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AN EXPERIMENTAL STUDY OF MODEL FIRES

By .

G. M. Byrém

H. B. Clements
E. R. Elliott y
_P. M. George , 4

I, INTRODUCTION
S

In order to establish a quantitative model of the propagation of

free-burning fires, it will be necessary (1) to identify the various physica

processes which make up the mechanisms of fire spread and (2) to obtain an

o effects: A "mechanisz

unceratanding of the processes and theilr interacting

.of fire spread will be defined as one or more processes whose combined

effect determines one way in which a fire can spread. TFor some types of
fires more than one mechanism, or group of processes, may be oOperating
simultaneously.

: One of ghe first models of fire spread is represented by the analysis
given by Fons (1946). Fons resqméd this work in 1959 after Project TFire
Model was formed. Its general objectives were to determine the effect.of
the independent fuel and weathér variables on the spread, behavior, and
rate of energy output of free-burning fires in solid fuel. Detailed ob-

jectives are given in an earlier report by Fons et al (1960) and most of

the results for fires in still air are given in a second report by Fonus

3

et (1

-
s

62). lMuch of the work in Project Fire Model has beeu haseld on

steady-state laboratory fires spreading through wood cribs. The wood crid
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i1s a special type of fuel bed in which important fuel Qarigbles such
as moisture content, wood density, stick size, and stick spacing can be
carefully controlled. | \

The first part of thié report presents the results of further tests
of fires in wood cribs. In one sertes of tests cribs of the same height
and structure but with different areas, or horizontal créss—sections,
were burned in still air to determine the effect of éize of burn%ng area
on the rate of burning per unit area. A second group -of tests in still
alr concerns the effect of séick slze and spacing on rate of firé spread.
A éhird series 6f tests was made with fires in the wind tunnel té'deter-
mine tﬁe efféct of wind gpeed on rate of spread; rate of heat output,
flame lgngth? and angle of flame tilt.

| Although a quantitative model of fire proéagation is not proposed,
tﬁélgecond part oflthe 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 processas 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 width which may be

designated as the burning zone. For a given rate of spread, this zone
will be narrﬁwer and the flaﬁe‘higher wﬁen the fuels burn out rapi&ly
than whgnAthey bﬁrn out slowly, ‘Mgny factors 1nf1uenée'the'burning rate
sﬁcﬁ as fuel particle spacing, fuel particle size, moisture’content,
possibly wind speed; and the dimensions or'si;e of the burning area.

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

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

feet to 1.28 feet."The cribs were constructed from 1/4-inch sticks of

' white fir (Ables concolor) and conditioned to a moisture content’of‘lo.l

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 (less than 3 percent of the crib weight).

Both wick and crib were mounted in a shallow 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 thé weighfiyas

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

perimental conditions and results are given in table 3 of the Appendix.
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T slope of the curva {(fig. 1) vhich had

2 burnlng rate was given by the

1

- fant
723 nearly constant.

{ts largest value during a period when the burning rate wzs
The maximum burning rate per unit arca G was calculated by the equation

// /»ﬁ/
__————— i

G = D8 mar

tha cﬁ;b width in feet,

‘where G 1g the burning rate in 1bs/ft~ain, D the

and (dW./d & ) is. the m&xi oum rate of w
i max '

In figure 2, the results of the tesdts are chown as a wass transicer-
1 . e e ae GO 4
Leat transfer relationship with the dimensionless group_:j*w— nlotted
-
. GD3 . : ' ) (;C/Pa'a
azalnst ‘the group £ where O 1s the air demsity, - the alr
'(jpg Lo : . e
the acceleration due to grav This curva

riuematlc viscoslty, and ﬁ’

{cates that for the square cribs

ind
3 Ve <4
GD g
— =
‘%ﬁo \-‘Jc{‘a.
with a value of »2 very close to 1/4.

Filgure 3 shows that the burning rate G variss ac the minus 1/4 powe

the eridb width D in the range of crib sizze used in these

9

e curves in figures 2 and 3 it appears that th effect of ares on the
turning rate of wooed cribs is similar to thet for 14 d fires in the
1 (x825},

replon of laminar flow as réported by Spaldin
and Yons (1?61). However, as the area of liquid fires increases the
Lurning rate reaches a minimum and then increases to approach a constant
-+ rate for the turbulent conditions over large burning pools. This bchavior
2 liquid fuels was discussed by Hettel (1959). Whether solid fuels will
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gshow 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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ITI. THE EFFECT OF STICK SIZE AND STICK SPACING ON THE

RATE OF SPREAD OF CRIB FIRES

Fuel particle size and fuel particle spacing are two of a group of
wwd crib variables which have a marked effect on the burning rate and
rate éf spread éf fire through wood criba. The ignition time and burn-
1t time for small fuel particles are les; thﬁn those for lhrgg particles. =
Increasing the stick spacing in a fuel bed increases the transm}ssion of
;ndlant_heat'in the direction of unburned fuel; However, if the spacing
{s too great, a ciér of unburned stigks may not'receive enougp heat for
. Ignition aﬁa the crib will not'support a spreading fire. Aléo, 1f the
sticks are too closely spaced; sustained burning will not be possiblé be-
cause of restricted air flow. Betﬁeen these limits is the range of
. spacings in which sustained fire spread is possible. The actual limits,

- or the raﬁge of spacings, may depend on oﬁher'crib variables such as
as{sture content.

