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FOREWORD

This report covers research conducted during the period February 1974
to October 1974 by the Flame Fuel Laboratory, Air Force Armament Labora-
tory (AFATL/DLJW) in support of Project 10820302. This project was managed
by Dr. Harry L. Wolfgang (DLJW).

The research was carried out at the AFATL Flame Fuel Laboratory and
Burn Facility by 1st Lt Jerry D. Abrams and Capt Robert D. Epperson with
assistance from D. A. Davis, Thomas G. Floyd, Andrew J. Bilbo, and
Gregory A. Brinson.

This technical report has been reviewed and is approved for
publication.

FOR THE COMMANDER:

Sl T L

WILLIAM F. BROCKMAN, Colonel, USAF
Chief, Munitions Division
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ABSTRACT

This report describes a research effort to find the optimum dissem-
ination of flame agent from a firebomb. The basic approach taken was to
experimentally model under laboratory conditions static dissemination
§E ‘ patterns. This involved controlling the physical environment of the

experiments and representative collection of data. A computer program
was used to reduce and analyze the data. The measuring criteria for
_optimization were calculated in the computer analysis. These criteria
i were optimized to give the most effective fuel break-up and dissemination
1 pattern. The parameters characterizing this pattern were defined, and
- an optimum model was constructed. Although the experimental results of
this model are unique to the physical conditions of the experiments and
cannot be applied directly to dynamic situations, the technique and re-
sults offer excellent relative data for the screening of possible dissem-
ination patterns and firebomb effectiveness studies.

] Distribution limited to U. S. Government agencies only;
‘ i this report documents test and evaluation; distribution
1 limitation applied February 1973. Other requests for
this document must be referred to the Air Force Armament
3 Laboratory (DLJW), Eglin Air Force Base, Florida 32542.
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SECTION 1

. INTRODUCT ION
]

i [ A major problem realized in the use of firebombs was the control of
fuel breakup. The current operational environment requires flame agents

! . that are suitable for use in a high-speed delivery mode. The requirement

J ’ for an improved fuel initiated an extensive research program to develop

a flame agent exhibiting physical properties which cculd be varied to con-

| i trol the breakup characteristics.*»< Before a new fuel could be tailored

to meet these requirements, the optimum breakup had to be determined.

This report describes the results of a program developed to optimize the

particle size distribution resulting from the fuel breakup.3

DISCUSSION OF THE PROBLEM

| The effectiveness of a firebomb is dependent on three variables:

; area coverage, temperature over the area, and the duration of burn.4 The
[ optimum breakup of any candidate flame agent would be that which maximizes
these three variables. Each of the three variables is functionally de-
pendent on the density (grams of fuel per square foot) and particle separ-
ation (distance between fires).

In order tc find the best combination of these variables, an experi-
mental model had to be designed such that the density and separation
distance could be varied over the range of interest. The variations in
the physical conditions affecting the kinetics of the fuel combustion had
to be minimized.

OBJECTIVES

The principal objective of this research was to find the fuel break-
up that would give the most effective temperature distribution from a
firebomb. The optimum should be independent of the flame agent and en-
vironmental conditions. The results of this study will also indicate the
effectiveness of a firebomb weapon. The accomplishment of these objec-
tives required the selection of a flame agent to be burned and a number
of fire array configurations to be analyzed. The fuel was selected on
the basis of the research conducted by the Flame Fuel Laboratory, Air
Force Armament Laboratory, Eglin Air Force Base, Florida. A blend of
styrene-butadiene rubbers dissolved in benzene and gasoline (SBR) was
selected. This fuel was under development as a candidate to replace the
napalm B presently used in the firebomb in inventory and as a fuel for
a new proximity fuzed, high speed delivery bomb. ;
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SUMMARY OF RESULTS

An optimum dissemination pattern of the flame fuel from a 100-gallon
firebomb was found based on the following criteria: area coverage, mean
effective temperature, and duration of the effective temperature. An
experimentally determined matrix consi:ting of seven densities and five
separation distances for each density was analyzed with each of the above

mentioned dependent variables maximized. The findings of these efforts
were:

The optimum area coverage from a 100-gallon firebomb with SB

fuel is 1.32 x 104 square feet with a density of 0.053 1b/ft”
(24g/ft2).

