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adiene), and RJ-S,
Background material is also provided on various carbonaceous materials -
considered for uee in slurry preparation. The selection of the carbons to be
Also discussed are the

used along with their properties, are described.
mixing devices used in the preparation; the various dispersants considered;

the stability of the various slurries; and the methods and techniques for
measuring their settling rates and determining their stabilicy. 5L_\”__7

The high-explosive incendiary tracer tests that were run on some of the
high energy fuel candidates to evaluate fluid fire vulnerability are describeﬂ
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and discussed in detail.

The engine tests that were run on the leading candidate fuels are
described and discussed in detail.

In addition to the regular references in this report, a list of pertinent

related references are included.
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was funded by the U.S. Army Mobility Equipment Research and Development
Command (MERADCOM), Ft. Belvoir, VA. Contracting Offficer's representative

was Mr. F.W. Schaekel, Fuels and Lubricants Division, Energy and Water Resources
Laboratory (DRDME-GL).
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I. INTRODUCTION i

The Army has long recognized the need and desirability of developing a fuel

that could {ncrease the payload capabilities and extend the operational B
range of both its tactical and combat vehicles. The development of such

a fuel or fuels would need to be conventional enough that they could be

used in present and future Army vehicles, yet novel enough that they contain
the high-energy (per unit volume) requirement necessary to fulfill the need.
The Army Scientific Advisory Panel, in fts Summer Study 76,(1)* reconmended
a research program on high-energy fuels.

II. BACKGROUND

The Alr Force and Navy are also interested in high-energy (high-density)
fuel development. The Air Force at [ts Aero Propulsion Laboratory at Wright-
Patterson Air Force Base has been actively evaluating hydrocarbon blends
that are potential performance improvers for its air-breathing type miasile
systems. This class of fuel would be exceptionally good for use in the
strateglc cruise mlsstle(z) whose maximum effectiveness depends on max{mum
range, minimum time to reach the target, and minimum weight. Since small
missiles, such as the cruise, are volume limited, it is lmperative that

the fuel contains a high-energy content per unit volume. In general, an
increase in the volumetric energy content of a fuel will result in the range
of the missile helng increased by a like percentage. Although there are
several ways available to increase the energy content of a given quantity

of fuel, the most applicable for misgile nse is to increase the fuel's density.

Because the Air Force's aircraft are often operating under extremely cold
temperatures, both on the ground and at high altitudes, they require a fuel
of low viscosity and high volatility. This volatility requirement results

in the fuel having & low flashpoint. JP-4 has thus far satisfied their
needs.

*Superscript numbers in parentheses refer to the list of references at the

end of thls report.

9 PRECEDING PAGE BLANK-NOT FILMED




For example, the Alr Force's Alr Epunched Crulse Missile (ALCM) is designed
to be carried under the wing of the B-52 alrcraft and requires a fuel that
can he operational at low temperatures. On the other hand, the Navy must
carry its fuel aboard its ships and has been using JP-5. This fuel meects
the Navy's minimum flash point vequirement of 60°C (140°F) (MIL-T-5624).

It follows that the fuel for the Navy's §ga Epunched Cruisge !1ssilea (SLCM)
must meet this safety requirement of a minimum flash poinr of 60°C for all
fuels carried on board ship. Research on high~density, high-energy liquid
hydrocarbon fuels by the Air Force and Navy continues. This work is being
closely monitored by the U.S. Army. A few of these fuels that may be of

interest to the Army are described later.

IIT. APPROACH

In the Army's program, a selective list was prepared of viable candidate
fuels that could possibly be developed ifinto a fuel that could increase the
payload capabilities and extend the operating range of tactical and combat
diesel/turbine ground vehicles. 1In general, the candidate fuels fell {nto
two classes: (a) the synthetic liquid hydrocarbon fuels of the polycondensed
cycloparaffinic type; and (b) powdered solids/hydrocarbhon slurries. The
dispersed solid could be either metallic (aluminum, boron, beryllium, etc.)

or nonmetallf{c (carbon).

From the above mentioned 1list, several prime candidates were selected for
further development and testing. The selection was made on certain imposed
criteria and judgment and certain laboratory tests. The viable candidates
were judged on their probability of success in such cases as volumetric
energy content, ease of fuel preparation, fuel delivery, engine performance,
combustion effectiveness, toxicity, cost, etc. Consideration was also given
to problem areas and the difficulties that might be incurred in molving
them.

Nther fuel candidates that may emerge and have the potential of becoming

prime candidates will te evaluated during the course of this progranm.
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A. SYNTHETIC LINUID HYDROCARBON FUELS~-DESCRIPTION
; . 1.  Shelldyne-ll (RJ~5)
One of the first high-~density fuels studied was of a polycondensed cycloparaffic i f
type called Shelldyne-H. This liquid hydrocarbon fuel is formed by the :
i catalytic dimerization of norhornadiene followed by hydrogenation to produce ?
several stereospecific {somers (See Figure 1). First produced by Shell )
Development Company in the late 1950s, it has since been made by Sun Ventures
(Suntech) and 18 currently being produced, under license, by Ashland Chemical
Company. !
The typlcal concentration range for the Shalldyme-H product(g) is 55-75
3
wt% of isomer 1, 16-22 wt% of isomer II, and 9-20 wt% of f{somer I1II. There
is evidence for a fourth isomer, but {f present, {t would probably be less
than one percent (3’5). The physical and chemical analyses of a sample !
of Shelldyne-l were reported {n Table I of Reference 3, and that tahle is :
shown here as Table 1. The product now called RJ-5, and the i{somer distribution ?
has changed somewhat from the original product, especially in the Suntech §
product. j
N TABLE 1. SHELLDYNE-H CHEMICAL AND PHYSICAL ANALYSIS '
4 (Lot No. 11410-103)
) Property Value
Density 15.6°C(60°F) ;
grams/ce 1.082 :
pounds/gal. 9.031
Viscosity, cP at !
=53.9°C(-65°F) 18,761
~40.0°C(=-40°F) 2,336
=31.7°C(-25°F) 911
Net Heat of Combustion,
Btu/1b 17,755
Btu/gal. 160,347 !
Flash Point, °C(°F) 111.1 (232)
Molecular Formula Ci4H18
Preezing Point,°C(°F) -53.9(-65)
11 g
“
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Table 1 shows that the viscosity of Shelldyne-H 1is relatively high, especially

. e |
e -y A g —-mmm

at the low temperatures that might be experienced in its use. However,
it can for practiccl applicatioas be blended with other materials, especially
since it has a3 high volumetric heat of combust{on and would increase the

volumetric enthalpy of almost all resulting blends.

2. JP-10 (Exo-Tetrahydrodicyclopentadiene)

Dicyclopentadiene, the starting material for the preparation of JP-10 can
be obtained from the aromatic oils that are produced when certain hydrocarhons
are cracked to olefina.(s) Exo-tetrahydrodicyclopentadiene (JP-10) can

be prepared by hydrogenating dicyclopentadiene to yield endo-tetrahydrodi-

[ YOI TR SLIE O NESUE | PPN NWL . S ST Jt ST TIes Y Y mm

cyclopentadiene. 1In the presence of a special catalyst, thig material can

be isomerized to yield almost exclusively the exo-isomer (Figure 2 and Table 3
2). i

3. JP-9 :
The Alr Force has several critical specificatfons for the fuel used in the
ALCM.(s) The high altitude encountered in this migs{le's flight requires
a freezing point below ~53.9°C (~65°F), and the viscosity must be no more

R T

than B0 cSt at -53.9°C to ensure its flow and pumpability. The fuel must :
be storable for at least 5 years and still perform as expected, and it cannot %
have any aromatic components. Lastly, a high volatility 1s required, since

missile may be launched at high altitudes, and ignition would otherwise
be difficult.

JP=-10 would he acceptable as the fuel for these 2rufse missiles except for

the high volatility requirement. The additf{on of methylcyclohexane to JP- !
10 {n an amount suff{cient to provide the required volatility reduces the .
overall fuel heating value significantly. To offset this negative effect

on the volumetric heating value, a certain quantity of RJ-5 is added, so

that the resulting hlend mects the fuel requirement for the ALCM. This

three~-component hlend of JP-10 (65-70 wt%), RJ-5 (20-25 wt%), and methylcyclohexane
(10-12 we?%) {s now called JP-9., The chemical and physical requirements,

along with the test methods [MIL-P-87107A (USAF)], for both JP-9 and JP-

10 are {included {n Appendix A.

13
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TABLE 2. TYPICAL PROPERTIES OF JP-10

Exo-tetrahydrodicyclopentadiene (CipHjq)

[JP-10]

Molecular Weight 136.2
C:H Ratio 0.562
Specific Gravity
at 15.5°C (60°F) 0.94
Heating Value,
Btu/gal. 142,000

| Viscosity, cSt at
-40°C (-40°F) 19
Freezing Point, °C (°F) -78.9 (-=110)
Flash Point, °C (°F) 57.2 (135%5)

4. RJI-4

Another high-density liquid hydrocarbon fuel of this type is RJ-4. This

fuel was developed specifically for the Navy's cruise missile, Talos, as

a replacement for JP-5. It can be ayntheized from di-(methylcyclopentadiene)
by hydrogenation to yield a mixture of the isomers of endo- and exo-tetrahydro-

15
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dimethylcyclopentadiene.(6) Because f ita availability, relatively low
cost, medium heating value (140,000 Btu/gal.), and medium viscosity (60

¢St at ~40°C), and because i~ had been used successfully in the Talos missile
for over 10 years, RJ-4 was recommended as the fuel for the General Ordnance
Ramjet Engine (GORJE) in 1973.(7)

5. RJ=4-1

Related to RJ-4 {s RJ-4-1 (RJ-4 special), which contaings a larger amount
of the exo-isomer of tetrahydrodimethyldicyclopentadiene. RJ-4-=T has a
much lower viscosity (28 cSt at -40°C) and freezing point (=51°C) than the
RJ-“-(7’8> Some of the more {mportant properties of RJ~4 and RJ-4-I are
compared with Referee Grade Diesel Fuel [MIL-F-46162A (MR)] in Table 3,

6. JP-10 Microemulsions

In nid-September 1978, three samples of translucent microemulsion type fuels
were prepared, consisting of B4 percent JP~10, 10 percent delonized water,
and 6 percent emulsifying agent. A similar microemulsion of DF-2 and water
is currently under development by the Army and 1s showing great proaise

as a fire-resistant fuel. Thus, the JP-IO/H20 microemulsion fuels were
prepared to see if any fire-resistant properties might be imparted to this
fuel. The results of the High-Explosive Incendiary Tracer Tests, Impact
Dispersion and Mist Flash Back Tests are described in Sectfion IV=-C. 1In

the JP-IO/H20 microemulsions, three different emulsifying agents were used,
all stmilar in type, but with varying acid numbers. The agents, designated
as EA-8, BA-12, and EA-37, had acid numbers of approximately 14, 18.5, and
D20, respectively. All three were visually stable (no settling) for 1 year.
After 15 months, sedimentation began to occur with the microemuisions prepared
with EA-12 and EA-37. To date (after 15 months), the microemulsion prepared
with EA-~8 18 still stable, as shown in Figure 3.

7. Other Fuels

High~energy fuels, such as RJ-5, RJ-4, and JP-10 can be blended with each
other, or with other components, {n order to achieve the properties for

a particular application. Research in this area continues. A good example

16
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VISUAL COMPARISON OF JP-10/WATER MICROEMULSIONS
PREPARED WITH DIFFERENT EMULSIFYING AGENTS.
EA-8, EA-12, AND EA-37.

FIGURE 3.

e me oy

is a blend of 80 percent RJ-5 and 20 percent iso-butylbenzene. This blended f;.

fuel is being used in the Advanced Long Range Air to Air Missile (ALRAAM)

and 18 known as SI-SCﬁg) Another example, mentioned earlier, 1is JP-9,

8. Sunmary

As previously stated, the volumetric heat content of the fuel can be raised 3

by increasing the fuel's density. It was found that the bridged alicyclic

structures, like those found in RJ~5 and JP-10, increase both the density

and the volumetric heat content. The comparison of the typical properties

and chemical composition of liquid hydrocarbon high-energy fuels (RJ-5,
Je-9, JP~10, and RJ-4) with common jet fuels (JP~4, JP-5) was made in Refercnce

18
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B 6. Tables 1 and 2 from that reference are combined and presented as Table

PYTY U uwmw_m

i 4, in which Army DF-2 djesel fuel is also shown. Although JP-4 and JP-5

have average molecular welghts similar to JP-9 and .JP-10 (as seen in Table

4), the higher carbon-to-hydrogen ratios and higher densities in the latter
give a substantial increase in the volumetric heat content (13 to 20 percent).(6)
In general, fuels with aromatic and naphther.c ring structures have low

volumetric heating velues, eveu Llwough thelr C:H ratio might be very high.