Bryan (1943) reported that the burning time in wood cribs varied as
the 3/2 power of stick size. The work of Fons et al (1963) indicated that
the 3/2 power relationship is not valid in cfibs of closely spaced sticks
vhere the volume of the voids 1is ;qﬂal to or less than the volume of the
fuel. Fons et al (1960) reported the effect.of fuel sizé on rate of fire
spread in cribs with a fuel spacing of 1% inches. 1is results indicated
that rate of spread varleé 1nversef§ as the 1/2 power of stick size.

To study the effect of stick size and stick spacing on rate of ;ﬁread,
thirty wvhite fir cribs were constructed with four different stick slzes

and seven different spacinge. Wood density and moisture content (about
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;u,ﬁ'pnl;cn?) were kept conatant. The overall dimensfons of the cribs

were about tﬁe snme--helight 8 inches,.widthxlo inches, and length 40 inches.
The experimental gonditions and results are given in tables 4 and.S of the
Appendix. A complete description of the equipment and procedures was
glven by Fons et al (1962). The cribs were ignited at one end with about

15 milliliters. of n-hexane. After a brief initial buiadup period, the

fires burned through the cribs at a constant rate.

’ However, when the stick spacing in the criﬁs exceeded 2.0 inches,

the fires began to exhibit an undulating effect in the rate of spread as
the flames paséed from one latgral tier of sticks ;o'anqther. 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 1is plotted
aé#inst stick size for different stick spa;ings. The same data are shown

in figure 5 with rate of spread plotted against stick spacing for different
stick sizes.' Although for some of the curves there is considerable scatter

of the data, these figures show that rate of spread varies approximately as

d -.68‘9

o where dO is the stick size and S the stick spacing or distance

between sticks.
To estimate the heat received by sticks in the interior of.a crib‘as
the burning zone approaches, a calorimeter device was placed in the crib.
It consisted of a blackened horizontal 1/4-1inch copper tuﬁe with water flow-
~Iing through at a constant rate. Two thermocouples were placed in the tube
to measure thé temperature of the water before it entered and after it left

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

-
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was In the horizontal plane separating the upper third and the lower two-

thirds of the crit. In the longltudinal direction 1t was-located about

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

tube can be expressed as

I= C MAt/s, |
. 3

where 1 1s the rate of heat received per unit area of tube, Cp'the

gpecific heat of water, M the rate of mass flow of water, A t the

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

4

“rate estimates rangedfrom 20 to 70 Btu/ftzmin just before the apéroaching

flanmes contacted the tube,
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H IV. THE EFFECT OF WIND ON THE RATE OF SPREAD OF CRIB FIRES

The effect of wind speed on the rate of fire spread 1In wood cribs
‘Qith different spacings was studied by burning a series of cribs in a

iow—sPeed wind tunnel. The wind tunnel fan delivers a maximum of 40,000

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

! feet per second in the 8 x 8-foot test section. The ailr was recirculated

, during the test fires. To control its temberature and relative humidity,
a part of this air (about 6,000 ft?/min) was passed through a process air
unit. This unit is part of the wind tunnel system and is‘équipped with.
20 tons of refrigeration, heating colls, and ateaﬁ spray nozzles.

Wind speeds in the test section are controlled by manually oﬁerated
dampers on Fhe discharge side of the fan. Before reentering the wind tunnel,
the air passes through a 30,000 cubic foof settling chambér in which the
speed of the air is reduced to near zero. The l6-foot square wind tunnel

entrance tc 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 Fons et al
(1962) except that the ignited crib was sheltered from the wind stream for
a short time until the flames were well e stablished. The fire was then

Y

allowed to spread freely through the crib with the wind.
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In the laminar flow of the test section, the flames had a smooth
"umatural" 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

verticai wind speed profiles over the center line of the combustiop

iablé 4.0 éeet from'its leading edge. Tﬁese meaéuraments were made with-
out the barrier:for three different wind speeds; Similar curves uifh the
b#rrier in place are given in figure 7. The barrier produced a turbulent
layer about 15 inches deep at the position where the profiles were deéer-
mined.

A total of 19 cribs were burned in the series of tests. They were
constructed from 1/4-inch white fir sticks with sf&cings of 1/2, 1-1/2,
2-1/2, and 4-1/2 inches. . C;iba 3 feet long were used for the tests at
low wiqd sﬁeeds and cribs 6 feet long for the tesgs 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 experimenfal édnditions and results for ﬁﬁese test fires are
given in table 6 of the Aﬁpendi&. Rate of fire spread was measured by
tracking the flame zone witﬂ a one-power telescoplc gunsight mounted on
a trolley free to move parallel to the wind tunnel on an aluminum f-beam.r
The angle of tilt of the flame and flame length were determined from
photographs. Wind speeds were measured with a pitot tube wmounted 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.

e g e

[—

i ey o PP B S AR

P

B s T

e Y A O e L T £ R ST 3

g AT UM A

P AN e e T BRI



5 ot e 1,

N

e s PPy ety 3y v S 00 A it s I a9 B

4 1 1 T ] T ] T =TT T T T
3k N (? | |
L AN Cl) -
- JAN 'oR .
-} A J) -
ol | -
£2F A o) | -
S |
Q .
T L A 0 -
! |
Ns | $ % =
- ﬁ o) R
0 1 1 | 1 | I | { 1 | } 1 | 1 1

0 2 4 6 8 10 12 14 16
Wind speed (ft/sec) ‘ .

Pigure 6.--Wind speed profiles above the combustion table in the test section
of the wind tunrel with wind speeds of 5.5, 9.8, and 13,1 ft/sec.,
without barrier.

