than linear with increasing' 

wind. In general, the rate of change with wind or slope depends on the fuel 

properties. The effect of wind and slope on R for given fuel properties can 

be obtained from the Rothermel [1972] formulation. Note that L 1 and L 3 do· 

not depend on the number of spot fires that can occur, and hence do not 

depend on the value of the ignition probability or the firebrand gener.ation 

function. They do depend on the trajectory, in-flight burning, and on-groun,.d 

burning analysis. 

The probability of spot fires between L
1 

and L
3 

is the- only one that 

needs to be considered. Thus, the only size firebrands which need to be 

considered are those th.at fall between L 1 and L
3 

with an impact density at 

least as large as the critical density. The largest size that needs to be con­

sidered is that which has a maximum travel distance (when initially located 

at the extreme upwind edge of the convection column) equal to L 1. The 

smallest size is that which leaves the convection column and falls within L 1 
and L

3 
with P. ~ p 

imp er 

To calculate the expected number of spot fires, subdivide the size 

interval of firebrands between the largest and smallest sizes to be considered. 

The expected rate at which firebrands are lifted, per unit length of fire front, 

within a size subdivision is F dN d' where Nd is given by Eq. (1 ). The charac -

teristic size to be used in the trajectory and burning calculations is taken to 

be d 
1 

( the diameter at the low end of t11.e. interval). The maximum impact 

travei distance L is calcuiated for that size, and the expected rate at which 
xd 
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firebrands of that size subinterval land in a unit area is F dN d /ix . (As dis -

cussed in Section III-C, the distribution of fir.ebrands landing is dapproxi­

mately uniform between the front and £ . If j is larger than L , the 
. xd xd . max 

impact density is less than the critical density for landing distances· larger 

than at least L
3

, and the firebrands that land at those distances are not a 

threat. ) . Within the maximum threat distance for a given size firebrand, the 

expected or most probable number of ignition points per unit time per unit 

area is FdNdP. Ii . The total expected rate in a given area is obtained by. 
· 1g xa · 

sum.ming up the total over all the size subintervals of firebrands which are 

threats in that area and multiplying by the area; to get the total number of 

ignition points in a given area in a given time interval,. further multiply by 

the time interval. 

The foregoing formulation gives the mean number of spot fires occurring 

in a given area in a given time. To obtain the probability that a specified 

number will occur, the probab,ility distribution function for spot fire occur­

rence must be known.· Given that the occurrence of a spot fire is a discrete 

random event with the mean number of occurrences in a given area L1A{x) 

within a time L1 t given by 

(25) 

then the probability of having n spot fires within L1A, L1t is given by _a Poisson 

distribution with 

P(n) 
n 

= A exp(-A) 
n! 

(26) 

Then, for instance, the probability of having at least one spot fire within L1A; 

Lit is P( ~ 1) = 1 - P(O) = 1 -exp(-,\). The area L1A(x) is always located a 

distance x from the instantaneous fire front location, and thus moves forward 

with the front. 
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Appendix C-I,II gives examples for two forest fire conditions. One is 
. . ) 

for the Romero fire which represented a light dead fuel loading with a rela-

tively small fire spread rate. The other is for a logging slash case with a· 

large dead fue.l loading (lb/ft2), a small~r average fuel size, higher spread 

rate and, consequently, a more intense convection column (se·e Appendix C 

fo;r details). With the smaller fuel size, t. and t are smaller: than for 
. 1gn spr 

the Romero case, and, even though the fire front spread rate R is greater, 

L
1 

is less (44 ft·compared to 66 ft). As·expected, L
3 

is much larger for the 

logging Blash case (about 450 ft compared to 92 ft for the Romero case) so 

that the danger zone L
3
-L

1 
is much larger (by a factor of more than 15 ). 

The total expected mean rate. of spot fire initiation is also much' greater for 

the logging slash case, being 246 0 compared to 49 per min per 100 ft of front 

for the Romero case. For either case, the probability of having at least one 

spot fire in the danger zone per minute per 100 ft of front is near unity. 

Figure 4 shows the maximum impact distance j, for the two cases at 
' xd . 

the same wind velocity .of 12 mph. The effect of the more powerful convec-

tion column of the logging slash fire is evident in the larger size and distance 

of the. firebrand generated. 

The effect of wind on the spot fire danger distance, L 3 and, hence, on 

the fuel break depth, can be assessed from F~gure 5. The distance L 3 in­

creases with the wind velocity. 

Given ~he expected mean rate of spot fire occurrence and the probability 

distribution function, .the probability that coalescence of several spot fires 

occurs can be estimated. Rapid flame coalescence some distance ahead of 

the fire front could occur if two or more spot fires are started close enough 

so that the ~ombined radiation flux from the spot fire flames will bring the 

fuel in the middle to the ignition point. We should consider that the ignition is 

of the spontaneous ignition type (see Figure 3b ). 
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The problem of virgin fuel ignition by firebrands was already discussed 

in Section III-B. Of interest here is the heat flux required for fuel ignition. 

In this respect, the work of Simms [1960 and 1963], Simms and Law [ 1967], 

Martin [1964], and Stockstad [1975] may be quoted, although very little of 

that work, except for Stocks tad's experiments, was applicable to· natural fuels. 

Stockstad was heating cheatgrass by radiation and observed that the 

total effective heat flux to produce spontaneous ignition was 5. 8 cal/ cm 
2 

with 

fuel moisture content up to 18 percent and approximately 10 sec ignition lag, 

which corresponded to an approximate average effective heating rate of 0. 6 

cal/cm
2

-sec. 

On the other hand, Simms and Law [1967], using fiber and wood boards 

of thickness from 1. 9 to 2. 5 cm, required a total heat flux of at least 
'/ 2 . 25 cal cm • Increase in moisture content from O to 20 percent increased 

the minimum required rate of heating by approximately 10 percent. 

We shall consider that the heat flux required is between the two values 

quoted, and a value of Q. = 14 cal/cm
2 

is assumed. 
l 

from 

where 

The average radiation flux from a spot fire flame can be calculated 

TJ = 

E = 

= 

6 = 

Tf_t = 

T = 
s 

fuel element surface absorptivity ass urned O. 6 
(Muraszew [ 1974]) 

flame emissivity, ass urned 0. 23 

fuel element surface emissivity assumed equal to TJ 

(27) 

-12 . 2 0 4 
Stefan-Boltzmann constant= 1. 36 • 10 cal/cm -sec- K 

. 0 
flame temperature, assumed 1100 K 

0 
average recipient fuel surface temperature, ass urned 400 K. 

-40-



\,,• 

Substituting the appropriate value.s in Eq. (1 ), qr = 0. 25 cal/cm-sec, 
2 

or from two spot fire flames qrt = 0. 5 cal/cm -sec. This is the heat flux 

emitted. The flux received at a point on the ground equals the emitted flux. 

multiplied by the vi~w factor at that point. 

This emitted radiation flux is assumed to continue du.ring the residence 

time (or burnout tirrie) of the average size of all fuels (i.e., mean of the dead 

and live fuel) with some average moisture· content. This residence time 

t .d can be calculated from Eqs. (5) through (7). res1 . 

The average required heati:0:g rate.is q: = Q./t .d. If it is assumed 
. . 1 1. res1 

that there will be wind-caused heat losses from the fuel surface equal to 

40 percent of q., then the ratio of 1. 4 q. /2q will define· the limiting required 
l l r 

view factor for the flame; thus it may be assumed that the height of the flame 

is equal to the fuel bed height and that the flame is inclined outward 30 deg 

from the vertical, and a critical distance (h ) for spontaneous ignition of . er 
the median strip between two spot fires can be determined (using, for instance, 

the Keith [ 1962] planar source view factor graphs). 

For large fuel bed heights (and reasonable burning time), values of h 
er 

of a few feet are obtained. Since the ground very near a spot fire will be 

susceptible to radiation-induced ignition, the ad_ded flux from another fire a 

distance h away is sufficient to ignite the fuel midway between them (at a er 
distance of h /2 from either one), so that small' values of h are reasonable. 

er er 
However, for small values of fuel bed heigh(and/or t "d' the values of h .. • . res1 er 
given by this method may be too small' to be .. of practical use (less than 1 ft, 

say). When this is the case, rapid coalescence will be more likely to occur 

due to the natural spread and merging of two adjacent spot fires. Then h er 
is determined as follows: In a time t · . d' two adjacent fires will each 

res1 
spread a distance R t · . d in the direction normal to the wind (parallel to o res1 · . 
the main fire front), so that h = 2 R t .d fort this case·. Figure 3b illu-

cr o res1 
strates coalescence. 
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Rapid coalescence of two spot fires will occur if they are initiated 

within a distance of h and a time oft .d of each other. Generally, h er res1 , er 
will be on the order of a few feet {h ,_ 2 ft for the two examples in 

er 
Appendix C-I, II). The former is a radiation-induced case while the latter 

is a natural merging case. For coalescence to create a secondary fire 

front of sufficient width to be of concern, coalescence of several spot fires 

is needed. Take the number of spot fires needed to coalesce to be at least Y 

and the area L1A over which they must be initiated to be (1) Yh . Then 
er 

the mean number of spot fires occurring within one such area within a 

time t equal tot .dis A, as given by Eq. (25). Hence, the probability of 
res1 

coalescence occurring within an area Yh within a time t ·a is 
er res1 

Y-1 

P[ ~Y, A(Yh , t .d)] = 1 - ~ P[n,A] 
er res1 L..J 

n=O 

Y-1 
~ 'An 

= 1 - exp ( - A) L..J · n ! 

n=O 

(2 8) 

The probability that coalescence will' occur anywhere within an area A and 

time t is given by 

P[~ Y; A, t] 
· [ Y-1 l (A/Yh )(t/t .d) An er res1 

= 1 - exp(-A)}: n! 

n=O 

(2 9) . 

since the term which is subtracted from 1 in Eq. (29) is the probability 

that coalescence does not occur within t/t .d critical time periods in any 
res1 

of the A/Yh number of areas of size Yh 
er er 
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The greater the rate of spot fires occurring in an area, the greater 

the probability of coalescence. In the two examples in Appendix C, the 

probability, for instance, that at least four spot fires will coalesce. anywhere 

in the respective danger zones in 100 ft of fire front width within an hour is 

23 p~rcent for the Romero case and 99. 97 percent for the logging slash case. 

