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AN EXPERDilli\'TAL STUDY OF HODEL FIRES 

By 

G. M .. Byram 
H. B. Clements 
E. R. Elliott 
P. H. George 

I. INTRODUCTION 
/ 

In order to establish a quantitative model of the propagatt:.ion of 

...... 

fre~-burning fires, it will be necessary (1) to ~dentify the various physic~l 

processes uh.ich make up the me~hanisms of fire spread and (2) to o~tai.n a:1 

underotc:nding of the processes and their int·ere.cting effects. A "mechani3::.'' 

. 0f fire spread \vill be defined as one or more processes v7hose comb in.ed 

erfec.t determines one 't-lay in 'tvhich a fire can spren.d. For some types of 

fires more than one mechanism, or group of processes, mc.y be operating 

simultaneously. 

One of the first models of fire spread is represented by the analysis 

given by Fons (1946). Fons resum-ed this work in 1959 after Project :?ire 

Hodel vJas formed. Its general objectives ~vere. to determine the effect. of 

the independent fuel and weather vari.2bles on the spread, behavior, ;-:.nd 

~ntc of energy output of free-burning fires in solid fuel. Detailed ob-

ject.ives are given in an earlier report by Fons !:.!_ .£.!. (1960) .1.nd most o£ 

the rcsulto fo~ fires in still air are given in a second report by ~o~s 

::;tc.o.dy-st:ltc laboratory fires spreading through \vooJ cribs. The \10t1-.! cri::, 
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is a special type of fuel bed in which important fuel variables such 

as moisture content, wood den~ity, stick size, and stick spacing can be 

carefully controlled. 

The first part of thiR report presents the results of further tests 

of fires in wood cribs. In one series of tests cribs of the same height 

;. 

and structure but with different areas, or horizontal cross-sections, 
I 

were burned in still air to determine the effect of size of burning area 

on.the rate of burning per unit area. A second group -of tests in still 

air concerns the effect of stick size and spacing on rate of fire spread. 
r , A third series of tests was made with fires in the wind tunnel to deter-

mine the effect of wind speed on rate of spread, r·ate of heat output, 

flrune l~ng·t~, and ang.le of flame tilt. 

Although a. quantitative· model of fire propagat,ion is not proposed, 

the _second part of the report deals with mechanisms of fire spread. An 

experiment with a series of pool fires in a wind· stream is described which 

illustrates an important ignition process involved in the spread of wind-

driven fires. 

... 
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II. THE EFFECT OF SIZE OF BURNING AREA -ON THE 

BURNING RATE OF WOOD CRIBS 

One of the main processes controlling the rate of spread of free-

burning fires is the rate of burnout of ignited fuel. Behind the leading 

edge of a moving fire front is a strip of considerable widtb.which may be 

designated as the burning zone. For a given rate of spread, this zone 
• 

will be narrower and the flame higher when the fuels burn out rapidly 

than w.hen they burn out slowly. Many factors. influence· the-- burning rate 

~uch as fuel particle spacing, fuel particle size, moisture~"content, 

possibly wind speed, and the dimensions or size of the burning area. 

To determine effect of size of burning area on the burning rate, 

seven test burns were made with square cribs ranging in width from 0.2 

·feet to 1.28 feet. '11le cribs were constructed from 1/4-inch sticks of 

wh"ite fir (Abies concolor) and conditioned to a moisture content of 10.1 

percent. Each crib had a stick spacing of 3/4 inch and a height of 3.1 

inches. Each crib was placed over a wick of asbestos cloth soaked in a 

few milliliters of n-hexane (l~ss than 3 percent of the crib weight). 

Both wick and crib \\'ere mounted in a shallOVT pan, slightly wider than the 

crib, supported by a direct reading balance. The entire crib was in flames 

from the moment of ignition and the weight was recorded at 15-second 

-intervals throughout the burning period. For each fire the weight _was 

plotted against time as shown for the 1.28-foot crib in figure 1. Ex-

pcrimental conditions and results are given in table 3 of the Appendix. 
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Figure 1. --The ~ .. :rcight-tin:e bt:rr..:.n:; cu::-vc• o£ :1. sc:u.:n:-e ~"uod c-::·it >:.:it;,. 
e. '!;..;idth of 1. 28 feet,. ·:;:.~...; ::-:aximur.;l burning rate ~~'...:...s :. • 53 
pounds per minute. 
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burning rate was given by the slope of 

its largest value durinz a period when the burning r~tc w~2 nearly co~Etant. 

'!'he m.:n-':.imum burning rate I'er unit arc.:::t G \·;·as calculated by tl1e eq~aticn 

G----:::r "j·.-' , . c·~' \/\.& \ 
- D.A. d e Jm Er/ 

? 
· ¥7hcl·e G is the burning rate in lbs/ft ... win, D t::.;~ crib -v;ii:lth in feet, 

nnd (u~ll_/d e ) is. the mn.xicum rate of v.?ci;:;ht lons. 
! U1llX 

In fig-u.re 2, the results of the tests are shotm us a r.:-:,a.sn tra::.:sf.;:;r-

beat transfer relationship with the 

a 0 3 

c·zt,.1irH1 t the group .,.~ 
1

:.:. where is the air density, .J ~he air 
~-. ""oO 

}·.i:H?Eirttic viscosity, and 'ff the acceleration due to gravity. Tnis curve 

in .. :Hcutcs that for the square cribs 

G D oC (_f! D~)/Yl 
--z) lJ \ IJ-.. 

00 a cO \ -~o:;. 
Hi th a vnl ue of /l"l very close to 1/4. 

Figure 3 shows that the burning rate G varies az the minus 1/4 p~~~r 

. ·f the crib v1idth D in the range of crib sizes uccd in these tests. Frc;:;::;. 

t~.:e curves in figures_ 2 and 3 it ap?ears tMt the effect o:: .::.::e.s. on :he 

:~·.:: r:1ing rate of \•70od cribs is similar to that for lic;1.dd fires in the 

:-r::; .. ;i:Jn of laminar flow as reported by Spalding (1953)> R::!.sbash et al 

"',... l Vr.r,g (1061) ...... "'1....4 .. \.-".o.'- .... ..; ' • However, as the area of liquid fires inc~e.s.ses the 

:.·,1:-ni.a3 ra.te reaches n minimuin and then increases to approach a constant 

~·:He for the turbulent conditions over lsrz'oi! burning pools. This 0-::,havior 

,>f 1 i~uid fuels was discussed by Hottel (1959). t;J1.1C:ther solid fu..::l3 will 

-4-
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Flaure 3.--Unit area burning rate G for square cribs plotted against 
the crib width D. 
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show the same behavior remains to be seen. The experimental work will 

require rather difficult tests with large areas but the results are needed 

for a better understanding of the burnout process comprising a part of the 

spread mechanism of wind-driven fires discussed in section V. 
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III. TilE EFFECT OF STICK SIZE AND STICK SPACING ON TilE 

RATE OF SPREAD OF CRIB FIRES 

Fuel particle size and fuel particle spacing are two of a group of 

v .. ,tJ crib variables which have a marked effect on the burning rate and 

rAte of spread of fire through wood cribs. The ignition time and burn-

, .. Jt. time for small fuel particles are less than those ,for large particles. 

ln(reasing the stick spacing in a fuel bed increases the transmission of 

. 
nadtant heat ·in the direction of unburned fuel. However, if the spacing 

ltt too s.reat, a tier of unburned sticks may not receive enough heat for 
. . / 

t~nl t ion and the crib wi 11 not support a spreading fir,e. Also,_ lf. the 

•ticks are too closely spaced, sustained burning_will not be possible be-

cause of restricted air fl~. Between these limits is the range of 

,paclngs ·ln which sustained fire spread is pos.sible. The actual limits, 

. or the range of spacings, may depend on other crib variables such as 

~•lature content. 

