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APPENDIX A

FUNDAMENTAL PROCESSES IN FOREST FIRE BEHAVIOR

IGNITION

When a piece of wood or other forest fuel is exposed to a source of heat, some of the
heat is absorbed at the surface and conducted into the interior of the fuel. The ensuing rise
in temperature of the fuel particle is accompanied by destructive distillation of its volatile
constituents, both combustible and non-combustible. The ignition of these evolved gases by
direct contact with the heat source is termed '"piloted' ignition; this is the only type of igni-
tion of concernto Project EMOTE. The probability of piloted ignition depends on the chemical
composition of the combustible volatiles and the extent of their mixture with oxygen and non-
combustible volatiles (mostly water vapor with a little carbon dioxide). The four factors
materially affecting piloted ignition of forest fuels are the rate of heat transfer produced by
the heat source, and the dimensions, moisture content and thermal conductivity of the particle
being heated.

Both the concentration and chemical composition of evolved gases depend upon the rate
of heating of the fuel particle. This rate, in turn, depends not only on the characteristics of
the particle itgelf, but also on the thermal output of the heat source. The standard unit of
measurement is the "effective temperature'' which is the temperature that would be required
by a gas stream flowing past the particle to produce the same heat transfer characteristics
as the actual heat source involved. For forest fuels under normal ranges of size and moisture
content, piloted ignition is not possible at effective temperatures below 300°C, ignition is
optimum at effective temperatures of 600-700°C, and becomes increasingly less efficient until
ablation temperatures are reached at 1500-2000°C where the cellulosic surface is ablated off
before sufficient heat can be transferred to the interior of the fuel to produce combustible

volatiles.

The dimensions of the fuel particle, particularly the ratio of surface to volume, deter-
mine the temperature rise (and hence the volatile production) produced by a heat source with
a given effective temperature acting over a given period of time. Because of their high sur-
face/volume ratio, dry leaves and grasses are the most easily ignited forest fuels found in

GUNRBIN SECRET



1

| s | —

A

L

Thermal conductivity has obvious effects on heat transfer within the fuel particle. But,
for forest fuels, thermal conductivity is a function of specific gravity and moisture content
with moisture having by far the greatest effect. With increasing moisture, heat is conducted
into the interior more rapidly, so that the time to achieve volatile productionis increased for
all but the thinnest fuels, and the size of material that can be ignited within a given time is
markedly decreased.

Moisture has several other effects on the piloted ignition process. Heat is required to
vaporize the water and raise it tothe temperature of the other volatiles. For wood with a 25%
moisture content, the specific heat loss due to moisture accounts for some 15% of the total
available heat yield from the fuelat maximum combustion efficiency. A more important effect
of moisture is its dilution of the air-volatile mix*ure and consequent change in flammability
limits for the combustible gases distilled from the fuel. Wood distillates cannot be ignited if
water vapor exceeds 36% of the total fuel-water-air mixture.

COMBUSTION OF SMALL FIRES

Once a single particle has become ignited, the early course of a forest fire consists of
a series of piloted ignitions with the originally ignited fuel acting as the heat source.

First, the fuels situated within the flame zone receive heat at their surfaces by radia-
tion, convection and conduction. Sinceheat is conducted into the interior of thefuel relatively
slowly, the surface temperature of the fuel rises rapidly and the volatiles in the surface layer
are ejected into the surrounding flames where they are burned completely as rapidly as suf-
ficient oxygen becomes available. The carbonized layer remaining at the fuel surface then
burns, radiating heat outward and conductingheat inward to produce further distillation in the
interior of the fuel. When all the volatiles have been distilled from the fuel the remaining
charcoal continues smouldering until all the fixed carbon has been oxidized or until heat
losses by radiationlower the fuel temperature below that necessary for continued combustion.

Second, fuels adjacent tothe burning area receive radiant heat. If they absorb sufficient
heat to cause distillation, volatiles will be liberated into the surrounding atmosphere. Unless
the resulting mixture comes into contact with a surface at or above its ignition temperature,
these gases are not ignited, but are dissipated without burning. Once sufficient surface vola-
tiles have been driven off to leave a shell of charcoal, smouldering will take place at the sur-
face. If the fuel continues to receive heat from outside sources, its surface temperature is
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raised to a point where the gases expelled from the interior are ignited as they reach the sur-
face. Flaming combustion is then sustained as long as distillation continues at a sufficient
rate.