R 0. b st TR 1 it Al

Another method to increase the energy content of the fuel {s to add fairly
dense solids with higher volumetric heating values. Powdered metal/hydrocarbon
slurry has been investigated in the past, mainly in attempting to find E

promising fuel with a high gravimetric heat of combustion. Slurries containing j

the elements heryllium, boron, carbon, magnesium, aluminum, silicon, nhosphorus,

titanfum, yttrium, zicrconium, cerium, and tungsten have all been investigated.

-l

The upper 1limit for liquid hydrocarbon f-iels i{s about 170,000 Btu/gal. (Figure

rewhoian

4), alttiough most of the new multicyclic, bridged-ring structures are in
the range of 140,000 to 160,000 Btu/gal.

P

B. CARBON SLURRIES~-PREPARATION AND DESCRIPTION ?

1. Carbon/Synthetic Liquid Hydrocarbon Slurries

The probability of finding or synthesizing a missile fuel with higher volumetric
heat content and acceptable properties (i.e., viscosity, pour point, etc.)

-

e

than those presently used is low. The renewed interest in slurried fuels
can be attributed to the recognition of this fact. The Air Force has funded
a slurried fuel program because of the high potential henefits of utilizing

T -

high-energy fuels in volume-limited vehicles. The Air Force has found that

i X the targeted value of 180,000 Btu/zal. (net) could be achieved with 65 wt¥
' carbon black and 35 wtZ JP-10 (~“50/50 by volume). (10)
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Figure 5 shows the net effect of carbon black dispersion g% the net volumetric

3

heat of combustion in RJ-5 and JP-10, and ls reproduced,here trom Reference
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2. Carbon/Diesel Fuel Slurries

a. Carbonaceous Matertals (Sources and Background)

At the Army Fuels and Lubricants Research Laboratory (AFLRL), carbon slurries
have been prepared mainly in diesel fuel. Table 5 lists various carhonaceous
materials that were considered for use In the preparation of carbon slurries.
Of the petroleum—derived channel blacks, Superspectra and Superha, Superba

is no longer manufactured. Raven 410, 1000, and 1170 are furnace blacks.

A brief description of some of the carbonaceous material listed in Table

5 {8 included in this section. The ash and heating values were determined
at AFLRL using ASTM D 482-79 and ASTM D 240-76.

Carbon samples from a variety of sources were obtained. One source of carbon
is petroleum. 1Its production is usually based on the heavy residual oils

from the solvent extraction process and/or vacuum distillation step.(ll)
Several types of carbon blacks are possible, depending on the process by

which they are made.

Furnace black 18 the result of incomplete combustion, and its formation
takes place under controlled turbulence conditions. The thermal black 1is
produced from a cyclic process, in the absence of oxygen, where hot checker
bricks are used to thermally decompose rhe natural gas from which it is

being made. The carbon patrticles are large.

The channel hlack, so called because of the steel channels that chill the
gas flame and from which it {s then collected, ylelds the smallest particles
(12)

and has the best tinting power. It 18 an incomplete combustion process

and the black 18 exposed to oxidizing temperatures after its formation.

Lamphlack (soot), formed from the incomplete combustion of carbonaceous
materfals, {s ‘ “2rior in 4ts tinting strength and colorfng qualities when
compared to the ther blacka.(13) This type of carbon sample was not examined

since it may vary in 1ts purity; it was desirable to study the more homogeneous

samples.
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5 % Wood charcoal is formed by the destructive distillation of wood. %
v 3

; Lignite, often called “brown coal,” {8 a low-grade, brownish-black coal §
2 ? closely related to peat. When mixed, the coal containe 20 to 45 percent 3
. 14 =
o molsture and has a heating value between 5500-8300 Btu/lb. The principal i

lignite deposits in the United States are in the Dakotas, Montana, Texas,
(14)

% Louisiana, Mississippi, and Arkansas.

Graphite, abundant naturally in deposits of varying purity {in many places

____._...,.,..
"
ekt sl P abue

in the world (Madagascar, Ceylon, Mexico, etc.), can also be produced synthetically

by heating petroleum coke to 3000°C in an electric resistance furnace. Tt

et ST

is characteri{zed by its crystalline allotropic form of carbon in a hexagonal

(14)

arrangement of carbon atoms.

- gty

From the list in Table 5, AFLRL selected a furnace black (Raven 1170) and :
a wood charcoal (fine) for further study of fuel slurries. The selection j
was made after a careful study of the properties, availability, and cost !
{ of the carhons, a review of the literature, and consultation with techrical :

personnel from several of the carbon black manufacturers.

]

b. Preparation, Material and Technique

(1) Mixing (and grinding)

-~ T

(a) Types of Mixing Devices

Essentially all slurry fuels were prepared using diesel fuel as the base
fuel. Pour types of mixing devices were tested during the program. NDescribed
below, these devices included a magnetic stirrer, blender, homogenizer,

and an attritor.

{1] Magnetic Stirrer and Bar

In the early phase of the program, the magnetic stirrer and bar wus used.
This device was adequate for some of the small preparations and screening

experiments. The magnetic stirrer was Pisher Scientific's Round Flexa-Mix,

25
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which operates at speeds from near standstill (at "low” setting) to maximum
speed of 1650 rpm under maximum load. 1t is capable of 2700 rpm without

load at the "high™ setting.

[2] Blender
A Waring blender with a 940 milliliter mixing vessel and speeds exceeding
20,000 rpm was tried. 1ts use was limited because of small working capacity

(<500 milliliters) and numerous problems with air entrainment.

{3] Homogenizer

Also utilized was the Gifford Wood Homogenizer-Mixer manufactured by Gifford
Wood, Inc., Hudson, New York, which employs a turbine-gtator mechanism to
create stable emulsions and suspensions. As the turbine rotates at high
speeds, a pressure differential is created between the bottom of the mixing
head and the material charged. This differential causes the unrefined product
to be drawn continuously from the bottom and forced through very restricted
passages existing between the stator and turbine. The product {8 broken

down to smaliler particle sizes by the intense forces of impact and hydraulic
shear. This process 18 followed by the discharge of the product fn an upward .
direction against a baffle adjusted to deflect the rising current toward

the vessel's gide; the product then falls back into the mixing area, where

[ T N R U=y S SRR VG ERy oy gy

the cycle is repeated.

The homogenizer-mixer could be run at speeds greater than 12,000 rpm. However,
several problems were encountered with the homogenizer. The vigorous mixing
action caused the temperature of the slurry tc rise, and corrective measures
had to be taken (ice bath around slurry, or off-time to permit cooling)

during {ta operation. Air entrainment was also encounterted.

im0 s bRl At Ui b ko i34 A fiia.e

{4]) Attritor

The attritor Model No. 1-S manufactured by Union Process, Inc., Akron, Ohio
was the most vergsatile device for slurry preparation. The Attritor has 1
a stationary grinding tank [9.5 liters (2.5 gal.) capacity] that {s filled

26
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to a workable level with 0.48 cm (3/16 in.) carbon bhalls as a grinding medium.

An agltator, capable of speeds to 550 rpm, keeps the whole charge in a continuously
agitated condition that results in intensive interaction. A jacket, which
surrounds the stationary grinding tank to provide temperature control, can

be heated or cooled as desired. The attritor 13 equipped with facilittes

for discharging by dumping, but it also has a bottom discharge ball valve

that is more convenient and more commonly used. The average size of the

batch preparation 18 approximately four l{iters.

cai Do dalSN

(b) Experimental

A series of experiments were conducted to compare these mixing devices on

the basis of their effectiveness in the preparation of stable slurrtes.

Settling data were collected and used as the criteria for determining stability,
and hence effectiveness, of the mixing apparatus. All the slurries were

of the same composition (20 percent carbon black, 1 percent lecithin in

DF-2); all were mixed the same length of time (30 minutes); and all were

allowed to secttle for the same period (48 hours). Because of the many varlables
involved, some judgments regarding the conditions under which the experiments
were run were necessary. A carhon concentration of 20 percent was selected
because previous work had shown that stable slurries could be prepared at

this concentration. Slurries with carbon concentration less than 20 percent

are not as desirable for useful application, while flow properties become

a problem at the higher carbon concentrations. The 30-minute mixing time

was chosen because studies with the attritor had indicated that this length

of time was adequate for the preparation of slurries. The settling time

D1 T et e L it nd il s 2 2

of 48 hours was selaected because it would give a good indication of the

slurry's stabllity over a reasonable time frame.

[ R

The settling was measured by freezing a tubular section of the slurry and
dividing it into sections to be analyzed, a method discussed in a subsequent
section of this report. The data are tabulated in Appendix C and 1llustrated
graphically in Figure 6. These results show that the blender is the most
effective, followed closely by the attritor and the homogenizer. The magnetic
stirrer was found to be inferior to the other devices. The attritor was i

selected to do most of the mixing in the slurry preparatfon work because i

27
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BLENDFER MAGN.STIRRER
MIXING DEVICES

HOMOGENIIZER

ATTRITOR

COMPARISON OF VARIOUS MIXING DEVICES AND THEIR EFFECT ON THE

FIGURE 6.

STABILITY QF CAREON SLURRIES.

1Z Lecithin in DF-2;

Mixing, 48 Hr.

30 Min.

(20% Carbon,

Settlino Period . )




e

of its capacity (4-liter charge) and its ease of preparation (can be run
unattended).

s AV TR
R R IR i

(2) Carbon

ceenrEs

b (a) Selection

The two carboas chosen for the slurry preparations were a furnace black

R R P

(Raven 1170) and a wood charcoal. The properties of these two carbons are
shown in Table 6. Raven 1170 is an industrfal product manufactured by the
TABLE 6. PROPERTIES OF CARBONS SELECTED FOR SLURRY PREPARATIONS
Raven 1170 Columbian Div., Cities Service Co.
H_y Btu/lb x 103 13.9
Ash, wt? 0.5
“
Particle Diameter, NM 24.0
Specific Gravity, Approx. 1.80
Pounds Per Solid Gal. 15.00
Fixed Carbon Analysis,’ 99.0
: (Moisture Free)
; Volatile Matter,% 1.0
: (Moisture Free)
’ § Surface Area, s8q. mecers/g 102.0
¥
%
? Wood Charcoal Matheson, Coleman and Bell
H_, Beu/lb x 107 13.3
Ash, wtX% 2.8

Columbian Division of Cities Service Compzny with a mean particle diameter
of 24 nm. Actually, the particles are clustered in groups of 50 to 100
or more units, and the diameter stated is that of the {ndividual unit.
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The dtameter of the agglomerate is usually greater than one micrometer.

Photomicrographs of several different carbon blacks are shown in Figure

7. A photomicrograph of a petroleum coke is included for comparative purposes.

1t of fers another possible carbonaceous material for incorporating into
a slurry formulation, but would require extensive grinding before it could

be effectively used. The carbon particles in the slurry should be small

enough that eftective combustion can take place, although the optimum size
for maximum combustion efficiency {in the engine has not yet heen determined.
If the carbon particles become too small, the flow properties become unsatisfactory,

f.e., the fuel tends to take on "gel type” characteriatics.
(b) Effect of Carbon Concentration on Stability

A series of experiments was run to compare the effect of various carbon

concentrations on the slurry stabilirty. Settling data were collected and

used as the criteria. Five carbon slurries were prepared with carbon concentrations

of 1, 5, 10, 20, and 35 wtX in DP-2.
(lecithin), all were mixed over the same time perfod (30 minutes) using

All the slurries used the same dispersant

the same mixing device (homogenizer), and all were allowed to settle for
The settling in all samples was then

the gsame period of time (48 hours).
The data plotted in Figure 8 indicate

measured by the freezing tube method.
that the most stable slurry was that containing 35 percent carbon, followed

by slurries of 20, 10, and 5 percent carbon concentrations. The least stable

concentration was the 1 percent. The conditfons that exist at any glven

slurry cuncentration varies greatly, and the physical environments of the
individual carbon particles in the slurry are very complex. An over—simplified
explanation would be that as the carbon concentration is increased, the

amount of sedimentation decreases because of the hindered settling caused

by particle interactions. The tables from which the plotted data of Figure

8 are derived are in Appendix C.