Bryan (1943) reported that the burning time in wood cribs vl:lried a.s 

thr 3/2 power of stick size. The work of Fons ll al (1963) indicated that 

the 3/2 power relationship is not valid in cribs of closely spaced sticks 

wh•re the volume of the voids is equal to or less than the volume of the 

!u•l. Fons !U_ al (1960) reported the effect. of fuel size on rate of fire 

epread In cribs with a fuel spacing of 1\ inches. llis results indicated 

that rate of spread varie~ inverseiy as the 1/2 power of stick size. 

To study the effect of stick size and stick spacing on rate of spread, 

tblrty wtte fir cribs were constructed with four different stick sizes 

•nd seven different spacings. Wood density and moisture content (about 

-6-
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'""~rc .:tbout the snme--he1ght 8 inches,_ width 10 inches, and length 40 inches. 

The experimental c.ondit ions and results .are gi_ven in tables 4 and 5 of the 

Appendix. A complete· description of the equipment and procedures was 

given_ by Fons ~ al (1962). The cribs were ignited at one end with about 

15 milliliters. of n-hexane. After· a brief. initial buildup period, the 
• 

fires burned through the cribs at a constant rate. 

However, when the stick spacing in the cribs exceeded 2.0 inches, 

the fires began to exhibit an undulating effect in the rate of spread as 

the flames passed from one lateral tier of sticks to another. The magni-

tude of these undulations increased with spacing. The tabulated rate of 

spread values for .these fires were averaged over a long time interval so 

do not reflect the flame undulations. In figure 4 rate of spread is plotted 

agninst stick size for different stick spacings. The same data are shown 

in figure 5 with rate of spread plotted against stick spacing for different 

~tick sizes. Although for some of the curves there is considerable scatter 

of the data, these ftg.ures show that rate of spread varies approximately as 

d -· 6s· 9 where d is the stick size and S the ntick spacing or distance 
0 0 

between sticks. 

To estimate the heat receiv~d by sticks in the interior of a crib as 

the burning zone approaches, a calorimeter device was placed in the crib. 

It con~isted of a blackened horizontal 1/4-inch copper tube with water flow-

ing through at a constant rate. Two thermocouples were placed in the tube 

to measure the temperature of the water before it entered and after it left 

the crib. The tube was perpendicular to the direction of fire spread and 

-7-
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was in the horizontal plane separating the upper third and the lower two-

thirds of the crit. In the longitudinal direction it was located about 

two-thirds of the way through the crib. The rate of heat received by the 

tube can be expressed as 

• 

where I is the rate of heat received per unit area of tube, C the 
p . 

specific heat of water, M the rate of mass flow of water, At the 

temperature -rise, and At the area of the tube in the crib. The heat 

·.rate estimates ranged from 20 to 70 Btu/ft 2min just before the approaching 

flames contacted the tube. 

-
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IV. TilE EFFECT OF WIND ON THE RATE OF SPREAD OF CRIB FIRES 

The effect of wind speed on the rate of fire spread in wood cribs 

with different spacings was studied by burning a series of cribs in a 

low-speed wind tunnel. The wind tunnel fan delivers o maximum of 40,000 

) 

cubic feet of air per minute and gives wind speeds from about 3 to 13 

feet per second in the 8 x 8-foot test section. lbe air was recirculated 

; during the test fires. To control its temperature and relative humidity, 
• 

a part of this air (about 6,000 ft 3/min) was passed through a process air 

unit. This unit is part of the wind tunnel system and is equipped with 

20 tons of refrigeration, heating coils, and steam spray nozzles. 

Wind speeds in the test section are controlled by manually operated 

dampers on the discharge side of the fan. Before reentering the wind tunnel, 

,the air passes through a 30,000 cubic foot settling chamber in which the 

speed of the air is reduced to near zero. The 16-foot square wind tunnel 

entrance to the settling chamber is equipped with both vertical and 

horizontal straightening vanes to reduce turbulence in the 8 x 8 x 18 foot 

test section. 

A combustion table 1. 25 feet high, 3. 5 feet wide, and 12 feet long · 

was mounted in the center of the test section. for supporting the cribs. 

The ignition end of the cribs was placed 4.0 feet from the upwind edge of 

the table. They were ignited in the same manner as described by Fo~s ll al 

(1962) except that the ignited crib was sheltered from the wind stream for 

a short time until the flames were well established. The fire was then 

allowed to spread freely through .the crib with the wind. 

-9-
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In the laminar flow of the test sect ion, the flames had a smooth 

"unnatural" appearance. It was found that a vertical 2-inch barrier· 

placed across the leading edge of the table introduced enough turbulence 

to give the flames a normal appearance. The curves in figure 6 show the 

vertical wind speed profiles over the center line of the combustion 

table 4.0 feet from its leading edge. These measurements were made with-

out the barrier for three different wind speeds. Similar curves with the 
' 

barrier in place are given in figure 7. The barrier produced a turbulent 

layer: about 15 inches deep at the position where the profiles were deter-

mined. 

A total of 19 cribs were burned in the series of tests. They were 

constructed from 1/4-inch white fir sticks with spacings of 1/2, 1-1/2, 

2-1/2, and 4-1/2 inches. Cribs 3 feet long were used for the tests at 

low wind speeds and cribs 6 feet long for the tests at· higher speeds. 

The cribs all had about the same heights and widths and the density of 

the ·wood from which they were constructed varied from 22.5 to 25.2 pounds 

per cubic foot. Brown wrapping paper treated with diammonium phosphate 

fire retardant solution was glued to the sides and leeward end of the crib 

to simulate greater crib width and length by restricting the flow of air 

. into the crib. · 

The experimental conditions and results for these test fires are 
. 

given in table 6 of the Appendix. Rate of fire spread was measured by 

tracking the flame zone with a one-power telescopic gunsight mounted on 

a trolley free to move parallel to the wind tunnel on an aluminum I-beam. 

