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FOREWORD

This report was prepared at the U.S, Army Fuels and Lubricants Research Labor-
atory (AFLRL), Southwest Research Institute, under DOD Contract No. DAAK70-
79-C-0215, The project was administerec hy the Fuels and Lubricants Division,
U,S. Army Mobility Equipment Research and Development Command (MERADCOM), Fort
Belvoir, Virginia 22060, with Messrs. F.W. Schaekel and J.V. Mengenhauser,

DRDME-GL, serving as Coatracting Officer's Representatives., For this program,
3,2-inch sghaped charge warheads were obtained by MERADCOM from U.S. Army
Ballistic Research Laboratory (BRL), This report covers the period of per-
formance from 25 September 1979 to 31 September 1980.

Acknowledgement is given to Mr. J.P. Plerce for conducting 20-mm HEIT bal-
listic tests and backup flammability experiments and assistance in conducting
full-scale ballistic tests. Special acknowledgement 1is given to Messrs., M.E,
lePera, F.W. Schaekel, R.,D, Quillian, Jr., and S.J. Lestz for their partici-
pation, encouragement, and suggestions. Acknowledgement is given to Mr. J.W.

Pryor and Ms, E.J, Robinett for editorial asssistance 1in producing this re-~
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I. INTRODUCTION

The U.S. Army has a special requirement for a diesel fuel which will perform
satisfactorily in diesel-powered combat vehicles but would self-extinguish in
case of ignition by ballistic penetration or cther unwanted ignition sources.
The main thrust for this investigation was experience gained in Southeast Asia
and in the 1973 Arab-Israeli conflict, which indicated that fuel fires can be
a major cause of ground vehicle and perronnel losses., These results, which
were obtained from studies conducted by the Survivabhility Office at U.S. Army
Material Systems Analysis Activity (AMSAA)(I)*, indicated that, if catastro-
phic fuel fires could be eliminated, personnel would have increased chances
for survival, and chances of repalr or salvage of vehicles would be improved.
Thus, cost effectiveness would be realized net only in reduced key personnel
losses, but also through improved supply ot ¢ ritical tactical equipment in an

area where resupply may be impossible.

A. Backpground Information

Six generations of fire-resistant fuel have .een investigated by the Army, and

these are summarized in Table 1.(2’3)

The last approach was selected for
developing fire-resistant fuels (FRF) fur diesel-powered ground equipment.
The selected approach involves the inclus:in of surfactant-stabilized emulsi-
fied water in diesel fuel. Screening studies followed by laboratory, bench-
scale, and full-scale experimental investlgations have led to the development
of clear-to-hazy fire-resistant microemulsions of 10 vol? water and 6 vol?
surfactant formulated in DF-2 diesel fuel., The surfactant comprises a mixture
of reaction products formed from two moles of diethanolamine and one mole of
oleic acid, or 1.009 moles of oleic acid in a modified version of the surfac-

tant.

Because of complexities resulting from variations in the composition of the
hase fuel, emulsifying agents, and water, extensive laboratory evaluations of
physical and chemical properties have been an essential element of the FRF
development program, It should be mentioned that the development of the
surfactant required to produce the FRF blend has been based on typical fuel

formulations--not on wmodifying the fuel tc¢ accommodate the surfactant.

* Superscript numbers in parentheses refer to the list of references at the
end of this report,
5
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TABLE 1, SIX GENEKATIONS OF FIRE-RESISTANT FUEL. FORMULATIONS
INVESTIGATED BY THE U.S. ARMY

1. Fuel gellation just prior to hazard occurrence (Initiated by U.S. Army
Aviation Material Laboratories—-1964-1966),
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2, Semisolid, but pumpable, fuel-in-water emulsions (Initiated by U.S. Army
Aviation Material Laboratories--1965-1970).

3. Viscous-liquid, fuel-in-water emulsions (Initiated by U.S. Army Coating
and Chemical Laboratories--1969-1972).

4, High molecular weight polymeric additives for inhibition of mist forma-
tion (Initiated by U.S. Army Coating and Chemical Laboratories--1971-—p).

. i g e AT A T i

i 5. Volatile halogenated fire suppressant as fuel constituent (Initiated by
! U.S. Army Ballistic Research Laboratories--1972-1976),

E 6. Nonviscous, water—-in-fuel emulsions (Initiated by Fuels and Lubricants
] Division, Energy and Water Resources Laboratory, U.S. Army Mobility
Equipmex.lt Research and Development Command--1976—=),
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Laboratory evaluations have also included determinations of thermal stability,
surface tension, eleccrical conductivity, low-temperature flow properties,

foaming, and elastomer compatibility., Table 2 is a comparison of properties

TABLE 2, REFEREE-GRADE-BASE-FUEL FRF SPECIFICATION-TYPE PROPERTIES

Base Fuel Plus

Referee~Grade Base Fuel Neat Base 10 volZ Water
MIL-F-46162A(MR)II Fuel Plus 6% Surfactant

Gravity at 15.6°C, °API 36.1 36.1
Density at 15.6°C, g/ml C.844 0.857
Cloud Point, °C =21 -
Pour Point, °C =24 ~23
K, Viscositv (37.8°C), cSt 2.17 at 40°C 3.52
ASTM Distillation (D 86), °C

Initial Boiling Point 166 —

10% Distilled 219 -—

50% Distilled 244 ——

90% Distilied 296 _——

End Point 358 —_—
Carbon Residue on

10%Z bottoms, wt? 0.15 0.20
Sulfur, wt? 0.35 0.29
Cu Strip Corrosion, 3 hr

at 50°C 1A - 1A
Ash, wtZ 0.01 . 0.00
Neut. No., mg/100 ml : 0.01 . 0,74
Aromatics, vol? (FIA) 27.5 6 23 6
Heat of Combustion, Gross, J/kg 42,3 x 10 36.6 x 10
Cetane No. 48 41
Existent gum, mg/100 ml 3.9 1100

of a referee grade fuel and the FRF blend made from that fuel. Several dif-
ferent flammability evaluation procedures were employed to define the vulner-

ability characteristics of FRF candidates(2’3’4)