Figure 6 illustrates the probability of coalescence of four spot fires for the 

Romero fire and for the logging slash fire subzone six, which is similar in 

size and location, to the entire Romero fire zo_ne L 3 -L 1. The abundance of 

loose, dead wood sticks available with the l9gging slash is reflected in much 

greater spot fire and spot fire coalescence hazard. For the number of spot 

fires for the two cases,, compare Tables C-2 and C-8, and for coalescence 

probability; Tables C-2 and C-9. 

Appendix C-I, II ·gives more details of calculations based on the method­

ology outlined ab.ave. · Data on fuel size distribution, trajectory, in flight 
\ 

and on-ground burning, fuel break, mean number of spot fires, and coales-

cence results are presented. The flow diagram given in Appendix A illustrates 

the methodology. 

The major uncertainty in the calculations is iz:i the firebrand generation 

function. The number of spot fires due to a given size class is directly 

proportional·to Fd, as shown in Eq. (25). For small enough values of K 

(such as for the range given in Section III-D, or the values used in the examples 

in Appendix C), ~dis directly proportional to K. The probability of coales­

cence is very strongly dependent on F d (or K). For example (see Table C-4), 

for Y = 4, and h = 2 ft for the Romero case, the probability of coalescence 
er 

occurring within one hour in a 100-ft length of front was 23. 3 percent for the 

nominal K use·d (0.001) and 97. 8 percent and 1. 4 percent for· K a factor of 

two bigger and smaller, respectively. The great sensitivity of the probability 

of coalescence to the value of the parameter K emphasizes the need for some 

field observations of spot fires and of the spot fire coalescence. 
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The sensitivity of probability of coalescence to h (or t . d) is shown 
er res1 

in Table C-3. As expected, recipient fuels easier to ignite and generating 

more heat (greater value of h ) have much greater probability of flame 
er 

coalescence. 
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- . . . 

IV. LONG-RANGE SFOT FIRES 

A. APPROACH 

The basic approach taken to evaluate the long-range spot fire hazard, 

assuming that the lofting mechanism is a fire whirl, is similar to that 

described for short-range firebrands, with a few exceptions as noted below. 

The analytical steps will consist of the following: 

a. Characterization of a fire whirl 

b. Trajectories of firebrands and their co_ndition at impact 

c. · Calculation of a potential number of firebrands of various sizes 
which could be lifted during the duration of the fire whirl 

d. Assumption of ·a firebrand generation function 

e. Calculation of the number of firebrands impacting at various dis­
tances from the fire whirl 

f. Assessment of the probability of ignition of recipient fuel by falling 
firebrands 

g. Calculation of the probable number of firebrand-caused ignition 
points 

h. Galculat1on of the probability of spot fire occurrence at various 
distances from the fire whirl. 

A brief description of these analytical steps will be given and will be followed 

in the latter section of this report by more detailed discussion of the key, 

steps. A flow diagram. of these steps is given in Appendix B. 

The fire whirl mathematical model was generated before by the authors 
. . 

and presented in an earlier report '(Muraszew, Fedele, Kuby [ 1976 ]). It is 

reviewed here in Section IV-C. Similarly, fireb_rand trajectories were dealt 

with in the· earlier·work of the authors. Because of large for,ces a:t1.d ac~ele­

rations associated with a fire whirl, the firebrand traject(?ries in and_ near t4e 

fire whirl are c_alculated usirig the full equations of motion. Away from the 

whirl, the approach used for the convection column threat is employed. 
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Larger fire brands and larger flight times are appropriate and their diameter, 

as well as density, change during in-flight bur_ning. The trajectory analysis 

is also reviewed in Section IV-C. 

The potential number of firebrands will be calculated, as for the case 

of short-range firebrands, from known loading and size distribution of dead 

fuels. The only difference between the approach to the short-range fire brands 

generated by a steady-state, continually progressing fire front and long-range 

firebrands generated by fire whirls is that the latter is a short-lived but 

intense phenomenon of an average duration of a few minutes or less which 

will limit the total number of firebrands that could be lifted. 

The fire brand generation function will be similar to that adopted for 

short-range firebrands, but the much higher uplift velocities of a fire whirl 

will result in a greater fraction of firebrands lifted and in greater maximum 

size of "liftable" firebrands. 

From the fire brand generation function, the probable number of fire -

brands lifted of various size classes up to a maximum that can be lifted as 

well as their impact distance and the rema:i,ning mass at impact can be 

calculated. In this case, the impact distance may vary from zero to several 

miles, depending on the fire whirl and firebrand characteristics, initial 

firebrand location in the fire whirl, and the ambient wind. 

When considering the probability of ignition of the recipient fuels by 

firebrands, the combustion state of long-range firebrands, with flight times 

of 100 sec or more, must be taken into account. Experiments carried out 

earlier (Mura§zew, Fedele, Kuby [1976]) indicate that such long-range fire-

. brands upon impact will be predominantly in glowing combustion and that" 

sufficient firebrand mass must remain after impact to bring an average ele­

ment of dead fuel to its ignition temperature. Applying the ~ational Fire­

Danger Rating System ignition component [see Eq. (8)] to those firebrands 

that are able to ignite the recipient fuel, results in the probability of ignition 

and a probable number of ignition points. For firebrands that fall at short 

ranges, the ignition probability approach is the same as that described in 

Section III-B. 
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The. assessme'nt of the probability of spot'fires at' various distances. 

over the period of fire whirl duration is ba.sed on the same distribution law 

as that discussed in.Section III-E. Because of the limited fire whirl diameter 

and short lifetime, the short-range hazard from a fire whirl is ·usually small 

compared to that of_ a convection column. · The'number of short-range spot 

fires initiated in a given area by a fire whirl is usually less than that ·of a 

convection column, so that a rapid flame coalescence due to. a fire whirl is 

generally not a hazard. 

B. FUEL CHARACTERISTICS AND FUEL IGNITION 

Fuel characteristics pertinent to formation of firebrands were dis -

cussed in Section III-Band need not be repeated here. _Calculations leading 

to the definition of a firebrand mass at impact are similar to those described 

in Section III-B, although the trajectory model from which the firebrand 

in-flight burning time is computed is different within and near the fire whirl 

and is described in Section Iv~c. 

The ignition mechanism of the recipient fuel by firebrands falling close 
\ 

to the fire whirl will be the same as that for short-range firebrands_ disc_ussed 

in Section III-B, but for the long-range firebrands this mechanism will be 

different. 

In the course of the NFFL experimental work on in-wind burning of 
'. ' ; ' 

wood sticks an~ plates, it was observed that after 30 sec or less following 

ignition the initial flaming combustion was ·replaced by a glowing combustion 

that continued to the end of burning (Muraszew, Fedele, Kuby [ 1976]). It was 
. . 

also observed that, in some cases, a glowing firebrand burst into flame for a 

few seCOil:dS, after be1ng removed fro,m the wind (simulating impact), re turning 

th.ereafter t6 glowing combustion. However, this phenomenon occurred only 

sporadically and was of such a short duration that· the condition of glowing 
\ . . . . 

(rather than flaming) combustion was pre<;lominant and was assumed here as 

typical for the impact condition of long-range firebrands, which typically 

have flight times of 100 sec or more. 
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To establish the go-no-go ignition-ability criteria for glowing firebrands, 

we shall consider the case of a glowing firebrand falling on an element of 

dead fuel and heating it, with the fire brand.surface temperature remaining 

constant, until the temperature on the back face of the fuel element reaches 

the pyrolysis temperature of the hemicellulose--the most reactive constituent 

of wood. 

li we assume the glowing firebrand surface temperature to be 580°C 

(Muraszew [1974]) and the heated fuel element back surface to be 230°C 

(hemicellulose decom:position te~perature is 200°C to 260°C), then, for a 

case of a flat plate heated by a constant temperature, the Fourier number 

can be determined from the P. J. Schneider [1963] temperature response 

charts for the temperature parameter 230-30/580-30 = 0. 364, where 30°C is 

ambient temperature of the recipient fuel. The Fourier number F for this 
0 

temperature parameter is 0. 28, and the ignition time 

t. 
1gn,g 

-2 
= o.28L 

a£ 
(3 0) 

where d is mean dead fuel thickness, cm, and af is fue.l thermal diffusivity, 
2 

cm /sec. 