'11le angle of tilt of the flame and flrune length were determined from 

photographs. Wind speeds were measured with a pitot tube mounted 2.75 

feet above the center line of the combustion table and at a horizontal 

distance of 3.5 feet downwind from the 2-inch barrier. 
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Rate of spread for the cr,ib fires is shown plotted against wintl speed 

for different stick spacings in figure 8. \Vhen extended, these curves 

have a nearly common origin on the horizontal axis and can be represented 

by the empirical equation 

) .<f R k (u t.U0 S . 

in \-'hich K and u are constants. Tile constant u has the dimei;tsions 
0 0 

of velocity. It is doubtful that fires in other types of fuel beds will 

in general show 1-1 linear relationship between rate of spread and wind 

speed. 

When the first cribs were burned in the wind tunnel it was found that 

the flames had quite a different appearance and.structure than for a fire 

,{ spreading thro·ugh a crib in calm air. n·epending on tl1e speed of the wind 

t 

I 
\ 

t! ( 
! . 

and the rate of convective he.<tt output, the flames and convection coltll!ln 

were til ted at an appreciable angle from the verticaL For a short dis-

tance downwind from the leading edge of the burning zone the flames appeared 

to be in contact with, ·or very close to, the upper surface of the crib. 

For a somewhat greater distance, random fingers of flame would descend from 

the lm-rer surface of the til ted flame front to make momentary contacts with 

the upper surface of the crib. Also, unburned gases appeared to flow in a 

horizontal direction within the crib and would well up through the surface 

openings ah.e~d of the burning zone. At the higher wind speeds these gases 

would ignite and form a small secondary fire about 10 to 16 inches ahead 

of the main burning zone. Eventually the area bet,>Teen the two fires would 
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ignite to form a single fire. This behavior made it difficult to identify 

the burning zone and to obtain the rate of spread. It is doubtful that 

the fires reached a steady-state even for the 6-foot cribs, although the 

main flame front would tr.'lvel through the crib at a nearly constant rate. 

• 
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V. . TilE f-ffiCHANISMS OF FIRE SPREAD 

The flame front behavior which occurred when the cribs were burned 

in a wind stream was examined in greater -detail. by using a liquid fuel 

- fire in a series of tests at different wind speeds. The turbulence pro-

ducing barrier was kept in place. A pool of burning ethyl alcohol 12.7 

inches square replaced the burning cribs. The upper surface of the pool 
• 

nt the time measurements and obsenations were made was about 0.5 inch 

below an extended hori:wntal surface surrounding the pool. On the down-

uind side of the pool a series of small tufts of loose cotton fibers were 

\-! placed at 2-inch intervals. They were about 0. 5 inc.h above the horizontal 

surface and located on a line l-lhich passed over the center of the pool in 

the direction of wind flow. When suddenly enveloped by a hot gas, the 

ignition time for these fibers was very small--probably only a few hundredths 

of a second. Their sensitivity to a sudden pulse of high temperature gas 

made them good detectors of the random fingers of flame descending from the 

under surface of the tilted flame front. Three 30-gauge chromel-alumel 

thermocouples were placed 1.0 inch above the horizontal surfaceand at 

distances of 4, 10, and 16 inches from the edge of the burning pool along 

the same line as the cotton tufts. The wind speed, as measured 2.75 feet 

above the horizontal surface, was cpnstant for each test and ranged from 

0 to 13.3 feet per second for the series. 

In each test 2.39 pounds of alcohol were burned. The curve showing 

the rate of alcohol weight losa with time f.A given in figure 9 for zero 

wind speed. The nl,cohol probably reached its boiling temperature near the 

t-1,,, ,,f tht" l--urnil\~ r('rh--d \:hen the curve f1.:1ttened out. thus indicating 
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alcohol is plotted against time. The pool was burned in still air. 
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a maximum constant burning rate. This was considered the significant 

rate from the standpoint of the ignition of the cotton tufts, so the.m.a.xi-

IJZUill rate for each test was used in computing the rate of convective beat 

output. For all tests the burning time for 2.39 pounds of alcohol appeared 

to be. nearly independent of wind speed. For this reason the burning rate 

curve was determined only for zero wind speed and the curves were assumed 

to be similar at other speeds. This afforded a simple method for estimating 

the maximum rate from the easily determined average rate. It was assumed 

that the rate of convective heat output was 80 percent of the total rate 

and that the low heat value of the alcohol fuel was 11,600 Btu per pound. 

In the first test, which was made at zero wind speed, cotton tufts 

near the horizontal surface failed to ignite at a distance of 0.5 inch 

from the edge of the burning pool. On the next test (wind speed 3.7 feet 

per second) the tufts were ignited out to a distance of 16 inches. Table 1 

shows the ignition distance of the cotton tufts, rate of convective heat · 

output, and the dimensionless convection number N for the different. wind 
c 

speeds. The ignition distance is also shown in figure 10 as a function of 

wind speed. The convection number is a criterion of similarity between con-

vection columns and will be discussed in section VI. Table 2 shows the average 

temperature and the temperature e~tremes of the rapidly fluctuating thermocouple 

readings. Owing to the appreciable time-lag of the thermocouples, the actual 

range would be somewhat greater than the thermocouples indicated. Even 

though the rate of heat output was nearly constant throughout the series of 

~e~t~, ~~ n~ \~H~th in .. 'fi'$-IJ~~\ h<'<ll a'tx'\tt z.cr ;eet at zero wind SFeed to 

8bout ~.5 f~et for the highest speeds. The angle of fls.l.1!ill:! tilt is not shown 

for different wind speeds but at a wind speed of 3.7 feet per second it waa 
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Table 1.--The rate of convective heat output, the ignition distance of 

the cotton tufts, and the convection number Nc are shown for 

wind speeds from 0 to 13.3 feet per second. The air tempera-

ture was nearly constant at 74~F. during the tests. 

Wind speed 
(ft/s.ec) 

o.o 

3.7 

5·.4 

7.6 

10.9 

13.3 

Rate of 
convective 
heat output 

(Btu/sec) 

39.1 

37.2 

35.4 

37.2 

38.1 

39.1 

·14a-

Ignition 
distance 

(feet) 

o.o 

1.33 

1.42 

1.83 

2.17 

2.08 

r • 

N c 

2.34 

0.72 

0.27 

0.10 

0.05 I 
I 

I 

l 
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Table 2.--The mean temperatures and the range of extreme temperatures given 

by thermocouples for the pool fires Pre shewn for the different 

wind speeds and at distances of 4, 10, and 16 inches from the 

leeward edge of the burning pool. 

Wind Mean temperature (•F) Temperature extremes C'F) speed 
{ft/sec) 4 in. 10 in. 16 in. 4 in. 10 in. 16 in. 

o.o 143 106 104 130- 160 101- 112 93- 114 

3.7 1500 584 186 1210-1720 223- 966 141- 359 

5.4 1460 862 208 1180-1660 475-1340 162- 361 

7.6 1460 1260 497 1090-1670 877-1650 375- 715 

10.9 1390 1280 714 837-1700 807-1670 510-1030 

13.3 1390 1310 852 1030-1660 875-1650 550...:1260 
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Figure 10.--The maximum distance at which cotton fibers were ignited downwind 
from the edge of a square pool of burning alcohol plotted against 
wind speed. ~. 
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approximately 55 degrees from the vertical for the upper part of the 

flame. It increased with increasing wind speed and reached a value of 

nearly 80 degrees at the highest speeds. 