, and the results for rereree-
grade base fuel FRF formulations are summarized in Table 3. These flamma-
bility evaluations demonstrated that such aquecus microemulsions yilelded
diminished mist flammability while either eliminating pool burning or pro-
viding rapid self-extinguishment of pool fires, even at fuel temperatures more
than 10°C above the base fuel flash point., Bench~scale ballistic tests, using
20-mm high-explosive incendiary tracer projectiles, and preliminary full-scale
ballistic tests, using 3.2-inch precision shaped charges, correlated with the

flammability data.
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TABLY 3, REFPEREE-GRADE-BASE-FUEL FIKE-RESISTANT FUEL FLAMMABILITY PROPERTIES

Base Fuel Plus

i Referee-Grade Base Fuel 10 volX Water
4 MIL~F-45162A(MR) 11 Neat Base Fuel Plus 6% Surfactant
! Flame propagation across Wick burning with Wick burning only
bulk liquid surface at 77°C simultaneous propa-
gation
Burns on wick at 25°C Yes Yes
Flammability of fuel mist Extreme Moderate
at 25°C (Mist Flashback
: Test)
»
- Ballistic tests at 77°C Catastrophic fire Treasient fireball
; (20-mm HEIT) with self-extinguish-
¢ ing ground fire
Flash Point, °C 61 65%
Fire Point, °C 91 —

: Autoignition Temper-
¢ ature, °C 224 405

% Pilot flame in Penske Martens apparatus often extinguished by water vapor.
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Diesel engine and turbine combustor performance tests have been conducted in
which no difficulties were encountered in starting, idling, and running on FRF
formulations under typical operating conditions. As would be expected from
the water content, relative to the base fuel case, higher total fuel flow
rates are 1equired to produce equivalent power. However, in diesel engines,
full power can be generated with these microemulsions by adjustment of maximum

fuel rate settings in those diesel engines where such adjustment is feasible,

Performance of these fuel formulations has been evaluated in several different
laboratory single-cylinder and multicylinder engines without alteration of
injection timing, injection duration settings, or compression ratio. Perfor-

mance comparisons are presented in Figure 1. Also, successful 250~hour en-
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FIGURE 1. PERFORMANCE OF FIRE-RESISTANT FUEL VERSUS REFERENCE DF-2

durance tests have been conducted in a single-cylinder version of the 12-cyl-
inder AVDS-1790-2C M60 tank engine. Results cf these tests indicate that,
depending upon the specific engine and 1its operating conditions, work cycle
efficienclies may remain about the same or increase somewhat when FRF formu-
lations are used, Diesel engine exhaust measurements indicate increases i1in

unburned hydrocarbons, no change or increases in carbon monoxide, no change or
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decreasa in nftrogen oxides, and no change or decreares in particulates and
smoke, Sirilar measureaents ou the gas turbine combustor exhaust gases in-
dicate reduced tesperatures, ii:creased unbureed hydrocarbcus, increased carbon

monoxide, and decresses or no chang: in smoke,

FRF formulasticns have been observed to be noncorrosive to carbon steel,
zluminum, sod most ochor metals and alloys., However, because of the amine
content, they have been found to be corrosive toward copper and is alloys.
This incompatibility with copper has been alleviated by the addition of trace
quantities (190-200 ppm) of an aryltriazole.

8. Objectives of Investigation

The purpose of the full-scale ballistic tests described in this report has
been to evaluate the fire-resistant diesel fuel (FRF) under realistic condi-
tions typical of those encountered in combat and to provide confirm-tion of

bench-scale laboratory flammability and ballistic tests. Results also are

cxpected to provide guidance for future development or modification of lab-

oratory flammabfility/vulnerability evaluation techniques.

II. APPROACH
' A. Liaison With Mililary and Industrial Organizations Planning Full-

Scale Ballilistic Evaluations of Armored Vehicular Fuel Tanks

During the initial phase of this prograr, contact was established witi persons 1
and organizations planning to conduct full-scale ballistic tests of armored
vehicles to propose interfacing this program with such ongoing programs.
Since the ballistic threat to military combat vehicles varies with the types
of vehicle, no one facility was planning to evaluate all types of military
vehicles. Also, it was ascertained that planned full-scale tests would not be
conducted during the period of performance of this contract. Accordingly, it
became evident that a epecial series of full-scale ballistic evaluations would

be required to meet the objectives of this program.

10
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B. Bench-Sciale Laboratory Flammability and Ballistic Tests

Existing frlammability/vuluerability pioperty data, which are to be confirmed
by full-gcale FRF ballistic tests, have been evaluated with bench-scale lab-
oratcry flammability and ballistic tests developed by AFLRL. These techniques
are briefly described in the following paragraphs.

It has been shown in the laborate -y that =ist flammability and pool-burning
effects can be evaluated by the AFLRL impact-dispersion technique, which {is
illustrated in Figures 2 and 3.(2’3) Impact~dispersion experiments & ce
conducted in a well-ventilated, enclosed facility developed for this purpose

(see FJgure 2)., These tests involve allowing a 2-liter glass vessel, con-

.tailning about 1.2 kg of fuel, to fall freely 6 meters onto a steel target

plate with the point of impact being surrounded on two sides by gas pilot
flames. The target plate comprises a horizontal (see Figure 3), elevated
2,5-cm thick steel plate with electric surface heaters attached to its under-

side so that ity upper surface temperature can be adjusted and controlled.