«10a-

e

TR b o



Heignt (1)

o

gl T TV D WY

: oy . <1 T e G s - AT 4 e A Y e e S A 1 %o

ol s e

™n

I | i L} i ¥ ! ] ] i I i I i |
) \
»

- / —d
" o) -
3 O] -
3 O -

1 | 1 1 i 1 ] 1

0 2 4 6 8 10 12 14 16

‘Wind speed (ft/sec) _ , .

Figure 7.--Wind speed profiles above the combustion table in the test section
of the wind tunnel with wind speeds of 5.2, 9.4, and 12,8 ft/sec,
A barrier at the leading edge of the combustion table creates a
turbulent layer approximately 1.25 feet deep.

«10b-

[ —

[He—

PR

T T



B s T

Rate of spread for the crib fires is shown plotted against wind speed
for different stick spacings in figure 8. When extended, these curves
have a nearly common origin on the horizontal axis and can be represented

by the empirical equation
: g
R = k’(cli'ub) S

in which K and uo are constants, The constant ug has the dimensions

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

in general show a 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 é fire
gpreading through a crib in calm air. Depending on the speed of the wind
and the rate of convective heat output, the flames and convection column
were tilted at an appreciable angle from the vertical. For ; éhort 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 lower suréﬁce of the tiltéd flame front to make momentary contacts with
the upper surface of thé crib. Also, unburned gases appeared to flow in a
horizontal direction within the c¢rib and would well up through the surface
openings ahead 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 arca between the two fires would

“11-
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% ignite to form a single fire. This behavior made it difficult to identify
é .
J the burning zone and to obtain the rate of spread. It is doubtful that
{ _ .
g the fires reached a steady-state even for the 6-foot cribs, although the

main flame front would travel through the crib at a nearly constant rate.
{
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V. TIE MECHANISMS 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 squafe replaced the burning cribs. The upper surface of the pool

at the time measureménts and observations were made was about 0.5 inch

below an extended horizontal surface surrounding the pool. On the down-

wind sidevof the pool a series of small tufts of loose cotton fibers were

placed at 2-inch intervals, They were about 0.5 inch abeve the horizontal

surface'and located on a line which 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. Thelr sensitivity to a sudden pulse of high temperature gas

under surface of the tilted flame front. Three 30-gauge chromel-alumel
thermocouples were placed 1.0 inch above the horizontal surface. and 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 constant for cach test and ranged from
0 to 13.3 feet per secbnd for the series.,

In ecach test 2,39 pounds of alcohol were burned. The curve shcwiﬁg
the rate of alcohol weight losa with time is given in figure 9 for zero
vind speed. The alcohol probably reached its bolling temperature near the

end of the durning pericd vhen the curve flattened out, thus Indicating

-13~

" made them good detectors of the random fingers of flame descending from the
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a maxioum consfant burning rate. This was considered the significant

rate from the standpoint of the ignition of thé cotton tufts, so the:maxi-
mm rate for each tea£ was used in computing the rate of convective heat
output.- For all tests the burning time for 5.39 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 agsumed
to be similar at.other speeds. This afforded a aiﬁple method for estimating
.the maxioum rate from the easily determined average rate. Ig was assumed
that the rﬁ;e of convective heat oufput was 80 percent of the total rate
and that the Iow'heat value of the alcohol fuel was 11,600 Btu per pound,

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

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

from the edge of the burﬁing 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 éhe cotton tufts, rate of convective heat
output, and the dimensionless convection number Nc for the different wind
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 extremes of the rapidly fluctuating thermocouple °

readings. Owing to the appreciable time-lag of the thermocouples, the acﬁual
range would be somewhat greater than the thermocouples indicated. Even
though the rate of heat output was nearly constant thrﬁughout the series of
testa, the flame lewngth fucreased from about 2.0 feet at zero wind speed to
about 3.5 feet for the highest speeds. The angle of flame tilt is not shown

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

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

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

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

Rate of
convective . Ignition N
"-  Wind speed : heat output distance c
(ft/sec) : (Btu[sec) ‘ - (feet) 4
0.0 | 39.1 0.0 ©
3.7 37.2 1,33 2.34
5.4 35.4 1.42 0.72
7.6 | 37.2 . 1.83 0.27
10.9 ~38.1 ‘ 2,17 . . 0.10
13.3 39.1 | 2.08 0.05
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Table 2.-~The mean temperatures and the range of extreme temperatures given

by thermocouples for the pool fires are shcwn for the different

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

leeward edge of the burning pool.

z::gd . Mean temperature (°F)- Temperature extremes (°F)
(ft/sec) 4 in. 10 in. 16 in. 4 in, 10 in. 16 in.
0.0 143 106 104 130- 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
-14b-
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Figure 10.--The maximum distance at which cotton fibers werebignited 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 1ﬁcreasing'wind speed and reached a value éf
nearly 80 degrees at the highest speeds!