The optimum separation distance is 16.5 inches with a particle
size of 0.088 1b (40 g).

The mean temperature above a minimum effective temperature of
150°C was predicted to be 300°C with a duration time of 200
seconds.

The predicted optimum particle size distribution was experimentally
modeled with the following results: mean effective temperature of 299°C
for a duration of 194 seconds. Although the results 'are unique to the
physical conditirns of these experiments and cannot be applied directly
to dynamic situations, the technique and results offer excellent rela-

tive data for the screening of possible dissemination patterns and fire-
bomb effectiveness studies.
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SECTION II

SYSTEM MODELING

The dissemination p. ttern of the fuel from a firebomb was modeled
under laboratory conditions. The model had to be representative of the
particle size distribution and the separation distance of the particles.
Symmetrical arrays were found with variable parameters covering the
range under investigation.

ARRAY CONFIGURATION

Five arrays of fires with geometrical symmetry were found with the
distance between fires characterizing the array. Each array consisted of
a grid of hexagons with fires placed at each of the vertices and centers,
which gave a constant separation between samples. The hexagon was chosen
since it is a good approximation of a circle that can be packed on a
plane. The separation distance and density were varied over a reasonable
range based on preliminary studies around the mean fuel density from the
lay-down mode of a BLU-27 firebomb. The fire separation distance was
varied between 12 inches and 30 inches for several densities ranging from
0.02 1b/sq ft (9 grams/sq ft) to 0.08 1b/sq ft (36 grams/sq ft). An ex-
ample of the fire configuration of an array is given in Figure 1.

Symmetry was achieved by varying the size of the equilateral tri-
angle ABC in Figure 1. The triangle was always centered on the center-
point of the array; therefore, lines of fire 60° apart through the center
occurred for each array. This technique achieved similar configurations
about the center for the five separation distances considered. A fire
was not placed at the center because of the fixed thermocouple placement.

This will be discussed in Section III. The array configurations are given
in Appendix A.

PARAMETER VARTATIONS

‘ ‘ The primary concern of this study was to optimize the fuel dissem-

’ ination of a firebomb. The variables affecting the criteria to be
optimized were reduced to two by controlling the experiments in a burn
chamber. The two variables were density and separation distance. The
functional dependence of each of the parameters on the mean effective
burn time and mean effective temperature had to be determined experi-
mentally. A two-dimensional matrix over the range discussed in the
previous section was constructed from the experimental results of Table 1
for each of the functions. Table 1 gives the sample size in grams for
each of the experiments.
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TABLE 1. SAMPLE SIZE IN GRAMS
FOR EACH EXPERIMENT

No. Samples 25 32 53 63 96
Separation
(Inches) 30 24 18 15 12
Density
(1b/£t?)
2
(g/ft7)
0.02
9.0 49 31 18 12 8
0.03
13.¢ 74 47 27 18 12
0.04
8.0 98 63 35 25 16
0.05
376 123 79 44 31 20
. 0.06
550 147 94 53 37 24
0.07 -
W 172 110 62 43 27
0.08 ¥
36.0 196 126 71 49 31
5




Every element in the matrix represents an experiment. It was feas-
ible to run all 35 experiments required for the completion of the matrix;
therefore, no statistical design of the experiments was necessary.

Once the matrix was completed, the functionai dependence of the mean
effective burn time and the mean effective temperature on the density
and separation could pe analyzed. The effects of each variable could
be isolated. The area coverage was strictly a function of density and
could be expressed analytically. With these interrelationships of the
parameters known, the model could be optimized according to the definition
of the optimum dissemination (maximum area coverage, maximum effective
temperature, and maximum effective time).
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SECTION 111

EXPERIMENTAL DESIGN AND EQUIPMENT

A simple experimental model of an ideal fuel breakup pattern was
developed in Section II. This section explains how the model was adapted
to laboratory conditions and instrumented. The equipment used for data
collection and the procedural techniques are also discussed.