The glass containers are filled to an ullage of about 2 percent of the total

~volume for each test, A television camera, located about 6 meters from the

impact point, 1s used to document test results on video tape. A background
prid provides a dimensional frame of reference, and subsequent examination of
the videotape by slow motion (and stop action) provides reduced data, Tests
are conducted at several different temperatures, from about 25° to 99°C, by
preheating the fuel sample and the steel target plate independently to the
desired temperatures. This procedure has been shown to provide a quick,
inexpensive, repeatable method for evaluatling mist flammability and pool-

burning characteristics of fluids,

The most severe flammability test presently conducted at AFLRL is the 20-mm
HEIT ballistic test.(2’3’4) This ballistic test is a relatively inexpensive
procedure developed to provide a meaus for evaluating the relative fire vul-
nerability of various fluids of interest for Army applications. The technique
employs 20-mm high-explosive-incendiary-tracer projectiles fired into partly
filled fluid containers. It ylelds repeatable results which establish hoth

transient fireball effects and residual pool-burning tendencies. The balli-

11
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FIGURE 2, ILLUSTRATION OF [MPACT DISPERSION TEST FACILITY

FIGURE 3. 1IMPACT PLATE AND PILOT ARRAY WITH SAMPLE AND SOLENOID
RELEASE MECHANISM LOWERED FOR DTSPLAY
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siic c(est procedure utilizes three major compomants: a 20-mm Mann rifle
assembly; a fuel tank target, including an actuator plate; and video and !6-mm
movie film recording equipment. Figure 4 illustrates the overali experimental
gsetup. The hemicylinderical target enclosure is constructed fron corrupated
steel culvert pipe, (.3-cm thick, 4.6-m wide, 2.7-m high, and 2. %-m deep. The
20~mm Mann rifle uszsembly is located under un open shed with the ritle barrel
being mounted fa &4 universal cradle. All firings and high-speed 16-mm re-
cordings are remotely tilgpered by a solenoides A real-time ‘6-mm wotion
picture camera and a vides recorder are used also to document the ecvents

following 1impact.

Figure 5 1illustrates the Yuel target assembly. The target is an expendable
I[l4~1iter steel dvum meeting DOT-17FE-203-73 specifications Thies moderately
priced target provides consistent responses to the ballistic impact. Projec~
tile impact plates are placed 0.3 m In front of the face of the drum to serve
as fuse actuator plates, These U.3-m square plates are fabricated from 0.6-cm
thick 6061-T6 aluminum,

A relatively high fluild test temperature (77°C) was selected for this test
with the objective of providing a severe fire-hazard exposure. Military
studies have reported bulk fuel-temperatures up to about 77°C in desert oper-
ations., On this basis, the test procedure has appeared to provide reallstic
asgessment of the ballistic vulnerability of candidate fire-resistant fuels,
The repeatability and reliability of the method have bheen shown to he satis-

factory.

Cc. Use of Actual Armored Vehicles and Their Fuel Tanks for Full-Scale

Evaluations

Arrangements were made for a series of full-scale ballistic tests to be con-
ducted by the TERA group of New Mexico Institute of Mining and Technology,
Socorru, NM, These tests utilized 3.2-inch precislion shaped charges fired
through the armor of a battle tank hulk (M48) and a personnel carvrier hulk

(M!113) into the fuel tank mounted against the intecior wall of tka vehicle,

13
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Warheads were obtained by USAMERADCOM from U.S. Army Ballistic Research Lab-

oratories (USABRL), and extra fuel cells for the MI13 were fabricated by TERA,
Diesel fuel was furnished by TERA, as purchased from local suppliers, and a
dedicated fuel tank was provided for its storage., AFLRL provided a water
deilonizer system and surfactant, and AFLRL personnel participated in the

planning and conducting of the tests, including conducting all FRF blending.

oo g T wm

i ITI. FULL-SCALE FUEL TANK EVALUATTON PROGRAM

A. Fuel System Vulnerahility Review

. A review of the vulnerability of the fuel systems indicated that specific
systems are vulnerable to specific types of ammunition. The major threats to
5 armored vehicles, such as tanks and armored personnel carriers, are antiarmor
warheads and missiles, whereas small arm projectiles are normally used against
i jeeps and trucks. The fuel storage tanks on combat vehicles such as the M4S
and M60 bhattle tanks are located on both sides of the engine compartment. The
results of a projectile entering this compartment 1s particularly severe since

the fuel can be ignited not only by the projectile but other sources such as

the hot manifold or electrical shorts. Another factor 1is that the fuel is not

only heated by recycling through the engine but also by heat radiated from the
engine. The location of the fuel cells in the M48 engine compartment tempor-
arily provides a reduced hazard to the crew since there is a firewall separ-
ating them from the engine compartment. However, the spillage and ignition of ﬁ
several hundred gallons of fuel would destroy the vehicles, and possibly crew
members, 1if the fire iz not extinguished. Armored personnel carriers, how-
ever, have their fuel tanks located within the personnel compartment, and any
ballistic penetration causes severe damage to both personnel and the vehicle.
If a combat vehicle contained a fire-resistant fuel, 1t would greatly improve
chances of crew survival, especially wounded, immobile personnel. Also, {if no
sustained burning of the spilled fuel occurred, damage to the vehicle would be

minimal,

B. Full~Scale Ballistic Tests

A serles of seven tests was conducted using 3.2-inch precision shaped charges

with the M113 and M48 armored vehicles (See Appendix). The fuel used {n the

15




R e L A

e e ey o T Gt S i o R

B . 2

i R

tests conformed to DF-Z specifications, but only those properties that would
relate to flammability characteristics were measured. Those measurcements
included fias™ point and ASTM D 86 distillatlion. It was iInteresting to note
that the ilash point of the fuel was 54°C and the test temperature was ex-
pected tuo be 77°C. This represented the first time that this extreme dif-
ference Dletween base fuel flash point and fuel test temperiature would be
evaluated. However, based on flammahbility test results previously obtained in
the 1laboratory, it appeared that the fuel should self-extinguish under the

proposed test conditions,

The data recorded 1in this series of ballistic tests 1included 16-mm movie
coverage (both real time and high-speed), pressure measurements, and vehlcular
Interior temperature. The overall positioning of the camerass and sensors 1is
shewn in Figure 6., As is shown in the figure, there were tw: cameras (recal
time and high-speed) covering exterior response to ballistic penetration of
both the M112 and the M48 tank. However, inside cameras were only used with
the MI113 since the crew compartment of the M48 is separated from the englne
compartment by a solid firewall. Pressuvre and temperature measurements were
made in both the M113 and M48 tests.

The overall results 1indicate that the FRF blends successfully eliminated the
catastrophic residual burning that was observed using neat fuel. OHimilar
results were ohtained in both the MIl3 armored persounel carrier and the M48

tanks., FEach test 13 bLriefly discussed as follows,

M113 Armored Personnel Carrier Tests

Test 1
(AZ041A0)

Vehicle Configuration: Ramp closed.

Fuel: Neat fuel--flash point 54°C(130°F),

Fuel Test Temperature: 77°C(170°F) approximately.