(3) Dispersants and Stabilizers

(a) Selection

The selection of dispersants and suspending agents that would be screened
for use in the preperation of the carbon slurries was based on the following
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FIGURE 7. PHOTOMICROGRAPHS OF CARBRON BLACKS (CONT'D)

32

Rl S ot K

'
P K T T Y T P A B e S e v R

W

AT R s dan AU



. . . e .:'
.“'tb a » & P ‘ep \P'f - .“‘-.. :r \."‘.‘ l'l ‘f
& - ¢ . % o -
# < R . .o
Ed‘l B * - »! * - 'ﬁ ;V ¢ &*

e . o, (WA aq L
h ™
e e P o g & T
- L) ‘." Jt a . o - ’k " *0 ¢
3 L
e :v" ¢ . ¥ '
‘b X F ] . » e o~
‘: . LY F O "f "h
""r _ Sn] #"" A »
o> - 4o - - [ )
Courtesy of Cities Service ¢. Carbon Black, Raven 1170 (X50,000)

Co. Columblan Division

FIGURE 7. PHOTOMICROGRAPHS OF CARBON BLACKS (CONT'D}

33

B N .
e T e PR TR R S BT D o i i o e i e it i A i e - —



FIGURE 7.

PHOTOMICROGRAPH

34

o-5M

d. Petroleum Coke¢ D-14 (X50,000)

OF PETROLEUM COKE (CONT'D)

e s il e A 20k ot uian 1 ¢ kbt g o it _,m.m.u.;l...mummd

PrN

et sk

JRSSTIN

IO P R

[ W

.

PO

IR ROV GRSV Y 7 S




aluiﬂa\- Haaaan 30 el SAce D T L A e ot i, o itk A . o R
T

w§§2§ﬂa§ﬁia;.ui EVPI B 1 oW e OO PP 1Y e N Gt o e . . R -
T(POTJUdgd DUTTLMBS UH 8b
(432TUabowoy) DuTautig "UTW OF ‘g-A4Q UT CUTYRTIBY %)} ‘ueque]) Zp2)
'SITHANTIS NOANYD 40 ALINIAVLS 3HL 5
NO 133443 JIIHL ANY SNOILYHINIINGD NOANYD SNOI¥YA 40 NOSIUVIWOD "8 J¥NDI A 'l
SNOTL1UNLINIINDD HOGIYD
NOGNHD ».8°SE NOENUD 0" 062 NGENHD %@' @l NOE¥HI %8°'S NOGNH] %20° 1
T Y = T —— Q
[ 4] b [}
T BANAT BAR RO &
A1) I L 4 V] 9 * (M0L109) .
11 |1 I Ny , o T S NOI123S
AR MUK b1 1] | ,W
A1 14 4 | . |
ﬂ VA ¥ X .“ v ¥ o [ b - ot !
4 e 'yl {7 b ) - .
W M M 11 ¥ v 1 C m w\..\ fx + NOILI3S = | |
HHIT BN s 1 o
1% ] 11 /1 [ W m
5 [ 14 4 M 11 4 1 “, : !
w A [ W L L - 8z £ NO11D3s , |
b .\ X ﬁ\\ .A \\ ; :
;u | X Q — : _
W, \ \, [’ ’. [ 4 4
% m; A 2 NO1133s
4 WM‘A 1 46—
$ p
o “m ] (d01) :
h“ (4 4 |1 U i} 1 NOI1123§ ”.
! 3
b
. 1
Pt
! ¥

Bl imbnhath - Hon o e e e .....

) 4
PR LY . .,..,.i



O et gy ey s Y o e o nen - PR,

Blieis 82
e mm

EY ]

information: the chemistry of the system; the available literature; consultations
with researchers working in this area; consultations with manufacturers
of dispersants and suspending agents; ard consultations with manufacturers

of carbon black.

Since the word surfactant is an abbreviated term for a surface active agent

that usually affects the interfaclal tension between two liquids, surfactants

may also be used as dispersing agents. In a recent paper on the use of

additives to stabilize coal-oil mixtures, it was reported that approximately 3
1300 types of surfactants (nonionic, anionic, catonic) were tested.(ls) ',
By definition, dispersing agents (sometimes referred to as suspending agents)

are added to promote and keep the individual fine particles separated.

The term is often used interchangeably with emulsifying agents.

Table 7 lists all the dispersants that were considered. The dispersants
mamufacturers' names, addresses, and telephoue numbers are included in Appendix
D. The trade names of the dispersants are also included, when applicable.

Most of the agents were tested for systems of carbon dispersed in diesel

fuel, although a 1imited number were tested for carbon dispersed in water

or alcohol. After screening and evaluation, the list was narrowed to the

ones described below. Since both the Air Force (10,16) &2 are

and Navy
actively engaged in research and development work with carbon slurries,

only a limited effort was made at this time to find the "perfect” agent.

AL

Tt was felt that the knowledge that will be gained from the Air Force and
Navy programs will be very beneficial. As stated previously, the available
dispersing agents are almost unlimited, and there should be no problem in
finding a suitable one if any of the carbon slurry fuel formulations show

a high potential for further development.
{1] Aluminum Octoate
[a] Background Aluminum soaps have many uses, as in the stabilizing

of emulsions, the thickening of hydrocarbton oils, and the manufacturing

of paint.
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TABLE 7. LIST OF DISPERSING AGENTS SCREENED

.
Sy

Physical State

No. Class or Formula (20°C)* Type** HLB**%
: . 1. 2=Amino~2-methyl-l-propanol S N
4 = 2. Alkylphenoxy polyoxyethene ethanol L N
3. Octylphenoxy poly(ethyleneoxy) ethanol L N 18.0 3
? 4, Octylphenoxy polyethoxyl ethanol L N 13.5
: 5. Propoxylated butanols L N ] E
6. Lecithin 90% L §
7.  Alkanolanmides L N §
8. Diethanolamides L N ?
9. Diethanolamide of coconut fatty acids L N %
i
10.  N,N'-ethylenebisstearamide s
11. Fatty alkylolamide condensate L N %
12.  Alkyl aryl sulfonate L N 11.7 f ,
13. Glycerol monolaurate L N 6.8 »
: 14, Lanolin derivative S(Paste) N i
;. 15. Oleyl alcohol ethoxylate L N ;
b 16. Polyethylene glycol monolaurate N 6.0
17. Polyethylene glycol monostearate N 0.9 ’
18. Polyoxyethylene (20) sorbitan monooleate L N 15.0
19. Sorbitan monooleate L N 4.3
20. Sorbitan trioleate L N 1.8

* L = Liquid, S = Solid
** AMP = amphoteric, A = Anionic, C = Cationic, N = Nonionic
%% HLB = Hydrophile-lipophile balance

i
S
4




TABLE 7, LIST OF DISPERSING AGENTS SCREENED (Cont'd)

Physical State

No. Class or Formula (20°C)* Type** HLRB#w*#
. 21. Sorhitan trioleate L N 4.3
; 22. Sorbitan tristearate S N 2.1 -
E 23, Sorbitan parttal fatty esters L N 4.3
é 24, Polyoxyethylene sorbitol oleate-polyoxyethylene
’ amine bdlend L N 12.5
i 25. Mono- and diglycerides from the glycerolysis
of edible fats S N 3.5
26. Mono- and diglycerides from the glycerolysis
of edible fats S N 2.8
27. Polyoxyalkylene fatty ester L N
28. Chlorinated hydrocarbon L N .
j 29. Guar gum derivatives S ki
; 30.  Amine salt (95%) L c i
| 3. Amine salt of dodecyl benzene sulfonic acid L 3
y 32. Ammonium lauryl sulfate L A h
33. Calcium lignosulfonate S A
” 34, Sodium salt of polymeric carboxylic acid (25%) L A
j 35. Sodfum salt of polymerized alkyl naphthalene
i sulfonic acids S A
36. Sodifum lauryl sulfate (30%) L A
37. Sodium lauryl sarcosinate S A
38. Sodium dioctyl sulfosuccinate S A
39. Dioctyl sodium sulfosuccinate 60%-
water 20%-isopropyl alcohol 20% L A
} 40. Lignosulfonic acid salts s A

——

* L = Liquid, $ = Solid
** AMP = amphoteric, A = Anionic, C = Cattonic, N = Nonionic
**%* HLB = Hydrophile~lipophile balance

i
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TABLE 7. LIST OF DISPERSING AGENTS SCREENED (Cont'd)

Physical State

No. Class or Formula (20°C)* Type** HLB***
41. Poly(methyl vinyl ether/maleic anhydride) S A
42, Free acid of complex organic phosphate ester L A
43, Heterocyclic tertiary amine S C
44, Quaternary amine L C
45. Fatty imidazoline

1-C2H4-0H, 2-undecyl 1imidazoline L c
46. Substituted oxazoline S(Wax) c
47. Priority product (Blend of nonionic and

cationic agents) L C
48, Dicarboxylic capric derivative

triethanolamine salt L AMP
49, Decarboxyl lauric derivative sodium salt (37%) L AMP
50. Alumagel S
51. Aluminum octoate S
52. Aluminum stearate S
53. Ammonium stearate S
S4. Lead octoate S
5S5. Lead stearate )
56. Lithium stearate 5
57. Zinc stearate S
58. Mono alkene thiophosphonate L
59. LV 1776 alkyd L
* L = Liquid, S = Solid
::* AMP = amphoteric, A = Anionic, C = Cationic, N = Nontonic

HLB = Hydrophile-lipophile balance
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Aluminum soaps are usually mono- or di-soaps; i.e., they have either one

or two free hydroxyl groups. The aluminum octoate used to gtabilize the

carbon slurries was actually aluminum hydroxydioctoate, but will be referred

to henceforth in this report as aluminum octoate. When such soaps are used

{n organic solvents, aggregates are formed, aided largely by the intermolecular
bonds associated with the free hydroxyl grOups.( D Fovkes(l7) pointe |

out that the high viscosities observed with aluminum soaps would seem .o
suggest high molecular weight filawentous aggregates which reform spontanenusly
1f broken by stirring. These high molecular weight aggregates have been

postulated by some workers(ls’lg) to be linear polymers in the case of aluminum

stearate (Figure 9). Gray and Alexander(zo) present a good case for ruling

IST |ST lST ?T S|T St N St
| I
I|XL-— 00— AlL—m0— Al—0—AL— 0 — AL—0— Al— 0~ Al— O—I{L

4 ;

FIGURE 9. PROPOSED STRUCTURE FOR ALUMINUM STEARATE

out this type of structure for aluminum mono- and di~soaps. Ludke, et 31.(21)

present excellent and convincing reasons why Figure 10 represents the true
plecture.

4
; : : ;
U/C \0 0,//C\0 O/C\O O/C \0
.. H \ .. H \ .‘ H \ ’. ..
o:unno b ALs I 0 _.__._./ ALS seseessce b—————/AL snonnc g AL see
"0 0 ‘0 0 0 0 ) -
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FIGURE 10, ALUMINUM SOAP POLYMER
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[b] Experimental Aluminum octoate is a white powder at room
tempetature. As a precautionary measure, it was dried for at least 4 hours

at 100°C (212°F) prior to its use.

When aluminum octoate is heated in diesel fuel, with stirring, to about
79°C, a gel 1s formed. It was found that it was more convenient to make
Hs a supply of aluminum octoate in diecsel fuel at concentrations of 1 to 2
wt?%, and then when the aluminum octoate was needed, to dilute it with diesel
fuel to the desired lower concentrations. Aluminum octoate at concentrations
greater than a few percent is difficult to handle. :
Additionally, it was found that the best procedure was to add, with stirring,
an increment of aluminum octoate “concentrate” to an amount of diesel fuel
to give the desired final concentration. This procedure was then followed,
with continued stirring, by the slow addition of the carbon black. Por

8 200~milliliter preparation of 20 wt% carbon slurry, the carbon addition
time averaged 30 minutes.

Observations were made on a gel that was formed when 1 wt? aluminum octoate
was heated to 79.4°C (175°F) in diesel fuel over a period of 30 minutes.

It was found that the life of the gel was approximately 30 days. The gel
could be rejuvenated by again heating to 79.4°C (175°F), but this secondary
82l was not nearly as good as the originsl in its properties, nor did 1t
have as long a life (only a few days). This short life could be a problem
for storage over one month. Another concern was the Al,03 ash that might

R .

be formed as a combustion product when burned in an engine. It was calculated
‘f that 0.2 wt?% aluminum octoate could yield 0.03 wtX Al,03.

[e) Slurry Preparation 1In the elurry preparations, the aluminua
octoate was used at concentrations of 0.1 to 0.5 wtX. 1In Pigure 11 and
in Table 8, one can compare the effectiveness of aluminum octoate at two
concentrations (0.1 wtZ%, 0.2 wtZ%) in & typical slurry of carbon (20 wt¥)
in DF-2, using settling data as the indicator. The settling was measured
by the simplified method discussed earlier. Therefore, only the top three
fractions (sections) were examined. It {s evident from the plotted data
that 0.1 wt? aluminum octoate is ineffective at times greater than 8 hours.
The figure also shows that with this concentration almost all of the carbon
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had settled from the top two sections after 16 hours. After 32 hours, the

slurry containing the 0.2 wtX aluminum octoate showed signs of settling.