Third, the fuels within the convection column of hot gases but distant from the flame
zone are heated by convection to the temperature of the stack gas. Since stack temperatures
are quite low in comparison with flame temperatures, only fractional distillation occurs,
water vapor being the principal volatile component. This progressive drying of fuels exposed
to the convection column lowers their ignition temperature and increases their potential rate
of combustion. When any of the fuels in this area become ignited, ignition is communicated
to adjacent fuels almost instantly, and within a matter of seconds the entire mass of dried
and preheated fuels may be burning. The rapid rate of combustion of preheated fuels as well
as the large amount of fuel ignited almost simultaneously causes the rapid release of large
quantities of heat, which may be sufficient to ignite fuels outside the preheated area.

From the preceding discussion it can be seen that the rate and intensity of combustion
of any wild-land fire is determined in part by the number of fuel particles burning at any one
time. Since this number is affected by the ignition time of adjacent particles, the fuel-
particle variables that affect combustion include all those previously discussed as ignition
variables. However, these same variables may affect combustion in ways distinct from their
effects on ignition.

Again, moisture is the overridingly important variable. In addition to changing the
flammability limits of the evolved gases, increasing moisture markedly lowers the flame
temperature attained when the gases are ignited. Measurements on large test fires in
California showed that fires burned with fuel moistures of 12% had flame temperatures of
1450-1650°C, while fires burned with fuel moistures of 25% had flame temperatures of 740-
780°C. Since radiant output varies with the fourth power of the absolute temperature, the
difference between these two fires as effective radiators is approximately two orders of
magnitude.

In its initial stages, the course of a forest fire depends on the amount and arrangement
of fuel and on the environmental factors that affect heat transfer between the fuel particles.
There must be a sufficient mass of easily ignitable fuel (under 1/4 to 1/2 inch in diameter)
to produce a sustaining quantity of heat. These ignitibles must be arranged so that the heat
produced by burning one fuel unit can be effectively transferred to an adjacent unit. Fuel
continuity, both vertically and horizontally, is vital for obtaining a self-sustaining fire.

- CONFBBITIAL
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The three environmental factors of primary importance to incipient forest fires are
relative humidity, wind, and solar radiation. Since forest fuels are hygroscopic, their
moisture content is largely determined by the ambient relative humidity. Wind not only in-
creases the rate of oxygen supply, and hence the combustion rate, but also controls flame
angle and hence the convective and radiative heat transfer between the burning fuels and the
adjacent unburned material. Solar radiation is not only an important heat source (in middle
latitudes, noon sunshine in summer adds about 15% to the radiation received 2 feet from a
small fire in pine litter), but also reduces fuel moisture by increasing surface fuel tempera-
ture (fuels in shade may have temperatures of 25°C while those in full sun are at 60°C).

LARGE FIRE BEHAVIOR — FIRESTORMS

As a forest fire increases in size and intensity, other factors begin to influence its
activity. The fire becomes both a three-dimensional and a pattern phenomenon. Upper
atinospheric parameters such as lapse rate and vertical sheer become important and the be-
havior at any given point on the fire is influenced by the behavior at other, widely separated
points.

One extreme example of largefire behavior (andthe one to strive for in forest incendiary
operations) is the fire storm. In a fire storm, numerous small fires are ignited in a pattern
such that the radiation and convection from each quickly affects those adjacent to it. When
successful, the convection columns are drawn together into a single convective cell capable
of rising through moderately stable layers, or even weak inversions; radiation from adjacent
fires preheats the intervening fuels so that spread between fires is enhanced; and indrafts to
individual fires are weakened because of the circulations around the adjoiningfires, resulting
in more nearly vertical flame angles with consequently increased radiation and convective
heat transfer to unburned fuels. The end result is extremely rapid fire buildup and greatly
increased peak intensity so that the maximum possible material is consumed.