Fuel Volume: 230 liters (60 gal.,) fuel, tank volume 1s approximately 300
liters (80 gal.).

16
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Type Projectile: 3.2-in. precision shaped charge.

Test Results: A large mist fireball was observed upon impact followed by

residual burning within the crew compartment and engine compartment (housing
the interior cameras). As fuel continued to slowly spill on the ground, a
large amount of pool burning occurred, virtually engulfing the wvehicle. Fire
department assistance was required to extinguish the fire.

Interior Temperature: 565°C(Sustained).

Interior Pressure: 12 psi.

Test 2
(AZ0421A0)

ST TR STTETC T TR T TR TR e e

Vehicle Configuration: Ramp closed.
Fuel: FRF

Fuel Test Temperature: 77°C(170°F) approximately.

Fuel Yolume: 230 liters; tank volume is approximately 300 liters.
Type Projectile: 3.,z-in. precision shaped charge.

Test Results: A large mist fireball was observed upon impact, however, cs-

sentially all pool burning was eliminated. A very small amount of burning in
the camera area (apparently involving materials other than diesel fuel) re-
quired extinguishment. No evidence of pool burning outside of vehicle was
noted,

Interior Temperature: 343°C (Transient),

Interior Pressure: 11 psi.

Test 3
(A7.0421B0)

Vehicle Configuration: Ramp Open,
Yuel: Neat fuel--flashpoint 54°C(130°F).
Fuel Test Temperature: 77°C(170°F) approximately,

Fuel Volume: 230 liters; tank volume 1is approximately 300 liters.

Type Projectile: 3.2-in. precision shaped charpe.

Test Results: The large ramp forming the rcar closure of the vehicle was

opencd for this series of tests, The reasoning for this configuration was to

determine 1f oxygen starvation could be causing the FRF to self-extinguish.

18
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This configuration did seem more severe as evidenced by a larger mist fireball
and more rapidly developing total pool burning of ruvmainder of fuel.
Interior Tempersture: 650°C (Sustained).

Interior Pressure: 11 psi.

Test 4
(AZ0422A0)

Vehicle Configuration: Ramp Open.
Fuel: FRF

Fuel Test Temperature: 77°C(170°F) approximately.

Fuel Volume: 230 liters, tank volume 1s approximately 300 liters.
Type Projectile: 3.2-in. precision shaped charge.

Test Results: A large fireball developed upon impact which was observed

loside and outside of the vehicle. The same ramp configuration was used as
described in Test No. 3., In reality, this test could be considered more
severe than Test No. 2 since the size of the fireball is considerably larger
than when the ramp i8 closed. It 1s this mist fireball that is considered the
primary ignition socurce for subsequent pool burning. The FRF blend, however,
was self extinguishing after the 1initial fireball, and no pool burnlng was

observed.

Interior Temperature: 65°C (Transient),

Interior Pressure: 25.5 psl (sensor probably struck by flying debris),

M48 Battle Tank Tests

The next series of tests was conducted using the M48 tank, The actuval fuel
cells from the vehicle were used in this series. The total volume of fuel in
the M48 tank 1s approximately 800 liters and is divided into four fuel celis,
two on the side wall and two on the floor in the engine compartment. The
larger of the side tank holds approximately 340 liters and the smaller holds i
approximately 170 liters. 1In this series, two of the large side-wall fuel i

cells and one of the smell side~wall fuel cells were used. The engine was

installed in {ts normal position for each test. I ‘
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Test 5
(AZ0422B0)
Fuel: Neat fuel-~flashpoint 54°C(130°F).
Fuel Test Temperature: 77°C(170°F) approximately.

Fuel Volume: 300 liters, tank volume is approximately 340 liters (large
tdnk) .
Type Projectile: 3,2-in. precision shaped charge.,

Test Results: A large fireball resulted when the shaped charge exploded. Tt

was diminished, from exterior view, since the blast occurred within the engine
compartment, A large ground fire did develop, somewhat slowly, however,
This burning was extinguished by the fire fighting crew.

Interior Temperature: No change.

Interior Pressure: No change.

Test 6
(AZ0424A0)

Fuel: FRF
Fuel Test Temperature: 77°C(170°F) approximately.
Fuel Volume: 150 liters (small tank).

Type Projectile: 3,2-in. precision shaped charge,

Test Results: A 1large fireball occurred when the shaped charge exploded.

There was no residual fire from burning fuel. A very small amount of residual
burning occurred in the vicinity of the hydraulic fluid reservoir and was
attributed to accumulated hydraulic fluid.

Interior Temperature: No change.

Interior Pressure: 3.25 psi,

Test 7
(AZ0425A0)

Fuel: FRF
Fuel Test Temperature: 77°C(170°F) approximately.,

Fuel Volume:: 320 liters (large tank).
Type of Projectile: 3.2-in. precision shaped charge.
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Test Results: A large fireball occurred from the shaped charge ignition;

however, when personnel arrived upon the scene, no residual burnilng was ob-

served.,

Interior Temperature: No change.

Interior Pressure: No change.

Special Observations

The purpose of the full-scale tests was to evaluate the FRF blends in a rea-
listic environment. Several factors could have had some adverse effects upon
the results. In one case, the shaped charge penetrazted the 3-in. exterior
armor, passed completely through the fuel cell, and then burned through the
cugine crankcase into the empty fuel cell on the opposite side. It 1s quite
conceivable that if there had been oil in the crankcase, it would have ignited
) and could have resulted in residual burning. In another instance, test No. 6,
the shaped charge burned through the air cleaner and spilled oil into the

engine compartment. It was possible that this ocil was what was observed

burning in test No. 6 and not hydraulic fluid, There are also other flammable
materials that coul!d have ignited and could have resulted in continued burn-
f ing. This series of tests was considered especially successful since none of |

these events occurred.

IV. DISCUSSION OF RESULTS

Ti.~ purpose of these full-scale ballistic tests was to evaluate the FRF in a
realistic situation. When extrapolation is attempted from laboratory results
to full~scale evaluations, it 1s very difficult to account for every important
parameter such as fuel volumes, spillage rates, dabris collection, and others,
It should be emphasizea that every effort was made to conduct these tests with

as much realism as was possible such as by using actual fuel tanks and rein-

stalling the engine for each test of the M48 battle tank.