It should be pointed out that the slurries used in the above study were

prepared using the magnetic stirrer. It has been demonstrated that this

type of mixing was the least effective of the four devices tried in producing
Undoubtedly these slurries would have shown greater stability

ek MR\ i k£ L e .Mmam'u i

gtable slurries.
{f other methods of preparacfon had been used.

2] Lecithin

fa) Background Lecithin(zz) shown in FPigure 12, 18 composed of a
group of phosphatides, any of which are found in all plant and animal t{issues.
Its general composition is approximately CHZ(R)CH(RI)CHZOPO(OH)O(CHZ)ZN(OH)(CH3)3'
The phosphatides are mixturea of

raand o e i b AL g aa

where R and Rl are fatty acid groups.
diglyceride residues from fatty acids (oleic, Cy7H33CO0H; palmitic CygH3yCOOH;
The diglyceride residues of the fatty acids are bound
(14)

EISISNE YA NIICTI DU

stearic, C17H35C00H) .
to the choline ester of phosphoric acid.

B R I

Lecithin 18 produced commercially from egg yolk, soybean, and corn and ig

used i{n the processing of foods, pharmaceuticals, cosmetics, paint, ink,

rubber, and plaetics.(zs)

CH,0001 M

CHOCOC, ,H
e
N

CHz‘O"P @
1™ 0CH,CHN(CH,

0

ot st
> L A7 32 e 8 1m0
- L s d a4 -

FIGURE 12, TYPICAL STRUCTURE OF LECITHIN
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The lecithin described in this report was manufactured by Troy Chemical,

e e

Newark, New Jersey, and called Le~ithin W.D. It contains 90 percent lecithin
: and 10 percent noaionic surfaccan;s’with an average molecular weight of
approximately 780. Lecithin W.D. was suggested as a possible stabilizer

by researchers at PERC (Pittsburgh Energy Research Center), where i was

4
used to help stabilize coal oil mixtures.(2 ) 1t 1s also being used at

Union Process, Inc., Akron, 0Ohjo, in some of its work.

[b] Experimental The lecithin had an experimentally determined

i heating value of 13,740 Btu/lb and a weasured density of 1.0263. For this
’ program, 15 gallons of diesel fuel containing 17 wtX carbon black (Raven

1170) and 1 wt% lecithin were blenced in the attritor.

Settling rates were 2
negligible over an 840-hr (35-day) period.

{31 D-5200 (Amergy)

PPYOU PRI T WO T

[a] Background A consortium of 27 organizations, headed by General
Motors Corporation, made a 2-year research effort to demonstrate that coal

o1l mixtures could be prepared on a full-gcale operation and burned in an

industrial boilet-(zs) One phase of the development prograu examined the

concept of homogenizing water and No. 6 fuel oil. Because of economic consideration,

the additives limit was set at 0.2 wt” of the final mixture. For various

reasons, the researchers decided on a 6.5 wtX water content. Of the various
addi{tives tried, the best results were obtained with D-5200, manufactured

by Drew Chemical Corporation, Parsippany, New Jersey. With 0.2 wtX of this
additive, a 50 percent coal oil mixture at 66°C (150°F) showed a 32 percent
settling rate after one week.
decreased.

bkl sy, aabe At AR Bl e AR e Y Y TH FOCRas )

FYSeTRS

At lower concentrations of D~5200, the stability ]

o
ket et gl

[b] Experimental This additive, D-5200 (or Amergy 5200), was
found in initial studies to be ineffective in 20 wt% carbon slurries, with

almost immediate settling. However, preparations using D-5200 were made

using the magnetic stirrer as the mixing mode. As has already been demonstrated
(Figure 6), the magnetic stirrer is not very effective for this type of

preparation, D-5200 should be considered for use in future preparations,
especially in systems containing water.

45

v are = o} ST i el o 18 O YA o S 7 T WU L mopr s o 2Ty AR T TR MESMC S -0 o -




¥ hadl g TSR TR e AR SRS TS e Ll R B = = ¥ = —
° . : . : L e Tk e DY g et el

{4] TLA-202

[a] Background TLA-202, an additive manufactured by Texaco,

Inc., Beacon, New York, is a complex mono alkene thiophosphonate characterized

as
5(0)
R-F-ocH
F-0CH, -CH,
oH 0

It {8 an ashless phosphonate dispersant. The typical inspection data furnished

by Texaco are listed below:

Pounds per gallon at 60/60°F 7.6
Flash, COC, °F 345.
Pour, °F +10
Viscosity at 210°F, SUS 240
Phosphorus, wt? 1.0
Sulfur, wt? 0.7
OH Number 15
Ash (Metallic) NIL

TLA-202 was used by Ashland Chemical Company contract in their work that
was contracted by McDonne!l Douglas Astronautics Company-East (MDAC-E) to
perform ramjet fuels research in support of an Air Force contract entitled,

“Supersonic Long Range Missile Integration Study."(26) TLA-202 (2 percent)

IR

was used by Ashland in the preparation of slurries containing high concentrations
of carbon blacks (40 to 70 percent) in RJ=5. The viscosities reported by

Ashland were described as “like wet clay,” "simflar to wet tar,” "comparable

to honey” and “SAE 30 motor ofl.” The Ashland researchers used a Roll Mill

to prepare these high-viscosity slurries.

(b] Experimental. Only limited testing was performed with TLA-
202, as early indications were that slurries prepared using this dispersant
were not as stable as those prepared using lecithin. As with D~5200, the
early preparations were made using the magnetic stirrer for mixing, while
those preparations with lecithin as the dispersant were made with the attritor.
Recent results indicate that further studies with TLA=202 may be warranted.
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E %_ (b) Experimental and Conclusions

E i A series of experiments were conducted to obtain a comparison of four dispersants
i on the basis of their effectiveness in producing stability of slurries.

O

Settling data were collected and used as the criteria for detevmining stability.
All the slurries were of the same composition (20 percent carbon bhlack in

DP-2), all were mixed for 30 minutes using the homogenizer, and all were

allowed to settle for 48 hours. All the dispersants were used at the 1

wt? level except aluminum octoate (0.3 wtXZ). Aluminum octoate, if used

ettt

at the 1 wt? level, would have raised the viscosity to an unacceptable level.
The settling was measured by the freezing tube method. Under the conditions
set forth above, the data showed no overwhelming preference for any of the

; four dispersants, although TLA-202 and aluminum octoate appear slightly
better (Figure 13). The tables from which the plotted data in Figure 13

are derfved can be found ia Appendix C.

Lecithin was chosen as the dispersant to be used in most of the carbon
slurry preparations because earlier settling rate studies indicated good

stability for at least 35 days or 840 hours (Table 9). It should be noted,

TABLE 9. SETTLING RATE OF CARBON IN DIESEL FUEL
[Raven 1170 (17 wtX), Lecithin (1X) In Diesei Fuel]

LR*T P

g

Fractions
{wt% Carbon) 16 hr 64 hr 168 hr 336 _hr 840 hr
I Control 17.0 17.3 17.4 17.4 18.7
} E 1st Fraction 16.8 16.8 15.3 15.1 14.2
" 2nd Fraction 16.8 17.0 17.0 16.9 20.3
3rd Fractlon 17.0 17.1 17.0 17.1 20.0

however, that in these gtudies, the slurry was prepared in the attritor.
In the dispersant comparison study (Figure 13), an homogenizer was used
as the mixing device, and the settling meagurements were made after 48 hours.

Although homogenizers are classified by many as “grinders,” they do very
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little actual grinding. They operate on the principle of high speed fluid

shear and are most valuable in the degradation of agglomerates, such as
carbon.(27)

The atteitor, on the other hand, is a true grinding device. 1In a comparison

of various attrition time periods, the greater stability was found, as expected,

in those samples that were attrited for the longer time (Figure 14). The

tables from which this plotted data are derived can be found in Appendix
c.

A colloid is defined as a suspension of finely divided particles, approximately
S to 5000 Angstroms in size, in a continuous medium that is thermodynamically

stable and can not be easily filtered.(23) It would therefore follow that

as the carhon particles are ground down and approach colloidal size, the

stabllity of the slurry would increase. Although dispersants are helpful,

the physical means by which slurries are prepared is probably the most important
factor. N

(4) Methods and Techniques for Measuring Settling Rates

(a) Simplified Method

The method of measuring settling rate at the beginning of the program was

simple, which did cause some drawbacks. For example, the settling rates

could not be determined with confidence because of the sampling difficulties

described below. However, later results using another method indicated

that the earlier values were good approximations of the settling.

In the simplified method, the settling rates were measured by carefully
filling a 100-milliliter graduate with a thoroughly mixed sample of known
concentration and then allowing it to settle, undisturbed, for a predetermined
period of time. The first three 20-milliliter fractions were removed by
plpette. The diesel fuel was extracted from each fraction by washing several

times with pentane and tnen removing the pentane by decanting after centri-

fugation. The sample was then dried in an oven at 100 C for at least 30

minutes, then in a desiccator overnight and weighed. The disadvantage of this
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method was that the last two 20-milliliter fractions could not be analyzed
because of difficulties encountered in the sampling. However, if the concentration
of the top three fractions did not differ significantly from the initial

homogeneous concentration, it was assumed to be stable.

(b) TFreezing Tube Method

In this AFLRL-developed method, the prepared samples of known concentration
were placed in plastic tubes (4.5-cm OD, 3.8-cm ID, 0.32-cm wall, and approximately
31 c¢m in length) which were plugged at the bottom with a No. 8 rubber stopper
(Figure 15a). Almost all the data were taken at room temperature; however,

a controlled temperature bath could be used for future samples if settling
rates at other temperatures are desired (Figure 15b). After the desired

time period for settling, the tubes were frozen at approximately -80°C
(~112°F) (Figure 15c), and each tube cut into six segments (Figures '5d

and 15e) and measured by length. After each segment has rhawed, 1t was
thoroughly stirred to give a uniform sample. A small 5- to 10-gram sample
was removed and then analyzed for solids (carbon) by a modified ASTM D 893-
78 procedure, the standard test for insolubles in (used) lubricating oils.
The procedure, as modified, consists of weighing the sample in a centrifuge
tube, washing it three times with 75 to 100 ml of pentane per wash, and
removing the pentane by decanting after centrifugation. The sample is dried
in an oven at 104°C (220°F) for at least 30 minutes, cooled in a desiccator,

and then weighed.'

Although a gonod method, it 18 time consuming and it teunds to give sglightly
high values for the recovered carbon. Although the values appear to be

high, they are correct relative to each other, a phenomenon which might

be caused by the incomplete removal of the last trace of diesel fuel adsorbed

by the carbon black, Although the method {8 not yet quantitative, it 1s

an excellent indicacor of stability, since all samples are prepared in an
identical fashion.
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b. Tube in Controlled Temperasture Rath c. Tube Frozen in -80°C Bath

- FIGURE 15, FREEZING TURE METHOD FOR MEASURING CARBON SEDTMENTATION
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d. Frozen Tube Just Prior to Slicing

e. The Six Resulting Segments After Slicing

FIGURE 15. FREFZING TUBRE METHOD FOR MEASURING CARBON SEDTMENTATION (CONT'D)
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(C) Capacitance Measuring Method (Under Development)

A method currently under development consists of measuring the capacitance
through the slurry at six equidistant locations over a height of 42 centimeters.
The capacitance of known carbon concentrations will be measured to establish

a standard curve. When developed, this method should drastically reduce

the time needed for analyzing the carbon concentrations from approximately

one day to several minutes.
3. Carhon/Water and 7 ar ... ‘Methanol Slurries

A cursory study was made toward preparing stable suapensions of carhon in
water. During this study, methanol slurries were also briefly explored.
The carbon/water slurry could be the first step {n preparing a slurried

fuel of carbon in water/diesel fucl emulsion.
a. Experiwental

A magnetic stirrer and bar was used in these screening studies. The most
stable slurry of carhon in water was prepared by adding 0.3 percent CMPH,

a guar gum derivative (see No. 29, Table 7) to distilled water. Guar gum

13 a high molecular weight carbohydrate polymer that causes thickening in

the water. The carbon black (Raven 1170) was added after the thickening

had occurred, and the resulting slurry (89.7 percent H20, 10.0 percent carbon,
0.3 percent CMPH) was stable for at least 16 hours (visual observations).

A gimilar preparation, using methanol rather than water, settled rapidly.

Other screening tests of this study are summarized in Table 10.

C. HIGH-EXPLOSIVE INCENDIARY TRACER TESTS

1. Background

It would be a distinct advantage to have the high-energy fuels developed
for use by the Army to also qualify as fire-resistant fuels. Therefore,
a series of high-explosive incendiary tracer tests were run on gome of the

candidates.
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There are two 20-mm High-FExplosive Incendiary Tracer (HEIT) test procedures
(ballistic tests) that are available at AFLRL to evaluate fluid fire wvulnerability.,
The first test procedure, developed for fuels, requires a relatively large

sample for testing [75.7 liters (20 gallons]. The second procedure was

developed for testing hydraulic fluids. This procedure requires a smaller

sample (#¥2 liters), and it is run under hydraulic fluid system conditions

(i{.e., pressure). The initial gtudies conducted at AFLRL were run under

pressure. The experimental setup of the ballistic range is shown in Figure

16 and the hydraulic cylinder target assembly is i{llustrated in FPigure 17.