Radiation appeared to play‘a minor part in the ignition of the cotton
tufts{ This is indicated by the low mean temperature of the thermocouple
ag the 16-inch distéuce (this was also the 1gn1tion distance) for a wind
speed of 3.7 feet per second. Also, 1£ was possible to sée the ignitions
take place when darting segments of flame contacted the tufts;

The solid lines in the diagrams in figure 11 fepresent vertical cross-
sections of flamg zones 1n a blane 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 i1llustrate the estimated

position of(the associated convection columns. Diagram A is a hyﬁothétical
cross-secﬁion of a firebin a light wind as it has been visualized in the
past. The flame and convecticn column are tilted over but it has been *
assuméd thaﬁ the slight indraft which exists on the leewﬁrd side of the
flame gilves the lower; front surface of the flame the shape indicated.
Diagram B 1is a cross—;ection of a pool fire when the wind speed was 3.7
feet per second. The shape of the lower front surface 6f the flame 1is
entirely different than indicated in diagram A. The lawer flames leave

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

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

remain close to the surface for some distance before the buoyant forces

cause them to start traveling upwards. Ahead of the region where the
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Elgure 11.--Cross-section dlagrams are shown for the flame 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 estimated 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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flames are near the surface 1s a region sheltéred from the main wind
stream which 1s designated as T in diagram B. It is in this region that
the random turbulent fingers of flame descend to the surface. There
should be a slight ihdraft toward the flames within this reglion also as
was Indicated for diagram A, but it would not reach the edge of the burﬁ-
ing pool. An extension of the cent;r line of the upper part of the con-
.ection column would intersect the horizontal at a point well ahead of the
burning pool. It is usually assumed that this point probably would be
xma;vthe center of the burning area as would be the case in diagra@,A.
Dlagrém C‘is simiiar to B except that the Qind speed 1is much higher-(13.3
&/ééé) and the flame is nearer the horizontal. Diagram D represents the
flame and convection cglumn over the burning pool wheﬁ the wind speed is

zero. A slightainflow from all sides tilts the flame inward near the

]

horizontal surface.

Aithough only a limited number of tests of £his type have been made,
we believe the burning pool experiment illustrates one of two lmportant
{nteracting physical processes which together comprise a mechanism that
may control the spread of the majority ofvall forest fires. These are
the fires that are driven by the wind. ‘Thernearly continuous envelopment
of the surface fuel for some distance ahend qf the leading edge of the
active burning zone pl&s randombflame contacts at greater distances ignite
the surface fuels. This effect would bevmagnified for fuels such as brush
or tall-standing curedxgrass which would be penetrated by the jet-like
flames. The second process in the mechanism concerns the rate of burnout

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

marked effect on the rate of apread. The presence of ldng flames ahead of

-16-
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?che burning zone requires a short burnout time after the surface fuels

".have been ignited. 1In turh, a short burnout time’would involve the down-

,gward rate of heat flow and the characteristics of the heterogeneous fuel

5

ilayer including its moisture content. Seéondary ignitions would increase

e burnout rate when burning fragments of fine surface fuel fall through

Véopénings in the fuel layer and ignite fine fuels below. The rate of

“}pread resulting from these two processes should be increased considerably

2

f$y»the presence of fine fuels, both on the surface and within the fuel

,?ayer. This fine material is present in the majority of forest fuel types.

Fire research workers have always felt that the preheating of surface

§

fuels by radiation from the flame front was a dominant factor in the ignition
ef unburned fuel A corollary to this idea has been the belief that radia-
gion was involved in the effect of wind on fire spread in that flames slanted

Ey the wind radiate more effectively to the fuels immediately below. We

ép not doubt the correctness of this assumption insofar as increased radia-
1
tion is concerned, but our preliminary serles of tests indicate that the

ntribution of flame radiation to the ignition of new fuel is small com-
red to that of flame envelopment and flame contact for wind-driven fires.

Pbsaibly the contribution of radiation increases with increasing fire in-
ténsity. Preheated fuels would have a somewhat shorter ignition time and

under intense radiation the random flame contacts could give a type of

"1

pilot 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-

o ,mﬂ el

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

similar flame front structure. They have not as yet been studied on a

Iaboratory scale.
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jconvection forms. The two processes suggested as the mechanism of spread

There 1s one type of fire‘for which surface tgpition by hot éas
envelopment (or random flame contact) plays little part., This type has
a very low rate of spread (aboﬁt 0.02 to 0.04 foot per second in mixed
grass and pine needle fuel) and includes fires burning in still air and
also thosé which spread against the wind. Radiative heat transfer in a
horizonfal directioﬁ within the fuel layer from the burning zone appears
to be the dominating ignition process. The modelvpr0posed?by Emmons (1964)
shOQId apply to this type of fire. The spread mechﬁnism répresented’by
this model also includes the burnout process but not in quite the same Qay
as the surface ignited fuels in wind-driven fires. |

The spread meﬁhan{sms are not well understooq for one of the most im-
' portant types of fires. These are.the ma j or convecf#ve fires or so-called
"blowups.' A detailed discussion of these fires is outside the scopé of
this report bﬁt their possible mechanisms of spread-will be considered
briefly. The characteristics of ﬁhese fires were discussed by Byram (1959).
Their sustained rates of spread are usually from 1;5 to 6.0 feet per second
but may be considerably greater during erratic surges. One of theilr 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

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

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

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

.,

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

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

i el

O

hlere appears to be a second mechanism which operates independently of the

{first. It can also be broken down into two key processes. One is the

transport of burning material which 18 carried aloft by the strong updrafts

-18-
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in the counvection column (or coiumns). Qn a large scale embers falling
from the convection column may reagh the proportién of an ember shower
which can ignite extencive areas well ahead of the advancing fire froht.
The second process concerns the rate of burnout of the ember-ignited fuel
and 1is analogous to the second process in the spread mechanism for wind- .

driven fires.