The test series can be summarized by Figures 7 and 8. Figure 7 illustrates
the results obtained with the M48 battle tank. In one case, there was no
residual burning; however, with the neat fuel, the entire vehlcle would have

heen destroyed without the assistance of a fire-fighting crew. The location
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PREPOSITIONED SHAPED CHARGE

B
RSN
e aror

ﬁ
.
o’

X"

DRAINING OF NONIGNITED FUEL AFTER
FRF TEST

FRF NEAT FUEL
RUPTURED FUEL TANKS AFTER TEST

FLAMING WITHIN AND BENFATH VEHICLE
DURING NEAT FUEL TEST

FIGURE 8 DEMONSTRATION OF EFFECTIVENESS OF FIRE~-RESISTANT DTESEL FUFRL
(FRF) AT 779C IN M113 ARMORED PERSONNEL CARRIER USING 3.2-TNCH
FRECISION SHAPED CHARGES (54°C BASE FUEL FLASH POTNT)
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of the fuel tanks within the engine compartment had a beneficial effect and a
negative effect, Since the compartment is enclosed, the fuel fire developed
slowly due to lack of oxygen and surface area for ignition. In fact, the
development of the fuel fire took considerably longer than did the fire in the
MI13 vehicle. Benefits of this fuel tank location is the shielding of the
personnel from the mist fire, allowing more time for extinguishment or escape.
However, since the area is enclosed, the fire is more difficult to combat and

the engine, during service, supplies a variety of different ignition sources.

Figure 8 shows the results obtained when the MI13 armored personnel carrier
was tested. It is obvious from the photograph that there was interior burning
in the case of the charred fuel tank and ne¢ burning in the tank that looks
bright., Actually, the interior temperature of the vehicle with the charred
tank reached 650°C and the test resulting in the bright tank reached only
65°C. It would be safe to say that if personnel survived the fragment blast,
their chances of survival would be greatly enhanced when no residual burning
occurred. Obvious benefit 1in equipment salvageability would bhe achieved if

pool burning could be c¢liminated.
V. CONCLUSIONS AND RECOMMENDATIONS

This series of ballistic tests has shown that catastrophic fires in armored
combat vehlcles can bhe eliminated by the use of fire-resistant diescl fuel,
The obvious savings in personnel and equipment could more than justify the
added cost of the modified fuel, especially considering the average time spent

in combat. The results of this investigation can be summarized as follows:
l. Residual burning can be eliminated by the use of FRF.
2, Mist fireball develepment is similar for both neat and FRF fuels.,

3. Transient temperatures are similar since the mist fireball development is

similar.

(18 Sustained temperatures arvre drastically different since the neat fuel

cont inues to burn hoth inside anu outside of the vehicle.

24




5.

s -

i

2,

3.

4.

Fragmentation-chrapnel dispersal is not influenced by the presence of

FRE,

Compartmental overpressures are not affected by FRF, and the pressure
measurements during this series of tests indicated that overpressures may

not bhe a problem.
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EFFECTIVENESS OF FIRE-RESISTANT DIESEL FUEL IN ARMORED
VEHICULAR FUEL TANKS”
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APC TEST AZ0418AC

DATE: 18 APRIL 1980
TIME: 1430 MST
TEMPERATURE : 84°F (ambient)
WIND: LIGHT AND VARIABLE
TEST FUEL: NEAT DIESEL

FUEL TEMPERATURE: 170°F

SHAPE CHARGE: TYPE 3.2 PRECISION

TARGET VEHICLE: ALUMINUM TYPE ARMOURED PERSONNEL CARRIER

TEST CONDITIONS

An aluminum fuel cell containing 60 U.S. gallons of neat diesel
fuel was positioned adjacent to the inside wall of the APC and
secured in place using two 1/16"x2.0"x72.0" mild steel straps.
Camera installations consisted >f one each high-speed and real-time
for interior coverage and one each high-speed and real-time for
exterior coverage. Additional data gathering equipment consisted
of one thermocouple and one pressure transducer inside the APC
using a strip chart recorder for monitoring. For this test the APC
ramp vas closed, and the interior fan was off.

TEST RESULTS

There was a large fireball at detonation followed by an intense
uncontrolled afterfire. The fuel cell lower restraining strap was
broken and the cell was blown loose. Al1 fuel was expelled.

Interior temperature measured 1050°F and interior pressure in-
dicated 12 psi.
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APC TEST AZ0421A0

DATE: 21 APRIL 1980

TIME: 1130 MST

TEMPERATURE : 75°F (ambient)

WIND: 8G15 MPH, SOUTH

TEST FUEL: SOUTIWEST RESEARCH FRF-A
FUEL TEMPERATURE: 170°F

SHAPE_CHARGE : TYPE 3.2 PRECISION

TARGET VEHICLE: ALUMINUM TYPE ARMOURED PERSONNEL CARRIER

TEST CONDITIONS:

An aluminum fuel ceil containing 60 U.S. galions at Southwest
Research FRF-A fuel was positioned adjacent to the inside wall of
APC and secured in place using two 1/16"x2.0"x72.0" mild steel
straps. Camera installations consisted of one each high-speed and
real-time for interior coverage and one each high-speed and

real-time for exterior coverage. Additional data gathering equipment
consisted of one thermocouple and one pressure transducer inside

the APC using a strip chart recorder for monitoring. For this
test, the APC ranp was closed, aft and top hatches were closed, and
the interior fan was on.

TEST RESULTS:

There was a large fireball at detonation followed by a small
isolated afterfire in the camera compartment. Bo%h fuel cell
restraining straps were broken and the cell was blown loose. A1l
fuel was expelled. Interior temperature measured 650°F and inter-
ior pressure indicated 11 psi.
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APC TEST AZ0421B0

DATE: 21 APRIL 1980 v

TIME: 1630 MST %
; TEMPERATURE: 87°F (ambient) i
] WIND: 15625, SOUTH

TEST FUEL: NEAT DIESEL

FUEL TEMPERATURE: 170°F

SHAPE CHARGE : TYPE 3.2 PRECISION

TARGET VEHICLE: ALUMINUM TYPE ARMOURED PERSONNEL CARRIER

TEST CONDITIONS

An aluminum fuel cell containing 60 U.S. gallons of neat diesel
fuel was positioned adjacent to the inside wall of the APC and
secured in place using two 1/16"x2.0"x72.0" mild steel straps.
Camera installations consisted of one each high-speed and real-time
for interior coverage and one each high-speed and real-time for
exterior coverage. Additional data gathering equipment consisted
of one thermocouple and one pressure transducer inside the APC
using a strip chart recorder for monitoring. For this test, the
APC ramp was open, the top hatch was closed, and the interior fan
was on.