CONFDENTIAL
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APPENDIX B

FUEL AND FLAMMABILITY INVESTIGATIONS OF HARDWOOD
LEAVES FROM PLEIKU PROVINCE

INTRODUCTION

Sampling of forest fuels by the Emote team began on February 2, 1966, on two areas
located 250 air miles north of Saigon in the central highlands. The two areas, Alpha and
Omega, received different spray trcatments. Ovendried samples (primarily of the family
Lauraceae) were shipped to the Fire Laboratory in February and received in late April,

Fuels from the Omega area were used for fuel and flammability tests conducted during
the period May 4-6, 1966. Attached dead leaves and attached green leaves were the two fuel
categories investigated. Samples "A'" and '"B'' were used in the tests as follows:

Sample A Sample B
1, Heat content 1. 'Combustion test
2.  Ash content a. E,
3. Ignition test (powdered sample) b. Flame height
4, Ignition test (whole sample) c. Burning efficiency
2. Density

Samples for heat content, ash content, and ignition test (powdered sample) were ground
in anintermediate Wiley Mill, The remainder of the tests v ‘eperformed with whole samples,

The moisture content of three samples, one from Alpha area and two from Omega area,
was determined by the xylene distillation method. This provides a check on the ovendry
weights as determined in Saigon,

DENSITY

Density and specific gravity were determined for dead attached leaves of two different
tree species in the Lauraceae family, To determine density and specific gravity it was neces-
sary to measure weight and volume of sample material. Density and specific gravity were

CONFIBENTIAL
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based on air-dried volume and ovendried weight (although volume was measured on air-dry

material, the material had previously been ovendried).

To select sample material, five leaf sections were randomly picked from two sample
bags containing cut up leaf sections from single species. Air-dried weight was measured to
the nearest 0. 0001 gram and adjusted to an ovendried basis. An average air-dried moisture
content of 8.1percentwas used fortheadjustment. This average moisture content was deter-
mined by xylene distillation of whole samples in the ovendry weight check.

Volume of sample material was determined from measurements of leaf area and thick-
ness. Leaf area was found by tracing the outline of sample leaf sections on paper and measur-
ing the enclosed area tothe nearest ,01 inch using a planimeter. Thickness was measured by
a microcaliper to the nearest 0.0001 inch. For each species, 15 measurements were taken
on the sample material, excluding prominent leaf veins.

Gram units were converted to pounds and inches to feet in calculating density. Sample

measurements are tabulated below:

Sample Bag Number

35 47

Species Litsea spp. Lauraceae, not Litsea
Weight:

Air-dry (gms.) . 3506 . 8876

Ovendry (gms.) . 3243 . 8211
Ave, Thickness (in.) . 0088 . 0087
Surface Area (in. %) 6. 72 12.40

(one surface)

Volume (in. %) . 0591 .1079
Density (Ibs. /ft. 3) 20,91 28.99
Specific gravity .33 .46

CONFIBENTAL
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HEAT CONTENT

The heats of combustion of the dead and green attached leaves were determined in an
Emerson adiabatic jacket bomb calorimeter. These data provided theheatcontent information
needed to compute the unit energy release rate phase of the combustion tests.

The dead and green leaves were ground separately, pressed into approximately l1-gram
pellets, and placed in a conditioning cabinet for 24 hours over silica gel. Three replications
were run for each fuel treatment (dead and green) and the results expressed as the low heat
value on an ovendry weight basis. The moisture content was determined by ovendrying
duplicate pellets at 103°C.

The percentages of inorganic residue remaining in eachignition panfollowing calorimeter
runs were recorded. The final results were not corrected to an ash-free basis, however.

The calorimeter was standardized with benzoic acid before and after the sample runs.

Heat of Combustion of Dead Attached Leaves

Three runs were made in the calorimeter with these results:

4896. 27 calories/gram (5. 17-percent residue)
4923. 73 calories/gram (5. 22-percent residue)
4919, 65 calories/gram (4.86-percent residue)

Average heat of combustion at 6. 125-percent moisture content:

4913, 22 calories/gram

Average heat of combustion (ovendry basis):

4913, 22 cal./gm. + (1,000 - 0, 06125) = 5233. 79 cal./gm.
5233. 79 calories x 1.8 = 9420, 82 B.t.u./lb. (high heat value)

Low heat value:

9420.82 B.t.u./lb. - 524 B.t.u./lb. = 8896. 82 B.t.u. /lb.
8896.82 + 1.8 = 4942, 68 cal. /gm.

CONFIBENTIAL
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Heat of Combustion of Green Attached Leaves

Three runs were made in the calorimeter with these results:

4646. 62 calories/gram (6. 06-percent residue)
4621, 00 calories/gram (6.25-percent residue)
4641, 29 calories/gram (6. 04-percent residue)

Average heat of combustion at 6. 94-percent moisture content:

4636. 30 calories/gram

Average heat of combustion (ovendry basis):

4636. 30 cal. /gm. + (1.000 - 0.0694) = 4982, 05 cal. /gm.
4982, 05 calories x 1.8 = 8967. 69 B.t.u./lb. (high heat value)

Low heat value:

8967. 69 B.t.u./lb. - 524 B.t.u./lb, = 8443, 69 B.t.u./lb.
8443.69 + 1.8 = 4690.94 cal, /gm.

ASH CONTENT

Ash content of the dead and green attached leaves was determined following ASTM
Designation: D 1102-56. Two replications were run for each fuel treatment. The ovendry
powdered test samples were ignited in a muffle furnace (maximum temperature 600°C.). Ash
content results are expressed on an ovendry weight basis.

First Second Average
Sample Replicate Replicate Ash Content
1. Dead attached leaves, 6.74 6.76 6.75
Omega area, sample A
2. Green attached leaves, 7.14 7.04 7.09

Omega area, sampie A

CONFIDENTIAL
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OVENDRY WEIGHT CHECK

Spot checks were made on the ovendry weights of three fuel moisture samples. These
checks were requested to verify the accuracy of the ovendrying procedure which was conducted
in Saigon. Three entire fuel moisture samples were transferred from the plastic shipping
bags to three tared xylene distillation flasks. A standard xylene moisture content run was
carried out and the xylene dry weights compared to the ovendry weights.

Xylene Deviation from
Samvle Ovendry weight dry weight Xylene dry weight
No. 14, attached 23.90 23.73 +0.17
leaves
No. 64, litter 22.5 22,58 -0.08
No. 71, litter 31.8 31. 69 +0.11

INVESTIGATION OF IGNITION CHARACTERISTICS

Powdered Fuel Sample

Ten replications of powdered leaf samples were randomly selected and ignited in a
Jentszch Igniter for each fuel and ignition treatment. The furnace temperature was 317°C.
+ 3°, Samples were ignited under spontaneous and pilot ignition conditions. The pea-sized
gas pilot flame was located 15 mm, above the sample chamber opening. Ignition delay was
timed from insertion of sample into furnace until first visual indication of ignition, either
glow or flame,

Moisture content was determined by ovendrying samples at 103°C. The dead leaves had
a moisture content of 6.4 percent and the green leaves 7.3 percent.

An analysis of variance indicated that the spontaneous and pilot ignition delays for the
green leaves were significantly longer (99-percent level) than the values for dead leaves. No
significant difference existed between spontaneous and pilot ignition delays within a fuel treat-
ment, This is the first time that the pilot ignition delay has not been significantly shorter
than the spontaneous ignition delay for a given fuel.

CONRBENTIAL
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Ignition Delay Test (Powdered Sample) - Jentszch Igniter

Spon, Ign. Moisture Pilot Ign. Moisture
Fuel Sample Delay Content Delay Content

Sec. Percent Sec. Percent
1, Dead attached leaves 29,11 6.4 28,47 6.4
2. Green attached leaves 35. 86 7.3 34,16 7.3
3. Ponderosa pine needles 35.79 6.4 20, 06 3.1
4, Sphagnum moss 19. 67 10. 6 15,18 5.6
5. Cheatgrass 41, 00 5.1 36.92 5.1
6. Medusahead 45, 64 4.4 35,08 4.4

Furnace temperature: 317°C. + 2°C.

Whole Fuel Sample

The determination of ignition temperatures was accomplished using the modified muffle
furnace designed by E. C. Lory and D. S. Stockstad for ignition studies at the Northern Forest
Fire Laboratory. This furnace consists essentially of three electric heating elements sur-
rounding a double-walled glass tube ignition chamber. Each heating element is individually
controlled and a high degree of temperature control is possible in the ignition chamber. A
constant flow of air (5 liters per minute) preheated to the ignition chamber temperature is
passed through the furnace during testing operations.