To consider the fuel moisture effect, 0'£ can be expressed as a function 

of that moisture. Since af = kf/cf . pf where kf' cf and pf are fuel thermal 

conductivity, specific heat and density at a given moisture level, expressing 

these parameters as a function of fuel moisture will give the required 

dependence of Qi£ 9n fuel moisture. Simms and Law [ 1967] quote such rela­

tionships for the three fuel parameters. Using these relationships and cal­

culating a£ for various moisture contents, the following approximate e qua ti on 

is derived: 

a = a f ' f 10 
0 

M 
-0 0151 . . . M 

ref 
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where 

0/ 
f 

0 

M 
ref 

M 

' . . ' -3 
= thermal diffusivity at 0 moisture (typical 1. 74 • 10 

cm2 /s.ec) 

= reference moisture of 2 percent 

= fuel moisture, percent (S20 percent) 

For the case of very fine fuels, the combustion state of the firebrand 

(whether glowing or flaming) has l~ttle influence on the ignition time of the 

fuel in contact with the firebrand, and t. as given by Eq. (3) is appropriate. 
1gn 

Thus, Eq. (30) is u.sed for flaming firebrands unless dis small enough so 

that t. is less thant. , for which case the latter is then used for the· 
1gn, g 1gn • . . 

ignition time. 

The ignition time calculated from Eq. (30) [or from Eq. (3) if t. < · ·· 1gn,g 
t. ] is compared against the firebrand on-ground burning time (residence 1gn · · · 
time) t calculated from Eq. (5), and, for the ignition to occur, it is neces-

. _. r~s 
sary that 

t. s t ' 
1gn,g res 

(32) 

From that ignition criterion, firebrands with insufficient energy poten­

tial left after im~act are discounted as ignition hazards, and, for those which 

constit_ute a hazard, ignition probability is calculated based on the prev~ously 

quoted National Fire-Danger Rating System data with the packing ratio cor­

rection. 

C. FIRE WHIRL AND FIREBRAND TRAJECTORY 

From earlier work (e.g., Muraszew [1974]), it appeared that a normal 

thermal convection column formed above a fire front is not capable of pro­

ducing long-range firebrands. Historical data and observations show that 

fire whirls may be sufficiently intense to lift fuel members to considerable 

heights and produce long-range spot fires. Fire whirls are tornado-like 
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regions of hot, swirling gas which can be generated by intense fires. 

Muraszew, Fedele, and Kuby [1976] performed subscale fire whirl experi­

ments and developed a model for the prediction of sub- and full-scale fire 

whirl fluid mechanical properties and for the trajectory of a firebrand 

generated by a fire whirl. The model is reviewed briefly here. 

The fire whfrl geometry and nomenclature are shown in Figure 7. The 

strength I' and vertical extent ze of the inHiating external circulation and 

the properties of the fuel are taken to be known inputs. The specific fuel 

properties required are the mean fuel size d and the fuel mass burn rate 
a 

per unit area in the absence of wind, swirl, or slope (pbR , lb /ft2 -sec). 
o m 

The latter can be obtained from the Rothermel [ 1972] formulation. The 

values of I' and z depend on the wind, terrain, and the fuel. The prediction - e 
of·fire whirl initiation and the associated I' and ze i~ on~ of the remaining 

tasks requiring completion. 

The analysis couples the fire whirl core with the ground boundary layer 

inflow which feeds the core and with the burning fuel. Equations for radially 

averaged core variables are obtained by radial integration of the core mass, 

radial momentum, and axial momentum equations fron;i the core centerline 

to the core-ambient air interface, utilizing the Byram and Martin [1970] 

formulation for the shape of this interface. An overall mass balance equa­

tion between the boundary layer inflow, the fuel mass addition, and the core 

flow, and an equation for the convective. heat transfer at the core-burning 

fuel surface provides the coupling and closes the set. 

The resulting equations applicable for a full scale fire whirl are 

a/a = (1 ·- z/z )- 112 
o e 

(33) 

u/u = 1 - z /z 
o e 

(34) 

(35) 
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where 

and 

p R' 
b 

u ,u 
0 

1 + 

P = p T /T 
W 00 00 

2 
= p I' /2z oo e 

2 
1r p u a (C T 

WO O p 

. gr 00 
C T . -

·p ooPoo 2a d 
oo o a 
PbR Q. 

0 1 

(36) 

(3 7) 

(3 8) 

Pw ps )~( T)0.6 p00 +(TTs)0.
6 

p ]
1

/Z 
• ( 0. 5 + 0. 5 Poo Too P Poo 

Poo w s (39) 

a = 0. 0 0 5 1 3 I'O. 3 13 ( p R ) - 1. O 8 5 
b o 

= fuel mass burn rate per unit area in the presence of a 
fire whirl 

= core fuel burn rate (with swirl), lb /sec 
m 

(40) 

= core velocity at the bottom of the core and at any height z. 

For brevity, the other quantities are not defined here but are in the nomen­

clature section. 

Equations (35) and (36) determine T and p , and Eqs. (37) through (40) . w . 
are simultaneously solved for a

0
, u

0
, pbR', and Mr Equations (33) and (34) 

then determine u(z) and a(z). 
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Given the core fluid.mechanical properties, the next step is to deter­

mine the trajectory of a firebrand within.the fire whirl core, in the region 

just outside .th~ core where the external swirl, or circulation, is dominant, 

and then in the region beyond the swirl where the prevailing wind is the 

driving force·. The co·re-ambient air interface given by Eq. (33) is the 

boundary between the core and the external swirl regions. The boundary 

between the swirl and ambient wind regions is taken to be that radius where 

.the swirl velocity equals the. wind velocity, with a maximum position of 10 a
0

• 

The wind is allowed to have a· vertical and a horizontal component and to vary 

with x and z, where x :i.s the direction of the horizontal wind component. 

The time a firebrand spends in the core and external swirl regions is 

small compared to its total flight time. Therefore,. fire brand burning is 

considered to take place in the wind region, with ignition occurring earlier. 

The wind tunnel and drop test exper~ments of Tarifa [ 1967] indicate 

that the flight of a firebrand can be predicted by assuming that the firebrand 

flies in its maximum drag orientation with constant drag coefficient. The 

equations of motion of a firebrand in the core region are 

.. 
mz (41) 

'( .. 0·2) m r-r ::: (42) 

. 1 . · 2 · 2 • 2 i 12 • 
m(rO +2r0) == '-z pwCDA[(u-z) + r + (W-rO) ] (W-r0) (43) 

where ·-r, 0, z are the firebrand coordinates,· p is the mean fire whirl den-. 
w 

sity, and u,. Ware the fire whirl vertical and azimuthal velocities, with 
2 

W = I'r/a • Initially, the -firebrand is at rest at z == 0 at some arbitrary 

values of r, 0. · 
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Within the core, the firebrand is lifted and also centrifuged outward 

until it leaves the core. The closer it is initially to the fire whirl centerline, 

the higher in the core it will be lifted before it leaves the core and goes into 

the external swirl region. In the swirl region, the trajectory equations are 

the same except that p is replaced by p , u = 0, and the azimuthal (swirl) 
W 00 

velocity is given by W = I'/r. 

The firebrand continues to be centrifuged outward until it enters the 

ambient wind region, where it burns and is carried by the ambient wind. In 

this region, the accelerations are not as great as in the core or swirl regions, 

and Tarifa 1s [1965] observation that the firebrand quickly.attains the velocity 

of the wind with an additional downward velocity component of Wf can be used. 

Thus, the full equations of motion are used upon initial entry into the wind 

region, and, when the firebrand has s1owed down so that it is essentially 

moving with the wind, the equations 

(44) 

x=W (45) 
X 

are used, where W and W are the vertical and horizontal wind components. 
Z X 

These equations are integrated until the firebrand hits the ground or 

burns out in flight. For fli.ght times and firebrand sizes of interest here, 

the diameter, as well as the density, changes during in-flight burning. 

Burnout in flight is assumed to occur when the firebrand density or diameter 

reaches 5 percent of its original value. The density change of the burning 

firebrand is given by Eqs. (4) and (7), with_ t replaced by t - t
3

, where t
3 

is 

the time of entrance into the wind region. Since the firebrand diameter 

changes, the instantaneous fall velocity for a cylindrical fire.brand is not 

given by Eq. (20). [For a plate-like firebrand, the thickness still changes 

little and Eq. (20) applies.] However, Tarifa [ 1967] found that W/Wf is a 

unique function of a parameter B: 0 
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(46) 

Tarifa's expe~imental results of W/Wf versus B were fitted into a 

two -piece analytical' form 0 

W/Wf = .1 2. 5B
2 

for W/Wf .~ o. 9 
0 0 (4 7) 

W/Wf· = (W/9)(1 - 0. 2B)
2

· 
5 

for W/Wf < o. 9 
0 0 

The diameter change of a burning cylindrical fir,ebrand can then be obtained 

from 

D/D = 
0 

with Pl p determined fi:om Eq. (4). 
0 ' ' I • 

Using. the abov:e formulation, the impact density, size, .. and travel 

distance for a given firebrand lifted from some. initial position within a fire 

whirl can be determined .. ' ··The initial azimuthal location 0(0) can make about 

a ::!: 200-ft difference (depending on the wind and .fire whirl characteri'stics) 

in the fireb.rand travel distance, depending on whether the firebrand enters 

the wind region heading against the wind or with the. wind. · 

As enumerated by Mura.szew, Fedeie, 'and Kuby [19,76], the firebrand · 

travel distance· is a strong function of its initial radial position in the fir~ 

whirl.. The closer to the center, the higher it wilr be lifted before it is 

centrifuged out of the fire whirl and, therefore, the longer -it will be carried 

by the wind b~fore it impact.s the ground~ An example of a plausible fire 
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whirl that could be initiated for the logging slash fuel case is given in 

Appendix C. For that case, and for typical fire whirls, the firebrand mean 

travel distance, in feet (averaged over all initial 0); versus initial radial 

position, can be approximated by_ 

X - -

( x max - 5 0 0 ) (:; / 9 0 - 5 / 9 ) _______ + max 

9 'Y 
(49) 

where y = r (t=0) /a
0

, and xmax is the maximmn mean travel distance for a 

firebrand of a particular ~ize, sh_ape, and density, which does not burn out in 

flight. Equation (49) is valid for 0. 01 SYS 0. 1, with ~ = ~ax for Y S 0. 01. 