Fire spread by ember transport may be the most important mec£anism
for the major convective firesvbut this is not certain. .Furthermore,‘there
may be other mechanisms involved. It is known that there are complex con-
vectivé phenomena in and hear thé 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, intgnse tornado~1ike

{ whirls can form in the burning zone which have stronger vertical updrafts

{ than could occur in anyvordinary convection column. We have measured up-

v

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

fire whirls which were only about 12 feet in height.. Possibly on a larger

)

: }It forms at a considerable height on the underside of the tilted convec-

scale these vortices may be one cause of ember showers. Another type of

vortex assoclated with these fires resembles the tornado in appearance.

tion column. Sometimes these pendulous funnel-shaped structures may form
at a considerable distance ahead of the fire front (occasionallyAa mile

or more). Thelr effect on fire behavior is not known but is probably less

ithan for vortices in or near the burning zone.

There 18 one factor which indicates that the mechanism involving ember

1
ttransport (and pessibly other processes related to large buoyant forces)

-19-
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dominateé the‘behavior and éprgad of the méjor high intensity fires.
This is the magnitude of the dimensionless convect’on nuuber NC and
fts variation with height above the earth's surface. For most wind-
driven fires Nc 18 usually considerably leés than unity near the
earth's surface‘and-decreﬁses rapidly with height. For "biowup" fires,

however, Nc appears to be greater than unity near tbé»surface and

either remains constant with height or increases with height. Nc will

be discussed briefly in the next section.
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VI, CONVECTION COLUMN SCALING RELATIONSHIPS

W

. earth's surface, @o the density of the atmosphere at some height 3

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
¥

sources are well unﬂerstood. On the other hand, there have been relatively

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

| of the most recent is a peper by Pipkin and Sliepcevich (1964) describing

a study to determine the effect of wind on the bending of buoyant diffusion

flames.

Although its significance has yet to be determined experimentally, a

»pfomising parameter for studying convection colums in a wind stream is a

- {dimensionless group which will be designated as the convection number Nc .

- iFor a fire, or other heat source, in the form of a long line perpendicular

to the direction of the wind, this number takes the form

!

Vo= DR _-
A CoTo B 7 @

:

!/ .
Lhere<g 1z the acceleration due to gravity, (,  1is the rate of convective
eat output per unit lengtﬁ of line heat source, Cp the specific heat of
ir at constant preséure, To the absolute temperature of the air at the

bove the earth's surface, and u the speed of the wind at height ;3 .

?tc should determine convective aimilarity between columns, For example,

i convection columms over line heat sources of different etrengths and in

«2]=

gt iy
%

it e

.

-



R Y FICRIENN .

S RARDAD R AL 1 g T

3

P TR L L
e L o A A LA Ui Vs APy

Fomisi

LNy mpe ke,

AT s e g€

wvind streams of different velocities should have the same angle of tilt
from the vertical 1if Nc 18 the same in each case. For a point source

Nc takes the form

/V ~ __d e (2)
CTACT Q «? -

where r 18 the rad#us of the convection column at height 23 and ‘Qc
is tﬁe total rate of convective heat butput of the point gource. Equa-
tions (1) and (2) are written for an isentropic compressible flﬁid, such
as fhe atmosphére when the vertical temperature gradient 1is equél to the
dry adiabatic gradient. However, they remain unﬁhanged for an 1sotﬁérma1
incompressible fluid. They take more complex formé for non-isentropic
compressible flﬁids and non-isothermal incompressible fluids.

The value éf Nc for each of the pool test fi?eq is shown in‘table 1
but in-each case the values probably have significance only in the upper
part of‘thé convection columms for heights which are large compared to the
dimensions of the area source. The computgtiona were based on equation (1),
bug wid:;i held constant equation (2) would have given the same relative
values of Nc between fires. Large values of N, indicate steep convection
columns and small values indicate sharply bent over colummns. Owing to the
diﬂturbing effect of the wind tunnel walls and ceiling, no attempt was made
to obtain information on the form of the convection colummns for the pool
ftres.‘ For the fire burned with a wind speed of 3.7 feet per secon&! N, .
was 2,34, This 1is a rélatively la£ge value and a fairly steep convection

column could exist above the flame zone (lq the absence of the wind tunnel

-22-
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ceiling). Updraft velocities and patterns of internal motion might. be

R AT S A AR

gimilar to those for free convection, For the fire vhich ourned with a
! . . .

wind speed of 13.3 feet per second, Nc was only 0.05. It is doubtful

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

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

taining contact with the horizontal surface downwind from the fire. The

structure and motions within this plume should be entirely different than

for the free convection-~type columm.

For area fires, values of Nc computed from equations (1) or (2) are

B i ' e

NV ER

. 4 probably of doubtful significance in the flame zone and the lower convec-

tion column--at least at heights small compared to the dimensions of the

3

. gburning area. For example, even with a value of Nc = 2.34, the flames

leave the forward edges of the pool in a horizontal direction (fig. 11B).

" 1Scaling relationships for describing dependent variables such as the shape

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

i Iregion are probably very complex for area heat sources in wind.
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VIiIi, CONCLUSTONS

Although test fireé in équnre cribs were limited to a narrow size
range of small cribs, the results show that witﬂin this range the relation-
ship between unit area burning rate and burning area of the cribs barallels
that reported for fires in pools of liquid hydrocarbon fuels. Tests are
needed in beds of solid fuel with larger areas than used thus far. Sur- °
face ignition should be used and the effects of wind included.

