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Belvoir, VA, and the U.S. Army Tank Automotive Command, Warren, MI, Con-
tracting officer's representative was Mr, F.W. Schaekel, Fuels and Lubricant
Division/STRBE-VF (formerly DRDME-GL), and the technical monitors were Mr,
T.C. Bowen, Fuels and Lubricants Division/STRBE~VF, Belvoir R&D Center, and
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I. INTRODUCTION

The adiabatic diesel engine and other high-temperature, high-output engines
are possible future powerplants for U.S., Army equipment., The adiabhatic
diesel engine concept involves insulation of the diesel combustion chamber
to retain thermal energy within the engine. Engine cooling and exhaust are
the primary areas where thermal energy escapes the diesel engine, The effi-
ciency of a diesel engine can be increased by utilizing turbomachinery to
recover thermal energy normally lost to cooling and exhaust. The adiabatic
diese! engine can offer the military the advantages of improved fuel economy
and reduced engine weight/volume requirements for a given desired power out-
put.(1-6)* Also, it can decrease maintenance requirements and vulnerability

of a military vehicle by eliminating the need for a liquid cooling system.

When thermal energy 1is retained within a diesel engine, the engine oil
temperature environment increases, which results in thermal stressing of the
engine lubricant, Conventional diesel engines have cylinder liner temper-
atures at top ring reversal (TRR) of approximately 204°C (400°F)., Adiabatic
diesel engines can have cylinder liner temperatures at TRR of 370°C to 760°C
(700°F to 1400°F).(6,7) At these high TRR temperatures, lubricant volatil-
ization which results in high oil consumption and oil oxidation are poten-

tial problem areas.

The objective of this Army research project was to develop lubrication
requirements for new/advanced engine systems such as the adiabatic diesel
engine. The approach involved first obtaining and characterizing high-
temperature lubricant (HTL) candidates. Next, the candidate lubricants were
screened using a simulated adiabatic single-cylinder diesel engine. From
the engine screening tests, HTL requirements were determined, and high-
temperature lubricant candidates were evaluated. Additionally, bench-scale
lubricant screening tests were investigated for use in predicting critical

lubricant properties such as oxidation resistance. Several lubricants were

*Underscored numbers in parentheses refer to the references at the end of
this report.
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.'_:::: identified which have potential for use as engine oils in minimum-cooled

:T‘_-_'.: diesel engines,

1 )

- II, DEVELOPMENT OF AN ENGINE TEST PROCEDURE FOR

. SCREENING HIGH-TEMPERATURE LUBRICANTS -

:'.::-: A. Engine Description -
5 )

- An investigation was initiated to determine the feasibility of operating the o

“{:‘_-: single-cylinder CLR-diesel engine at high cylinder wall temperatures which

e simulate the temperature environment of the adiabatic diesel engine. A

‘- ' description of the CLR-D engine is presented in Table ! with the engine/ )

::.‘_ dynamometer installation shown in Figures 1 and 2. The CLR-D engine was :.

::': chosen for use because it is a small single~cylinder engine which reduces )
. .

:::::- the quantity of fuel and experimental lubricant required for operation. -

. Additionally, parts are readily available for this engin:, and the Army )

T Fuels and Lubricants Research Laboratory (AFLRL) has had extensive exper- 5

L ience with the CLR engine. g

( o

o TABLE 1. COORDINATED LUBRICANTS RESEARCH

..:-'. DIESEL ENGINE (CLR-D) CHARACTERISTICS

RO

p :"": 3 :'

i Displacement 42.5 in, ]
' Bore .nd Stroke 3.80 in, X 3,75 in, Ly

Compression Ratio 14.3:1

o Piston Aluminum, 3-Ring

s Piston Rings Top Compression: rectangular, barrel-

e faced chrome

- Second Compression: rectangular, square-

. faced cast iron

L 0il Control: two chrome rails and

' expander

\','.'.: Cylinder Replaceable Cast Iron Sleeve

r-.%s Connecting Rod

o Bearings Copper-lead

: 0il Capacity 1 Quart (no filter)

-5,

.,,-E: Initially, ten iron-constantan thermocouples were installed in the cylinder K

o ‘

;, liner area to monitor the temperature of the liner surface exposed to the )l

.. oil lubricating film. The cylinder liner was drilled and the constantan Ai
; |

Ly
1]
o

)
.
e
a
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wire of each thermocouple was welded flush to the liner surface.(8) The

locations of the thermocouples are shown in Figure 3, The thermocouple
wires exited the engine through a standpipe in the jug. Calibration of the
thermocouples was checked by placing the liner with thermocouples installed
in an oven with temperatures up to 371°C (700°F) and observing their accu-
racy against the known oven temperature. Generally, the thermocouples read
within approximately 10°F of the known temperature; thus, no correction fac-

tor was applied.