DATA COLLECTION

The ultimate goal of the instrumentation was to monitor the tempera-
ture or heat over a representative area of the fire array during the entire
burn time. An overall mean temperature or heat flux should be obtainable
from the raw data received from selective placement of sensing devices.
Physical constraints which were considered included the limited size of
the chamber and the practical number of sensing devices. Relative effec-
tiveness could be obtained from heat or temperature data. Calorimeters
and radiometers were considered as possible heat sensors but were discarded
due to their directional limitations. Dosimeter-type instruments measure
only the total heat sensed without respect to time. Therefore, tempera-
ture measurements with thermocouples were selected as the simplest and
most reproducible method of monitoring the effectiveness of the fire
arrays. Since the thermocouple gives a point source temperature, it is
necessary to selectively place a number of thermocouples over the area in
order to obtain a representative mean temperature.

Thermocouple Configuration. The electronic data acquisition svstems
available had a total of 44 channels as possible inputs. This limitation
necessitated a search for the most representative placement of the thermo-
couples to get meaningful data. The 44 channels were divided into three
groups: grid, fire, and room. The grid was defined as the group of
thermocouples selectively placed to monitor the temperature over the
entire fire array. This group utilized 37 of the channels. Four channels
were used to monitor the room temperature of the burn chamber. Two
thermocouples in series were placed in each corner of the chamber, one at
the top and one at the bottom of the room. The thermocouples in each
corner were then connected to one of the four channels used for room
temperature measurement. Three thermocouples were used to monitor fire

temperatures. These were placed in the three centermost fires of each
array.

Since it was desired to measure the temperature over a simulated
infinite area, it was necessary to locate the thermocouples far enough
away from the edge of the fire array to eliminate any possible edge
effects. The fire arrays and thermocouple grid were selected such that
there were always at least two rows of fires on the outside of the thermo-
couple grid. These configurations are shown in Appendix A.




The placement of the grid thermocouples presented a more complex prob-
lem. Since the wiring of the thermocouple grid involved a considerable
amount of effort, it was desirable to have a fixed configuration that
would give an excellent sampling of all the fire arrays. The complexity
| of the heat transfer mechanisms in the burn chamber made mathematical
modeling of the temperature distribution impractical. Therefore, it was
' determined that the best method of sampling would be from a random place-
ment of the thermocouples over the entire area. Several different grids .
'J were considered and evaluated by an empirical trial and error method until

a grid was selected which appeared to give a satisfactory sampling of the
area. :

4 Since the fire arrays used are symmetrical, many points within each
i array are theoretically equivalent. The hexagons in the arrays can be
divided into six equilateral triangles with fires at each of the vertices
4 as shown in Figure 2. The area of triangle ABC in this figure is equiv-
alent to the area inside any triangle connecting any three fires in an
array. This triangle can be further subdivided into the six triangles
numbered 1 through 6, as shown in the figure. Each of these triangles is
a truly unique area, that is, no two points within the triangle are equiv-
alent and every point within the triangle is equivalent to a corresponding
point within any of the other congruent triangles. If the position of each
thermocouple is considered with respect to the nearest fire, the location
1 of every thermocouple can be represented by a point in triangle 1 (or sim-
g ilarly any of the triangles numbered 1 through 6). The thermocouple grids
considered were evaluated by locating each thermocouple in triangle 1 to

determine if the sampling was random and representative of the entire
area.

! The thermocouple grid selected is shown in Figure 3. This configur-
ation gave an excellent coverage of the unique area for each of the fire
arrays without having to move the thermocouples. The sampling for each of
the arrays is shown in Figure 4. The dots in the triangle represent sin-

1 gle thermocouples while the circled dots and slashed dots represent two

and three thermocouples, respectively. One thermocouple was placed at

the unique point where the six triangles in triangle ABC of Figure 2 inter-
sect. The thermocouple and fire configurations are given in Appendix A.

e

Monitoring Equipment and Burn Facility. A specially equipped burn
chamber was electronically instrumented to carry out the experiments nec-
essary for this study. Equipment readily available was adapted to the

i needs dictated by these experiments. A chamber designed for the purpose -
of studying flame agents and incendiaries was modified to accommodate the
tests.

Two data acquisition systems were available for use in the monitoring
of the temperature distribution over the fire arrays. System I was a 24-
| channel data collection unit with a variable sampling rate and controlled
by a Nova 1210 computer. System II was a 20-channel unit with 100-

: . . il a5 - o 1 7 A
T e I e T N P PTITL

Rl i e o b M 2 b o



Y TN

17
’
Figure 2. Divided Hexagon

. [

9 L

i

A ———————— o v ; i t, A ;ui.:.w'.n:-'-‘ui g, bt
- ¢ el |‘ﬂ‘l‘.": _-"':"‘I :_Z"?-‘-"."