For Y > 0. 1, the centrifuging effect severely limits· the height attained in the 

fire whirl, so that approximately x( )' > 0. 1) < 50 ft. The firebrand generally 

will fall approximately within a circle having a radius of about 200 ft whose 

center is a distance x from the fire whirl (with x measured in the direction 

of the wind), the actual impact _point depending. on the initial value of 0. The 

fuel is taken to be uniformly distributed on the ground, so that any initial 0 is 

equally probable. 

The value of~ for a given firebrand can be approximate'd in the max . 
following manner, based on full fire whirl calculations: The maximmn height 

a firebrand will reach in the fire whirl is approximately that height where 

the core gas velocity is 0. 61 of the firebrand's fall velocity in the core V • 
er 

(The firebrand 1s momentum carries it past that point where u = V • ) The · er 
value of z where u = 0. 61 V , can be determined from Eq. (31 ). The wind 

er . 
region trajectory and in-flight burning equations are then used, with this 

value of z as the initial starting height, to determine x . lithe firebrand 
max 

burns out while in flight, then x is the distance traveled up to burnout. · max 

A firebrand whicp. lands and burns on the ground for a time at least as 

long as t. is a threat to start a spot fire. With the firebrand impact 
1gn,g 

density and. diameter determin~d from the trajectory and _in-flight b~rning 

calculation, the on-ground burning time (t ) can be determined from Eqs. 
res 

(5) through (7). 

-58-



As for the convection column, there is a critical size firebrand which 

can travel the farthest while remaining a spot fire threat. Larger ones will 

not be carried as far and smaller ones will burn out in flight unless they 

travel for a shorter period of time before landing, resulting in a smaller 

travel distance. 

The largest size of firebrand possible is that which can just be lifted. 

In practice, the largest size that needs to be considered is that for which 

x is on the order of the threat distance for the short-range firebrands 
max 

from convection columns. 

the fuel sizes available. 

In some cases, the maximum. size is limited by 

The smallest size is that which burns out in flight 

before it can travel farther than the threat distance from the convection 

column associated with the fuel burning. In practice, due to the intensity of a 

fire whirl, it can be assumed that any firebrand which is less than 1 in. in 

length or O. 5 cm in diameter will be ignited and burned up, at least partially, 

within the fire whirl. For a fire whirl with properties considered plausible 

for the logging slas~ case considered in Appendix C, the fuel sizes available 

determine the maximum size firebrand threat, and the in-whirl burnout size 

determines the smallest size fire brand threat. Figure 8, based on Table 

C-10 in Appendix C shows the i"max distance for cylindrical and flat plate 

firebrands. Note th_e critical size resulting in the longest distance. 

The number of spot fires depends on the fire whirl lifetime. Whereas 

a convection column is taken to coexist with the fire front, the lifetime tL of a 

·fir·e whirl is generally on the order of only a few minutes. The movement of 

a fire whirl within the fire area is usually erratic, with the whirl often 

changing directions arid repassing over the same ground. On the average, 

the fire whirl is assumed to travel forward with the fire front at the front 

spread rate R. The area swept out by th~ fire whirl in a time tL is approxi­

mately 2 a
0

RtL. Fuel members'within this area are potential•firebrcfods~ 
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The number of firebrands of a given size class that land between x
1 

and x
2 

is all those which are lifted from an initial position within the fire 

whirl between y
1 

and y
2

, as determined from Eq. (49-). Fuel members of a 

given size are assumed to be distributed uniformly along the ground, with 

that fraction, given by the ratio of the area between Y1 and Yz to the area of 

the whir 1 at the ground 

of all the fuel membe_rs of that class within an area of 2a
0

RtL being poten­

tially able to fall within x
1 

and x 2 . Then, the number of potential fire brands 

of a size class d (between d and d + Jd) that have an initial position between 

Y1 and Yz that could be lifted during the lifetime of a fire whirl is 

{L1Wd)Za
0

RtL(y~ - Y~) 
po vf 

(5 0) 

where Vf is the firebrand volume and JW d is the fuel loading (lbm /ft2) of the 

fuel of that size class. The number actually lifted is FdNd . Subdividing 
, Y1 2 . 

the 'Y interval from Y = 0 to Y = 0. 1, the x-distribution of a given size class 

firebrand is obtained. Considering all the pertinent size classes will enable 

the total n_umber of firebrands that fall within given distances from the fire 

whirl to be determined. Multiplying the number of those firebrands that 

have t ~ T. by P. gives the number of spot fires created. 
res 1gn, g 1g 

D. FIREBRAND GENERATION FUNCTION 

The rationale for the firebrand generation function for a given size 

class firebrand F d was given in Section III-D, with Eq. (21) determining Fa· 

For a fire whirl, much higher values of u /V occur· than for a ·convection 
o er 
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column. The values of K depend on the fuel and not on the lifting mechanism. 

For a fire whirl, reasonable values of F d for representative sized firebrands 

are in the 0. 01 to 0. 4 range, with F d decreasing with increasing firebrand 

size. 

E. SPOT FIRE HAZARD 

Because of the short duration and limited diameter (generally less than 

50 ft), a fire whirl does not pose as severe a short-range spot fire threat as 

does a convection column which extends over a wide front. For instance, 

Appendix' C-III gives an example of a plausible fire whirl for the logging slash 

case also considered in the convection column examples. For tL = 100 sec, 

the fire whirl will cause 915 ignition points within a distance of L
3 

from the 

front. These are spread over a width of ± 200 ft (400 ft of front width). 

w·ithin that same area in the same time span, the convection colllilln would 

induce 16,400 spot fires. In addition, the convection column continues to 

generate firebrands long after the fire whirl lifetime has ended. 

A fire whirl, possessing very high vertical velocities, does pose a 

long-range spot fire threat. Depending on the whirl intensity and vertical 

size, and on the wind, a fire whirl can induce spot fires several miles away. 

While the ignition points are few and spread out so that rapid coalescence is 

not a problem, they may go undetected and eventually grow into dangerous 

fires. These secondary fires may entrap men and equipment fighting the 

main fire. Also, fires which are thought to be under control can become 

hazardous if a fire whirl is initiated which causes long-range spotting and 

creates another fire that has to be containe.d. 

For the logging slash fire whirl example, the probable number (mean 

expected number) of spot fires produced at distances greater than the L 3 
(i.e., > 468 ft) for the associated convection column is 192, with the density 

of spot fires decreasing with increasing distance from the fire front (see 

Table C-12). The maximllill threat distance is 9460 ft. This maxirnllill 
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distance depends largely on the height z· of the external swirl and on the 
e 

ambient wind speed. The maximum threat distance roughly varies linearly 

with the wind speed and slightly stronger than linear with z . The number of 
e 

spot fires varies linearly with Fd and P .. , 1g 

The threat of long-range spot fires depends on the creation of a strong 

fire whirl {or other suitable lifting mechanism). The theory of Muraszew, 

Fedele, and Kuby [1976] shows that a viable fire whirl can exist only if the 

prewhirl fire intensity {the fuel mass burn rate per unit area) is sufficiently 

high, with a value of pbR = 0.01 or 0. 02 lb /ft2 
-sec being the minimum 

o m 
required. Thus, a fire whirl is not expected to occur for the Romero example 

2 
{PbR "' 0. 005 lb /ft -sec), but moderate to strong ones could occur for the o m 

2 
logging slash example {where pbR = 0. 14 lb /ft -sec). 

-o m 
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V. SUMMARY AND CONCLUSIONS 

A statistical model describing the probability of a firebrand-generated 

spot fire occurrence based on fire whirl or convection zone intensity, burning 

fuel and recipient fuel characteristics, and on meteorological and te·rrain 

conditions, was established subject to verification by laboratory tests and 

field observations to determine some of the key parameters of the model. 

The statistical model emphasizes that the firebrand generation function, 

i.e., the function defining the probable number of firebrands discharged 

from a convection zone, is the most uncertain parameter of the model. Field 

data to verify and to better define it are needed. 

· A nominal convection column existing above the fire front is primarily 

responsible for the generation of a significant number of short-range 

(several hundred feet from the fire front) firebrands. 

For short-range firebrands, criteria were established for safe-from­

firebrand hazard fuel break widths and for flame coalescence ahead of the 

main fire front which col:1-ld initiate advanced flareups. While the number of 

spot fires and coalescence probability depend on the firebrand generation 

function and on the ignition probability,· the fuel break analysis does not. It 

depends on the conventional fire front continuous spread rate and on the 

in-flight and on-ground burning behavior of firebrands and is, therefore, on 

more firm ground. 