BACK OF ENGINE

!

CYL. LINER

EXHAUST
VALVE

34IS LSNHHL
ANTITHRUST SIDE

TOP OF ’
THERMOCOL'PLES ENGINE '

FRONT OF ENGINE
THERMOCOUPLE POSITION — INCHES DOWN LINER FROM TOP .
0.5625 IN. #1, 3, 5
1.1875 IN. 47, 9
15625 IN. #4
2.4375IN. #2, 6

2.8125IN. 48, 10
FIGIRE 3. CLR-=DIESEL THERMOCOUPLE POSITIONS
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B. Test Fuel

The reference No. 2 diesel fuel used in this program was a nominal VV-F-800C
No. 2 diesel fuel conforming to the requirements established by Federal Test
Method 791B, Method 354. This test fuel is a straight-run, mid-range natu-
ral sulfur fuel which 1is manufactured under closely controlled refinery
operation to minimize batch-to-batch compositional and physical property

deviations. The analysis of the test fuel i1s presented in Table 2.

B
" . .
a2 .LAJ

TABLE 2., TEST FUEL ANALYSIS

ASTM Reference No, 2 DF a
Property Method No. Test Fuel Specification
Gravity, API® D 287 34,5 Record
Viscosity, cSt, 38°C(100°F) D 445 3.3 1.6-4.5
Flash Point, °C(°F) D 93 85(185) 37.8(100) min
Cloud Point, °C(°F) D 2500 -2,0(+28) Record
Pour Point, °C(°F) D 97 ~12(+10) -6,7(+20) max
Water and Sediment, vol% D 1796 0.0 0.5 max
Carbon Residue, wt% D 524 0.10 0.20 max
Sulfur, wt D 129 0.41 0.35 min
Acid No., mg KOH/g D 664 0.0 Record
Aniline Point, °C(°F) D 611 63(145) Record
Copper Corrosion D 130 1A No. 2 max
Distitlation, °C{°F) D 86
IBP 207(405) Record
10% 241(465) Record
50% 273(524) 260(500) min
907% 317(603) 316-338(600-640)
EP 348(658) 343-366(650-690)
Cetane No. D 613 52 40-45
Net Heat of Combustion
MJ/kg (Btu/lb) D 240 42,13(18,130) Record
Ash, wt7 D 482 0.006 0.01 max

a = Section 4.1 Method 354 FTM Std 791B

C. Engine Modifications for High-Temperature Operation

A series of CLR-D engine tests were conducted to determine the feasibility
of operating this engine at a sufficiently high cylinder wall temperature to
simulate the temperature environment of an adiabatic engine. Lubricant

AL-7135, which had exhibited excellent high-temperature volatility proper-
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ties, was used for this test series. A summary of these tests is presented
in Table 3. At operating conditions of air/fuel ratio=30 and 1800 RPM, the
maximum cylinder liner temperature observed was 184°C, The CLR-D liner and
head had separate cooling systems which allowed the liner to be operated at
high temperatures, while the head area was kept cooler to prevent head
gasket damage., Operating conditions and liner cooling materials were varied
to increase the liner temperature. First, heated vegetable o0il was circula-
ted through the liner jacket area, which raised the cylinder wall tempera-
ture to 227°C. In Test No. 3, the liquid coolant was removed and liner area

was cooled with compressed air which allowed a wall temperature of 266°C,

which was still well below the desired 370°C. To further increase wall ..