TEST RESULTS {;

There was a large fireball at detonation followed by an intense !
afterfire. The fuel cell lower restraining strap was broken and O
the cell blown loose. A1l fuel was expelled. Interior temperature
measured 1200°F and interior pressure indicated 11 psi.
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APC TEST AZO422A0

;. DATE: 22 APRIL 1980
TIME: 1145 MST ‘.
TEMPERATURE : 70°F (ambient)
WIND: 10G20 MPH, SOUTH
TEST FUEL: SOUTHWEST RESEARCH FRF-A £

FUEL _TEMPERATURE: 170°F
SHAPE CHARGE : TYPE 3.2 PRECISION
TARGET VEHICLE: ALUMINUM TYPE ARMOURED PERSONNEL CARRIER

el 5o i ey .

TEST CONDITIONS

An aluminum fuel cell containing 60 U.S. gallons of Southwest

, Research FRF-A fuel was positioned adjacent to the inside wall of

it the APC and secured in place using two 1/16"x2.0"x72.0" mild steel
straps. Camera installations consisted of one each high-speed and
real-time for interior coverage and one each high-speed and real-time
for exterior coverage. Additional data gathering equipment consisted
of one thermocouple and one pressure transducer inside the APC

using a strip chart recorder for monitoring. For this test, the

APC ramp was down, the top hatch was closed, and the interior fan

was on.

s e
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TEST RESULTS |

There was a large fireball at detonation with no subsequent after-
fire. The fuel cell lower restraining strap was broken and the
cell was blown loose. A1l fuel was expelled. Interior temperature
measured 150°F and interior pressure indicated 25.5 psi.
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M-48 TEST AZ0422B0

DATE: 22 APRIL 1980
TIME: 1630 MST
TEMPERATURE : 84°F (ambient)
WIND: 15G25 MPH, SOUTH
TEST FUEL: NEAT DIESEL

FUEL TEMPERATURE: 170°F

SHAPE CHARGE : TYPE 3.2 PRECISION

TARGET VEHICLE: M-48-A1 MAIN BATTLE TANK

TEST CONDITIONS

Ai original M-48 steel fuel cell containing 80 U.S. gallons of neat
diesel fuel was used in this test. The M-48 engine was in place
alongside the cell. One each high-speed and real-time cameras were
used for exterior coverage only and thermocouple and pressure
transducer instrumentation was mounted inside the gun compartment
and monitored by strip chart recorder. Fragment entry was from the
port side.

TEST RESULTS

There was a large fireball at detonation followed by a slow burning
but intense afterfire. Fragments exited the fuel cell expelling
all fuel into the engine compartment. Interior temperature and
pressure were not recorded.
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DATE:
TIME:
TEMPERATURE:
HIND:

TEST FUEL:

FUEL TEMPERATURE:

SHAPE CHARGE :

TARGET VEHICLE:

TEST CONDITIONS

An original M-48

Southwest Research FRF-A fuel was used in this test. The M-48

engine was in place alongside the cell. One each high-speed and ‘
real-time cameras were used for exterior coverage only and é
thermocouple and pressure transducer instrumentation was mounted f
inside the gun compartment and monitored by strip chart recorder. |
Fragment entry was from the starboard side. d

TEST RESULTS

There was a large fireball at detonation followed by a small iso- :
lated afterfire below the oil-filled engine air cleaner. Fragments i
exited the fuel cell expelling all but ~ four gallons of fuel.

Interior pressure measured 3.25 psi. Interior temperature was not

recorded.

M-48 TEST AZOu424A0 *

24 APRIL 1980
1430 MST ]
78°F (ambient)
15625 MPH, SOUTH I
SOUTHWEST RESEARCH FRF-A 5

170°F
TYPE 3.2 PRECISION
M-48-A1 MAIN BATTLE TANK

steel fuel cell containing 40 U.S. gallons of i
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M-48 TEST AZ0425A0

DATE: 25 APRIL 1980
TIME: 1500 MST

T EMPERATURE: 65°F (ambient)

WIND: 16G15 MPH, SOUTH

TEST FUEL: SOUTHWEST RESEARCH FRF-A

FUEL TEMPERATURE: 170°F

SHAPE CHARGE: TYPE 3.2 PRECISION

TARGET VEHICLE: M-48-A1 MAIN BATTLE TANK

TEST CONDITIONS

An original M-48 steel fuel cell containing 85 U.S. gallons of
Southwest Research FRF-A fuel was used in this test. The M-48
engine was in place alongside the cell. One each high-speed and
real-time cameras were used for exterior coverage only and ther-
mocouple and pressure transducer instrumentation was mounted inside
the gun compartment and monitored by strip chart recorder. Frag-
ment entry was from the portside.