The more powerful convection mechanism of a fire whirl contributes 

little, because of its limited diameter and short duration, to the short-range 

firebrands, but is responsible for the generation of long-range firebrands 

(i.e., at distances exceeding O. 5 mi) and distant s_pot fires. 

As an example of the methodology used in the statistical model calcu­

lation, a case was presented for the Romero fire conditions (California, 1971) 

and for heavy logging slash (over 40 tons /acre). The main firebrand hazard in 

the Romero fire was found to be in the short-range firebrands., with a 0 safe 11 

-65-



fuel break of 92 ft (for 12 mph wind), and for the logging slash case both 

short- and long-range firebrand hazards were determined. The safe fire 

break width for the short-range firebrands was in that case 468 ft (with a 

12 mph wind), and the maximum distance of long-range firebrands with a 

6000-ft-high fire whirl was 9460 ft. The logging slash case, with a much 

higher dead fuel loading and higher fire spread rate than the Romero case, 

consequently represented a more severe spot fire hazard. 

The effect of increasing wind and uphill slope is to increase the danger 

zone where short-range spot fires can occur and thus to increase the fuel 

break depth required. The maximum. threat distance for long range fire -

brands also increases with increasing wind. 
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.VI. RECOMMENDATIONS 

A. .GENERAL 

Mathematical and/or statistical relationships for firebrand generati,on, 

fuel ignition, flame coalescence, convection column, and fire whirl analysis 

have been formulated, but their verification is not yet complete. The main 

future effort in wildfire research should be concentrated on an or.derly col­

lection of new field data (and review of old data not yet analyzed) and on 

meaningful laboratory experiments to either verify the relationship proposed 

or to indicate the need for revision. Generation of further sophisticated 

models would in all probability not improve our understanding of complex 

wildfire phenome·nology, but would add to the delay in providing a practical 

and proven. analytical tool to fire managers. 

B. FIREBRAND GENERATION FUNCTION 

Experiments to at least partially validate the firebrand generation 

function are needed. This can be accomplished by observations of the num­

ber of impacting firebrands resulting from a controlled test. Field obs er -

vations are needed on the rate and distance of short-range firebrands pro­

duced from a fire as a function of fire front length. Simultaneous data on the 

fire front convection column uplift velocity at or above fuel height are also 

necessary. The data need not be too preci·se, but should be complete. For 

ex.ample, data such as 20 to 40 firebrands during 10 minutes in 80 to 100 ft 

of fire front are quite acceptable provided that the rate of fire spread, 

characteristics of the burning fuel (required for the Rothermel spread rate 

model), fraction of dead fuel and its size distribution, and ambient wind, 

air temperature, and humidity are also obtained. These data will also aid 

in assessing the appropriateness of the fuel break analysis.) 

The data required can be bes;t obtained from the .observation of an 
. . . ' . . 

actual wildfire or a controlled fire. In the latter case, fuel arrangement can 

be ma.de to assure lifting of some embers. 
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C. FUEL IGNITION 

Experimental data on the ignition of redpient fuels by flaming and 

glowing firebrands are needed. These data can be obtained from laboratory 

experiments. In such experiments, fire brands of known size and moisture 

content (flaming and glowing) should be dropped on recipient fuel arrays of 

known loading, size, type, and moisture content. Data should be obtained 

regarding firebrand flame or glowing surface temperature and the duration of 

flaming and/or glowing, the time to the recipient fuel ignition, and the pro­

cess of flame spreading after ignition. 

Probability of ignition data of the National Fire-Danger Rating System 

should be supplemented with additional data for various values of packing 

ratios and for the nine fuel models. These data could also be obtained in 

laboratory experiments with and without wind. 

D. SPOT FIRE COALESCENCE 

Laboratory experimental data are needed on spot fire coalescence 

(either radiation or normal spread-induced) of closely spaced spot fires for 

various fuel arrays representing the nine fuel models. The data should con­

tain spot fire flame height, distance, fuel loading, dead fuel fraction and 

size distribution, and fuel moisture content. The effect of wind on flame 

coalescence should be included in the investigation. 

E. CONVECTION COLUMN PROPERTIES 

Experimental field data on convection columns are needed. The data 

should provide at least the uplift velocity at one or two heights and, if possible i 

temperatures at that height. For these data to be meaningful, all the burning 

fuel characteristics required for calculation of the fire spread rate by 

Rothermel's model should be known, and the actual fire spread rate measured 

or estimated. Ambient wind, air temperature, and humidity· data are also 

required. These data can be b_est obtained from field measurements_ of 

controlled fires. 
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F. FIRE WHIRL INCEPTION 

Experimental data are required on the conditions leading to the incep­

tion of ambient swirls which are one of the triggering mechanisms of a fire 

whirl. It is known that some combination of air temperature lapse rate, 

wind, and topography will lead to vortex formation. The fire itself can modify 

or induce external circulation. The external circulation and the rate of 

energy and mass release from the burning fuel are expected to determine 

whether or not a fire whirl is created. The quantitative assessment of the 

parameters involved in determining the ambient vortex intensity and its 

ability to start a fire whirl is needed. A laboratory experimental program 

providing some of this information has been previously recommended to the 

Forest Fire Research Laboratory in River side. 

G. FIRE WHIRL PROPER TIES 

Field measurements of naturally occurring whirls are difficult because 

of the special set of conditions that must be present for their formation and 

because of the violent-and transient nature of this phenomenon. All that can 

be expected are photographic (movies) data from which the size of the fire 

whirl (diameter of the visible core and its height), the history of its motion, 

and its duration can be deduced. Fqr such data to be meaningful in the veri­

fication of the proposed fire whirl model, the burning fuel characteristics 

needed for Rothermel 1s fire spread calculation must also be known. In view 

of the paucity of the existing data in this area, effort should be made to collect 

all that are available for analysis and interpretation, and to obtain new data 

whenever pas sible. 

H. INSTRUMENTATION 

A brief study is needed to evaluate and to categorize the best instru­

mentation for obtaining the data noted above. In the field .tests, means for 

remote measurements are of prime importance. 
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APPENDIX A 

SHORT-RANGE (CONVECTION COLUMN) 

FIRE HAZARD CALCULATION FLOW DIAGRAM 
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LONG-RANGE (FIRE WHIRL) SPOT FIRE 

HAZARD CALCULATION FLOW DIAGRAM 
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APPENDIX C 

EXAMPLE CALCULATIONS 

I. CONVECTION COLUMN: ROMERO FIRE 

The first example selects a part of the large California Romero fire, 

which occurred in 1971, as a typical fuel model for a convection column. 

The wind is taken as horizontal at 12 mph and the ground slope as zero. The 

fuel shape is taken to be cylindrical with L/D = 10. The dead fuel loading 

was 0. 563 lb /£t
2 

(12. 3 tons /acre) with mean diameter of 0. 433 cm and 
m 

mean moisture content of 2 percent. The cumulative dead fuel loading distri-

bution versus diameter is given in Figure C-1. The total fuel loading was 

1. 604 lb /£t2 
(35 tons /acre) with mean diameter of 0. 263 cm and mean m -

moisture content of 33 percent. The mean fuel density was 46. 7 lb . /ft2
, 

m -
with the packing ratio f3 = O. 005; fJ. and R, as determined from the . op 
Rothermel formulation, were 0. 02 and 73. 01 ft/min, respectively. 

The convection column properties for this case are obtained using the 

formulation given in Section III-C. From Eqs. (9) through (14), u = 43. 77 
3 0 

ft/sec; £ = 124 ft; b = 5.21 ft;-and pf,A = 0. 0266 lb /ft . The tilt of the - g ,c., m 
column due to wind as given by Eq. (17) is ¢ = 21. 9 deg. 

The first steps in determining the spot fire hazard.are to calculate L
1 

and L 3 . The L
1
. is determined by Eq. (23 ), with t ' and t. given by 

spr 1gn 
E q s • ( 2 2 ) and ( 3 ) , res pe c ti ve 1 y. 

2A 0.950 
tspr = 43. 3_ (0. 433) ,c.,n 0. 005 = 42 sec 

The t." = 17. 5 (0. 433 )O. 
75 = 9. 34 sec, and from. traJ·ectory calculations, 1gn I , 

utilizing the above convecti~m column properties, tf was found to be about 

3 sec. Thus 

L = 73 .0i [3 + 9.34 +42] = 66 ft 
1 60 
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The maximum threat distance for a given size firebrand L is found 
max 

from the firebrand impact conditions. For a given .size firebrand, the maxi-

mum travel distance £ (without being burned' out in flight) and the threat 

distance [maximum tr:&el distance with p. ~ p where p is determined 
imp er · er .. 

by Eq. (24)] are determined from the trajectory and firebrand burning equa-

tions. These results are shown in Table C-1. This table gives the .relative 

position in the colum~ at liftoff, the maximum. travel distance i , the im-
x 

pact density ratio, th~ critical impact density ratio, and Lmax' d the threat 

distance for various firebrand diameters. For a particular size of firebrand, 

the distance L will be greatest and that distance is identified as L
3 max 

(Figure C-2 ). 