temperature, Test No. 4 was run at 2500 RPM with a lower A/F ratio (more

energy input) and with dead air cooling the liner area. This resulted in a
wall temperature of 392°C; however, the piston stuck in the liner and the
wrist pin was stuck in the piston boss, WNext, the engine was modified to
accommodate high-temperature operation, The piston was machined to increase
piston/liner clearance as shown in Figure 4, Lubrication of the piston
undercrown and wrist pin areas was increased., The top connecting rod bear-
ing was grooved, and a hole was drilled in the center as shown in Figure 5.
This allowed oil to flow to a 1/8-inch stainless steel tube which was in-
serted in the center of the connecting rod. This modification permitted oil
to be fed to the piston undercrown and wrist pin (Figure 6). The ends of
the wrist pin were plugged, and three grooves were cut around the wrist pin
to allow oil flow as shown in Figure 7, Test No. 5 was run with these modi-
fications, and a maximum liner temperature of 419°C was achieved; however,
the piston again stuck in the liner, and the wrist pin was tight in the pis-
ton., All three piston rings were stuck due to lubricant coking. For Test
No. 6, engine speed was reduced to 2000 RPM, the oil charge was increased
from 0.95 to 2.3 L, the piston/liner clearance was increased slightly to
0.45 mm, aad oil delivery to the piston undercrown was increased. A maximum
liner temperature of 361°C was achieved, and the piston remained free in the
liner. The wrist pin also remained free in the piston; however, once again,

the rings were stuck., For Test No. 7, all Test No. 6 changes were retained,

and ring side clearance was increased from 0,032 to 0.089 mm. This resulted
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g in slightly less severe ring sticking ::j
o CUT GROOVE AND DRILLED HOLE .
with a maximum liner temperature of 1
B 343°C. 9
{ ']

Lo LAV LI A series of CLR-D tests were conducted ]
.'_' following the conditions of Test No. 7 ]

t d B
A FIGURE 5. CONNECTING ROD to determine 1if this procedure coul 1
- ) . . X
i BEARING TOP discriminate the performance of four -
different lubricants, The four diesel ::

':?:j','-f engine test lubricants were: "4
et a

j 1
_ DRILLED ® AL-6942, an experimental poly- .-J
1/16 IN. HOLE >

N alphaolefin/polyolester-based oil .

At (Test No. 8) N

-::: ® RE0-203, a petroleum-based refer- :
' ) |

EI/HBIN.STAINLESS ence oil (Test No. 9) g

- / STEEL TUBE ® AL-8423, an ester-based oil (Test -
/ ® AL-8925, a diester-based Arctic K

"

E engine oil (Test No. 11) E
- 9
J

‘.-'. A T
- - - Engine operating conditions such as load B

' ! and air/fuel ratio were varied to pro- g
,J vide relatively constant cylinder wall

FIGURE 6. CONNECTING ROD temperature which was a primary objec-
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tive. The tests were run until the oil or engine condition had degraded
sufficiently to warrant stopping the test. At end-of-test, the engine was
disassembled and rated for deposits, ring sticking, and visual wear. The
used oil was analyzed to determine o0il degradation. Table 4 contains the
results for these tests., Lubricants AL-6942, RE0O-203, and AL-8423 all]
showed varying amounts of severe oxidation as evidenced by o1l thickening
and acid number increase and varying amounts of high oil consumption, bear-
ing corrosion, and ring sticking. These problems are al! directly reiated
to high-temperature operation and are representative of problems which might
be encountered in the adiabatic diesel engine, Lubricant AL-8925, which
contains no zinc dithiophosphate (ZDDP), survived 31.5 hours of high-
temperature testing without excessive o0il thickening, TAN increase, or

piston deposits; however, high oil consumption was observed.

Overall, this series of tests demonstrated that the CLR-D engine test proce-
dure would be useful for evaluating high-temperature engine oil candidates,
Key problem areas identified were oil oxidation, ring sticking, bearing

corrosion, and oil consumption.

While the CLR-D engine was suitable for high-temperature operation, better
test control was desired. Cylinder wall temperature was being controlled by ;:q
varying *the fuel (energy) input, which resulted in fairly consistent liner
temperatures; however, other test conditions were varying excessively. To ] i
solve this problem, a system was installed by which the liner temperature _»J
was adjusted using electric heat while keeping the fuel rate constant. An }”]

aluminum sleeve was machined to fit around the CLR-D cylinder liner. The

sleeve was drilied and fitted with electrical heating elements so that the
liner tempersture was controlled without adjusting fuel input., Cylinder
liner surface temperature was monitored by 12 iron-constantan thermocouples
embedded in the liner. As previously discussed, the thermocouples were in-

stalled by drilling a hole through the liner and welding the thermocouple

inside the liner at the surface. The liner was then honed to remove surface

f
LN

roughness resulting at the welds. Thermocouples were located approximately

v
-

0.5, 2, and 3 inches from the top ol the liner at thrust, anti-thrust,

l.«l

. i}
D YU N

front, and back positions as shown in Figure 8., The test procedure was
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TABLE 4.