TEST RESULTS

There was a large fireball at detonation with no subsequent after-
fire. Fragments exited the fuel cell expelling all but ~ten gallons
of fuel. Interior pressure and temperature were not recorded.
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ATTN DRCPM~FVS-SE

WARREN MI 48090

PROJ MGR, M60 TANK DEVELOPMENT
ATTN DRCPM-M60-E
WARREN MI 48090

PROG MGR, M113/M113Al FAMILY
OF VEHICLES

ATTN DRCPM-M113

WARREN MI 48090

PROJ MGR, MOBILE ELECTRIC POWER
ATTN DRCPM=-MEP-TM

7500 BACKLICK ROAD

SPRINGFIELD VA 22150

OFC OF PROJ MGR, IMPROVED TOW
VEHICLE

US ARMY TANK-AUTOMOTIVE R&D CMD

ATTN DRCPM-ITV-T

WARREN MI 48090

[Ty

—

p—

CDR

US ARMY EUROPE & SEVENTH ARMY
ATTN AEAGC~FMD

AP0 NY 09403

PROJ MGR, PATRIOT PRO.J OFC
ATTN DRCPM~-MD-T-G

US ARMY DARCOM

REDSTONE ARSENAL AL 35809

CDR

THEATER ARMY MATERIAT. MOMT
CENTER (200TH)

DIRECTORATE FOR PETROL MGMT

ATTN AEAGD-MM-PT-Q (MR PINZOLA)

ZWEIBRUCKEN

APO NY 09052

CDR
US ARMY RESEARCH OFC
ATTN DRXRO-EG
DRXRO-CB (DR GHIRARDELLI)
P O BOX 12211
RSCH TRIANGLE PARK NC 27709

DIR

US ARMY R&T LAB

ADVANCED SYSTEMS RSCH OFC
AT'TN MR D WILSTED

AMES RSCH CTR

MOFFITT FIELD CA 94035

CDR

TOBYHANNA ARMY DEPOT
ATTN SDSTO-TP-S
TOBYHANNA PA 18466

DIR

US ARMY MATERIALS & MECHANICS
RSCH CTR

ATTN DRXMR

WATERTOWN MA 02172

CDR

US ARMY DEPOT SYSTEMS CMD
ATTN DRSDS

CHAMBERSBURG PA 17201

CDR

US ARMY WATERVLIET ARSENAL
ATTN SARWY-RDD

WATERVLIET NY 12189

AFLRL Report 130
7/80
Page 2 of 5




CDR

US ARMY LEA

ATTN DALO-LEP 1
NEW CUMBERLAND ARMY DEPOT

NEW CUMBERLAND PA 17070

CDR

US ARMY GENZ MATERIAL &
PETROLEUM ACTIVITY

ATTN STSGP~PW (MR PRICE) 1

SHARPE ARMY DEPOT

LATHROP CA 95330

CDR

US ARMY FOREIGN SCIENCE & TECH
CENTER

ATTN DRXSI-MT1 1

FEDERAL BLDG

CHARLOTTESVILLE VA 22901

CDR
DARCOM MATERIAL READINESS
SUPPORT ACTIVITY (MRSA)
ATTN DRXMD-MS 1
LEXINGTON KY 40511

HQ, US ARMY T&E COMMAND
ATTN DRSTE~-T0-0 1
ABERDEEN PROVING GROUND, MD 21005

HQ, US ARMY ARMAMENT R&D CMD
AT'TN DRDAR-SCM-00 (MR MUFFLEY)

DRDAR-TST~S 1
DOVER NJ 07801

p—

HQ, US ARMY TROOP SUPPORT &
AVIATION MATERIAL READINESS
COMMAND
ATTN DRSTS-MFG (2) 1
DRCPO-PDE (LTC FOSTER)
4300 GOODFELLOW BLVD
ST LOUIS MO 63120

f—

DEPARTMENT OF THE ARMY
CONSTRUCTION ENG RSCH LAB

ATTN CERL-EM 1
P O BOX 4005

CHAMPAIGN IL 61820

HQ

US ARMY TRAINING & DOCTRINE CMD
ATIN ATCD-SL (MAJ HARVEY) 1
FORT MONROE VA 23651

T T L S S Y A AT 41 T - e gy, e -

DIRECTOR

US ARMY RSCH & TE™™ LAB (AVRADCOM)