Preliminary experimentation with the fuels revealed two sections of leaf 1-1/2 x 1/4
inches to be the mostdesirable size sample for ignition temperature determinations. Samples
of this size could quite readily be obtained from an individual leaf and also simplified the
placement of a thermocouple for surface temperature measurements. Two sections of leaf
were found tobe necessary to supply volatiles in a concentration rich enough for pilot ignition

to occur. Fuel moisture content of the samples was 8,1 percent.

Preliminary experiments alsoindicatedthat the sample sections would not glow but only
char during spontaneous or self-ignition tests. Furnace temperatures of 310°C. to 340°C.
were tried but all produced only the charring effect. For this reason the spontaneous ignition

CONFIBENTIAL
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tests were discontinued and only pilot ignition tests conducted. Anignition chamber tempera-
ture in the proximity of 340°C. was found to be necessary for pilot ignition to occur.

Pilot ignition was accomplished by heating the leaf sections until the volatiles :‘ere ig-
nited by a small gasflame (2 mm. long) positioned directly above and 5 mm. from the sample.
Signals from a 0. 003-inch chromel-alumel thermocouple placed in contact with the surface of
the sample were fed into an X-Y recorder and plotted against the time to ignition. The actual
temperature of ignition was considered to be the point on the trace at which an abrupt rise in
temperature began and which corresponded to the visual observation of a flame flashing from
the pilot to the surface of the sample.

The results of the tests aregiven in Table 1. Ten determinations were made on each of
the fuel samples and the mean ignition temperature and time-to-ignition are given for each
series of ten tests, The results of similar tests conducted on 1-inch sections of ponderosa
pine needles (approximately 7-percent moisture content) are reported for comparison. The
ten tests on the Omega A - Dead (54) and Omega A - Dead (66) samples were combined for
statistical treatmentas were the tests on samples Omega A - Green (8) and Omega A - Green
(74).

Table 1. Pilot Ignition Tests of Viet Nam Fuels and Ponderosa Pine Needles

Average Average Average
Pilot Ign. Ignition Furnace
Sample Delay Temperature Temperature

Omega - A - Dead (54) 11,06 344 341-344
Omega - A - Dead (66) 14, 64 332 339-341
Omega - A - Green (8) 8.14 345 343-345
Omega - A - Green (74) 5. 07 318 341-344
Ponderosa pine needles 16. 08 320 337-341

Statistical comparisons revealed no significant difference to exist between the ignition
temperatures for the dead attached leaves, green attached leaves, or the ponderosa pine needle
samples. A significant difference at the 99-percent level of confidence was found to exist in
the time-to-ignition of all three fuel types tested. The mean time-to-ignition for the green
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attached leaves was approximately one-half of that for the dead attached leaves and approxi-

mately one-third of the time required for the ponderosa pine needles to ignite.
BURNING TEST APPROACH AND PROCEDURE

The purpose of the burning tests was to obtain some measure of the efficiency for
these fuelsto release their stored chemical energy during the combustion process. A refer-
ence was needed for rating purposes and ponderosa pine needles were selected since much of
our work has been with thisfuel. In order to achieve similar burning conditions in the refer-
ence and test fuels, a dimensionless number representing the product of fuel particle surface
area-to-volume ratio, o, and fuel bed void volume-to-total surface area, A, was usedfor
control. Beds of the reference fuel were built to achieve the same o A product as was deter-
mined for the test fuel.

Baskets with a 0.5 ft. e loading area, 3-inch screen sides, and an asbestos sheet base
were used to hold the fuel. The test fuel in one sample bag was emptied into the basket so
the bed of fuel would be as porous as possible without mechanical supports. Thedepth of fuel
and its weight were measured and used to establish a reference fuel bed. The fuel bed was
surface ignited using a xylene saturated string laid over the surface. The string added about

one gram weight.

Measurements made during the burning period were flame height and burning rate.
Flame height was measured visually using a reference scale behind the flame. Burning rate
was sensedby a semiconductor straingage weighing system andits signal recorded on a strip-
chart recorder. The weighing system was calibrated before each fire and had a sensitivity of
0.33 gms. per chart division.