As seen from Table C-1, a D = 0. 256 cm firebrand has the greatest 
0 

L , 92 ft. Anything bigger has a smaller maximum travel distance. 
max 

Firebrands greater than D
0 

= 0. 293 will travel less than 66 ft and, ,since 

L
1 

= 66 ft, they will not be a threat. The D
0 

= 0. 256 cm firebrand impacts 

with p. = p . A lighter firebrand could travel further (a greater i ) but 
. imp . er _ , . xd . 

will land with t < t. ( p; < P ) and, hence, would not be a threat. For 
res i.gn imp er 

instance, a D = 0. 244 cm firebrand, if it is lifted at the extreme upwind 
0 , , 

edge of the colum.n (x(0) /b · = -1), will tr ave 1 111 ft from the fire front, but g . 
will land with a density (0.17p) less than the critical (0.25 P ), and, thus, is 

0 . 0 

not a threat. If its initial liftoff location is moved downwind,. a location is 

reached (x(0) /b = -1 /5) so that its impact density equals p . This is be -g · · er 
cause the firebrand will not stay in the column as long and will not be lifted 

as high into the column. The travel distance for this particular firebrand is 

just equal to L
1 

(66 ft). 

Table C-1 also gives the maximum impact distance· (largest£ ) as 

135 ft, and this is for D = 0. 232 cm. Here, the firebrand is just& the 
0 .· 

verge of burning out in flight when it lands, and p·. < p . Not until 
imp er 

x(0)/b = 0. 5 will it land with p. = p , and then it falls within L
1

, and is 
· g imp er · 

thus not a threat. · 
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I 
00 
~ 
I 

cm 

0.232 

0.232 

0.244 

0.244 

0.256 

0.293 

D 
0 

Table C-1. Firebrand Trajectory and Impact Characteristics, 
Romero Fire 

in. x(0) /b ix Pimp/po Per/po g 
d 

o. 091 -1 135 0.05 0.35 

0.091 1/2 0.35 

o. 096 -1 111 o. 17 0.25 

0.096 -1 /5 0.25 

o. 101 -1 92 0. 19 o. 19 

0. 115 -1 66 o. 41 0. 11 

L3 = greatest L = 92 ft 
max 

Limiting firebrand size for lifting, D = 0 . 7 9 0 cm ( 0. 3 1 in. ) 
0 

L 
max 

- -

47 

- -

66 

92 

66 



The trajectory res ult.s are also shown in Figure C-2, where L , ,l , 
max xd 

p. / p at x = £ , and p Ip are given. Note that L = .£ for any 
imp o xd er o . max xd 

D for which p. ~ p (i.e., for D ~ 0. 256 cm). For smaller fire brands, 
o imp er o 

L < £ . . . 
max xd 

The threat zone extends from L 1 to L 3 (from 66 to 92 ft) ahead of the 

instantaneous fire front location. Thus, a fuel break has to be greater than 

66 ft to be of any use, and 92 ft is required to remove the short-range spot 

fire threat. 

Firebrands of diameter of approximately 0. 25 to 0. 29 cm are spot fire 

th-reats. For this small range, .it is not necessary to subdivide the size 

interval, but it s uffic-es to consider a single size class. From Figure C-1, 

the weight of dead fuelin this size range L1Wd can be obtained. From Eq. (1), 

the potential liftoff rate of firebrands, per foot of front, is determined as 

4(0. 01 )(73. 01)/60 

[ 
O 25 ]

3 

(3. 14)(10) (30·. 4_8) (46. 7) 

= 6 0. 8 /ft /s e. c 

The rate per foot o_f front actually lifted is ~dNd, where F d is given by 

Eq. (21) .. The value of·K for the Romero fuel model is taken to be 0. 001, 

so that Fd = 0. 002 L The rate at which firebrands land per square foot is 
. 2 

FdNd/lx~= O. 0021(60. 8)/92 = O. 00139 per ft per sec. The number of spot 

fires ·per square foot in the danger zone is P. FdNd/L . The weather condi:.. 
, ig xd 

tions a.re taken as sunny with a temperature of 75°F. Then, from Table 1 of 

the text, P. = O. 9. With fJl/3 = O. 005/0. 02, · P. (f:J/fJ ) = 0. 225. Then, 
·ig0 op ig · op 

there are 0. 225(0. 00139) = 0. 000313 spot fires/sec-ft2 in the danger zone. 

Per hundred feet of front, there are 48. 8 spot fires started per minute 

within the 26-ft deep danger zone. 
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The probability that coalescence will occur within the danger zone per 

100 ft of front width is given by Eqs. (25) and (29 ), with t . d (which is 
. . res1 

based on the mean size and moisture content of all the fuel, both live and 

dead), being given by Eqs. (5) -through (7) 

- 4 3. 3 ( 2 6 2 ( ~) 6. 44 £ 0. 9 5 
tresid - . O. 3) 2 n 0. 005 = 53. 9 sec 

The required view factor is 

1. 4Q. 
1 

2t . dq res1 r 

1.4(14) 
= 2(53.9)0.25 = 0 · 73 

From the Keith [ 1962] view factor graphs, with a flame height equal to the 

fuel bed depth of 7. 5 ft and the flame inclined 30 deg from the vertical, the 

maximum distance for spontaneous ignition of the median strip between two 

spo~ fires (h _ ) is 2 ft. Then the expected, or most probable, number of 
er 

sp· ot fires within an area ( 1) Yh within a time t . dis [from Eq. (25 )] 
: er res1 

A = P. FdNdYh t ·a/L 1g er res1 xd 

= 0. 000313 Yh t "d = 0. 0337Y. . er res1 

where Y is the number of -spot fires needed to coalesce. 

Equation (29) then gives the probability 6£ coalescence for any value of 
- 2 

Y, A, and t. Within the danger zone, per 100 ft of front, A= 26(100) = 2600ft ~ 

(This danger zone is relative to the instantaneous front location, and moves 

forward with the fire front.) The probability of coalescence of Y spot fires 

within a time t (per 1.00 ft of front) is given in Table C-2 for various values of 

Y and t. Thus, for instance, the probability of rapid coalescence of four spot 

fires within one hour is 23 ." 3 per cent. 



Table C-2. Probability of Coalescence of Y Spot Fires within a 
Time t, Romero Fire (t ·a= 53. 9 sec, h = 2 ft) 

res1 er 

y t, min A p (~Y) 

5 1 o. 1681 0.000282 

15 0. 16 81 0.00433 

30 0. 1681 0.00841 

60 o. 16 81 0.0168 

4 1 o. 1345 0.00442 

15 o. 1345 0.0643 

30 o. 1345 o. 124 

60 o. ·1345 0.233 

3 1 o. 1009 0.0737 

15 o. 1009 0.683 

30 o. 1009 0.899 

60 o. 1009 0.990 

Note: The number of s_pot fires in the danger zone (L3 -L 1 = 26 ft) 
is 48. 8 per 100 ft of fire front. 

-88-



The quantities h and t 'd appear as a product in A and in Eq. (29). 
er res1 

Thus, a change in h is equivalent to a change in t . d" The change in 
er res1 

coalescence probability with h (or with t ·d) is shown in Table C-3. er res1 

The quantities P. and Fd appear as a product. While the nwnber of 
1g . . / 

spot fires depends linearly on the product P. Fd, the pr'obability of coalescence 
. 1g 

is a strong function of A, and hence of P. Fd. Table C -4 gives the sensitivity 
. • 1g 

of the coalescence results to F d (or to K) for Y = 4, her = 2 ft. It then equi-

valently indicates the sensitivity to P. . The uncertainty in the true value of 
1g 

Fd is expected to be much larger than the uncertainty in P. . The smaller 
1g 

the value of P ( ~Y), the larger the change in P for a given change in F d 

(or P. ). 
1g 

The preceding results were based on a 12 mph wind speed and a zero 

ground slope. The depth of· the danger zone is dependent on both wind and 

ground slope. An increase in the wind and the uphill ground ,slope will in-
.. 

crease the fire front spread rate R, resulting in a higher c9nvection column 

. uplift velocity. The effect of changes in wind and slope .ar,e shown in Table 

C-5, where results for R, u , max CL ), D1 · (the diameter of the fire-
o X ,L 

brand which has the maximwn .l,x ), L 1~ L 3 ;t1-cf~d DL (the diameter of the 

firebrand which has the greatest fi-ireat distance) are
3
given. The wind is taken 

I 

to be parallel to the ground in all cases, so that there are horizontal and ver-

tical wind componehts ior the slope case. 

Table C-5 shows the increase in L
1 

and L
3 

with wind and slope. Fire­

brand travel distances depend directly on the wind. The L 3 depends directly 

on R and L
1 

indirectly (since u
0 

depends on R ), and R increases with wind 

and with slope. The rate of increase of R with wind depends directly on the 

fuel characteristics, namely the fuel packing ratio and mean fuel diameter. 