PROPULSION LABORATORY

ATTN DAVDL-PL-D (MR ACURIO)
21000 BROOKPARK ROAD
CLEVELAND OK 44135

CDR

US ARMY NATICK RES & DEV CMD
ATTN DRDNA~YEP (DR KAPLAN)
NATICK MA 01760

CDR

US ARMY TRANSPORTATION SCHOOL
ATTN ATSP-CD-MS

FORT EUSTIS VA 23604

CDR
US ARMY QUARTERMASTER SCHOOL
ATTN ATSM-CD-M

ATSM~CTD-MS

ATSM~TNG-PT (COL VOLPE)
FORT LEE VA 23801

HQ, US ARMY ARMOR SCHOOL
ATTN ATSB-TD
FORT KNOX KY 40121

CDR

US ARMY LOGISTICS CTR

ATTN ATCL-MS (MR A MARSHALL)
FORT LEE VA 23801

CDR

US ARMY FIELD ARTILLERY SCHOOL
ATTN ATSF-CD

FORT SILL OK 735013

CDR

US ARMY ORDNANCE CTR & SCHOOL
ATTN ATSL-CTD-MS

ABERDEEN PROVING GROUND MD 21005

CDR

US ARMY ENGINEER SCHOOL
ATTN ATSE-~CDM

FORT BELVOIR VA 22060

CDR

US ARMY INFANTRY SCHOOL
ATTN ATSH-CD-MS-M

FORT BENNING GA 31905
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US ARMY AVIATION CTR & FT RUCKER NAVAL FACILITIES FNCR CTR
ATTN ATZQ-D 1 ATIN CODE 12028 (MR R BURRIS) !
FORT RUCKER AL 36362 CODE 1208 (MR BUSCHELMAN) |
200 STONEWALL ST
. DEPARTMENT OF THE NAVY ALEXANDRIA VA 22322
o CDR CHIEF OF NAVAL RESEARCH
‘ NAVAL AIR PROPULSION CENTER ATTN CODE 473 (DR R MILLER) 1 |
{ ATTN PE~71 (MR MAGETTI) 1 ARLINGTON VA 22217
PE~72 (MR D'ORAZIO) 1
; P O BOX 7176 CDR
E TRENTON NJ 06828 NAVAL ATR ENGR CENTER
ATTN CODE 92727 1
CDR LAKEHURST NJ 08733
b NAVAL SHIP ENGINEERING CTR
CODE 6101F (MR R LAYNE) 1 CDR
WASIIINGTON DC 20362 NAVY FACILITIES ENGRG CMD
CIVIL ENGR SUPPORT OFC
CDR CODE 153124 (ATTN EOC COOK) L
DAVID TAYLOR NAVAL SHIP R&D CTR NAVAL CONSTRUCTION BATTALION CTR
CODE 2830 (MR G BOSMAJIAN) 1 PORT HUENEME CA 93043
; CODE 2831 1
‘ ANNAPOLIS MD 21402 CDR, NAVAL MATERIAL COMMAND
ATTN MAT-08T3 (DR A ROBERTS) 1
1 JOINT OIL ANALYSLS PROGRAM - CP6, RM 606
TECHNICAL SUPPORT CTR WASHINGTON DC 20360
| BLNG 730
NAVAL AIR STATION CDR
1 PENSACOLA FL 32508 NAVY PETROLEUM OFC
! ATTN CODE 40 !
- DEPARTMENT OF THE NAVY CAMERON STATION
: HQ, US MARINE CORPS ALEXANDRIA VA 22314
ATTN LPP (MAJ SANBERG) 1
. LMM (MAJ GRIGGS) 1 ChR
; WASHINGTON DC 20380 MARINE CORPS LOGISTICS SUPPORT
» BASE ATLANTIC
CHR ATTN CODE P84l 1
NAVAL. ATR SYSTEMS CMD ALBANY GA 31704 .
ATTN CODE 52032E (MR WEINBURG) 1 !
CODE 53645 1 DEPARTMENT OF THE AIR FORCE S
WASHINGTON D(, 20361 S
HQ, USAF ‘ .
( CDR ATTN RDPT (MR EAFFY) 1 :
{ NAVAL AIR DEVELOPMENT CTR WASHINGTON DC 20330 o
o ATTN CODE 60612 (MR L STALLINGS) 1 |
: WARMINSTER PA 18974 CDR |
US AIR FORCE WRIGHT AERONAUTICAL
CDR LAB
NAVAL. RESEARCH LABORATORY ATTN AFWAL/POSF (MR CHURCHILL) 1 :
ATTN CODE 6170 (MR H RAVNER) 1 AFWAL/POSL (MR JONES) 1 .
COLE 6180 1 WRIGHT-PATTERSON AFB OH 45433
CODE 6110 (DR HARVEY) 1

WASHINGTON DC 20375 i ;
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CDR US DEPARTMENT OF ENERGY

USAF SAN ANTONIO AIR LOGISTICS DIV OF TRANS ENERGY CONSERV 2
CTR ALTERNATIVE FUELS UTILIZATTON
ATTN SAALC/SFQ (MR MAKRIS) 1 BRANCH
SAALC/MMPRR (MR ELLIOT) 1 20 MASSACHUSETTS AVENUE
, KELLY AIR FORCE BASE, TX 78241 WASHINGTON DC 20545
e CDR DIRECTOR
b US AIR FORCE WRIGHT AERONAUTICAL NATL MAINTENANCE THCH SUPPORT
- LAB CTR 2
- ATTN AFWAL/MLSE (MR MORRIS) 1 US POSTAL SERVICE
: AFWAL/MLBT 1 NORMAN OK 73069
WRIGHT~PATTERSON AFB OH 45433
: US DEPARTMENT OF ENERGY
i CDR BARTLESVILLE ENERGY RSCH CTR
| USAF WARNER ROBINS AIR LOGISTIC DIV OF PROCESSING & THERMO RES |
: CTR DIV OF UTILIZATION RES 1
ATTN WR-ALC/MMIRAB~1 (MR GRAHAM) 1 BOX 1398
| ROSINS AFB CA 31098 BARTLESVILLE OK 74003
OTHER GOVERNMFNT AGENCIES SCI & TECH INFO FACILITY
ATTN NASA REP (SAK/DL) 1
US DEPARTMENT OF TRANSPORTATION P O BOX 8757
AT'TN AIRCRAFT DESIGN CRITERIA BALTTMORE/WASH INT AIRPORT MD 21240
BRANCH 2

FEDERAL AVIATION ADMIN
2100 2ND ST SW
WASHINCTON DC 20540

» US DEPT CF TRANSPORTATION

NATLONAL AVIATION FACILITLES
EXPERIMENTAL CENTER

ATTN: W WESTFIELD 1

ATLANTLC CITY NJ 08405

- e s - NSRRI G- WAL N st
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‘ Table 3.1b, List of Monitoring Equipment
f o Kquipment
Bheltar Paramatar Instrument Voltage
} Hite Mo, Hhmlter No, Dimanaiona Measured Manufacturer Output
\ « . . e i 5
| A Belf Propelled 2 kB x LA'*  NO, NOg Thermo %lectron 1ov i
; rhA 313 Company (TECO) 1
Bendix 10v ‘
v o
! Hingle pen wtrip chart recordars (HCR) |
for each parameter, ;
1 Helf Propelisd 27" w8 k30 AR ) Bandix lov sl
Waskprund EPA #3706 0y Danibl o
ne Hendix tv ;%
P NOy Beidix v i
i
Wind Dires- f%
tion & B
Veloclty Glimstronice %
Blugle pan atelp chart recorders (8CR) E.
for wach parameter which is alwo Lnput * 1
fnto data progessing computer,
i Tyal lny BURVA LA W o Bendix lov
KA #NY) 1v (
NOy NO THGO 10v .
Wind Direc- i
tlon & ‘
Veluvity Climes
Wind Dipec=
tion &
Veloulty
{2 Diman-
sionun) MRI Vactor Vane
Tomparature
and
Tomparature  Climet
tradlant
Blugla pan SCR for each parvamter,
h Halt Propalled Hame an NOy Bandix v
KRA #3015 Bire | €0 Bendix 1ov
v
Single pan BCR for each parameter.
A multi pan 8GR coordinated to common A
timn reference to simultaneously record |
concantrations at Siten 1, 3, 4, 5, 6, i
Data logger computer to record 15 chan-
neale of data from Sites 1, 3, 4, 5, 6,
h Trailuy Hame an NOy Band ix v
KA #5TY Bite 3
Bingle pan BCR for each parameter
6 Trablay fane aw (+)) Bendix 10v
uPA #4376 Hite }
co Energatic
Sciencea Co. (2),
mobile
He Beckman 400

Single pen SCR for each parameter

Svar e e e e - e A eLwesi,

Minclwden Aty Lptaka Probe,

Wrlaeloden 22 out high wind set,

[N /um,&'uﬁ?‘“»m:‘-#‘
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