Radiation appeared to play a minor part in the ignition of the cotton 

tufts. This is indicated b~ the low mean temperature of the thermocouple 

at the 16-inch distance (this was also the ignition distance) for a wind 

speed of 3.7 feet per second. Also, it was possible to see the ignitions 

take place when darting segments of flame contacted the tufts. 

The solid lines in the diagrams in figure 11 represent vertical cross-

sections of flame zones in a plane parallel to the direction of the wind. 

With the exception of diagram A, these cross-sections were drawn from 

photographs of the pool fires. The dotted lines illustrate the estimated 

position of the associated convection columns. D~agram A is a hypothetical 

cross-section of a fire in a light wind as it has been visualized in the 

past. The flame and convection column are tilted over but it has been· 

assumed that the slight indraft which exists on the leeward side of the 

flame gives the lower1 front surface of the flame the shape indicated. 

Diagram B is a cross-section of a pool fire when the \lind speed was 3.7 

feet per second. The shape of the lower front surface of the flame is 

entirely differe~t than indicated in diagram A. The lot-1er flames leave 

the front edge of the burning pool in a forward horizontal direction!/ and 

1/ Preliminary theoretical calculations indicate that the horizontal 
speed of the flames in this region may he greater than the speed of the 
wind. If so, then wind converts a flame front into a form of jet. However, 
this has yet ~o be determined eh~erimentally. 

remain close to the .;surface fc)r some -distance before the buoyant forces 

cause them to start traveling upwards. Ahead of the region where the 
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11.--Cross-section diagrams are shown for the flume zones and convection 

columns over burning areas. Diagram A shows the usual concept of the 
deflection and shape of the flame zone (solid line) and of the con• 
vection column (dotted line) for a burning area in light wind. 
Diagrams B, C, and D are the observed cross-sections of the flame 
zones and estit:IUlted convection columns for a 12.7-inch square pool of 
burning alcohol with wind speeds of 3.7, 13.3, and 0.0 ft/sec, 
respectively. 
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! . flnmes are near.- the surface is a region sheltered from the main wind 

l ' • ' ' ' 
l 

I 

:;trcam 'Which is designated as T in diagram n. It is in this· region that 

the random turbulent fingers of flame dencend to the surface. There 

should be a slight indraft toward the flames within this region also as 

I was indicated for diagram A, but it would not reach the edge of the burn-
J ,. 
~ 
i 

ing pool. An extension of the center line of the upper par,t of the con-

l .ection column would intersect the horizontal at a point we 11 ahead of the 
.k 

; 11 
~~- burning pool. It is usually assumed that thin point probably would be 
t . ~ 
~ 

' " . ;':;' 
near the center of the burning area as would be the case in diagram A. 

. . . / 

-? 
' Diagram Cis similar to B except that the wind speed is much higherr(l3.,3 

; ' ~ 
Ct/s'ec) and the flame is nearer the horizontal. Diagram D represents the 

[ 

'\ 
' ~ 

flame and convection c.·olumn over the burning pool when the wind speed is 

' ~ . ) 
i ,, 
< 

zero. A slight. inflrn..., from all sides tilts the flame inward near the 
~ 

1 
!l 
'· 

horizontal surface. 

J r ,. 
~. 

1 T 

'J 
!, 

~ 

Alt.hough only a limited number of tests of this type have been made, 

we believe the burning pool experiment illustrates one of two important 

~ 

1 
' 

1nteracting physical processes which toget.her comprise a mechanism that 

,'~ 
~ 

~y control the spread of the majority of all forest fires. These are 

J the fires that are driven by the wind. The nenrly continuous envelopment 
'f 
cj 

l of the surface fuel for some distance nhend of the leading edge of the 
' ~ J 

o>.t 

~-
I 

i . l 
~ 

active burning zone plus random flame contact~ nt greater distances ignite 

the surface fuels. This effect would be magnified for fuels such as brush 

or tall.-standing cured grass which would ue penetrated by t:Jle jet-like 

1 
l 

flames. The second process in the mechanism concerns the rate of burnout 
r 

I 
l 

'~f the fuel layer after the surface has been ignited and should have a 

I 

j 
marked effect on the rnte of spread. The presence of long flames ahead of 

i 
t 
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, the burning zone requires a short burnout time after the surface fuels 

h~ve been ignited. In turn, a short burnout time would involve the dawn-
i I 

' . l 
\ ~ l \ 

' i t J 
l' t.: 
z ' .1 
:~ \, 

1 · I 
f 
I ~ , 

;ward rate of heat flow and the characteristics of the h~terogeneous fuel 
j 
;layer including its moisture content. 
-! 

Secondary ignitions would increas~ 

·;the burnout rate when burning fragments of fine surface fuel fall through 
1 

--<j: 

' ;;openings in the fuel layer and ignite fine fuels below. The rate of .. 
., 

,:ppread 
·~ 

] 
:py the 

~ayer. 

resulting from these two proc.esses should be increased considerably 

presence of fine fuels, both on the surface and within the fuel 

This fine material is present in the majority of forest fuel types. 
[~ ~ 
l ) .;1 

f. :t 
Fire research workers have always felt that the preheating of surface 

) 1 ' : . 

~ . t·. ' t' 
'fc.' 

. ! •. 1' 

~- l 

! l t, 
f ! 

" ·:JJ 

fuels by radiation from the flame front was a dominant factor in the ignition 
-i; 
"-t 
f 
~f unburned fuel. 

_-.~ 

A corollary to this idea has been the belief that radia-

' 
~ion was involved i.n the effect of wind on fire spread in that flames slanted 
:'' 
by the wind radiate more effectively to the fuels immediately below •. We 
,·,i 
~o not doubt the correctness of this assumption insofar as increased radia-
i • 
~on is concerned, but our preliminary series of tests indicate that the 
.'}, 
;; 

' -JR 

.~,.1 .... 1 ·~ , , p~red to that of flame ~nvelopment and flame contact for wind-driven fires. 

rifntribution of flame radiation to the ignition of new fuel is small com-

t } P~ssibly the contribution of radiation increases with increasing fire in-

\ t4ns1ty, Preheated fuels would have a somewhat shorter ignition time and 

;,., 

·..: 

l ~dar intense radiAtion the random flame contacts could give a type of 

pbot ignition. 