The rates of change for a specific case can be obtained from the Rothermel 

[ 1972] formulation for R. 
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Table C-3. Effect of her (or tres:Ld) on Romero Fire Coalescence 
Probability (t . = !J3. 9 sec), for Coalescence 

. th· T" t res1d w1 1n 1me • 

h 
er ' 

ft t p (~4) 

15 min 0.064 

2 30 min o. 124 

1 hr 0.233 

15 min 0. 587 

5 30 min 0.830 

1 hr 0.971 

7 15 min 0.888 

30 min 0.987 

1 hr 0.999 

For Y = 4 
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Table C-4. Effect of F d (or K) on Romero Fire Coalescence 
Pro ba bili ty (h = 2; t . d = 5 3. 9 sec) 

er res1 

K F t p (~4) 

0. 0005 · o.001 15 min 0.00361 

30 •min 0.00720 

1 hr 0.0144 

o.001 o. 0021 15min o. 0643 

30 min o. 124 

1 hr 0.233 

0.002 o. 0042 15 min 0.615 

30 min o. 852 

1 hr 0.978 

For Y = 4 
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Table C-5. Effect of Wind and Slope on the Danger Zone 
Characteristics (Romero Fire) 

slope, deg 0 0 45 

wind, mph 12 20 12a 

R, ft/min 73. 104 110 

u , ft/sec· 43.8 49.2 50.2 
0 

max (j ), ft 135 220 255a 
xd 

Dj , cm 0.232 0.238 o. 287 
max 

Li' ft 66 94 100a 

L3, ft 92 161 199a 

DL , cm 0.256 0.262 0.305 
3 

a I 

measured parallel to the ground 

\ 
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II. CONVECTION COLUMN: LOGGING SLASH EXAMPLE 

The second example is for a typical l_ogging slash area, with. a wind 
\ 

of 12 mph and a zero ground slope. The fuel is all dead fuel with a heavy 

loading of 43. 1- tons_/acre. · The fuel consists of foliage (e.g., small needles), 

cuttings, bark, etc. The foliage, being very small in size, burns up quickly 

and is not a firebrand threat. The remaining material is taken to be both 

cylindrical and flat plate (bark) in shape, with 23 percent of the material up 

to 1 in. in size (diameter or.thickness) being bark. Table C-6 gives all of 

the pertinent fuel characteristics, including the weight-size distribution. 

The convection column properties are cal_culated to be: u = 67. 6 ft/sec; 
. 3 0 . 

l = 295. 5 ft; bg = 3. 52 ft; PfL = 0. 0266 lbm/ft ; q, = 14. 6 deg. The fire spread 

rate calculated from Rothermel 1s [ 1972] formula for 12 mph wind was 

214. 6 ft /min. 

The fuel break analysis is as follows: 

therefore 

t .. = 17.5(0.125)
0

•
75

(2.5)
0

•
44 = 4.3 sec 

1gn 

tf£ ,_ 2. 5 sec (from trajectory calculations) 

2 14. 6 [2 ] ,_ 44 L
1 

= 
60 

.5 +4.3 +5.4 = ft 

The maximum threat distance L
3 

is found from tr'ajectory calculations. 

In this case, the minimum size fireband that is a 'threat i~ found to be the one 

which can just escape from the column. Any smaller size than 0. 725 cm is 

not able to leave the column, irrespective of its location within the column, 
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Table C-6. Fuel Characteristics for Logging Slash Example 

Weight-Size Distribution 

Size (diameter, thickness) tons /acre 

foliage 21. 8 

0 to 0. 25 in. 8.8 

0. 25 to 1 in. 10.5 

1 to 3 in. 2.0 --
43. 1 

d = 0. 125 cm, 6 = fuel bed height = 2. 5 ft 

L/D,1 = 
L/H 

p = 

Pb = 

R = 
0 

pbRo = 

10 

O. 03, {3 = O. 012, W = 2 lb /ft2, 
op n m 

M = 5 percent 

0~ 75 lb /£t3
, p = 25 lb /£t3 

m o m 

11 ft/min, R = 214. 6 ft/min 

O. 14 lb /£t2 
m - sec 
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because the angle between the firebrand velocity vector and the vertical is 

less than the slope of the convection column. (In reality, a small size fire -

brand would be able to leave the column after traveling sufficiently high up, 

except that it would remain in the column long enough to be consumed by the 

fire. ) All sizes have L = £ (i.e., all have P. > p ). Thus, this 
max xd imp er 

smallest size has both the maximum value of .£ and of L . The large s-t 
, xd max 

size that needs to be considered is that which has an i equal to L
1

. 
xd 

Table C-7 gives the values of lx ·, Nd, F d' tc (time of flight within the 

column), and tt (total time of flight) foF sizes from the minimum to the 

maximum, for both cylindrical and bark-like fire brands. The values of F d 

were obtained by taking K = 0. 00335. This results in F d = O. 01 when 

u /v · = 2. Note that this value of K is more than three times greater than 
o er 

for the Romero example. The logging slash case has more unattached fuel 

members with little overhead cover, and thus warrants a larger value of K. 

The values of F dare then also correspondingly larger, due to the larger K 

and the larger value of u . 
0 

The weather conditions are taken to be sunny with a temperature of 

80°F. Then, from Table 1 of the text, P.· = O. 61 (for M = 5 percent). 
1g 

(P. = P. since fJ/fJ > 1.) 
1g 1g

0 
op 

The danger zone (L
1 

< x < L
3

) is large. For cylindrical firebrands, 

it is 468 - 44 = 424 ft deep~ For the bark, it is 440 - 44 = 396 ft deep. The 

danger zone is subdivided into s ubzone s. The fire brand size range of interest, 

for both cylindrical and plate-like firebrands, is also divided into subinter­

vals of five size classes each. The total number of expected spot fires 

occurring in a given subzone of depth L1L , per 100 ft of fire front in one 
X 

minute, is equal to P. ( ..EFdNd/i, ) 60 • 100 • L1L = N , where the sum is 
1g . xd x s 

over size classes for both cylinc.furs and plates. The characteristic size 

for the classes is as· indicated in Table C-7, varying from 0 .. 725 to 1. 158 cm 

for cylindrical firebrands, etc. Then, with _L1W d determined from Table C-6 

(assuming a linear cumulative weight versus size distribution function within 

the size ranges given in Table C-7) and Nd from Eq. (1), Ns can be determined. 
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D 

cm 

o. 725 

0.780 

0.853 

0.945 

1. 158 

1. 341 a 

H 

cm 

0.570 

0.610 

o. 671 

0.732 

0.914 

1. 036 a 

Table C-7. Firebrand Characteristics for Logging 
Slash Example 

Cylindrical Firebrands 

1 , ft Nd, 1 /ft-sec Fd t 
c' 

sec 
xd 

in. 

0.285 468 o. 031 0.0128 7.8 

0.307 273 o. 057 0.0116 5. 1 

o. 336 1 76 o. 084 . o. 0104 3. 6 

o. 372 116 o. 219 0.0091 2.6 

0.456 63 o. 188 0.0068 1. 7 

o. 528 44 - - - - - -

L3 = 468 ft 

Limiting size for lifting, D = 3. 51 cm (1. 38 in.) 
0 

Flat-Plate (Bark) Firebrands 

lx, ft Nd, 1 /ft-sec Fd t 
c' 

sec 
d 

in. 

., 
0.224 440 o. 0029 0.0128 7.8 

0; 240 276 o. 0037 o. 0118 5.3 

0.264 172 0.0028 0.0104 3. 6 

0.288 121 o. 0091 0,0093 2.7 

o. 360 63 o. 0059 0.0067 1. 7 

0.408 44 - - -- --

L3 = 440 ft 

Limiting size for lifting, H = 2. 76 cm (1. 08 in.) 

a None of this size lands within L 
1 

< x < L
3

• 
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tt' sec 

27.0 

15. 9 

10.4 

7. 0 

4.0 

- -

tt, sec 

25.4 

16. 1 

1 o. 2 

7.3 

4. 0 

- -



Table C-8 gives N within the total danger zone, for each of six sub-
s 

zones. The probable number of spot fires occurring in one minute per 

100 ft of front is 2460. For the Romero case, there were about 49. The 

logging slash case, with its higher dead (and total) fuel loading and fuel mas-s 

burn rate, constitu~e s a much greater spot fire threat than does the Romero 

case. The danger zone depth is larger by over a fac-tor of 15 (a larger fuel 

break is thus required) and the probable number of spot fires is also much 

larger. 

To determine the probability of coalescence, t .d and h are needed. 
res1 er 

Since all the fuel is dead, t .d = t = 5. 35 sec. The h required by the 
res1 spr er 

usual radiation flux-induced spontaneous ignition procedure is very low due 

to the low values of fuel depth and t 'd" In this case, rapid coalescence 
res1 

will occur because of_the natural growth of two adjacent fires rather than by 

radiation heating of the ground between them. Two adjacent fire.s will, in a 

time of t "d' each travel a distance 
res1 

wind where R is the fire spread rate 
0 

h = 2R t . d =· 2 ( 11/60 )5. 3 5 = 2 ft. 
er o res1 

of t . dR in a direction normal to 
res1 o 

the 

with no wind and zero slope. Thus, 

The probability of coalescence ,of 

four spot fires (Y = 4) within various time periods within each of the six sub­

zones is given in Table C-9. The probability that coalescence of four spot 

fires will occur within one hour per 100 ft of front anywhere in the entire 

danger zone (L 1 :- x < L
3

) is 99. 97 percent. This compares with a value of 

23. 3 percent for the Romero example. Since the rate of spot fire initiation 

per ft
2 

decreases with increasing distance from the fire front, the probability 

of coalescence also decreases. In particular, the coalescence probability in 

•subzones 1 arid 2 (the two farthest from the fire front), located from 275 to 

468 ft from the instantaneous front, is very small. For instance, even 

within 1000 ft of front width, the probability of coalescence of four spot fires 

in subzone 1 occurring anytime within one hour is about 0. 1 percent, and in 
. . 