Scale 1" = 0,8

Figure 3. Thermocouple Grid
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Separation of 2.5 Feet

Figure 4. Thermocouple Sampling Patterns
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millisecond sampling rate. Both systems were built by Scientific Instru-
ments Research. Seven-track Kennedy Recordesrs were used to record the
data on magnetic tape. The two collection systems were synchronized by a i
commor. on-off switch located near the burn chamber. The combined 44 |
channels were wired to Chromel-Alumel thermocouples selectively placed in
the chamber. The data acquisition systems are shown in Figures 5 and 6.

A 19 x 19-foot burn chamber with insulated walls was used as a con-
trolled environment to carry out the experiments. A Dexon floor was
installed with all the wiring beneath the floor and the thermocouples
fixed in position on the surface. An asbestos covering was placed on top
of the flooring with the thermocouple junctions three to four inches above
the surface. The chamber was equipped with a refrigeration unit capable
of maintaining temperatures as low as -30°C. An air circulation system
consisting of an inlet and exhaust fan prevented oxygen starvation by
displacing the by-products of the combustion with fresh air. Figure 7
s shows the chamber immediately before a burn with the samples in position.
The fixed thermocouple grid can also be seen in Figure 7.

e

A The combined effect of the errors occurring from the equipment was
well within the accuracy of the experimental procedure. An estimated

; accuracy within + 5 percent from combined equipment and experimental error
A was determined. This was well within a set allowable error of + 10 per-

J cent.

EXPERIMENTAL PROCEDURES

All experiments were basically the same, therefore, a general pro-
cedure was outlined for the preparation and running of the two types of
experiments (ambient and cold weather). The initial sample handling was
the same for all tests. X

Sample Preparation. The flame agent selected for the study was a
blend of Styrene-butadiene Rubber (29 percent), benzene (27.3 percent),
and gasoline (43.7 percent). The selection was based on the results of

‘ a screening program by the Air Force Armament Laboratory. This fuel was
readily available since it was the primary agent being considered for a
high-speed, proximity fuzed firebomb and was prepared in-house. The fuel
| blend was held constant throughout the program; therefore, the results

! should be relative to each experiment and independent of the fuel.

The fuel samples ranged in size from 8 to 200 grams. Polyethylene
zip-top bags were used to contain the samples. The bags were filled by
two techniques depending on the size of the fuel sample. Samples between
100 and 200 grams were filled directly from a 5-gallon Jerry can with a
1-inch ball valve for control. The accuracy was + 1 gram. The smaller
samples were filled with syringes, and the accuracy was + 0.5 gram. Two
different size bags were used: 4 x 4-inch bags were used for the smaller
samples, and 6 x 6-inch bags were used for the larger samples. The time

{ 13




Figure 5. Data Acquisition System I
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Data Acquisition System II

Figure 6.

Burn Chamber

Figure 7.
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required to prepare the samples was held at a minimum to reduce possible
errors resulting from lost volatiles during the handling of the fuel. The
i prepared samples were stored in air-tight ammunition cans until they were
burned. The storage time was held to less than 24 hours for the ambient

experiments. The samples used in the cold weather study were cold soaked
for at least 24 hours below the temperature under investigation.

Ambient Burns (25°C to 30°C). The complete matrix of experiments was

J run with the initial conditions in the burn chamber held at ambient (25°C
to 30°C). The fire positions were identified, and an asbestos paper square
was placed on each location. The three fire thermocouples were placed over
the respective fires for the array being burned.

. »
=
T A

. The two data collection systems were checked and calibrated before F
4 ' each experiment. Each system was loaded with magnetic tapes, and the con- :
trol was switched to a common on-off switch located next to a view port k
near the burn chamber. A sample was placed on each of the asbestos papers.
At this time the inlet and exhaust fans for the burn chamber were turned
on. Five personnel were needed to start each experiment. Three persons
were used to light the fires with propane torches, one stayed outside the
chamber for safety purposes, and the fifth controlled and monitored the
data acquisition. Electronic timers were used to measure the ignition i
time and burn times. 1!