Wind-driven fires have a wide range of rate of spread values but most 

them are in the range between 0.1 and 2.0 feet per second. Fires travel-
c 

.ing up steep slopes can move considerably faster than this but may have a 

3imilar flame front structure. They have not as yet,been studied on a 

.. ···""·l ~aboratory scale. :.. I , 
l l ' -17-
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There is one type of fire for which surface tgnit ion by hot gas l 
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envelopment (or random flame cont,nct) plAys little part. This type has 
'{ 

~ 

\ 

a very low rate of spread {about 0.02 to 0.04 foot per second in mixed 

grass and pine needle fuel) and includes fires burning in still air and 

also those which spread ngainst the wind. Radiative heat transfer in a 

l 
~ 

~ 
'l 
~ 
} 

l 
I 

horizontal direction within the fuel layer from the burning zone appears 

to be the dominating ignition process. The model proposed,by Emmons (1964) 

should apply to this type of fire. The spread mechanism represented by 

1 
l 

this mo~el nlso in~ludes the burnout process but not in quite the same way 

I 

l 
l 

as the surface ignited fuels in wind-driven fires. 

The spread mechanisms are not well understood for one of the most im-

1 portant types of fires. These are the major convective fires or so.-called 

"blmrups." A detailed discussion of these fires is outside the scope of 

\ thin report but their possible mechanisms of spread will be considered 

I ., 
briefly. The characteristics of these fires were discussed by Byram (1959). 

l 
Their sustained rates of spread are usually from 1. 5 to 6. 0 feet per second 

but mny be considerably greater during erratic surges. One of their most 

prominent features is the convection column which may tower to a great 

height or it may be terminated, or fractured, by a layer of high-speed winds 

~ oeveral thousand feet above the earth's surface. In either case the column 

t appears to be of the free convection type although the wind stream may dis-

·1 tort its shape and pattern of internal motions somewhat from the free 

con.ection forms. The two processes suggested as the mechanism of spread 

for the ordinary wind-driven fires should also operate in the same way for 

1 
{fires of a much higher intensity. For the major convective fires, however, 

· 1ere appears to be a second mechanism which operates ind~pendently of the 

jfirst. ~t can also 

~ , t•nnsport of burni~ 
bf! brol~en down into two key processes. One 1s the 

material which is carried aloft by the strong updrafts 

·18-
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in the convection column (or columns). On a large scale embers falling 

from the convection column may reach the proportion of an ember shower 

which can ignite extenc.ive a~·ens well ahead of the advancing fire front. 

The second process conc'erns the rate of burnout of the ember-ignited fuel 

and is analogous to the second process in the spread.mechanism for wind-

driven fires. 

Fire spread by ember transport may be the most important mechanism 

• 
for the major convective fires but this·is not certain. Furthermore, there 

may be other mechanisms invohed. It is known that there are complex con-

vective phenomena in and near the fronts of major fires. These are/not 

well understood but they could contribute to both the rate of spread'and 

the erratic behavior of these fires. For example, intense tornado-like 

whirls can form in the burning zo~e which have stronger vertical updrafts 

than could occur·· in any ordinary comect!on column. We have measured up-

j draft velocities of more than 40 feet per second in laboratory models of 

~~ : f fire whirls which were only about 12 feet in height.. Possibly on a larger 
• 1 
' 1scale these vortices may be one cause of ember showers. Another type of 

vortei~ associated with these fires resembles the tornado in appearance. 
\ 

~~It forms at a considerable height on the underside of the til ted convec-

t tion column. Sometimes these pendulous funnel-shaped structu~es may form 

at a considerable distance ahead of the fire front (occasionally a mile 

I; ~or more). 

, than for vortices in or near the burning zone. 
i 

\
. :,.. ' There is one factor which indicates that the mechanism involving ember 

j transport (and possibly other processes related to large buoyant forces) 

Their effect on fire behavior is not known but is probably less 

! 
' 
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dotdnates the behavior and spread of the major high intensity fir~a. 

This is the magnitude of the dimensionless convect:on nuwber N c 
and 

its variation with height above the earth's surface. For most wind• 

driven fires N is usually considerably less than unity near the 
c 

earth's surface.and decreases rapidly with height. For "blowup" fires, 

}:10wever, N appears to be greater than unity near the surface and 
c 

either rema~ns const'ant with height or increases with height. 

be discussed briefly in the next section. 
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VI. CONVECTION COLtJMN SCALING RELATIONSHIPS i 

In recent years there have been numerous papers describing theoretical 

and experimental work on convection columns over point and line heat sources 

\ 
in still air so the scaling relationships for free convection over such 

. {: \ sourc~s are well understood •. On the other hand, there. have been relatively 

\few papers dealing with convection over heat sources in a wind field. One 

'of the most recent is a paper by Pipkin and Sliepcevich (1964) describing 

l ~ ; 
i r: t a study to determine the effect of wind on the bending of buoyant diffusion 

I~ i flames. 

!I ~ ' 
Although its significance has yet to be determined experimentally, a 

f (. 
\ . promising parameter for stud~ing convection columns in a wind stream is a 
i t . 
[· ldi.mensionless group which will be designated as the convection number Nc 
~ ' 5 
! . l 

; . ror a fire, or other heat source, in the forao of a long line perpendicular 

J'~; to the direction of the wind, this number takes the form 

}i 
' ' \: 
~ 

\! 

1 
i : 
I . 
! 
1' 
~ . 

l 
{· I 

~ 

} . 

1 

' r 
) 
$ 
j 

, 
here ~ is the acceleration due to gravity, Q, is the rate of convective 

teat output per unit length of line heat source, C the specific heat of 
. p 

ir at constant pressure, T the absolute temperature of the air at the 

i.rth' s surface, ~ the de:sity of the atmosphere at some height 'J 

ibove the earth' • surface, and u the speed of the wind at height J . 
ti 
~~ 

1 
l 

should determine convective similarity between columns. For example, 
' 

convection columns over line heat sources of different strengths and in 
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wind streams of different velocities should have the same angle of tilt 

from the vertical if N 
c 

is the same in each case. For a point source 

N takes the form 
c 

where r ' 1s the radius of the convection column at height ') 

• 
and ·Q 

c 

is the total rate of convective heat output of the point source. Equa-

tiona .(1} and (2} are written for an isentropic compressible fluid, such 

as the atmosphere .when the vertical temperature gradient is equal t'o the 

dry ~diabatic gradient. However, they remain unchanged for an isothermal 

incompressible fluid. They take more complex forms fqr non-isentropic 

compressible fluids and' non-isothermal incompressible fluids. 