s ubzone 2, about 1 per cent. Thus, while a fuel break of 46 8 ft deep is needed 
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Table C-8. The Total Number of Expected Spot Fires within 
L1L within One Minute per 100 ft of Front Width 

X . 
(Logging Slash Example) 

Subzone 
Number L , ft L1L , ft N 

X X s 

1 468-440 28 41 

2 440-275 165 262 

3 275-175 100 417 

4 175-120 55 413 

5 ·120- 63 57 858 

6 63- 44 19 469 

.EN = 2460 
s 
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Table C-9. Probability of Coalescence of Four Spot Fires in 
Each Subzone per 100 ft of Front (Logging Slash 
Example) 

Subzone 
Time Period 

Number 1 min 15 min 30 min 1 hr 

1 0.000002 0.000028 0.000056 0. 00011 

2 0.0000016 0.00024 0.00047 0.00095 

3 0.000446 0.00668 o. 0133 0.0264 

4 0.00252 0.0371 0.0729 o. 1404 

5 0.0399 0.457 0.705 0.913 

6 0.0882 o. 750 0.937 0.996 

Probability of coalescence of four spot fires occurring 
within one hour in any of the six regions = 

6 
1 - 1T 

i= 1 
[1 - P.(~4)] = 

1 . 
0.9997 
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to eliminate the short-range spot fire threat, a break of 275 ft will greatly 

reduce the probability of r~pid coalescence occurring. Of course, as seen 

from Table C-8, there are still 41 and 262 individual spot fires 0cc;urri.ng 

within one minute per 100 ft of front in regions 1 and 2, respectively, and 

these individual spot fires can still be dangerous even if rapid coalesc·ence 

does not occur. 

III. FIRE WHIRL: LOGGING SLASH EXAMPLE 

As discussed in the text, a strong fire whirl requires an intense fire 

for initiation, one having a value of pbR of at least 0. 01 to 0. 02 lb /ft2
-sec. 

o m 
The Romero fire does not qualify, but the logging slash example has 

pbR = 0. 14 lb /ft2-sec. A viable fire whiri' is thus plausible for the logging 
o m 

slash case. Table 3 of Muraszew, Fedele, Kuby [1976] gives solutions for 

values of d and PbR close fo those of the logging slash case. Taking I' and 
2 0 

z to be 6000 ft /sec and 6000 ft, respectively, then u = 300 .ft/sec, a = 
e o o 

12 ft are reasonable. The wind is again taken to be 12 mph. 

The fuel characterisHcs have been given in Table C-6. The trajectory 

calculations have been computerized. Results for cylindrical and bark fire­

brands are.shown in Table C-10. Table C-10 gives~ · , t (the firebrand 
max w 

in-flight burning time), p. Ip , and D. /D versus D for cylinders and 
imp ·o imp o o 

versus H (thickness) for flat plates. (For flat plates, H. ,_ H . ) The 
imp o 

smallest sizes considered are limited by the in-whirl burnout criteria (see 

Section IV-C) and the largest by the largest fuel sizes available. For the 

cylinders, the ranges of the three smallest sizes are limited due to in-flight 

burnout (defined as occurring when either PIP < O. 05 or D/D < 0. 05). The 
0 0 

ranges of the two smallest bark sizes are likewise limited. Table C-10 shows 

that the maximum range is much greater for the bark (9460 ft) than for the 

twigs or cylinders (4250 ft). jThis is because plates burn slower than cylin-, 

ders and, hence, the smaller sizes of bark can travel further before they 

burnoout. (Note that the in-flight burning time t is much larger for the. ' w 
plates. ) 
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Table C-10. Impact Properties of Firebrands (Logging· 
Slash Fire Whirl Example) 

D , in. 
0 

0.25 

o. 5 0 

O.66 

1 

1. 2 

1.5 

2 

3 

-
X . , ft max 

1338 

2825 

3670 

. 4250 

3010 

2323 

1813 

1346 

-

Cylinders 

t , sec 
w 

76 

160.5 

208.5 

241. 5 

171 

132 

103 

76.5 

Flat Plates 

P. Ip imp o 

0.05 

o. 20 

0.30 

0.50 

0.66 

0.79 

0.90 

0.97 

D. ID imp o 

0.227 

0.05 

0.05 

0. 14 

0.44 

0.68 

0.88 

0.98 

H, in. ft Pi~p/po X t , sec max' . w 

o. 1 5650 321 o. 05 

o. 15 9460 537.5 0.05 

o. 162 8545 485 o. 21 

o. 174 7700 437.5 0.33 

0.2 6644 377~5 0.50 

0.4 4039 229.5 0.87 

0.6 3150 179 0.93 

·o. 8 2649 150. 5 0.96 

1.0 2314 131. 5 0.97 
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The number of potential firebrands of a given size class (the size 

classes chosen correspond to the sizes in Table C-10) initially located 

between Y
1 

and y
2 

in the whirl is given by Eq. (50). The number actually 

lifted is F dNd, ,;
1
·
2

, and the resulting number of spot fire~ is obtained by 

multiplying those firebrands which land ·for which t ~ t. by P. . 
res 1g~ g 1g 

From Eqs. (30·) and (31), t. = 2. 75 sec. Since t. < t. = 4. 3 sec, 
1gn, g 1gn, g 1gn 

t." is used as the ignition time. With this small a value oft. , almost 1gn . 1gn 
all firebrands which land wil1 have t ~ t. For instance, the smallest 

res 1gn 
size cylindrical firebrand (D = 0. 25. in.) hasp. /p = 0. 559, which is 

o imp o _ 
very close to the in-flight burnout value of 0. 05. Thus, the t ~ t. 

res 1gn, g 
(t ~ t. for this case) requirement does not limit the number of spot res 1gn 
fires for this case. As for the convection column calculations, P. = O. 61, 

1g 
and F d is given by Eq. (21 ), with again K = 0. 00335 for the logging slash 

fuel model. 

The values of Fd, Nd ,, ·, and Ns " (the number of spot fires due 
, 1 12 d,•12 

to a given size class firebrand initially located within y
1

, Y
2 

produced during 

the lifetime of the fire whirl) for selected size classes within vari~us .1Y is 

given in Table C-11 for bark firebrands. Also given are the i associated 

with the Y ranges. The fire whirl lifetime tL is taken to be 100 sec. Results 

for the other size classes of interest and for cylindrical firebrands were 

also calculated but are not shown he're. The firebrand generation function 

F dis much larger here than for the associated convection column, due to the 
1 

much larger value of u for the fire whirl. The distances x shown in Table 
0 

C-11 are calculated according to Eq. (49). 

The total mean prob-able number of spot fires induced during the life -

time of the fire whirl (100 sec) is 1107. The breakdown as to how many are· 

generated within various distances from the fire front is given in Table C-12. 

The lateral spread (normal to x) of the threat corridor is approximately 400 ft, 

as given in Section IV-C. As discussed in Section IV-E, the short-range spot 

fire threat from the fire whirl is much less than from the convection column. 
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Table C-11. Spot Fires at Various Distances Induced by 
Selected Sizes of Firebrands (Logging · 

· Slash Fire Whirl Example) 

. -H, in. ,, x, ft Fd N N 
d, Y1 2 s , d, 'Y 1 2 , 

o. 1 0..;. Q. 01 5650 0.36 12.43 2.5 

0. 01-0 .. 03 5650-1502 99.4 19.5 

0. 03-0. 06 1502-465 335.6 65.5 

o. 06-0. 1 465-50 795.5 155.5 

o. 15 0-0.01 9460 0.26 0.79 0. 12 

0. 01-0.03 9460-2490 6.29 1.0 

o. 03-0.06 2490-747 21. 21 3.4 

o. 06-0. 1 747-50 50.3 8.0 

0.2 0-0. 01 6644 o. 20 3.03 0.37 

o. 01-0. 03 6644-1760 24.23 0.96 

0.03-0.06 1760-538 81. 78 9.98 

o. 06-0. 1 538-50 193.84 23.65 

0.4 0-0. 0.1 4039 o. 10 0.27 o. 016 

o. 01-0.03 4039-1084 2.20 o. 13 

o. 03-0. 06 1084-345 7.42 0.45 

o. 06-0. 1 345-50 17.58 1. 07 
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Table C-12. Total Number of Spot Fires Induced within 
Various Distances from the Fire Front 
(Logging Slash Fire Whirl Example) 

Distance from Front, ft Number of Spot Fires· 

<468 

468-1000 

1000-1500 

1500-3000 

3000-5500 

5500-9460 

Total Number = 1107 

Total for x > 468 ft = 192 

-104-
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The probability of coalescence due to the fire whirl is essentially nil. Thus, 

the main threat is from individual long-range spot fires that start a large 

distance away from the main front. If they go unobserved and become large 

fires, they can become a threat to men and equipment fighting the main 

front. The probability that at least one spot fire will be gene.rated during 

the fire whirl 1s lifetime is very nearly one. For instance, the probability 

that at least one spot fire will occur within 5500 ft < X < 9460 ft is 0. 9975; 

[P(~1) = 1 - P(O) = 1 - exp(-5) = 0. 9933]. The probability that at least three 

will occur is 

2 
P(~) = 1 - P(O) - P(1) - P(2)· = 1 - (1 +5+5 /2) exp(-5) = O. 88 

The probability· that at least six will occur is O. 39, and P(~7) = O. 24. 
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