Test Number:

Lubricant Code:
Lubricant Type:

Operating Conditions

RPM

Load, 1b

Afr/Fuel Ratio

Coolant Temp in
Head, °C(°F)

0{l Temp (gallery),
“C(°F)

Avg Liner Tem;
°C(°F)

Results

Test Hours
0i{l Consumed, kg(lb)
0:1 Consumption, kg/hr
Ring Sticking
No, 1 Compress.
No. 2 Compress.
0il Ring
Deposits
Piston WTD
Piston Skirt Demerits
Thrust
Anti-thrust
Other

Lubricant Properties

K Vis, 40°C, cSt
K Vis, 100°C, ¢St

TAN
TBN (D 664)
Wear Metals, ppm
Fe
Cu
Pb
Cr
lasolubles "B", wt2
Toluene

CLR-DIESEL HIGH-TEMPERATURE

8 9

AL-6942 RE0-203
PAO/Polyolester Petroleum
2000 2000
16 (9QEOT) 19
22.5-25.5 12,8-25.5
54(130) 55(131)
163(3260 162(323)
338(640) 357(675)
16 16
3.1(6.8) 5.0(11,1)
0.194 0,312
Sluggish 100X Cold Stuck

25% Cold Stuck
20% Cold Stuck

331
7.5
8.5

High 011 Press.

New Used
65 3897
12.2 178,2

3.7 9.5
10,2 4.6

100% Cold Stuck
100% Cold Stuck

475

7.8

8.5

High Blowby

High 01l Presse.

New  Used

104 Solid

11,8 747

3.6 14.8

5.4 4.3
Used
392
60
129
38
7.4
6.2

16

ENGINE TESTS

10
AL-8423
Ester

2000

20

23.8
54(129)

167(332)

357(675)

9.5
3.4(7.4)
0.358

60% Hot Stuck
20% Hot Stuck
100% Cold Stuck

363

4.6
4,4
High Blowby

New Used
78 398
13,0 41
5.2 13.2
11.2 7.5
Used
296
74
100
0
1.6
1.4

198

AL-8925

Diester

2000

19
24,1-25.5
S6(132)

155(311)

346(655)

31.5
8.5(18.7)
0,270

Free
Free
100% Cold Stuck

286
7.3
5.6
New  Used
26 155
5.9 26.6
0.2 1.0
7.6 15.0
Used
138
0
0
0
6.2
5.7
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7 HEATERS (IN EACH
N TC7709 CIRCULAR HOLE)
3
\’
[ |
X O
e
%
‘ ’
_ O TC 1070 12
TC4TO6
TC1TO3
FRONT OF ENGINE
) THERMOCOUPLES 1
3 > 0.5IN. DOWN FROM TOP
- 10
THERMOCOUPLES 2
g > 2IN. DOWN FROM TOP
1"
THERMOCOUPLES 3
g > 3IN. DOWN FROM TOP
12
FIGURE 8. ALUMINUM BLOCK WITH HEATERS AND THERMOCOUPLE POSITIONS
\ modified slightly to achieve approximately 343°C (650°F) average liner
: surface temperature with an air/fuel ratio of 30, Candidate high-tempera-
ture lubricants were screened following this test procedure. Tests Al, A2,
and A3 were run without controlling the engine sump oil temperature. Dis- »
cussions with representatives of Cummins Engine Company revealed that they }f-‘
y! were planning to incorporate oil coolers on the Army version of their “;
. minimum-cooled diesel engine to control oil sump temperature to a maximum of ‘i‘
132°C (270°F). Thus, an external oil cooler was installed on the CLR-D MO
)
.::}




o engine, and all tests with a test number higher than A3 were run with the

oil sump temperature controlled at 132°C.

Da High-Temperature Lubricant Evaluations

Potential high-temperature lubricants were evaluated using the CLR~D engine

procedure which included the aluminum block heating sleeve as described in

the previous section. Test lubricants were obtained from the following

e sources:

Commercially available lubricants;

L Candidate lubricants submitted by additive/chemical companies;

' : L Experimental oil blends prepared by AFLRL.