.'Thé effect of stick spacing on rate of fire spread in cribs of 1/4-inch
sticks éppeared to be about the same for cribs burned both with aﬁd without
wind. However, it is doubtful that much inforﬁationion.the burning charac-
tefistics 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

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

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

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

.~ {1n 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
frbnt. However, ghe fire does not appear to reach a steady-state in a
short crib. Cribs 16 fecet or more in length may be required to obtain
steady-state fires.

Liquid fuels are mofe gsatisfactory than solid fuels for studying the -

effect of wind on the sEFucture of flame fronts. Gaseous fuels wight be

24
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even better for some kinds of tests. Even on a sﬁall scale, pool fires in
wind illustrate a flame contazt fgnition process which 1s proﬁably'an im-
portant part of the spread mechanism for wind-driven fires. Results of

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

‘later experiments with beds of solid fuel.
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VIII, FUTURE WORK NEEDED

The developmeﬁt of a quantitative model of fire spread for wind-driven
fires will depend on the solution of a sequence éf problems. First is éhe
1den;1fication of thg different ﬁhysical processes which comprise a given
: mechanism of fire spread. Next is developing an understanding of the indi-

viduad processes, determining the variables upon which theyxdepend, and in-~
vestigating the nature of. their interactions. The next stép would be an
analysis to eatablish the mathematical framework of a quantitative model

of fire spread. Thexhigh-intensity convective fires would not be included
for the time being.

The results of both the crib fires and the poollburning tests in the
wvind tunnel show the need for a more intensive study of the effect of wind
and slope on the structure of flame'fronté. This study would include de=-
terminiﬁg velocities an& flow patterns of gases iﬂ tge flame zoné as well
as the air flow patterné in the vicinity of the flame front. Tests should

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

lper unit area, and with variable bu;ning rates (burning rate gradients)

! {across the areas. Wind speeds would range from about 1.0 to 12 feeé per

i second. Tests should also be made on sloping plane surfaces without wind.
The angle of the surface ﬁith the horizontal for the different tests would
range from 0° to 40°. An attempt shouia be»made to identify dimensionless
groups which would have the same significance for scaling in the regioms
just over an area heat gource that the convection number appears to have '

{.for the upper convection columm.

=26~

[




E]

A closely related study would de&l witﬁ the rate of burnout of

_ beds of solid fuel after ignition over their entire area. This study
would be an extension of the work described in Section II except that
much larger areas should be 1nciuded and 1gniti§n would be from the top
rather than from the bottom of the fuel bed. Tests would be made both

3

in stiil'air and with wind.

It 1is expec£ed that a few tests in the wind gunnel_with long c?ibs
(up to 16 fégt‘or more in length) will result in steady-state fires,
except possibly at theghigher wind spéeds. |

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
ﬁhan used in the tests thus fa; and alga to heterogeneous beds of solid
fuel which‘contain some fine material. The cribs should be longer, wider,
and perhéps.only'one-half.as deep as the present cribs, . The quantitative
relationships for describing the effect of wind on fire spread shouid be
easler to establish when more is known about the stfucture and behavior

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

lationships over simple area heat sources.

| SO



BTSN B T g P P BT AL L IR RN CS 3 St

LI,

.

A\ ]

e

o

< S

B

2

NOMENCLATURE

Area of copper tube in the crib

Spec{fic heat

Initial thickness of fuel sticks

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

Bu;ning raie.per unit area

Height of crib

Heat rate received per unit area

. Length of flames

1

" Length of crib

Mass flow rate of water

ﬁoisgure content of wood based on bone dry weight
Exponent |
Convection number

Rate of burning

Raterof convective heat

Rate of convective heat per unit length of
line source ‘ ’

Rate of fire spread
Fuelvstick spacing
Alr temperature

Stack gas temperature
Wind speed

Average wind'spead

Width of ecridb

Acceleration due to gravity v »

£t2
Btu/lb °F

{inches

ft, inches

ft/sec2

1bs/£t> min
inches

2
Bfu/ft” min
inches
inches
1bs/min

percent

Btu/sec
Btu/sec

Btu/ft sec

in/ain

inches

°F

.P . : N

ft/sec

ft/sec

inches

e
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Weight of fuel (bone-dry)

Loading (bone-dry weight of crib per unit area)

Temperature change

Time

Burnfng time of fuel particles

Kinemat{c viscosity of alr

Density of fuel bed, bone-dry

Density of fuel, bone-dry

Density of air

29~

1bs
lbs/ft2
°F

omin
min

ftzlsec

'lbs/ftg

. lba/ft3

1bs/ft>
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APPENDIX

The experimenéal conditions and results for tﬁe cxib fires are given

1;t in tables 3 to 6. The symbols in the tables are explained in the nomen-
Ny :

: clature.
Y Tables 4 and 5 include three fires (66, 67, and 68) which were con-

‘§:1 1 structed with different arrangements of the fuel sticks, so the results for
§ these fires are omitted in the text. . >

L ' -
i; The rate of spread values in figure 8 for zéro wind speed are given

'l in tables 4 and 5 (fires 72, 83, and 96).
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Table

!