A complete detailed description of both test procedures, the ballistic facilities,
test sequence, and hallistic evaluation can be found in Reference 28. A

brief synopsis of this ballistic test can be found in Appendix E.

1n the studies reported here, the results were recorded on color 16-mm film,
using real time (24 frames/sec) and slow wmotion (800 frames/sec) cameras.

The cameras and firings were remotely controlled.

Since the fuels to he tested were either expensive (#A$25 per gal for JP=-

10) or difficult to clean up (carbon black slurries), the HEIT procedure

for evaluating hydraulic fluids was selected because of the minimum fluid
requirement L.e., 2 liters vs 20 gal. for the full ballistic test. Because
this HEIT procedure was designed to test hydraulic flutids, which are normally
used in pressurized systems, it called for the target cylinder containing

the sample to be pressurized to 67.5 atm (1000 psig) with nitrogen for each
test. However, some of the later tests were conducted at atmospheric pressure

to minimize nmisting effects.

2. Experimental

The teats reported here were made at varfous times during this program.
In an attempt to confirm the results of some teats conducted earlier in

the program, the HEIT ballistic tests were repeated.

The data from all the tests are summarized {n Table 11. Examination of

the data reveals apparent inconsistencies between the earlier tests and
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TABLE 11. RESULTS OF 20-mm HIGH-EXPLOSIVE INCENDIARY TESTS USING
TEST PROCEDURES DEVELOPED FOR EVALUATING HYDRAULIC FLUIDS(8)

o
F

i

G

EERY

Test No. Date of Test Hydraulic Fluid Pregsure (psig) HeIT(b) Rating

e

21 2-21-79 JP-10 1000 BD
29 5-15-79 JP-10 1000 A
30 5-13-79 JP-10 0 ABCDF
- 22 2-21-79 JP-10/H,0(c) 1000 A ;
31 5-15-79 JP-10/H50(¢) 1000 ABcr(d)
195 12-1-78 DF-2 1000 ABC
32 5-17-79 DF-2 1000 A 3
33 5-17-79 DF-2 0 BE 3:
196 12-1-78 DF-2/carbon 1000 A ;
black(e) ]
35 5-17-79 DF-2/carbon 1000 ABF i
black(e)
36 5-23-79 DF-2/carbon 1000 AB
black(e)
37 5~23-79 DF-2/carbon c BF
black(e) {
34 5-17-79 DP-2 /H,0(f) 1000 A :

™

(a) For details of this test, please see Reference 28.
(b) Code for HEIT Ballistic Test

A = Incendiary Flash and FPireball

B = Mist Fireball 1
= Transient Ground Fire i
= Sustained Ground Fire 3
= Residual Transient Burning in Target Cylinder
= Residual Sustained Burning in Target Cylinder
(c) 0% JP-10; 10% Deionized Hy0; 6% Emulsifying Agent (EM-12)
(d) Incendiary flash had nearly extinquished before igniting the mist fireball
(e) 82% DP-2; 17% Carbon Black; 1% Lecithin
(f) 84% DF-2; 10% Delonized Hy0; 67 Emulsifying Agent (EA-37) i

Y

WM moOon

those conducted later. For example, JP-10 (neat) had a mist fireball and

a severe sustained ground fire in the earlier tests (Test No. 21), but later
showed only the incendiary flash and fireball (Teast No. 29). The same type
of results vas noted with the JP-10/H,0 emulsified fuels (Test No. 22 vs
Test No. 31) and with carbon black-diesel fuel slurry (Test No. 196 vs Tests

59
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Nos. 35 and 36). A possible explanation of these inconsistencies ia that

when the system is pressurized, the fuel mist velocity, under certain conditions,
13 greater than the fuel flame velocity. In such cases, any mist ignition

could not propagate back to the test vessel. Certainly, the impact dispersion
and miat flashback data on the JP-10 (neat) (see Table 12) would indicate

that HEIT Test No. 21 was more representative of the true flammability properties
than HEIT Test No. 29. The procedures for mist flashback and the impact
disperaion tests are described in Appendix E. The best evidence collected

to support the hypothesis that the fuel mist can be accelerated too fast

to sustain ignition can be seen when viewing the slow motion film of HEIT

Test No. 31. The test is almost identical to its earlier counterpart (Test

No. 22), except that the mist cloud 1s ignited after the incendiary fireball

18 nearly extinquished.

In order to establish the effect of the pressurization on the sample, several

HEIT tests were conducted at O psig (Table 11, Test Nos.30, 33, 37). 1f

the pressure caused the mist to accelerate faster than the fire in some

of the previous tests, this condition should not exist when the cylinder

is at atmospheric pressure. These tests give credence to the proposed explanation

for the observed results. Some other variables of this HEIT ballistic test

are the location of the impact point on the cylinder and the manner in which

the cylinder ruptures. Since the pressurized test successfully evaluates 3
hydraulic fluid ballistic fire vulnerability but gives inconsistent results 7
with the less viscous fuels, any future fuel tests will be conducted without

pressurizing the sample.
D, ENGINE TESTS

1. Synthetic Liquid Hydrocarbon Fuels

Of the high density fuels evaluated, the three fuels selected for engine
testing were RJ~5, JP-9 and JP-10. The first parameter to be evaluated

was cetane number, since this value would be expected to be lower than that
normally required for diesel engines which usually require cetane numbers

of at least 40. All of the synthetic liquid high-density hydrocarbon fuels
that were evaluated hud excessively low cetane numbers (Table 13), precluding

thelr use in many cucrent tactical vehicles without preliminary fuel treatment.
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TABLE 13. <ETANE NUMBERS OF HIGH ENERGY FUELS

Cetane No. Cetane No. Cetane No.

(neat fuel) (0.5 wtX Amyl Nitrate (0.87 wtX Amyl Nitrate)
RJ-5 23.6 30.7 -
JP-9 211 31.8 -
JP-10 19.7 32.9 42

To improve the cetane number, amyl nitrate was added at the 0.5 wtX concentration.
The effects of these additions are shown in Table 13. Although these cetane

values are lower than normally accepted, this was considered adequate for

I I TR T LV T WO P TIPS YV Ow T

these tests.

a. CLR Engine Studies

T VAl VI S T

The three fuels containing the cetane improver were run in the CLR direct

injection engine (Table 14) and compared against neat DF-2 at 1500 rpm,

o ki L iE o s amral 2 b < L £ e mral ¥ eank

TABLE 14. CLR OIL TEST ENGINE

B VU TR

Configuration Direct Injection
Bore, c¢m (in.) 9.65 (3.80) :
Stroke, cm (in.) 9.53 (3.75)
Displacement, cm3(in.3) 696.5 (42.5) 1
Compreesion ratio 16.36:1 i
Valve timing (IN) 5° BIC to 38° ABC <
(EX) 55° BB~ ‘o 20° ATC %
Fuel injection system Bosch APE i
Barrel and plunger 10 mm
Injector Sims NL-141, 4-hole
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18° BTC beginning of injection, and an intermediate rack position (2 percent
opacity smoke). The engine was fitted with a four-hole Sims 141 fnjector,

and a 10-mm barrel and plunger were used in the fuel injection pump. The

engine was stabilized on DF-2. The engine was then switched to a high-density

synthetic fuel (containing 0.5 wtX amyl nitrate) without changing the rack

setting, resulting in an almost constant volume fuel delivery rate. The

change in engine power output was noted, along with any minor fuel rate

changes., Combustion chamber pressure was measured using a piezoe'.ectric

pregssure transducer and an oscilloscope.

These data indicate that without modification to engine variables (timing,
injection hardware, fuel rate setting) but with some compensation for low
cetane number via fuel additives, both power and thermal efficiency can

be increased with these high-energy fuels {Table 15). These improvements

may be a direct result of the low cetane number of the fuel. No attempt

to evaluate this contribution was undertaken.

TABLE 15. COMPARISON OF FUEL PERFORMANCE OF HIGH-ENERGCY FUELS
WITH DIESEL FUEL AT CONSTANT VOLUMETRIC DELIVERY

Fuel Rate Thermal

(1b/hr) Horsepower Efficiency (%) GalyHp-hr Smoke
DF-2 2.35 4.28 23.9 1.75 x 1074 2.0
Jp-9 2.95 5.71 27.3 1.44 x 1074 0.4
JP-10 2.82 5.43 27.0 1.46 x 1074 0.3
RJ-S 3.80 7.00 26.1 1.32 x 1074 8.0

It should be noted that efficiency increased with RJ~5 more than with other

fuels, an anticipated fact since the fuel viscosity and density were significantly
different from DF-2 (see Table 4). The Lncreased viscosity would be expected

to degrade droplet formation in the spray and reduce mixing while the increased
density would lead to greater penetration with possible impingement on cylinder
walls or piston. Because of these increases, various engine parameters

can be optimized for this fuel and yield further improvements in performance.
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A brief attempt at determining timing and fuel delivery rate effects was
then undertaken. The effects of variation in injection timing are given

in Table 16, where the data were recorded after a 6-mm barrel and plunger

TABLE 16. EFFECT OF INJECTION TIMING ON RJ-5 PERFORMANCE

Beginning
of Fuel Rate Thermal
Injection (1b/hr) Horsepower Efficlency (%) Gal./Hp-hr
RI-5 15° 2.70 6.00 31.5% 1.10 x 1074
RJ-5 17° 2.60 5.97 32.5% 1.06 x 1074
RJ~5 22° 2.93 6.43 31.1% 1.11 x 1074

were {nstalled {n the injection pump instead of the 10-mm unit used in the
previous tests. Certain combinations of {njection timing and fuel rates
resulted in abnormal engine operation, and the fuel delivery rate was changed
(increased or decreased) to obtain normal operation. As a result, the data

in Table 16 were not obtained at constant fuel flow rates. Due to the limiced

fuel supply, no attempt was made to diagnose these difficulties.

Over the timing range examined, the sensitivity to timing changes was minimal,
due in part to the very low cetane number of the fuel, which was evident
during engine operation. However, the change in fuel delivery rate due

to barrel and plunger variation (10- to 6-mm) increased the efficiency from
26 toc 32 percent at 17° timing, with a corresponding efficiency increase,

24 to 30 percent, with DF-2. Since this was an initial investigation with

a limited quantity of test fuel, no other modifications were undertaken.

The low cetane number, even after addition of 0.5 wt? amyl nitrate, caused
some operational difficulties and a further cetane number increase would

have been desirable.

Since these data were generated at partial rack settings, there was excess
alr avaflable for combustion. These high—-density fuels, at the same fuel
volume delivery rates, would thus be expected to produce additional power.
At maximum rack settings, where the engine nears air-limited combustion,

the additional mass of fuel delivered may not produce additional power.
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To investigate this posaibility, the CLR was operated with DF-2 at conditions

1 w'ﬂ\!
|
i
|
|
!
I

representative of full rack settings in a normally-aspirated engine
( = 0.70 based on exhaust composition). ilends of DF-2 with varying
quantities of RJ-S were then tested at the same volume flow rate. A blend

of 50 wt% DF-2, 49.75 wt% RIJ-5 and 0.25 wtX amyl ritrate produced a l0-percent

i

increase in horgepower at equal rack settings. This blend, which had a

acky

l4-percent density increase relative to neat DF-2, also showed an unexplained .
fncrease {n volume delivery rate at the fixed rack setting, and yielded 3
a 3-percent increase in power per gallon of fuel. This small increase in

power, relative to the density increase, could be an indication of the limited

air availability. 1In addition, the smoke increased from 3.5-percent opacity

to 9 percent.

After evaluation of this data, along with the physical properties of the E,
three fuels, their relative costs, availability, and other factors, it was

decided that additional research would be concentrated on JP-10.

A brief startability test was conducted in the CLR engine using JP-10 without
cetane improver. With the engine warm, 68°C (155°F) water jacket and 71°C
(160°F) oil sump, it could be started and operated normally. However, after
allowing the engine to cool for two days and stabilize at ambient conditions
[23°C (73°F) water and oil temperature], starting with JP-10 was achieved
with great difficulty and poor operation.