From these tests the maximum burning rate was measured and compared to that of the
reference fuel. The burning efficiency, how much of the total weight was burned, was deter-
mined. The height of the flame plume was compared to that of the reference fuel and showed
the same trend as the burning rate comparison. These tests gave some insight as to the
burning characteristics of the test fuels. The results are given in the tabulation section.
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APPENDIX C

IGNITION REQUIREMENTS: RATIONALE FOR COMPUTATIONS

A, ENERGY RELEASE RATE THEORY

Ve
1, The gper/gy release rate resulting from an incendiary unit applied to a wildland
- 4ue/l bed is the sum of three distinct release rate components:

a. (id'%) , the energy release rate of the incendiary fuel mixture, which may
in

be approximated by

T 1)

At

(dE) Wix(c/w)inoxf
in

equiv.
where Wi = the ordnance (nominal) weight of the incendiary unit
(¢/w) = the charge-to-weight ratio, or the percent of the ord-

nance weight which is incendiary fuel

E = the unit energy available (i.e., heat content) of the in-
cendiary material, Btu/lb,

f = a fraction approximating the percentage of the total
available heat which is released during the equivalent
uniform flaming period, 0 <f<1

Ate quiv = the period, in seconds, during which the incendiary is
actively flaming, or the equivalent uniform burning
period,

b. The energy release rate of the burning wildland fuel in the area of Ai' infiial
ignition, (with a caloric content of 8000 Btu/lb), which is

( dE ) Weight of fuel x 8000 x Efrac,viol. &

dt Atviol.

i, viol,
15
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Weight of fuel x 8000 x E

d E _ frac, resid,
it ) Atresid e
i,resid, '
and c. The energy release rates (violent and residual) of the areas into which the

fire spreads:

dE B Weight of fuel in Aé x 8000 x Efrac,viol.
dt - At 4)
viol,

s, viol.

(d E ) _ Weight of fuel in Ag x 8000 x Efrac,resid. .
b Atresid
s, resid, *
where Ac is the total area of spread involved for a given interval of time,
Aé is the portion of area Ac in the violent burning stage

Ag is the portion of area Ac in the residual burning stage,

In computing the energy release rates associated with a single ignition and subsequent
spread, areas of spread corresponding to five minute time intervals were characterized, and
release rates of all contributing factors, as listed above, summed, for a given time in that

interval.
Example:
r = 0,5 acre/hour = 21,780 ft2/hour
AT = chosen equal to 5 minutes = 1/12 hour,
Therefore

_ 2
Ac = 1820 ft

Equations (4) and (5) now can be used to compute energy release rates in area Ac as a function

of time if Aé and A'é can be computed,

16
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A graph of spread area versus time, is shown below,
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The total area burning and burned out at any time t because of spread, in addition to an

initial area Ai is

POl T
AA = T35 = A, ()

where t is in minutes, and A A and Ac are in acres,

The total area in the violent burning regime at any time t, where Atv iol . = 10 rainutes,
is

t

Az: N AAviol. = 120 (7
if 0<t <10 minutes, and
Ay = DA, TBAY - BAy ) (8a)
= L acre (8b)
12 '
ift 2 10 minutes.
17
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The area that is in the residual burning regime at any time t, where At

minutes, is

Al = BAresid, = B4¢-10)
if 10<t <80 minutes, and
Ad = BAgia, T BAg-10) T BhAg-s0)
- 1
= g acre,

if t= 80 minutes,

Plotting Eqs. (7) through (10b),
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Also, in general form, at any time t,

A

total, burn

= A
18
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B. COMPUTATION OF INCENDIARY ENERGY RELEASE RATES

Equation (1) is applied to the specific ordnance as shown below.

1, M74
(4 _ #
W,x — X E, xf = 38,000 Btu
i w io
Then
dEAt-10 min 38,000 Btu
. Sl (12)
dt 600 sec
in
= 63 Btu/sec

2. Napalm '"'B"

= . =0, 8% : = * . f =0, 8%: =
Wi 500 1b ; (c/w) =0,8*; Eio 20,000 Btu/lb* ; f =0,8* ; Atequiv 10 min

Therefore

dE 500 lbs x 0,8 x 20,000 Btu/lb x 0,8 (13)

(dt) - 600 sec
in

= 10, 700 Btu/sec equivalent uniform energy
release rate (Napalm '"B'' 500 lb)

3. Wesco Mix

=] O = X . =i X . = x . =
w 500 1b ; (c/w) =0.8% ; E 20,000 Btu/lb* ; f = 0,8% ; Atequiv 2 min

i io

# Bond, H., Fire and the Air War, 1946, NFPA, Boston, Mass., p. 75.

* Assumed by Dikewood project personnel, 19
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Therefore