3.-~Experimental conditions—

1/

and results for area fires in

square cribs of white fir wood~

2/

F1 Fuel bed 3/ ' Dimensionless
re parameters— Burning parameters groups
No- D We  [wsde)__ G (6D/igy P (D3g/0%)
£t 1bs 1bs/min lbsjftzmin ' glg:i
D-1 . 0.190 0.11 0.059 1.63 415 0.0765
D-2 .274 .18 112 1.49 547 .229
D-3 .358 .30 .176 1.38 662> .512
D-4 .527 .62 304 1.09 769 - 1.64
D-5 .780 1.31 .703 1.16 1210 5.38
D6 1.03 2.27 1.04 .99 1370 12.1
D-7 1.28 1.47 .90 1540 23.4

Mg

leight of fuel bed h = 3.1 inches and stick spacing § = 0.75 inch

1/ Conditions of air were: temp = 83°F.;

P = 0.0731 1bs/gt?

= 10.1 T 0.1 percent and wood density

-33-

v = 0.0102 £t?/win; and

2/ Stick thickness d0 = 0,252 inch with a moisture content of wood

Ps = 33.0 .3 s/fe>
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Average of readings taken before and after fire.

Table 4 .--Experimental conditions for fires in cribs of white fir wood-l-/
with different stick sizes and spacings
"{re "Roomzj
Lt temp. Fuel and fuel bed parameters
- Ho. : —
t d M Pe | Py | Y S by b L |s
°F. In. Per- Lbs Lbs . Lbs In In In In
: cent £t3 £t3 Lbs “Ft2.
66 V 82 0.432  10.5 26.1  7.52 7.26 3.43 5.48 8.84 36.1 1.25
67 85 432 111 26.1 7.07 7.17 3.23 5.48 8.94 35.8 1.25
68. 83 o W432 10.8 26.3 6.82 6.71 3.06 5.38 8.84 35.8 1.25
169 84 443 11,3 25.9 4,99  7.39 3.00 V.22 10.22 34.6 2.0
370 81 .‘.443 11.2° 25.9 '4.25_ 5.93 2.58 7.28 9.27 35.8 2.5
71 82 .261 10.5 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
73 84 .680 10.9 25.2 5.88 12.04 4.04 8.25 10.22 42.0 2.5
ﬂ74 84 .680 11.5 24.9 6.82 11.62 4,68 8.25" 8.72 40,9 2.0
175 82 .989  11.0 24,7 8.73 20.69 3.53 7.94 9.96 51.8 2.0
T76 73 .989 11.7 24.5 7.48 19;63 4,96 7.94 11.46 49.8 2.5
77 76 443 8.9 26.1 3.32 6.07 1.95 7.16  12.27 35.9 3.5
718 72 443 9.0 25.8 2.56 4.66 1.54 7.19 11.33 38.5 5.0
1 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
j 81 70 .989 10.4 24.5 6.24 14.48 4,15 8.00 9.97 50.4 3.5
82 67 443 10.4 25.8 3.34 6.08 1.99 7.12 12.27 35.9 3.5
83 82 .261 10.5 23.6 3.77 4.83 2.28 7.25 9.07 33.7 1.5
84 85 . 443 10.5 23.7 5.63 6.92 3.42 7.28 8.22 35.4 1.5
3 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
87 72 443 10,5 23.3 4.46 6.65 2.70 7.28 10.22 34.6 2.0
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
! 90 90 .989 10.7 23.0 8.08 .19'30 5.39 8.00 9.96 51.8 2.0
- 91 86 . 680 10.8 23,2 9.63 16.95 6.57 8.19 9.08 41.0 1.0
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 11.79 24,52 7.78 7.94 8.94 50,7 1.0
94 84 443 10.5 23.5 7.27 10.11 4.38 7.25 9.10 36.5 1.0
95 84 .680 }0.3 23.3 13.26 23,08 9.12 8.25 8.94 40.8 0.5
96 76 .255 10,0 25.1 8.24 9.89  4.99 7.31 8.63 33.0 0.5
97 82 443 10.4 23.5 10.77 14.97 6.48 7.25 8.93 37.2 0.5
98 72 .989 10.7 23.0 15.00 22,20 9.49 7.94 9.92 32.5 0.5
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g Table 5 .~=Experimental results for fires in cribs of white fir wood