The value of Nc rfor each of the pool test fires. is shown in table 1 

but in·each case the values probably have significance only in the upper 

part of the convection columns for heights which are large compared to the 

(2) 

dimensions of the area source. The computations were based on equation (1), 

but with :J held constant equation (2) would have given the same relative 

values of N between fires. Large v~lues of N indicate steep convection c c 

columns and small values indicate sharply bent over columns. Owing to the 

disturbing effect of the wind tunnel walls and ceiling, no attempt was made 

to obtain information on the form of the convection columns for the pool . 
For the fire burned with a wind speed of 3.7 feet per second~ N c ' fire a. 

was 2 .34. This is a relatively large value and a fairly steep convection 

column could exist above the flame zone (in the abeence of the wind tunnel 
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! 
\ I 
1 • ! , ceiling). Updraft velocities and patterns of internal !Dotion ~Right. be 

I, 

• :j similar to those for free convection. For the fire ~o.-hich o..>urned with a 
I 

wind speed of 13.3 feet per second, N was only 0.05. 
c 

It is doubtful " 

that n convection column could exist in this case. It would more likely 

take the form of an upward slanting plume with its lower boundary main-

\ l t~ining contact with the horizontal surface dOW'IUiind from the fire. The 

t 
t structure and motions within this plume should be entirely different than 

i for the free convection-type column. 

computed from equations (1) or (2) are 

"of the lower extremity of the convection column and velocities in this 

are probably very comple>t for area heat sourc•s in wind. 
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VII. CONCLUSIONS 

Although test fires in square cribs were limited to a narrow si?.e 

range of small cribs, the results show that within this range the relation-

ship between unit area burning rate and burning area of the cribs parallels 

that reported for fires in pools of liquid hydrocarbon fuels. Tests are 

f needed in beds of solid fuel with larger areas than used thus far. 

1 
l 

Sur .. 

face ignition should be used and the effects of wind included. 

The effect of stick spacing on rate of fire spread in cribs of 1/4-inch 

sticks appeared to be about the same for cribs burned both with and without 

wind. However, it is doubtful that much information on the burning charac-

teristics of fuel beds with wind can be gained from test· fires spreading in 

cribs without wind because ·of the marked differences in the basic spread 

mechanisms. Even a wind of only 2 feet per second produces an ignition 

process in model fires that is absent in fires with no wind. 

Flames coming in contact with the surface of a crib burning with wind 

extend the combustion zone in an erratic way. For a crib six feet or less 

in length, ignition of the surface of the crib ahead of the main burning 

zone does not appear to greatly affect the rate of spread of the main flame 

lfront. However, the fire does not apl'ear to reach a steady-state in a 
I l , I 

' short crib. Cribs 16 feet ~r more in length may be required to obtain 
~ 

steady-state fires. 

Liquid fuels are more satisfactory than solid fuels for studying the 

effect of wind on the s~ructure of flame fronts. Gaseous fuels IIiight be 
I 
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even better for some kinds of tests. Even on a small scale, pool fires in 

wind illustrate a fl~ cont~:t ignition process which 1~ Frobably an im-

portant part of the spread mechanism for wind-driven fires. Results of 

tests using liquid fuels could have considerable bearin3 on the design of 

later experiments with beds of solid fuel. 
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VII l. FliTURE WORK NEEDED 

The development of a quantitative model of fire spread for wind-driven 

fires will depend on the solution of a sequen~e of problems. First is the 

identification of the different physical processes which comprise a given 

<l 
-~ mechanism of fire spread. Next is developing an understanding of the indi-

' ' viduai processes, determining the variables upon which they depend, and in-

vestigatin! the nature of. their interactians. The next step would be an 

analysis to establish the mathematical framework of a quantitative model 

of fire spread. The high -intensity convective fires would not be included 

for the time being. 

The results of both the crib fires and the pool burning tests in the 

wind tunnel show the need for a more intensive study of the effect of wind 

and slope on the structure of flame fronts. This study would include de-

termining velocities and flow patterns of gases in the flame :zone as well 

as the air flaw patterns in the vicinity of the flame front. Tests should 

be made with areas of different shapes and sizes, different burning rates 

per unit area, and with variable burning rates (burning rate gradients) 

1 across the areas. Wind speeds would range from about 1.0 to 12 feet per 

\
second. Tests should also be made on sloping plane surfaces without wind. 

The angle of the surface with the horizontal for the different tests would 
~ . , 

range from 0° to 40°. An attempt should be made to identify dimensionless 

groups which would have the same significance for scaling in the regions 

just over an area heat source that the convection number appears to have 

· for the upper convec·tion column. 
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A closely related study would deal with the rate of burnout of 

beds of solid fuel after ignition over their entire area. This study 

would be an extension of the Hork described in Section II except that 

much larger areas should be included and ignition would be from the top 

rather than from the bottom of the fuel bed. Tests would be made both 

in still ·air and with wind • 
• 

It is expected that a few tests in the wind tunnel with long cribs 

(up to 16 feet or more in length) will result in steady-state fires, 

e:ccept possibly at the higher l..rind speeds. 

The work described in Section IV on the effect of wind on the rate 

of spread should be extended to cribs of a somewhat different structure 

than used in the tests thus far and also to heterogeneous beds of solid 

fuel which contain some fine material. The cribs should be l~nger, wider, 

and perhaps only one-half as deep as the present cribs •. The quantitative 

relationships for describing the effect of wind on fire spread should be 

easier to establish when more is known about the structure and behavior 

of fire fronts and when more progress has been made on the scaling re-

lationships over simple area heat sources. 
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NOMENCLATURE 

Area of copper tube in the crib 
. 

Specific heat 

Initial thickness of fuel sticks 

Width of square cribs; depth of flaming zone in 
direction of fire spread 

Acceleration due to gravity 

Burning rate per unit area 

Height of crib 

Heat· rate received per unit area 

Length of flames 
. l. 

Length of crib 

Mass flow rate of water 

Moisture content of wood based on bone dry weight 

Exponent 

Convection number 

Rate of burning 

Rate of convective heat 

Rate of convective heat per unit length of 
line source 

R Rate of fire- spread 

S Fuel stick spacing 
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u 

u 

Air temperature 

Stack gas temperature 

Wind speed 

Average wind speed 

Width of crib 
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ft 2 

Btu/lb •p 

inches 

• ft, inches 

ft/sec 2 

lbs/ft2 min 

inches 

B_.t:u/ft2 min 

inches 

inches 

lbs/min 

percent 

Btu/sec 

Btu/sec 

Btu/ft sec 
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w Loading {bone-dry weight of crib per unit area) lbs/ft2 
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Kinematic viscosity of air 
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APPENDIX 

The experimental conditions and results for the crib fires are given 

in tables 3 to 6. The symbols in the tables are ex~lained in the nomen-

clature. 

Tables 4 and 5 include three fires (66, 67 1 and 68) which were con-

structed with different arrangements of the fuel sticks, to the results for 

these fires are omitted in the text. 

The rate of spread values in figure·S for zero wind speed are given 

in tables 4 and 5 (fires 72, 83, and 96). 
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1/ Table 3.--Experimental conditions- and results for area fires in I 
2/ square cribs of white fir wood-

!. 

Fuel bed J/ DimensionlesS' 
Fire parameters- Burning parameters groups i 
No. . 