The data collection systems and the timers were started when the first 4

' fire was ignited. The ignition time ranged between 20 and 40 seconds de- *1
pending on the number of fires. This variation was negligible since the ' 14
total burn time was always over 10 minutes. The times the first and last i
fires burned out were recorded. Good reproducibility of these times in- - i

. dicated the burning mechanism did not vary enough to affect the results. 4

At the end of each burn the chamber was allowed to cool while the _
data was unpacked, and the equipment was prepared for the next experiment. ]
The data was stored on two magnetic tapes until it could be reduced on ;
the CDC 6600 computer.

Cold Weather (0°C and -30°C). The cold weather experiments were i
carried out by procedures similar to the ambient runs. The only varia- :
tions occurred in the chamber preparation and the fire ignition. The :
temperature in the burn chamber was stabilized at the temperature being ;
investigated. The refrigeration unit was turned on at least 24 hours b
before a scheduled experiment. This allowed time for the walls to reach .
a stable temperature so that the cooling unit could hold the chamber E
temperature close to the set value with minimum fluctuation. The only F
changes in the ignition procedure were the time the fans were turned on
and the duties of the person located outside the burn chamber. The cool-
ing unit was turned off after all the samples had been placed in the
chamber. The exhaust and inlet fans were turned on when the first fire




was ignited. The outside man opened the vent for the exhaust fan and the
door for the inlet fan when the personnel entered the chamber to begin
igniting the fires. The procedure was the same as the ambient procedure
for the remaining portion of the experiment. At the end of the burn the |
inlet and exhaust vents were closed, and the cooling unit was turned back -
on. The chamber was lowered to the temperature being studied and allowed
43 to stabilize. This time varied according to the amount of temperature

difference between the set value and the maximum temperature resulting
from the burn.
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SECTION 1V

ANALYSIS OF DATA

The data collected had to be converted to a form that could be analy-
zed thoroughly. A computer program was written in Fortran IV and used
with a CDC 6600 computer to reduce the data. Once the data had been re-
duced to a workable form, the optimum combination of parameters was found.
This section discusses the computer reduction of the data and the tech-
niques used to optimize the variables.

COMPUTER REDUCTION OF DATA

The raw data consisted of millivolt readings taken from each thermo-
couple at 0.1-second intervals. This information was stored on two mag-
netic tapes in binary for each experiment. Tape I from system I was a
recording of the first 24 thermocouples, and Tape II from system II con-
tained the data from the remaining 20 thermocouples. The information was
placed on the tapes in 5-second records with each record representing 50

scans of each thermocouple. All experiments contained at least 120 records.

A computer program was written in Fortran IV to unpack the data from
the tapes and reduce it to a meaningful form. The program is given in

Appendix B. A step-by-step summary of the operations carried out by the
program follows:

The millivolt readings from the thermocouples were converted
to degrees centigrade by the conversion factors: 1 millivolt
= 24.6°C and 1 millivolt = 10.24 in binary coded digits.

All channels were averaged over each 5-second record with

the average treated as the reading at the beginning of the
time interval. This smoothed the curves and reduced the data
points to 120 for each point monitored.

The 37 values for the grid thermocouples were averaged for
each of the 120 time steps. The same operation was carried
out for the three fire values and the four room values. A
fourth average combined the grid and fire values. These
averages along with the averages of the 44 channels ‘were
stored in a 120 x 48 matrix. The first 44 columns repre-
sent the actual thermocouples monitored. Columns 45, 46,
47 and 48 represent the average of the grid, grid plus the
fire, fire and room, respectively.

A minimum effective temperature of 150°C was selected. This
baseline was picked as the minimum since very little target
destruction would be expected below this temperature.

18




A numerical integration of all 48 curves was carried out over
the 120 time steps. The trapezoidal method was used. The

results gave a relative heat measurement which could be used
for comparison.

A secarch was conducted for the maximum temperature of each
thermocouple and the time this maximum occurred. The same
values were determined for the four averages also.

The baseline of 150°C was established, and the_portion of

each curve above this baseline was identified.® This part
of the curve was numerically integrated for each of the 48
curves,

A time-averaged temperature was calculated for the entire
curve and the effective region of each curve.

ach of the 48 curves was plotted by the computer. These
plots were used for fast validity checks on the data.