- with different stick sizes and spacings
'{ire - . Burning — Flame Heat 1/
& parameters dimensions rates Stack—'gas conditions
; h’i. . Tl
L 8, G R D | L Q Q. | U | &r | g Pe
; Lbs In ' : Btu Btu Ft o ° Lbs
.3§v Min ftZ min _ win In In sec sec sec FoF £t3
fs 66 4.3 0.79 1.61 6.9 31.8 45.5 20.4 24.0 15.9 98 0.0712
s 167 4,3 0.73 1.68 7.3 32.3 44 .9 18.9 23.5 15.2 99 .0700
: 168 3.2 0.94 1.44 4.6 30.0 36.1 15.0 23.9 11.6 94 0718
69, 2.9 - 1.01 . 2.44 7.0 38.6 68.5 33.3 26.0 24,2 107 .0702
70 2,5 1.01 2,85 7.2 32.0 63.1 19.5 23.5 15.4 95  .0716
i , '
1.4t 1.5 1.28 3.16 4.8  33.5 53.7 .21.5 24,0 16.7 98 0712
&, 172 1.4 1.17 . 3.43 4.8 31.1 45,2 19.1 24,4 14.5 96 0716
fﬂ 73 a2 0.95 : 2,34 . 9.8 36.8 89.5 35.5 24.4 27.6 110 .0698
1§74 4.6 1.01 i 1.91 8.9 -- 72.3 29.8 23.7 23.8 107 .0701
$.175 6.2 ©0.91 i 1.66 10.3 29.6 88.3 37.2 29.3. 24.0 106 .0702
& . .
;jg 76 5.2 0.94 2.03 10.5 28.8 106.8 42,2 27.2 29,1 102 .0707
f;l 77 -- -— 4,10 - - 92,2 33.9 28.2 22,4 98 .0712
f’ 78 - - 4.61 -—- -- 73.5 26.2 29.1 16.5 88 .0724
R A 3.3 0.94 1.69 5.6 14,5 64.0 29.2 30.9 17.4 91 0721
i §80 2.9 1.12 . 2.58 7.4 26.2 71.1 27.4  29.0 17.4 7 92 .0720
¥ L 81 4.0 1.01 2.40 9.6 20.1 91.5 34,2 28.6 22.0 92 .0720
L} 82 1.6 1.25 - 3.73 5.8 28.0 84.0 26.0 28.5 16.6 84 .0730
. 183 1.2 1.87 3.09 3.7 36.3 59.1 22.2 24.9 16.6 99 L0712
] i 184 2.4 1.38 . 1.97 4,8 37.8 51.4 19.7 24.9 14.8 100 .0710
; 85 4,1 1.23 1.98 8.2 35.1 89.6 29.0 26.3 20.6 101 .0709
; éa 86 11.1 0.56 1.00 11.1 - 50.2 27.3 26.8 1 19.2 105 .0703
: 87 2.1 1.29 3.00 6.2 35.4 76.9 23.8 26.9 16.2 88 .0725
. 188 3.8 1.15 . 2,00 7.5 35.8 71.0 28.0 27.0 19.3 95 .0716
1189 1.2 1.43 . 3.30 4,1 33.1 51.4 21.7 26.3 15.5 102 .0708
s 1190 6.1 0.86 1.96 12.0 29.7 97.5 33.2 26.1 24.4 114 .0692
f‘ 91 5.4 1.19 1.03 5.6 34,9 - 57.0 23.6 25.0 17.8 104 .0705
£ 192 1.5 2.00 1.93 2.9 39.1 50.5 22.4 25.8 16.2 100 .0710
93 8.1 0.93 0.90 7.3 33.6 57.5 25.8 27.8 17.5 106 .0702
1% 94 3.2 1.36 1.39 4.4 . 36.4 51.4 19.6 26.2 13.9 98 .0712
“; 95 10.8 0.84 0.26 2,8 19.3 19.7 9.8 25.8 7.1 92 .0712
gjf- 96 4.5 1.10 0.96 4.3 28.1 38.8 13.1 23.7 10.1 87 0727
$1°1°97 5.7 1.13 0.53 3.0 21.4 28.5 11.9 24,7 8.9 91 ,0720
2“ 98 17.9 0.54 0.39 7.0 21.6 35.5 9.5 23.1 7.4 80 - 40736
i B
! Stack area was 3.14 £r.2
3 :
i | . ~35-
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Table 6.--Experimental conditionsl/ and results for wind tunnel fires in

b 2/
‘ cribs of white fir wood—

‘Wind Flame>! Burning
ire Fuel and fuel bed parameters Cpeed | veriables parameters
3 so' .
i1 X We hpy wp, Ly S |.U | @ L Q R
lb/ft3 lbs iﬂ in in in ft/sec deg in Btu/sec  in/min
. g1 23.9 6.10 4.62 9.0 72.1 1.5 3.47 48.6 27.4 58.2 5.2
| P2 23.8 6.16 4,62 9.0 72.1 1.5 13,5 64.4 36.6 130.4 11.5
i} F3 23.9 6.17 4.62 9.0 72.1 1.5 5.35 53.4 29.1 76.0 6.7
] P a4 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
F6 24.0 3.12 4.62 9.0 36.8 1.5 12.1 70.7 29.8 121.4 10.7
i F7 23.8 3.12 4.62 9.0 36.9 1.5 9.13 - == 113.0 10.0
i F8 24.0 3.06 4,62 9.0° 35.2 1.5 11.1 66.5 29.2 114.2 9.8
’ F9 25.2 2.98 |, 4.61 9,76 71.5 4.5 7.5 65.0 34.3 109.8 19.8
F10 22.6 2.67 4,63 9.76 71.5 4.5 3.74  56.1 23.3 60.5\\ 12.2
i 1 .
§ F11 22.5 2.66 4.63 9.76 71.5 4.5 13.2 73.0 16.4 124.2 24.8
i F12 22.8 3.76 4.63 8.5 71.8 2.5 7.43 63.2 24.4 79.0 11.2
! F13 22.7 3.74 4.62 8.5 71.8 2.5 3.37 49.2 20.5 49.1 7.0
F14 25.2 4.16 4.63 8.5 71.8 2.5 13.1 72.7 15.3 31.8 16.8
F15 . 22,9 6.78 4,63 9.28 36.4 0.5 3.68 == e 54.9 2.2
F16 22.6 6.70 4.62 9,28 36.4 0.5 7.41 58.8 22,1 63.2 2,56
F17 25.1 7.42 4,69 9.28 36.4 0.5 13.2 64.4 26.8 101.2 3.70
F18 25.1 3.20 4.62 9.0 35.3 1.5 9.6 - -- 99.3 8.16
F19 24,1 7.14 4.62 9.28 36.4 0.5 3.94 - == 41.7 1.59

1/ Air temperatures were 71 t 3°F.

Y/ Sstick thickness d_ = 0.252 inch and wood moisture content M, = 10.3 T 0.3 percent.

}/ Flame deflection angle @ measured from vertical.
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