(d E) _ 500 lbs x 0,8 x 20,000 Btu/lb x 0.8 14)

dt 120 sec

in

53,500 Btu/sec equivalent uniform energy
release rate (Wesco 500 lb)

The incendiary energy release rates constitute one of the three components of total
energy release rate discussed in A,

C. COMPUTATION OF WILDLAND FUEL ENERGY RE].EASE RATES
The energy release rates of the wildland fuel in the initial ignition area and inthe spread

areas constitute the remaining two components of total energy release rate, These rates are
computed as follows,

Density: 20 tons/acre (medium brush)
Burning characteristics:

Atviol. = 10 min Efrac,viol. = 0.4
Btregig, = 70 min Efrac, resid, = 0-8
g_E) 8,000 (Btu/lb) x 0,92 psf x 0.4 _ .2
(d t = 600 sec = 4,9 Btu/sec - ft (15)
viol,
unit area
dE _ 8,000 (Btu/lb) x 0,92 psf x 0.6 _ _ 2
(&t ) = 4200 sec = 1.05 Btu/sec - &t (16)
resid,
unit area
From Eq. (15),
(%—f) = 1,820 x 4.9 = 8920 Btu/sec 1
s, viol, 20
SECRET
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for each complete spread cycle of 1, 820 sq ft burning in the violent regime only, and

(%f) = 1,820 x 1.05 = 1,900 Btu/sec

8, resid,

for each complete spread cycle of 1, 820 sq ft burning in the residual regime only.

Also, in general form,

d

(——df) = A! (4.9)
8, viol,

d E

(——dt) = A (1.05)
s, resid.

where Ac = A:: + A'(': .
D. INITIAL IGNITION AREA WILDLAND FUEL DATA
1, M35 Cluster, using M74 individual units

a. Ground coverage = 15' x 0,2! (tail ejection M74) = 3 sq ft

b. (%% - 3ft%x 4.9 Btu/sec-ft2 = 14,7 Btu/sec
i, viol,
(((ii_f:) =3 ftz x 1,05 Btu/sec-ft2 = 3,15 Btu/sec
i, resid,

2, Napalm, finned, aimable, 500 lb Type ""B'' fuel

a, Ground coverage = 30' x 75' = 2,250 ft2

b, (%—f—) - 2,250 ft% x 4.9 Btu/sec-ft> = 11,000 Btu/sec
i,viol,
21
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c. (d—f) = 2,250 ft% x 1,05 Btu/sec-ft2 = 2,360 Btu/sec 24)

i, resid,
Napalm, ''"Wesco mix, ' finned, aimable, 500 lb
a, Use same ground coverage as Napalm B, 2,250 ft2

b. Therefore

(‘(’1—?) = 11,000 Btu/sec 25)
i, viol,
d E
and At = 2,360 Btu/sec (26)
i, resid.

E. COALESCENCE OF MULTIPLE FIRES

Let n be the number of incendiary weapon initiated fires within an area A. If the
initial area per fire is ay (no spread), the total area on fire initially, before

spread begins, is

A, = na (27)

I i

Knowing AI from Eq. (27), the total available area into which fires can spread is

just
Agvsp. = A4 (28)
The area available for spread from each ignition is
A- AI
Aav.sp/fire ~ T (29)
Given an areal spread rate ''r'!, the time to coalescence is
A- AI
tc = (30)
22
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5. Equation (30) can be solved to give a number of ignitions necessary to yield co-
alescence at any specified time tc yi.e,,

A
n = ——— (31)
c ai + rtc

where n, represents the number of ignitions necessary to produce coalescence

at time tc.

6. Equation (31) is the basis for generating the coalescence loci on curves A, B, and
C.

7. The actual equations used were:

a. For M74 incendiary units

5
W = 19,2x 10 (32)
c t
c
b. For Napalm B and Wesco Mix
5
_ 19.2x10
"e T T, +6.2) (33)

The basic equation used to compute inrush wind velocity at the periphery of the target

area is
" d F‘T 1/3
(88x 10 ) ot
v =
w 6 (34)
/A
where
Ve is in miles per hour,
d ET
qt is the total energy release rate

over the affected area, in Btu/sec,

(A) is the target area, in square miles.
23
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APPENDIX E.