Appendix A contains the new oil properties for each lubricant tested.

Physical properties such as viscosity, additive element content, and vola-~

tility by gas chromatographic boiling point distributlon were obtained to

characterize the test lubricants.

Based on high-temperature problems reported by Cummins (1-4), AFLRL's ini-

tial approach was to obtain and evaluate a variety of commercially available

synthetic oills having properties which indicated they would be suitable for

high-~temperature use. The summarized results of this series of CLR-D engine

evaluations are presented in Table 5. The first lubricant to be evaluated

was AL-8925 which had promising performance during test development runs,
AL-8925 is a qualified MIL-L-46167 Arctic engine o0il which is diester-based

and contains no zinc dithiophosphate. Test Al completed the scheduled 49

hours and, as in previous tests using AL-8925, o1l consumption was rather

high (0.66 Lb/hr), and the oil control ring was cold stuck. At end-of-test,

AL-8925 had thickened considerably, and the total base number had approxi-

mately doubled due to concentration of the barium detergent-dispersant

additive in the crankcase as lighter ends of the oil were consumed. Much of

the oil viscosity increase was due to insolubles concentrating in the used

oil, After insolubles removal, the viscosity of the used oil had increased
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only 30 percent. Oil oxidation was not excessive as determined by differen-
tial infrared analysis and total acid number increase. Despite high oil
consumption and oil ring sticking, AL-8925 did complete the scheduled 49

test hours,

AL-7135, a synthetic polyolester-based diesel engine oil which had excellent
high-temperature volatility properties, was evaluated in Test A-5. The test
was stopped after 10 of a scheduled 49 hours due to erratic engine operating
conditions., 0il consumption was relatively low with lubricant AL-7135, and
the used o0il was not severely oxidized; however, post-test inspection re-
vealed stuck rings. Another polyolester-based engine oil (AL-11517) which
was a close relative of AL-7135 was tested three times (Tests Nos. A7, A8,
and A24). AL-11507 is a commercially available 10W30 oil which was submit-
ted by Cummins Engine Company and had shown promise in Cummins' screening
tests. Test A7 was stopped after 17 of a scheduled 49 hours due to high
copper and lead content in the used oil, which resulted from connecting rod
and main bearing corrosion, The oil was retested (Test A8) and had com-
pleted 13 hours when the same problem occurred. The used oils from both
tests had high total acid numbers (>7); however, in subsequent tests of
different oils, higher acid numbers were observed without bearing distress.
A third test of AL-11507 (Test A24) was stopped at 12 hours as the used oil
lead content had started to increase, In all tests of AL-11507, compression
ring cold sticking was a problem, and oil consumption was relatively mild
compared to AL-8925, Another commercially available synthetic diesel engine
oil (AL-8924) was evaluated in Test No. AlO. AL-8924 had a polyalphaolefin
(PAO)/polyolester blend basestock. The test was terminated at L7 hours due
to high copper and lead content in the used oil. Engine inspection revealed
bearing corrosion as in the tests of AL-11507. AL-8924 was slightly supe-
rior to AL-11507 in that no compression ring sticking was observed. It ap-
pears that the compression ring sticking observed with polyolester engine
oils is due to their low volatility which allows the oil to remain in the
high-temperature ring belt zone and coke as opposed to volatilizing and

burning off as the more volatile oils do.
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A diester-based commercially available diesel engine oil (AL-11761) was
evaluated in Test Al6. 0il AL-1176! completed 48 test hours and exhibited
much lower o0il consumption than AL-8925; however, AlL-11761 had oxidized
severely and had a final drain total acid number of 16.5. Apparently, the
acidic materials resulting from oil decomposition and oxidation were not
harmful as no bearing corrosion was observed. Overall, AL-1176! was one of

the more promising high-temperature candidate oils.

Test Al7 used a different MIL-L-46167 Arctic engine oil (AL-10690) which
contained a polyalkylated benzene (PAB) basestock, Oil consumption was
high, and the used oil contained excessive amounts of iron, copper, and lead
when the test was terminated at 16 hours. Bearing corrosion was found when
the engine was inspected. Based on this test, oil AL-10690 1is not recom-

mended for high-temperature use.