!f As a result, 0.87 wt% (1.0 volZ) of amyl nitrate was added to the JP=10
before further operation. The fuel was then examined at 1000, 1500 and
2500 rpm, and at full, three-quarters, and one-half of rated power engine
loadings at each speed. Table 17 details the data obtained. This data
were obtained using the gross heat of combustion for the fuels. When recalculated
using the net heats of combustion, no significant changes were noted. Operation
with the JP-10 was completely satisfactory, although there was slight evidence
of low cetane number even after the amyl nitrate had been added. The cetane
number effect was not believed to be significant enough to expect any field

operational difficulties.
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Post-test analysis of the JP-10 data showed a significant increase in the
specific range of this fuel, which is defined as the number of horsepower-
hours that can be obtained per gallon of fuel. The JP-10 fuel showed an
increase of approximately 20 percent in range compared to the base diesel
fuel at high speeds and loads. This fell to approximately 10 to 15 percent
increased range at lower speeds and loads and would provide an extension

of the vehicle driving distance of approximately these percentages. 1In
addition, use of the JP-10 showed a consistent reduction in smoke emissions
relative to the diesel fuel. This reduction was apparent throughout the
speed and load range, but was most evident at the high~load conditions.

A consistent increase in thermal efficiency was noted for the JP-10 fuel.
Since the reason(s) for this increase are not completely understood, more

analysis of these data and combustion data are in order.

b. DD3-53 Engine Studies

An engine performance comparigson of JP-10 with DF-2 was also made in the
Detroit Diesel 3-53, Table 18. As in the CLR testing, 0.87 wt% (1.0 volX)

of the cetane number-improving additive amyl nitrate was added to this fuel.

The JP-10 and the DF-2 fuels were examined at 1800, 2200, and 2800 rpm and
at full and three-quarters of rated power engine loadings at each speed.

Table 19 details the data obtained.

Post-test analysis of the JP-10 data showed the specific range to be approximately

equal to the expected value based on the volumetric heat of combustion of
this fuel except for the data obtained at 1800 rpm and full-rack. At this
engine setting, an unexplained reduction in the thermal efficiency occurs.

I1f the volumetric fuel rates are plotted graphically against the observed

powers for these two fuels at 1800, 2200, and 2800 rpm, three palrs of consistent
relationships should be obtained (Figures 18a, 18b, and 18c). These relationghips

should illustrate the effect of the increased energy content of JP-10 compared

to DF-2 on the engine performance at a given fuel rate. The nonparallelism
noted in the 1800-rpm data set (Figure 18a) makes these data suspicious.

During the engine test runs, the JP-10 test fuel was allowed to remain in
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TABLE 18. DD3=53 ENGINE CHARACTERISTICS

Normally Aspirated, two-=cycle

Engine Type compression ignition, direct i3
: injection, uniflow scavenging é“
g Weight (dry), kg (1b) 431 (950) ¥
i No. of cylinders, arrangement 3 in 1line
t Displacement, liter (cu. in.) 2.6 (159)
Bore and gtroke, cm (in.) 9.84 x 11.43 (3-7/8 x 4-1/2)
Cylinder block materfal cast {ron (case iron liners)
Rated power, kW (hp) 72.3 (97) at 2800 rpm
Maximum torque, Nm (1b/ft) 278 (205) at 1800 rpm
Compression ratio 21 to 1
Fuel system Unit injector (N 50 needle valve)
(primary and secondary engine filters)
Governor Variable speed with throttle controls
011 filter Fuli-flow single filter
011 cooling Integral heat exchanger using 100 percent
jacket=coolant flow capacity [
13.2 1 (14 qt)
Piston description
Material/design Cast iron/trunk type } 
Ring configuration 1 - Pire ring (rectangular)
. 3 - Compression rings (rectangular)

. ; 2 = 041 rings |
; Piston conling From jet in top of connecting rod i
| !
?
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FIGURE 18, EFFECT OF THE INCREASED ENERGY CONTENT OF JP-10
COMPARED TO DF-2 ON THE ENGINE PERFORMANCE

71




L mmos s LTI RS o m AT e T

the engine over the weekend, and the engine was then started cold without

any difficulty.
¢. LD=465 Engine Studies

A similar performance comparison of JP-10 with DF-2 was made in the LD-465
engine, Table 20. Unlike the previous studies conducted with the DD3-53

TABLE 20. LD-465 CHARACTERISTICS

No. of Cylinders 6

Bore, cm (in.) 1.80 (4.56)

Stroke, cm (in.) 3 1.92 (4.87)

Displacement, 1 (in”) 7.83 (4.78)

Compression Ratio 22:1

Fuel Injectfion System Bosch Rotary NDistributor with
density compensation

Piston Type Annulus

and CLR engines, no cetane improver additive was necessary in the test using
the LD~465 engine, due to the cetane number tolerant design of this mult{ifuel

3
i
_:%
3
§
i
|
3
i
:
1
3
!
i

engine family.

JRPWPRRVN, R

With the LD-465 engine, the JP-10 and the DF-2 fuels were examined at 1700,
2000, 2300, and 2600 rpm, and at full, three-quarter, and half of rated
engine loading at each speed. Table 21 details the data obtained.

Within the limits of experimental error, the JP-10 showed a 4~ to 6-percent
increase in power, a 4—- to ll-percent decrease in the average BSVC, and
a 0- to 2-percent decrease in the thermal efficiency. The JP-10 also showed

a significant increase in specific range of approximately 4 to 1l percent.

2. Carbonaceous Fuels

A series of diesel fuels containing carhon were prepared for operation in -
the CLR direct injection diesel engine. The carbon suspensions appeared

stable with a slight increase in viscosity, but when attempting to operate

the engine on these fuels, it was found that the fuels thickened with time.

|
1
1
1
1
:
|
:
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The gear-type fuel transfer pump would cause the carbon-containing fuels

to thicken quickly and finally solidify with pumping. As a result, the

fuel would change during the engine operation perfod. To alleviate this
problem, the CLR fuel system was modified to deliver the carbon-containing
fuels to the fuel injection pump using pressurized air. This modification
appeared to allow reasonable engine operation, and further optimization

of engine-operating conditions and engine hardware was undertaken. After
some initially promising results, difficulty was again experienced with

the fuels, possibly due to deterioration of the aluminum octoate suspending
agent. After a period of time, the carbon fucls would become unstable and
separate, again causing problems in determining actual performance of the
fuels within the engine. This problem of carbon separation from the diesel
fuel was finally resolved by modifying the blending procedure and formulation.
Following these changes, the slurries operated satisfactorily, although

the air-assisted fuel supply system was still required. A 17 percent carbon
black in DF-2 blend was evaluated in the CLR, and Table 22 gives the results
of these initial tests. At 1200 rpm, the carbon fuel produced a higher

TABLE 22. CLR PERFORMANCE WITH 17 PERCENT CARBON BLACK IN DP-2

Fuel Bage 17% Carbon Base 17% Carbon
Engine Speed, RPM 1200 1200 1800 1800
Pcwer, bhp 5.14 5.03 8.23 9.17
BSFC, 1h/bhp-hr 0.512 0.555 0.580 0.605
bhp-hr/gal. 13.82 13.79 12.20 12.65
n, Thermal Efficlency 0.260 0.246 0.230 0.226
Exhaust Teamp, °F 830 830 1060 1080
Ignition Delay, °CA 5.0 5.0 6.3 6.4
Avg Rate Press. Rise,
psi/°CA 94 100 111 111

Est % Carbon Burned* - 68 - 90

* Based on equal thermal coaversion efficifency and
normal DF-2 combustion in both cases.

.
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specific fuel consumption on a mass or volume basis. Assuming that the

carbon black would have the same thermal conversion efficiency as the reference
DF-2 test, the thermal efficiency achieved indicates that 68 percent of

the carbon black was utilized at this condition.

The percent of carbon utilized was estimated by assuming that the diesel

fuel portion of the slurry was turned with the thermal efficiency nf the
bracketing base fuel. It was also assumed that the fraction of carbon burned

had the same thermal conversion efficiency. Any lose in overall thermal
efficliency was due to some portion of the carbon not undergoing combustion.

Based on these assuamptions, the percent of carbon burned can be calculated.
tlowever, due to the nature of the fuel and fuel-handling system, these assumptions
would be expected to be high (num2rically). Thus the percent carbon burned

would be a pessimistic estimate of the actual percentage of carbon utilized.

At 1800 rpm, the calculated percentage of carbon consumed had increased

to 90 percent, and the fuel showed a slight improvement in volumetric specific
fuel consumption relative to the base fuel. Since higher engine speeds

reduce the time available for combustion, this increase in conversion efficiency
indicates that the combustion of carbon is mixing-limited. Thus, the increased

alr swirl at increased speeds may be responsible for the improvement noted.

Some mechanical difficulties were noted when using this fuel. Because of

the limited fuel availability and the uncertain effects of fuel recycle,

the recycling of fuel from the injection pump was stopped. This action
resulted in excessive heating of the injection pump and unstable fuel-delivery
rates, which was alleviated somewhat by cooling the pump with dry ice.

In addition, use of the carhon fuel produced injector nozzle difficulties

and required perfodic replacement of the fuel injection nozzles.

To expand upon these data, a slurry composed of 16 percent carbon black

in standard diesel fuel was then formulated for further testing in the CLR
engine. The slurry was examined at 1000, 1500, and 2500 rpm, and at full,
three-quarters, and one~half of rated power engine loadings at each speed.
Table 23 details the data obtained. Although a compressed air system had

to be used for fuel delivery, and the injection nozzles had to be replaced
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geveral times during the operation, the engine could again be operated satisfactorily
on this carbon slurry fuel.

Analysis of the data reveals a 4- to 12-percent loss in the thermal efficiency
in these test runs, with the calculated specific range varying from an 8-
percent loss to & 2-percent gain. At a constant fuel injection rate per

cycle (constant rack setting), the utilization of the carbon generally increases
and approaches 100 percent as the speed increases. It is estimated that

the carbon utilization under these test conditions may have varied from

a low of 7 percent up to 92 percent or higher. The carbon slurry would

thus be expected to give better performance in a more turbulent engine design.

V. CONCLUSIONS AND RECOMMENDATIONS

A. GENERAL CONCLUSIONS

. The potential of high-energy fuels for Army ground equipment has
been confirmed

° Several promising high-energy compositions now deserve accelerated

development efforts.
B. SPECIFIC CONCLUSIONS
1. Synthetic Liquid Hydrocarbon Yuels

° Use of synthetic liquid hydrocarbn high-density fuels, with proper
control of cetane number, can increase the maximum smoke-limited
power available from current tactical vehicles. However, such
power increases will impose an additional load on the vehicle's

cooling system.

° These high-density fuels can be used to axtend the vehicle range
between refuelings wihtout a loss of vehicle performance. This
could be accomplished by readjusting the vehicle fuel system to
reduce the maximum fueling rate.
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: - to the reference fuel. No attempt was made to separate cetane
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® ) These fuels appear to Lmprove engine thermal efficlency relative 3

number ef fects from other fuel ecffects.

Loa

Since there was no attempt to optimize the engine design and operating

t
i
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parameters for these high-energy fuels, it would he anticipated
that such engine optimization would {mprove the performance of

p these fuels.

[PPNTIG SEPI

2. Carhonaceous Fuels

o The most {mportant factor in obtaining stable carhon dispergions

{s the physical means by which they are prepared and dispersed.

. The extreme viscosity of the carbon fuel slurries, combined with
the tendency to thicken on pumping, makes these fuel difficult

to use in curreant engine fuel handling equipment.

) By modification to the fuel transfer and fuel handling equipment,

. these carbon fuels can be used {n curvent combustion systens for

. short periods of time.

!

' . Based on these results, a significant fraction of carhon contatined
‘: in these fuels can be burned in current high-speed diesel engines.

The combustion of thls carbon appears to be dependent on mixing
rate, and therefore high turbulence combustion chamhers should

{mprove carbon uttlfza“tion.

. Before these carbon fuels will be practical for field use, major

changes to the design of the engine fuel handling and combustion

systems will be required.




B. RECOMMENDATIONS

It is recommended that:

. Close monitoring of the research being conducted by the Alr Force
and Navy continue, especially in the area of slurry preparation
and synthetic 1liquid hydrocarbon fuels in order that no duplication

cf etfort occurs.

» The use of carbon black in JP-10 and diesel microemulsion fuels

should be explored as high-energy, fir~-resistant fuel possibilities.

e sl e b MR s b s 4SS b e A il NMAM

. Full-scale HEIT ballistic tests similar to those developed at
- AFLRL employing 76 liters of test fw hould be run on carbon
7 slurried fuels and JP-10 microemulsions. The HEIT tests described

in this report were inconclusive. The limited availability of
samples at that time necessitated the us2 of a procedure that

required a relatively small sample. Results from the tests indicated
that this procedure was not entirely adaptable to the fuels tested.

NPOTVRIORIT NN RPIIY IeNPREOFY T RO W I -

. Studies should be initiated on carbon dispersions (10- to 20-percent)

in JP-10 to supplement the Air Force and Navy on-~going prograas.

® Other high energy candidates that emerge during this program or

DEPHPES TN NP

from the research of others should be examined and evaluated.