A map of the thermocouple grid was also plotted by the com-
puter at various time intervals. The temperature distri-
bution could easily be seen from these maps.

Gl st il s
p. A =

The computer program had many checks incorporated in the logic.

Errors encountered in the handling of magnetic tape were routed through
specific subroutines for special treatment in order to salvage data. .

i The option of throwing out bad data resulting from thermocouple or elec-

! tronic equipment failure was included in the program. This minimized the
rerunning of experiments where only an insignificant fraction of the data
was bad. A complete listing of the program named Particle Size Distri-

; bution Study (PSDS) is given in Appendix B.

Rt i

EXPERIMENTAL RESULTS

Each experiment was run at least three times to assure the validity
I of the data. Each bit of information from the reduction of the data was

tabulated by the computer for each experiment. An example of this table
k is given in Table 2. The three tables from each like experiment showed
] excellent reproduction and were combined to give a fourth table of aver-
' ages. The data needed for optimization was tlien extracted from the
averaged results,

The criteria defined earlier for an optimum dissemination pattern
were maximum mean effective temperature, maximum mean time above the
minimum effective temperature and the maximum area coverage. The data
describing these criteria were taken from the average tables and tabu-
lated in Tables 3 and 4. Table 3 is the mean effective temperature for
the thermocouple grid, and Table 4 is the mean time above the mimimum
effective temperature for the grid thermocouples. Graphs were constructed

i i i




SAMPLE OUTPUT OF COMPUTER PROGRAM

TABLE 2.
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Mean Grid Temperature =

TABLE 3,

MEAN EFFECTIVE GRID

TEMPERATURES VERSUS DENSITY

Average of 37 Thermocouples in the Grid (°C)

Separation Distance (Inches)

Density (Grams/ftz) 12 15 18 24 30
9.0 233 218 198 182 172

15.6 283 250 227 207 186

18.0 301 288 260 225 211

22.6 340 319 271 254 250

27.0 364 341 295 269 268

31.7 382 355 327 291 316

36.0 406 370 341 320 319
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TABLE 4. AVERAGE TIME GRID TEMPERATURE
¢ WAS ABOVE 150°C

L ——

At(sec)= Time above 150°C

‘: Separation Distance (Inches)
‘J Density

(Grams/ft?2) 12 15 18 24 30
9.0 78 83 88 92 108
'.J g 13.6 107 125 140 172 188
18.0 137 160 178 218 263
22.6 160 178 210 252 262
27.0 178 192 233 273 275
1 31.7 182 202 258 260 293
36.0 183 233 275 278 305
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from these tables to illustrate the functional dependence of the criteria |
on density and sample separation. Figure 8 graphically illustrates the |
relationships of the mean effective temperature over the thermocouple |
grid with the density and sample separation. Figure 9 is a similar plot l
for the mean time above the minimum effective temperature. These figures

& can be used to describe the effectiveness of an actual SBR firebomb be-
havior by correlating the experimentally determined density and particle :
size with the corresponding combination from this study. The SBR fuel

should be the same blend as that used in this program for the best corre-

lation, but other thicknesses and hydrocarbon fuels should yield similar
results.

A representative sample of the experiments was run at lowered temp-
eratures. The results of these experiments indicated the behavior of the
fuel at cold weather conditions. Table 5 compares these results with the
ambient runs. The trends are the same with the only difference being an
offset of the baseline approximately equivalent to the temperature differ-
ential between the ambient temperature and the lowered temperature. The
ignition time was increased slightly which was to be expected since the
samples had been cold-soaked.