(GD/v<OPco) (D3g/v~) D Wt (dWf/d8)max G 
' j 
~ • 

ll 1bs 1bs/min 2 -8 

j lbs/ft min xlO 

D-1 0.190 0.11 0.059 1.63 415 0.0765 'l 

1 D-2 .274 .18 .112 1.49 547 .229 

D-3 .358 .30 .176 1.38 662> .512 
l 
l D-4 .527 .62 .304 1.09 769 1.64 
\ 

J. D-5 .780 1.31 .703 1.16 1210 5.38 ,. 
J 

1370 '\ D .. 6 . 1.03 2.27 1.04 .99 12.1 
;1 

D-7 -1.28 3.49 1.47 .90 15l~O 23.4 \ 
J 

'1 
..;f 

i J 
':1 
"\ 

31 

l il Conditions of air were:- temp = 83°F.; "ro =. 0.0102 
2 and ft /min; 

! Pro = 0.0731 lbslft3 

1:.1 Stick thickness d .. 0.252 inch with a moisture content of wood 
' 0 
! ' ' + lbs/ft3 M = 10.1 t 0.1 percent and wood density Pf = 33.0 -.3 f 
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·"'·~~<>-'-'"~"'''"-!- 'J..I Height of fuel bed ~ ... 3.1 inches and stick spacing s"" 0.75 inch I 
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t Table 4 .--Experimental conditions for fires in cribs of white fir woo)-/ i 
. ~ t 

-! 

I 
f 

! ,, 
l 

~ with different stick sizes and spacings 

I \ 
0~ 

t! 

I· ire 

} ' 
~ 2/" l 
~ Room- f ~ ' Fuel and fuel bed parJI\meter~ r . temp. t 
• Jo • d I Mf I I I wf I w I hb I I In I s 

; 
~ t Pt Pb wb f 

! 0 0 0 t 
oF. ln. Per- Lbs Lbs Lbs In In In In I 

)'I cent ft3 ft3 Lbs ·w l 
t 

; \66 ' 82 0.432 10.5 26.1 7.52 7.26 3.43 5.48 8.84 36.1 1.25 f i ! ! 67 85 .432 11.1 26.1 7.07 7.11 3.23 5.48 8.94 35.8 1.25 t 
i 68. 83 .432 10.8 26.3 6.82 6. 71 3.06 5.38 8.84 35.8 1.25 t 
l ' 34 .443 11.3 25.9 4.99 7.39 3.00 7.22 10.22 34.6. 2.0 f 
i : '69 
1 . I · 
~ I f 70 81 ... 443 11.2 25.9 . 4.25 5.93 2.58 7.28 9.27 35.8 2.5 , ln ' 

82 .261 10.8 25.6 3.21 4.32 1.98 7.38 9.25 34.0 2.0 ! 
72 82 .261 10.8 25~6 2. 71 3.31 1.67 7.38 8.54 33.4 2.5 f 
73 84 .680 10.9 25.2 5.88 12.04 4.04 8.25 10.22 42.0 2.5 ! 

74 84 .680 11.5 24.9 6.82 11.62 4.68 8.25 8. 72 ' 40.9 2.0 
i_-

75 82 .989 11.0 24.7 8.73 20.69 3.58 7.94 9.96 51.8 2.0 !' 

f 
76 73 .989 11.7 24.5 7.48 19.63 4.96 7.94 11.46 49.8 2.5 i-

71 76 .443 8.9 26.1 3.32 6.07 1.95 7.16 12.27 35.9 3.5 
78 72 .443 9.0 25.8 2.56 4.66 1.54 7.19 11.33 38.5 5.0 
79 74 .989 10.7 24.9 4.84 15.84 3.21 7.94 12.97 54.9 5.0 
80 76 .680 10.9 25.5 4.86 8.89 3.33 8.25 9.04 42.5 3.5 

r 
t 

81 70 .989 10.4 24.5' 6.24 14.48 4.15 8.00 9.97 50.4 3.5 t 
l 

82 67 .443 10.4 25.8 3.34 6.08 1.99 7.12 12.27 35.9 3.5 ~ . 
t 

83 82 .261 10.5 23.6 3. 77 4.83 9.07 33.7 1.5 ' 2.28 7.25 
84 85 .443 10.5 23.7 5. 63 6.92 3.42 7.28 8.22 35.4 1.5 
85 80 .680 10.3 23.2 7.54 14.26 5.19 8.25 9.40 42.1 1.5 

-~ 
86 86 .989 10.6 23.2 9.66 19.22 6.45 8.00 8.46 50.8 1.5 t 

' 87 72 .443 10.5 23.3 4.46 6.65 2. 70 7.28 10.22 34.6 2.0 t 
J 88 76 .680 10.5 23.3 6.37 10.90 4.40 8.31 . 8. 72 40.9 2.0 '! 

89 86 .261 10.2 23.6 3.04 4.01 1.81 7.19 9.30 34.2 2.0 
I 90 90 .989 10.7 23.0 8.08 19.30 5.39 8.00 9.96 51.8 2.0 . ~ 

! r ! 
'j• 9,1 86 .680 10.8 23.2 9.63 16.95 6.57 8.19 9.08 41.0 1.0 

f 92 84 .256 10.2 24.8 5.10 6.22 ' 3.09 7.31 9.09 31.8 1.0 
93 89 .989 10.4 23.2 lb79 24.52 8.94 50.7 1.0 

l 

7.78 7.94 ! . 
94 84 .443 10.5 23.5 7.27 10.11 4.38 7.25 9.10 36.5 1.0 i .. 

~ 95 84 .680 10.3 23.3 13.26 23.08 9.12 8.25 8.94 40.8 0.5 

t ~6 76 .255 10.0 25.1 8.2ll 9.89 8.63 
~ 

33.0 0.5 4.99 7.31 J 

97 82 .443 10.4 23.5 10.77 14.97 6.48 7.25 8.93 37.2 0.5 f. 
~ 

98 72 .989 10.7 23.0 15.00 22.20 9.49 7.94 9.92 32.5 0.5 ~ 
l J. 

,I '.te fir (~_.!'!.9ncol.q~) 
t 

{ . ' 
j 1' l 
t ' ' Average of readings taken before and after fire. 
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ll Table 5 .--Experimental results for fires in cribs of white fir wood 

~.I 
ire 

'c ... 

. ! 66 
67 
68 
69, 
70 I 
71 
72 
73 
74 

~; 

L f_p5 
' . ~ 76 

1~.·- .· .. ; ~i ~~ : 79 
l 80 
' 

. I 

81 
l 82 
J83 

! :; 
I I i~ 
f 89 

t l 90 

l ~ 91 
f· 92 
• L 93 a ~ 94 

Br 

Min 

4.3 
4.3 
3.2 
2.9 
2.5 

1.5 
1.4 
4.2 
4.6 
6.2 

5.2 

. --
3.3 
2.9 

4.0 
1.6 
1.2 
2.4 
4.1 

11.1 
2.1 
3.8 
1.2 
6.1 

5.4 
1.5 
8.1 
3.2 

10.8 

4.5 
5.7 

17.9 

I 

Bl,lrning 
parameters 

G 
Lbs 

ft2 min 

0.79 
0.73 
0.94 
1.01 
LOl 

1.28 
1.17 
0.95 
1.01 
o. 91 

0.94. 