[SYORY VLl

) Further work on dispersants and surfactants to stablilize carbon
slurries should be limited until a fuel has been formulated that
demonstrates a high potential for further development. Since

the list of dispersing agents and surfactants are almost limitless,

[ RETIUERWONET R TR

no problem is anticipated in finding esuch an agent.

® The development of the capacitance method for measuring the sedimentation !

rate of slurries should be completed.




P

Methods for improving the cetane number of the synthetic liquid
hydrocarbon fuels should be investigated.

The thermal efficiency increases observed with the combustion

of the synthetic liquid bydrocarbon fuels in the engines should

be investigated. 1If the efficiency increase cannot be fully explained
by this cetane number effects, then this efficiency improvement

deserves further study.

The impact of the synthetic liquid hydrocarhon fuels on vehicle
signature shouid be more thoroughly evaluated since these polycondensed

cycloparaffic materials may increase smoke emigsions.

The relatioanship between combustion chamber turhbulence and carhon

utilization noted in the engine studies should be better defined.
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- MILITARY SPECIFICATION

PROPELLANT, HIGH DENSITY SYNTHETIC
HYDROCARBON TYPE, GRADES JP-9 AND JP-10

This specification is approved for use by the Department of
R the Air Force and {s available for use by all Departments and ;
8 Agencies of the Department of Defense. 1

1. SCOPE

1.1 Sgope. This specification covers two grades of high density synthetic
hydrocarbon type propellant.

GRADE DRESCRIPTION

JP=§ High density hydrocarbon fuel, composed ;
of three different components.

JP=-10 High density hydrocarbon fuel, composed sclely
of exo-tetrahydrodi(cyclopentadiene).

2. APPLICABLE DOCUMENT ﬁ

2.1 lasues of documents. The following documents of the issue i1 effect on {
date of invitation for bids or request for proposal form a part of this
specification to the extent specified herein.

SPECIFICATIONS _
8 2
FEDERAL §
TT-E-485 Enamel, Semi-gloss, Rust Inhibiting
Er PPP-D-729 Drums, Shipping and Storage, Steel, 55-Gallon (208
- Liters) ¢
1
MILITARY i
: P
: MIL-1-27686 Inhititor, Icing, Fuel System P
30

Beneficial comments (recommendations, additions, deletions) and any
pertinent data which may be of use in improving this document should

be addressed to: ASD/ENESS, Wright-Patterson AFB, Ohio, 45433 by using
the self-addressed Standardization Document Improvement Proposal

(DD Form 1426) appearing at the end of this dooument or by letter.
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STANDARDS

FEDERAL

FEL-STD-313 Material Safety Data Sheets, Preparation ané¢ Submission of

FED-S5TD-~791 Lubricants, Liquid Fuel and kelated Products, Methods of
Testing

MILITAKY

MIL-STD-~105 Sampling Procedures and lables for Inspection by Attributes

MIL--STD~129 Marking for Shipment and Storage

(Copies of specifications, standards, drawings, and publications required by
contractors in connection with specitic procurement functions should be
obtained from the procuring activity or as directed by the contracting
officer.)

2.2 gther publications. 1The following documents form a part of this
specification to the extent specified herein. Unless otherwise indicated, the
issue in effect on date of invitation for bids or request for proposal shall
apply.

Americap Soclety for Testing and haterials Standarda

ASTM D 93 Flash Point by Pensky-Martens Closed Tester

ASTM D 156 Saybolt Color of Petroleum Products (Saybolt Chromometer
Methoed)

ASTM D 240 Heat of Combustion of Liquid Hydrocarbon Fuels by bomb
Calorimeter Test

ASTM D 270 Sampling Petroleum and Petroleum Products

AS™ D 381 Test for kxistent Gum {n Fuels by Jet Evaporation

ASTM D u4us Viscosity of Transparent and Opaque Liquids (Kinematic ana
Dynamic Viscosities)

ASTM D 1298 Teat for Lensity, Specific Gravity, or APl Gravity of Crude
Petroleum and Liquid Petroleum Products by Hydrometer Method

ASTM D 1655 Aviation Turbine kuels Standard Specification

ASIM D 2276 Tests for Particulate Contaminant {n Aviation Turbine Kuels

ASTM D 2382 Test fcr heat of Combustion of Kydrocarbon Fuels by Bombd
Calorimeter (High-Precision Method)

ASTM D 2386 Test for Freezing Point of Aviation Fuels

ASTM D 3241 Test for Thermal Oxidation Stability of Aviation Turbine Fuels
(JFTOT Procedure)

AST™ D 3243 Test for Flash Point of Aviation Turbine Fuels by
by Setaflash Closed Tester

ASTM E 29 Recommended Practices for Indicating which Places of Figures

Are To be Considered Significant in Specified Limiting Values

(Copies of these sztandards may be obtained from the American Society for
Testing and Materials, 1916 Race Street, Philadelphia, PA, 19103.)
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Department of Transportaticp

43 CFR 170-~189 Departaent of lransportation Hules and hegulations of the
Transportation of kxplosives and [angerous Articles

(Copiss of these decuments may be obtained from the Superintendent of
Documents, U. S. Government Printing Oftice, washington, DC 20402.)

3. KEQUIREMENTS

3.1 Materials. Excert as otherwise specified herein, Grade JF-9 fuel shall
consist completely of a mixture of three specific hydrocarbon compounds, and
Grade JP-10 shall consist solely of gxo-tetrahydrodi(cyclopentadiene).

3.2 Chemical and physical requirements. The chemical and physical
requirements ot the tinished fuel shall conform to those listed in table 1.
hequirenents contained herein are not subject to corrections tor test
tolerances. 1f multiple determinations are made, results falling within any
specified repeatability and reproducibility tolerances may be averaged. For
rounding off of significant figures, ASTM E 29 shall apply to all tests
required by this specification.

3.3 Additives. The additives listed shall be used in combination in amounts
not to exceed those specified. The type and amount of each additive used shall
be reported. N

3.3.1 Antioxidants. 1The following active inhibitors shall be blended
separately or in combination into the tuel in total concentration of 90 parts
per willion (minimum) to 110 parts per million (maximum), by weight, not
including weight of soivent,in order to prevent the formation of polymeric
oxidation products:

a. 2,6-di-tert-butyl-i4-methylphenol
b. 6-tert-outyl-2,4-dimethylphenol
¢c. 2,b=-di-tert-butylphenol

3.3.2 ruel system lcing iphibitor. The fuel system icing inhibitor shall
conform to MIL-1-27686.

3.4 mworxmanship. 1he finished fuel blend shall be visually free from
undissolved water, sediment or suspended matter and shall be clean and bright
at the ambient temperature or at 21°C (70°F), whichever is higher.

QUALITY ASSURANCE PhOV1S1ONS

4.1 Hesponsibility for ipnspectiorns. Unless otherwise specified in the
contract, the contractor is responsible for the performance of all inspection
requirements as specified herein. Except as otherwise specified in the
contract, the contractor way use Lis own or any other tacilities suitable for
performance of the inspection requirements specified herein, unless disapproved
by the Government. The Government reserves the rignt to perform any of the
inspections set forth in the specification where such inspections are deemed
neceasary to assure supplies and services conform to prescribad requirements.
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4.2 guality conformance inspection. Fror acceotance purposes, individual lots
) shall be examined as specified herein and subject to tests for all requirements
7 cited in section 3.

4.3 lonspection lot i

4.3.1 PBulk Jot. A oulk lot shall consist of an indefinite quantity of a
homogeneous mixture of material offered for acceptance in a single isolated
container.

R TR

.

4.3.2 packaged lot. A packaged lot shall consist of an indefinite number of

55-gallon drums or small unit packages of identical size and shape offered for

i acceptance and filled trom the isolated tank containing a homogeneous mixture
: of material.

4.4 Sagpling

4.4.1 sampling for verification of product quality. Each bulk or packaged lot
of material shall be sampled for verification of product quality in accordance
with ASTM D 270, except where individual test procedures contain specific
sampling instructions.

4.4.2 Sagpling for examipation of filled coptaipers for delivery. A random
sample of filled containers shall be selected from each lot in accordance with
MIL-STD-105 at inspection level 1I and acceptable quality level (AQL) of 2.5
percent defective. 71he samples shall be examined in accordance with U4.6.3

F- 4.5 Jlnspectiop. Inspection shall be performed in accordance with method 9601
f of FED=-5TD-T791.

4.6 Exapipations

4.6.1 Examination of product. Samples selected in accordance with 4.4.,1 shall
be visually examined for compliance with 3.5.

4.6.2 Exapipation of empty contaipers. Prior to filling, each empty unit
container shall be virually inspected for cleanliness and suitability.

4.6.3 Ekxagination of fiiled c¢ontaipers. Samples taken as specified in 4.4,2
shall be examined for conformance to MIL-S1D-105 with rogard to fill, closure,
sealing, leakage, packaging, packing, and markings. Any container having cne
or more defects under the required fill shall be rejecced. 1f the number of
defective or underfilled containers exceeds the acceptance number for

4 appropriate plan of mlL-STD-105, the lot represented by the sample shall be
9 rejected.

4.7 Zest methods. Test to determine conformance to chemical and physical
requirements shall bte conducted in accordance with FED-STD-791, ASTM standards,

or in the case of unique requirements, the tesat procedures as outlined in table
1 and described in the attached Appendix.

) 4.7.1 lherpal stability

y | 4,7.1.1 ASTM D 3241. 7The thermal stability test shall be conducted using ASTM
D 3241 (JFTOT). The heater tube shall be rated visually.
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4.7.9.0.1 ASTM D 3243 test copditions

a. Heater tube temperature at maximum point: 300°C (572°F)
b. Fuel system pressure: 3.43 Mra (500 psig)

¢. Fuel flow rate: 3.0 ml/minute

d, 1lest duration: 150 minutes

4,7.1.1.2 Results. 1he fuel sample is acceptable it all the following
criteria are met:

a. The maximum differential pressure across the test filter does not exceed 10
millimeters

b. The maximum visual rating of the heater tube deposits is a Code 2, znd the
visual rating of the heater tube shows neither peacock type deposits (code P)
nor abnormal type deposits (code A).

4.7.1.1.3 ASTM D 3241 reported data. The following data shall be reported:

a. Differential pressure in millimeters of mercury at 150 minutes, or time to
differential pressure of 10 millimeters of mercury, whichever comes first

b. Heater tube deposit Visual Rating Code at the end of the test

c. If a Mark BA Tube Deposit Rater (TDR) is available, the maximus: SPUN TDR
[ rating shall be reported.

4.8 Jest report. 1lest data required by U4,7 shall be reported in accoidance
with AST™M D 1655, using the standard ASTN form entitled "Inspection Data on
Aviation Turbine Fuels" or AFTO Form 476 (see 6.2.1).

"

5. PACKAGING
5.1 Fackaging. Packaging shall be level B. :

5.2 The fuel shall be in %5 gallon drums conforming to requirements of '4
PPP-D-729, Type 1I. Each drum shall contain 54 gallons of product. Outside of 1
druts reed not be phosphatized. Exterior coating shall conform to TT-E-485. i;
Bungs need not be painted. Cap seals shall be applied to each bung and vent.

5.3 Blocking and bracink. Wwhen specified, blocking and bracing of shipments
in designated conveyances shall be in accordance with Department of
Transportation (DOT) regulations and best commercial practice.

5.4 Marking and labeling. Marking shall be in accordance with MIL-STD-129.
Druns shall be labeled in accordance with DOT regulations for flammable
liquids. Flash point shall be stenciled on each drum.

g e e wa ep

6. NOTES

6.1 Iptended use. The fuel covered by this specification is intended for use
in gas turbine enginea or ramjet engines for missile application.

A-6
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6.2 QOrdering data. Procurement documents should specify;

a. Title, number, and date of this specification

™
-4

3 . Quantity required and size containers desired

c. Level of packing required (see 5.1).

TNl AR s i S wu TR - G RN

d. When blocking and bracing is specified (see 5.2).
e. When Material Safety Data Sheet i3 required in accordance with 'ED-STD-313.