Fire Weather Probabilities

1. Single sites

Given:

PH = probability of a heavy rain within a day

P. = probability of a light rain within a day

L
Pa = probability of an overcast day

P, = probability of a half-overcast day

b
Pc = probability of a clear day

Assuming that:

1) Present weather is independent of past weather.

2) No drying occurs on rainy or overcast days (zero '"drying days').
3) A half-overcast day is equivalent to one-half "drying day."
4) A clear day is equivalent to one '"'drying day."

5) A fire will burn if 5 or more '"drying days' have accumulated since the last
heavy rain provided that 2 or more "drying days'' have accumulated since the
last light rain.

What is the probability that at least one "burning day" will occur within an N day
weather watch, (N=1, 2, . , ., 15), if

A) when the weather watch is instituted, 3 ""drying days' have accumulated since the
last heavy rain?
B) when the weather watch is instituted, no 'drying days' have accumulated since the

last heavy rain?
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We recognize that a given site on any givex day may require 0, 1/2, 1, 1-1/2, . ., .5
"drying days'' beforebeing in a suitable condition for burning. Thus, a site may be described

as being in one of the following states:

State "Drying Days' Days Since Days Since
Number Needed Heavy Rain Light Rain
1 5 0 -
2 4-1/2 1/2 -
3 4 1 -
4 3-1/2 1-1/2 -
5 3 2 -
6 2-1/2 2-1/2 -
7 2 3 0
8 1-1/2 3-1/2 1/2
9 1 4 1
10 1/2 4-1/2 1-1/2
11 0 5 2
12 5-1/2 2-1/2
13 6 3

The desired probabilities for questions A and B above are then

A) The probability that a site now in state 7 arrives at state 11 in no more than N

steps.

B) The probability that a site now in state 1 arrives in state 11 in no more than N

steps.

Since we have assumed that present weather is independent of past weather, the problem
may be formulated as a Markov chain; that is, the progress of drying may be described as a
random or stochastic process which moves from state i to state j with probability qij where

the qij depend only on the present state of the process.

The matrix Q' of single step transition probabilities, qi i* in terms of the Pj described
earlier are given in Table 1. The probabilities we require for questions A and B can easily
be derived from these single step probabilities. We form the matrix Q (Table 2) from Q' by
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making state 11 an absorbing state and compute the N step transition matrix Q(N) by raising
Q to the N-th power. The desired probability for question A is theu q,(7N)11
qu)ll‘ Both occur in the right most column vector of the matrix. He’nce, instead of Q(N) we
majy compute Q(N-l)

from right to left as

and, for question B,

q where q is the eleventh column of q. The computations were performed

QAQ. . . . QD). . . .))).

Each multiplication was then a matrix by a column vector; no multiplication of Q by itself

was necessary.

II. Multiple sites

Find the probability that at least one of M sites (M =1,2,....,10) willexperienceat
least one 'burning day'' within an N day weather watch (N=1,2,...,15) if, when the weather
watch is instituted, 3 "drying days' have accumulated at each site since the last heavy rain.

These probabilities were calculated from the formula

Pyy=1- (- pN)M
where
PM, N " desired probability for M sites and an N day watch
PN = single site probability from I (q'(ZI:I)ll)‘

The basic assumption here is that the weather at one site is independent of the weather
at any other site.

III. Unconditional probabilities

What is the probability that a random day is a burning day ?

For the solution to this problem, we return to the matrix Q' of part I. The desired
probability, U, is the probability that the process is found to be in state 11 or a higher state
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on a random day. If the u, are the probabilities from the stationary distribution of the chain,
then

®
U= 2 ui=1-z u, .
i=11 i=1

The stationary probabilities satisfy the system of equations
uQ =u

where u is a row vector with elements u, and Q' is the extension of Q. A stepwise solution
of the system for the first ten u, was obtained with the following formulae:

U = Py/(t-Py-Pp)

u, = wPh/(1-P -P)

u = (P ,+Pu_,)/1-P, -P) i=3,4,5,86
6

u, = [ Pu, + Pus+ Pp(l- §1 ui)] 1-P)

u = (P _,+Pu ,)/(1-P) i=8,9,10
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