0.94 
1.12 

1.01 
1.25 
1.87 
1 • .38 
1.23 

0.56 
1.29 
1.15 
1.43 
0.86 

1.19 
2.00 
0.93 
1.36 
0.84 

1.10 
1.13 
0.54 

J 

! 

1 

I 

I 

I 

Ill:: 
flp~ 
1' ' Stack area was 3.14 ft•. 2 

' ;: 
1' J 1 

. ! 
' 

with different stick sizes and spacings 

Flame Heat 
dimensions rates 

R D I L Q i Oc 
.!E. In In ~ Btu 
min sec sec 

1.61 6.9 31.8 45.5 20.4 
1.68 7.3 32.3 44.9 18.9 
1.44 4.6 30.0 36.1 15.0 
2.44 7.0 38.6 68.5 33.3 
2.85 7.2 32.0 63.1 19.5 

~.16 4.8 33·. 5 53.7 . 21.5 
3 .l.3 4.8 31.1 45.2 19.1 
2.34 9.8 36.8 89.5 35.5 
1.91 8.9 -- 72.3 29.8 
1.66 10.3 29.6 88.3 37.2 

2.03 10.5 28.8 106.8 42.2 
4.10 92.2 33 •. 9 
4.61 73.5 26.2 
1.69 5.6 14.5 64.0 29.2 
2.58 7.4 26.2 71.1 27.4 

2.40 9.6 20.1 91.5 34.2 
3.73 5.8 28.0 84.0 26.0 
3.09 3.7 36.3 59.1 22.2 
1.97 4.8 37.8 51.4 19.7 
1. 98 8.2 35.1 89.6 29.0 

1.00 11.1 50.2 27.3 
3.00 6.2 35.4 76.9 23.8 
2.00 7.5 35.8 71.0 28.0 
3.30 4.1 33.1 51.4 21.7 
1.96 12.0 29.7 97.5 33.2 

1.03 5.6 34.9 57.0 23.6 
1.93 2.9 39.1 50.5 22.4 
0.90 7.3 33.6 57.5 25.8 
1.39 4.4 ' 36.4 51.4 19.6 
0.26 2.8 19.3 19.7 9.8 

0.96 4.3 28.1 38.8 13.1 
0.53 3.0 21.4 28.5 11.9 
0.39 7.0 21.6 35.5 9.5 

-35 .. 

1/ Stack- gas conditions 

u I ll t 1 
Ft OF 
sec 

24.0 15.9 
23.5 15.2 
23.9 11.6 
26.0 24.2 
23.5 15.4 

24.0 16.7 
24.4 14.5 
24.4 27 •. 6 
23.7 23.8 
29.3. 24.0 

27.2 29.1 
28.2 22.4 
29.1 16.5 
30.9 17.4 
29.0 17.4 

28.6 22.0 
28.5 16.6 
24.9 16.6 
24.9 14.8 
26.3 20.6 

26.8 19.2 
26.9 16.2 
27.0 19.3 
26.3 15.5 
26.1 24.4 

25.0 17.8 
25.8 16.2 
27.8 17.5 
26.2 13.9 
25.8 7.1 

23.7 10.1 
24.7 8.9 
23.1 7.4 

ts I 
OF 

98 
99 
94 

107 
95 

98 
96 

110 
107 
106 

102 
98 
88 
91 
92 

92 
84 
99 

100 
101 

105 
88 
95 

102 
114 

104 
100 . 
106 
98 
92 

87 
91 
80 

Ps. 
Lbs w 

0.071 
.070 
.071 
.070 
.071 

.071 

.071 

.069 

.070 

2 
0 
8 
2 
6 

2 
6 
8 
1 

.0702 

.0707 

.0712 

.0724 

.0721 

.0720 

.0720 

.0730 

.o1n 

.0710 

.0709 

.0703 

.0725 

.0716 

.0708 

.0692 

.0705 

.0710 

.0702 

.0712 

.0712 

.0727 

.0720 

.0736 

.. 
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i'ire 

~o. 

~: 1 
F 2 
i 3 
r 4 
F 5 

F 6 
F 7 
F 8 
F 9 
FlO 

Fll 
F12 
Fl3 
Fl4 
Fl5 

F16 
fl7 
F18 
Y19 

ll 

!I 

!I 

Table 6.·-Experimental conditions!/ and results for wind tunnel fires in 

cribs of white fir woo~/ 

Wind 
3f. 

Flame- Hurning 
Fuel and fuel bed parameters Speed variables parameters 

Pt wf hb wb Lb s u cp L 0 R 

lb/ft3 1bs -- in in in in ft/sec deg in Btu/sec in{ min 

23.9 6.10 4.62 9.0 72.1 1.5 3.47 48.6 27.4 58.2 5.2 
23.8 6.1(; 4.62 9.0 72.1 1.5 13.5 6'4.4 36;6 130.4 11.5 
23.9 6.17 4.62 9.0 72.1 1.5 5.35 53.4 29.1 76.0 6.7 
23.9 6.18 4 .. 62 9.0 72.1 1.5 7.34 63.6 32.6 86.3 7.6 
23.6 3.03 4.62 9.0 35.4 1.5 10.1 63.3 28.2 95.7 8.37 

24.0 3.12 4.62 9.0 36.8 1.5 12.1 70.7 29.8 121.4 10.7 . 
23.8 3.12 4.62 9.0 36.9 1.5 9.13 113.0 10.0 
24.0 3.06 ' 4.62 9 .o' 35.2 1.5 11.1 66.5 29.2 114.2 9.8 
25.2 2.98 4.61 9.76 71.5 4.5 7.5 65.0 34.3 109.8 19.8 
22.6 2.67 4.63 9.76 71.5 4.5 3.74 56.1 23.3 60.5 12.2 

22.5 2.66 4.63 9.76 71.5 4.5 13.2 73.0 16.4 124.2 24.8 
22.8 3. 76 4.63 8.5 71.8 2.5 7.43 63.2 24.4 79.0 11.2 
22.7 3.74 4.62 8.5 71.8 2.5 3.37 49.2 20.5 49.1 7.0 
25.2 4.16 4.63 8.5 71.8 2.5 13.1 72.7 15.3 31.8 16.8 
22.9 6. 7-8 4.63 9.28 36.4 0.5 3.68 54.9 2.2 

22.6 6.70 4.62 9.28 36.4 0.5 7.41 58.8 22.1 63.2 2.56 
25.1 7.42 4.69 9.28 36.4 0.5 13.2 64.4 26.8 101.2 3.70 
25.1 3.20 4.62 9.0 35.3 1.5 9.6 99.3 8.16 
24.1 7.14 4.62 9.28 36.4 0.5 3.94 41.7 1.59 

Air temperatures were 71 ! 3°F. 

Stick thickness d = 0.252 inch and wood moisture content M£ ... + 10.3 - 0.3 percent. 
0 

Flame deflection angle ~ measured from verti~al. 
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