§.2.1 Contract data requirements. Data as required by 4.8 to be s mitted as
atated on DD 1423 and incorporated in the contract.
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6.2.1.1 Type and amount of additive (3.3).

s

o s

6.3 Precaution of mixing inhibitors. To prevent any possible reaction between
the concentrated forma of the different inhibitors (see 3.3) the fuel

contractor is cautioned not to commingle inhibitors prior to their addition to
the fuels. :
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Custodians: Preparing activity: %
Air Force - 11 Air Force - 11 4
il Review activities:
3 Alr Force - 68 Project Nr. 9135-FO9u
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APPENDIX C

ST Rt Hm %1

DATA USED IN THE PREPARATION OF FIGURES 6, 8, 13 AND 14

I. MIXING DEVICES

oo

Composition:

20.0 wt% Carbon Black (Raven 1170)

Dbt e et 0 PR e ini 108 BRE b ok 0 oh Sdi ) D otk RGP

: - 79.0 wt% DF-2 (AL-6766F)
. : 1.0 wt% Lecithin (AL-7619A) 3
5 Mixing Time: 30 minutes
k Settling Period: 48 hours
*E Magnetic )
¥ Attritor, Homogenizer, Blender, Stirrer § Bar P
‘ % C % C % C % C
'jj Sections: :
1 1 (Top) 15.9 15.3 21.2 0.31
3 2 20.8 21.0 21.3 2.4 :
i 3 20.5 22.2 21.2 26.0 2
i 4 21.0 25.4 21.1 27.0 i
o S (Bottom) 21.7 24.8 21.6 30.0 :
!
II. CARBON CONCENTRATIONS :
: } Mixing Device: Homogenizer é
’ Mixing Time: 30  minutes N
. Settling Period: 48.0 hours :
; Wt. Percent Carbon Charged :
4 £l§l (5%) (10%) (20%) (35%) K
¥ _ '
'; Sections: % C % C % C % C % C -
i 1 (Top) 0.18 0.16 0.09 14.2 35.1 i
i 2 0.11 0.16 0.10 20.6 35.3 i
d 3 0.20 0.24 10.0 20.8 35.3 .
4 0.03 3.78 17.3 21.8 34.7 3
‘ 5 (Bottom) 5.35 20.8 26.9 22,6 35.7 :
4 3
! :
: §




APPENDIX C

DATA USED IN THE PREPARATION OF FIGURES 6, 8, 13 AND 14 (CONT'D)

IIT. DISPERSANTS
Compositions:
wt% Carbon (Raven 1170)

20.0
79.0 wt% DF-2  (AL-6766F)
1.0 wt% Dispersant

In All Blends except
when Al-Octoate is used

or

20.0 wt% Carbon (Raven 1170)
79.7 wt% DF-2 (AL-6766F)
0.3 wt% Aluminum octoate

Mixing Device: Homogenizer

Mixint Time: 30 minutes
Settling Period: 48.0 hours

Dispersants

Lecithin TLA D-5200 Al-octoate
Sections: % C % C %$C % C
1 (Top) 15.3 18.7 14.2 19.3
2 21.0 20.3 20.6 21.0
3 22.2 20.8 20.8 20.9
4 25.4 20.8 21.8 21.1
S (Bottom) 24.8 21.2 22. 21.6
4 IvV. ATTRITION TIME
) Zomposition:

20.0 wt% Carbon (Raven 1170)
79.0 wt% DF-2 (AL-6766F)
1.0 wt% Lecithin

Mixing Device: Attritor
Settling Period: 48.0 hours

Attrition Time hours

0.0 0.5 1.0 5.0 11.0

Sections % C % C % C % C % C
1 (Top) 0.12 15.9 19.7 22.5 18.1

2 17.8 20.8 20.9 23.4 21.7

3 33.5 20.5 20.7 25.5 22.0

4 35.7 21.0 20.4 26.0 22.0

S (Bottom) 37.3 21.7 20.6 25.9 21.7
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AFPENDIX E. PROGRAM BRIEF

Program Tite: Development of Mist Flashback Fluid Flammability Test
Sponsor: U.S. Army MERADCOM

Contract No.: DAADO5-70-C-0250

SwRl Project No.: 10-2798

Start/ Complete Dates: 1970/1972

Reports or Publications: Weatherford, W. D., Jr., and Schaekel, F. W_,**Emulsified Fuels and Air-
craft Safety,”” AGARD/NATO 37th PEP Meeting *‘Aircraft Fuels, Lubri-
cants, and Fire Safety,”’ The Hague, Netherlanas, May 1971 (AGARD-CP-
84-71, pp. 21,1-21,12).
Weatherford, W. D. Jr., and Wright, B. R., **Status of Research on Anti-
mist Aircraft Turbine Engine Fuels in the United States,”' AGARD/NATO
45th PEP Meeting **Aircraft Fire Safety,”” Rome, ltaly, AFLRL No. 69,
April 1975 (AGARD-CP-166, pp. 2, 1-2, 12, DDC No. AD-A01i341).

PROGRAM SYNOPSIS

Technical Objectives: Develop a quantitative bench-scale laboratory technique for assessing differ-
ences in mist flammability characteristics among various flammable liquids.

Approach: Fucl is delivered through a capillary at a controlled rate, and three impinging air streams
form a mist at the point of impingement. The fuel mist passes through an overwhelming ignition
source to avoid marginal ignition problems. The extent of flashback from the ignition source 1oward
the fuel capillary is interpreted as a measure of mist flammability. Flashback is recorded utilizing a
video camera and tape recorder. These results can then be carefully evaluated at some later time by
measuring directly from a graduated scale located beyond the flame.

Accomplishments: A mist flashback rating, expressed as a mean distance of flashback, is assigned (o
the fuel. This average rating is based on triplicate experiments, each conducted at three different mis-
ting air rates (ranging from relatively low (0 extremely high shear conditions), i.e., the average of
nine values.

The sensitivity of ihis measurement technique is best illusirated by describing results obtained
with a series of fourteen base-fuel samples, all meeting Jet-A or the tentative JP-8 specification. The
extent of mist flashback with various JP-8 neat fuels ranges from 16.5 cm (6.5 in.) to greater than 20
cm (8.2 in.). It should be noted that JP-4 produces a mist flashback of 21 cm (8.2 in.) in this test
procedure. Hence, the most flammable JP-8 fuel shown in this figure is almost indistinguishable
from JP-4 under misting conditions. On the other hand, the majority of the fuel samples were signifi-
cantly less flammable in the mist form than this

most flammable JP-8 fuel. As illustrated in the
lower right, the flash points of these various sam- (
ples ranged from 46° to 64°C (114° 10 148°F), and 21 k ﬂi:sNHG:o:’:t
no correlation between flash point and mist flash- -—
back is evident. The data are presented in terms of al
the product of surface tension and density; how- 8
ever, it is emphasized that the controlling physio- £ ——— -— 47
cochemical properties for mist flammability in this §7° i
apparatus have not yet been established, and the
presentation is made on this basis only as a graphi- 3 19+~ —— -—— 46.52
cal convenience. "
2 —— - 54.64
— ; er @ e 48.39
/ g :& -~ 46.54
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APPENDIX E. PROGGRAM BRIEF

Program Title: Development of Impact Dispersion Flu‘d Flammability Test

Sponsor: U.S. Army MERADCOM

ContractNo.: DAADOS-67-C-0354/DAADN0S-70-C-0250  DAAK-7I-C-0221.
DAAGS3-76-C-0003/ DAAKT70-78-C-(XXH

SwRI Project No.: 10-2078. 10-2798. 10-2630/10-4296. 10- 5070

[l S E——
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Start/Complete Dates: 19691978 Continuing Refinement of Facihity and Procedures

during a vertical helicopter crash, but it is near the ]
onset of marginal survivability. The glass containers 3 . .
are filled 1o an ullage of about 2 percent of the (otal Y ] ~Y
volume for each test. A 1elevision camera (with zoom
! 12ns) is located about 6 meters from the impact point,
and this is used 1o document the test results on video
tape. A background grid provides a dimensional S
frame of reference, and subseguent cxamination of », -
the video 1ape by siow motion (and stop action) pro-

vides reduced data. Tests are conducted at several 1
; different temperature levels, from about 25° 10 99°
' by preheating the fuel samplc and the steel targel
| plate 10 the desired temperatures.

| Accomplishments: The following data reduction sys-

tem placed the impact dispersion results on a semi-
quantitative basis. A rating from *'A"" through “E"”
is assigned 10 the results of each experiment, depend-
ing upon the observed flammability characteristics.
These range from *‘no pilot flame enlargement™ for
highly cffective antimist fuels through **pifot dimen-
sions less than doubled,”” *‘pilot flames totally
obscured by transient mist fireball’” (neat, low-vola-
tility fuels), to “*coalesced fireball with simultaneous
pool burning"’ (volatile liquid fuels). This method of
! quantifying the results of impact dispersion tests has
proved usable and correfatable with other experimen-
tally measured flammatility properties. Peak Misi Fireball

3
Reports or Publications: Weatherford, W. D, Jr., and Schackel, 1. W, “Emulsiticd Fuels and Aurcraft
{ Safety,”” AGARD/NATO 37th PEP Mceting " Aireraft Fuels, Lubricanss, and
Fire Safety,”” The Hague, Netherlands, May 1971 (AGARD-CP-84-71, pp. 21,
1-21,12).
Weatherford, W. D., Jr., and Wright, B. R., “"Status of Rescarch on Antimist
i Aircraflt Turbine Engine Fuels in the United States,” AGARD NATO 45th
PEP Mecting *‘Aircralt Fire Safetv.” Rome, haly, Apnil 1978 (AGARD-CP-
f 166, pp. 2, 1-2, 12, DDC No. AD-AO11341).
i Weatherford, W. D. Jr., and Schachel, 10 W U S0 Army Helivopter Mod-
; ified Fuel Development Program—Review of Emulanied and Gelted Fuel Swud-
! ies,”’ prepared by Southwest Research institute, LS Army Tuels and Lubri-
i <ants Research Laboratory, under U'S  Army Contract No. DAAKO2.73.C-
'1 0221, AFLRL No. 69, June 1975 (DDC No. AD-AO2IXAR),
PROGRAM SYNOPSIS
: Technical Objectives: Develop a repeatable bench-scale laboratory techingue tor assessing fire-safety char-
' acteristics of various flammablc tiquids.
.I Approach: Impact dispersion experiments ar¢ con-
: ducted in a well ventilated enclosed facility developed
for this purposc. Thesc tests involve allowing a 2-liter
glass vessel, containing about 1.2 kg of fuel, to fall
. freely 6 meicrs onto a steel target plate, originally
! embedded in concrete and surrounded on two sides
‘ by gas pilot flames. In the present facility, the target
: plate comprises a horizontal. clevated 2.5 ¢m-thick
/ steel plate with electric surface heaters attached 10 s
- under side so that its surfacc temperature can be ad- Heated Impact Pad. Gos ot Areas . and §uid Contarme
justed and controlied independently. With Sofonont Reictse (o ered for Photeciaph)
The relatively low veriical velocity of 11 meters
per second developed by the glass vesse! during thiy i
free fall corresponds to total occupant survivability l 1114

=Y ey

Peak Splash With No Fireball
(Typical of Antimist Fuels)
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APPENDIX E. PROGRAM BRIEF

Program Title: Developiment of Simulated Full-Scale Ballistic Test for Evaluation of Fluid
Fire Yulnerability

Sponsor: U.S. Army; MERADCOM

Contract No.: DAAG$3-76-C-0003, DAAK70-78-C-0001, DA AK70-80-C-0001

SwRI Project No.: 10-4296, 10-5070, 10-3857

Start/ Complete Dates: 1976/present

Reports or Publications:  Wright, B. R. and Weatherford, W. D., Jr., “A Technique for Evaluat.
ing Fuel and Hydraulic Fluid Ballistic Vulnerability,”’ laterim Report
AFLRL No. 89, prepared by U.S. Army Fuels zad Lubricants Research
Laboratory, Southwest Research Institute, Government Accession No.
AD AO55058, April 1975.

PROGRAM SYNOPSIS

Tecbnical Objectives: To develop a ballistic test that evaluates the effectiveness of fire-resistant-fuel
formulations and to compare flammability characteristics of various hydraulic fluids.

Approach: A relatively inexpensive ballistic test

procedure has been developed for evaluating the o i O
relutive fire vulnerability of various fluids of inter- e
est for Army spplications. The technique employs . /
20-mm HEIT projectiles fired into partially filied - ‘N romror
fluid contsiners, and yields repeatable results N

which establish both transient fireball effects and
residua!l burning tendencies. Appropriate experi.
mental procedures and conditions, such as target

E INN
TAENCH

fluid temperature, were established, and efficacy Zt. ) NI . OAR GG cw.m«mw J,
and repeatability were evaluated by conducting a :4, s "/ %
total of 184 experiments. These latter experiments 3 -,», 2% . /// //

were conducted with fire-resistant fuel (FRF) and o
fice-resistant hydraulic fluid (FRH) candidates.
The resulting experimental data agree with flam-
mability measurements made with laboratory and
bench-scale techniques and provide an apparently
realistic assessment of ballistic vulnerability.

Fue! Drum Target Assembly

Accomplishments: A new flammability test proce-
dure has been developed that will span the gap be-
tween laboratory scale and full-scale ballistic tests.
The 20-mm HEIT projectile has proven to be a
very energetic and repeatable ignition source, and
results have correlated well with subsequent test-
ing using 3.2.inch precision shaped charges.
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