OPTIMIZATION OF THE PARAMETERS

The general objective in any optimization is to choose a set of

values of the independent variables, subject to various restrictions,
which will produce the desired optimum response for the particular

1 problem under examination. The purpose of this section is to explain the
methods used to accomplish this objective from the experimental results

\ given in the previous section. Tables 3 and 4 are matrices representing

black box models of the system to be optimized. A black box model is de-

fined as a model constructed by varying controlling parameters of a

physical process and recording the results experimentally.®

The criteria on which the optimum is based was divided into two sys-
tems with competing influences. The area coverage is a decreasing function
of density; that is, the area coverage decreases as the density increases.
The mean effective temperature over the grid thermocouples increases as
the density increases, therefore a system was considered for these oppos-
ing influences. An optimum density was found that would give the best
combination of these criteria. The area coverage is independent of the
sample separation. The functional relationship of the area coverage and
the density is given by Table 6 and Figure 10. The second system con-
sisted of the mean effective temperature and the mean time above the :
minimum effective temperature as the conflicting influences. This system
was expressed as a function of sample separation for each density. The |
separation giving the best combination of these criteria was found for
the optimum density.
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TABLE 5.,

DENSITIES AND SEPARATION DISTANCES

COMPARTISON OF LOWERED TEMPERATURES

TO AMBIENT FOR SPECIFIED

Separation Distance (Inches)

Density 18 18 24 24
Mean Grid Mean Time Mean Grid Mean Time
Temp > 150°C > 150°C Temp > 150°C > 150°C
22.6 ]
Ambient 271 210 247 252
0°c 256 222 214 282
27.0
Ambient 295 233 245 293
0°C 248 272 205 323
31.7
Ambient 326 256 343 230
0°C 280 300 249 268
27




TABLE 6. AREA COVERAGE VERSUS DENSITY
(100-GALLON BOMB)

Density Area Coverage
(Grans/£t%) (Ft?)

9.0 ‘ .5 x 104

.34 x 104

.77 x 104

.41 x 104

.18 x 10°

.00 x 10%

.883 x 107
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The approach used to optimize the system of conflicting influences
consisted of converting the data such that the two influences are measured
on similar scales. This was accomplished by basing the criteria on the
minimum and expressing the results graphically as the ratio of the minimum
to the particular experimental results versus the independent variable.

The first system to be optimized was the area coverage and mean
effective temperature versus density. The system was analyzed for several
sample separations, and the final result was taken to be the average.
Tables 7 and 8 express this system as two matrices with the indicators
measured on similar scales. Each column represents the results for a
particular separation distance. The same column of each matrix is plotted
versus density on a common graph in Figures 11 and 12. The point of
intersection should give the optimum density. This point represents the
minimum ratio of the lowest experimental value of th: mean effective
temperature and also the mimimum ratio of the smallest area coverage to
the area coverage. Therefore, the density at the perticular point will
give the maximum area coverage and the maximum mean effective temperature.
The average over the various sample separatlons gave an optimum density
of 24 grams per square foot (0.053 1b/ft2).

The second system was used to optimize the sample separation. The
competing influences were mean effective temperature and mean time above
a minimum effective temperature. A matrix of each of the conflicting in-
fluences was constructed with the indicators based on the ratio of the
minimum to the particular measurement. The matrices are given by Tables
9 and 10. These matrices were treated in the same manner as those of
system 1. Common rows of each matrix were plotted versus sample separa-
tion on the same graphs. These graphs are given in Figures 13 to 18.
The intersection of the curves occurred at the separation distance which
gave the maximum mean effective temperature and maximum mean time above
a minimum effective temperature. The average of the results obtained
for the different densities was concluded to be the optimum sample sep-
aration. This result was 16.5 inches.,

The optimum dissemination of a flame agent with physical properties
similar to the SBR blend used in this study (or Napalm B) would give a
mean density of 24 grams/ft2 (0.053 lb/ft ) over an area of 13,300 ft2
with fuel particle separation averaging 16.5 inches. The mean particle
size for this dissemination was found from Figure 19 to be 40 grams
(0.088 1b). A theoretical relative effectiveness of this dissemination
can be extracted from Figures 8 and 9 based on these parameters. This
predicted effectiveness criteria for the experimental conditions of this

study were a mean effective temperature of 300°C for a mean time of 200
seconds.

L‘
i
i
{
|
;




TABLE 7. MEAN EFFECTIVE TEMPERATURE BASED ON THE
i MINIMUM EXPERIMENTAL VALUE

! FOR EACH SEPARATION DISTANCE
j} Separation (Inches)
! Density
(Grams/ £t%) 30 24 18 15 12
9.0 1.0 1.0 1.0 1.0 1.0
| 13.6 0.92 0.88 0.87 0.87 0.82
J 18.0 0.81 0.81 0.76 0.76 0.77
' 22.6 0.69 0.72 0.73 0.68 0.68
b 27.0 0.60 0.68 0.67 0.69 0.64
3.7 0.54 0.55 0.61 0.61 0.61
36.0 0.54 0.58 0.60




MINIMUM AREA COVERED

TABLE 8. AREA COVERAGE BASED ON THE

. Density
i = (Grams/ftz) Minimum Area/Area
i ! 9.0 0.25
] 4 13.6 0.38
18.0 0.50
22.6 0.63
27.0 0.75
81.7 0.88
\ 36.0 1.00

o N AT LT )




TABLE 9. MEAN EFFECTIVE TEMPERATURE BASED ON THE

MINIMUM EXPERIMENTAL VALUE FOR EACH DENSITY
. 2
- . Density (Grams/ft")
Separation ‘

(Inches) 9 13.6 18 22.6 27 31.7 36
30 1.00 1.00] 1.00 1.00 1.00 1.00 1.00
4 24 0.95 0.90| 0.94 1.01 1.09 0.92 0.98
18 0.87 0.81 0.81 0.92 0.96 0.97 0.94
15 0.79 0.74 0.73 0.78 0.84 0.89 0.86
{ 12 0.74 0.66 | 0.70 0.74 0.78 0.83 0.88




TABLE 10. MEAN TIME ABOVE 150°C BASED
ON THE MINIMUM EXPERIMENTAL VALUE FOR EACH DENSITY

i e apmti i e
-

Density (Grams/ftz)
j l S‘?}ixz;g“ 9 13.6 18 22.6 27 31.7 36
,
30 0.72 | 0.57 0.52 0.61 0.65 0.62 0.62
| 24 0.85 | 0.62 0.63 0.63 0.61 0.79 0.68
4 18 0.89 | 0.71 0.77 0.76 0.76 0.71 0.69
15 0.94 | 0.86 0.86 0.90 0.93 0.90 0.82
12 1.00 | 1.00 1.00 1.00 1.00 1.00 1.00
\
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SECTION V

EXPERIMENTAL STUDY OF THE OPTIMIZED
DISSEMINATION

The theoretically predicted optimum dissemination was experimentally
studied at the same conditions the data had been collected. This study
served as a check on the model and the accuracy of the prediction. This
section describes the study and discusses the overall results of this
program.

ARRAY CONFIGURATION

Once the parameters defining the proposed optimum fire distribution
had been determined an array of fires exhibiting these characteristics
had to be constructed. The sample separation distance of 16.5 inches de-
fined the size of the hexagon and the number of fires was based on the
placement of the array on the thermocouple grid. The configuration of
the hexagons was constructed according to Section II. The array repre-
senting the optimum fire distribution is given by Figure 20.

EXPERIMENTAL RESULTS

The theoretical optimum was experimentally checked at ambient and
two lower temperatures. The ambient results were compared to the pre-
dicted ambient effectiveness from the model. Table 11 gives the averaged
results of three experimental runs at each temperature and the theoreti-
cal ambient values. Figure 21 compares the results of the three temper-
atures. The predicted values were almost the same as the actual results
of the experiments. The mean effective temperature predicted by the model
was 300°C, and the average of three experimental runs was 299°C. The
mean time above the minimum effective temperature predicted was 200 sec-
onds, and the actual value obtained from the three runs was 194 seconds.
The closeness of these values indicated that the model was well repre-
sented by the data collected. While these results are unique to the
physical conditions of these experiments and cannot be applied directly
to dynamic situations, the technique and results give excellent relative
data for the screening of possible dissemination patterns and firebomb
effectiveness studies.
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TABLE 11. EXPERIMENTAL RESULTS OF THE
OPTIMUM ARRAY AT THREE DIFFERENT TEMPERATURES

Mean Temperature Above 150°C

Mean Time Above 150°C

(Degrees C) (Seconds)

Ambient

Run #1 309 186

Run #2 298 210

Run #3 291 186

Average 299 194
0°c

Run #1 261 210

Run #2 274 210

Average 268 210
-30°C

Run #1 231 210

Run #2 251 215

Run #3 247 210

Average 243 212
Predicted Ambient 300 200
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® Fires

Separation Distance 2.5 Feet With 25 Fires
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® Fires
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