The final commercially available synthetic oil tested was AL-11848, which
contained a basestock blend of diester and PAO and was formulated for use as
a manual transmission fluid. While this o0il contains no zinc antiwear
additive, the manufacturer claims the oil meets API diesel engine service
classification CD. AL-11848 had very good performance in CLR-D test No.
A20. The used oil had thickened substantially, but the TAN had not in-
creased and wear metal accumulation in the used o0il was very low. Oil
consumption was moderate, piston deposits were low, and compression rings
were not stuck., The performance of AL-11848 in the high-temperature CLR-D
test was the best overall of the commercially available oils tested; how-

ever, it did not exhibit adequate control of viscosity increase.

Three CLR-D tests were conducted to develop baseline performance data on
conventional petroleum-based lubricants. The summarized results are pre-
sented in Table 6., 01l AL-8980, the Army's MIL-L-2104C Reference 0il, was
evaluated in Test All. This test completed 33,5 of a scheduled 49 hours
when 1t was stopped due to severe oil thickening. 0il consumption was
moderate with this SAE 30 grade viscosity product. Post-test oil analyses
revealed extreme oil viscosity increase, TAN increase, and oil oxidation by

differential infrared analysis. The bearing corrosion observed in some
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TABLE 6.

Test Number:
Lubricant Code:
Lubricant Type:
Operating Conditions

RPM
Load, lb/ft
Air/Fuel Ratio
Coolart Temp in
Heat, °C(°F)
0il Temp, °C(°F)
Liner Temp, °C(°F)
Avg
Min
Max
Exhaust Temp, °C(°F)

Results

Test Hours
0il Consumed, kg(lb)
Ring Sticking
No. 1 Compress.
No. 2 Compress.
0il Ring
Deposits
Piston WID
Piston Skirt Demerits
Thrust
Anti-Thrust

Other

0il Consumption, 1lb/hr
as of 7% of fuel +
oil rate
Lubricant Properties

K Vis, 40°C, cSt
K Vis, 100°C, cSt
Flash Point, °C
TAN
TBN (D 664)
Wear Metals, ppm
Fe
Cu
Pb
Insolubles "B", wt%
Pentane
Toluene
Differential IR
Oxidation ebsorbance
at 1710 CM

Other

All

AL-8980

Petroleum

2000
13.8
30:1

147(296)
133(271)

334(633)
310(590)
355(671)
444(832)

33.5
4.8(10.5)

Free
100% CS
100% CS
313
3.0
2.8

0.31

New Used

109 3377
11.7  90.7
223 229
2.3 6.8
13.3 8,2

Used

0.57
0K

ND - Not Determined
CS - Cold Stuck

CLR-D TESTS -- PETROLEUM~BASED OILS

A2l
AL-11788
Petroleum
2000

11.5

30:1
154(310)
130(266)
338(641)
308(586)
374(70AR)
501(933,
21
6.2(13.6)
Sluggish
100% Cs
100% CS
401

5.0

6.5

0.65

17

New Used
110,0 ND
14,6 1900
221 218
3.0 14,2
5.7 4.8
Used

111

33

65

0.98

0.80

0.54

OK

Rul it s Suid Bt ik s A AR A A M pn R0 5 gen A an 2o e Sacun Ol T A AR A S

A25

AL-10605

Petroleum

2000
13.0
30:1

154(309)
132(269)

327(620)
299(571)
364 (688)
505(941)

30
7.9(17.5)

Free
100% CS
100% Cs

285

New Used

113.2 4460
14,8 141.8
218 236
2.3 13.9
10.2 14,7
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previous tests which utilized synthetic oils was not present, While the
performance of AL-8980 was not adequate; overall, it was better than expec-
ted considering that the oil was not specially formulated for high-
temperature service, A 15W-40 petroleum-based diesel engine oil (AL-11788)
was run in Test A21, At 21 hours, the test was stopped because of oil
thickening. O0il consumption was high, piston deposits were heavy, and the
used oil had a TAN of 14.2; however, no bearing distress was observed. Test
A25 (AL-10605) was run to obtain baseline data on how a multigrade oil of
MIL-L-2104D quality level would perform at the high-temperature conditions
of the CLR-D test. At 30 hours, the test was stopped due to oil thickening
and erratic operation. Post-test analyses revealed that the oil was se-
verely oxidized with a TAN of 13.9. 0il consumption was high, and the total
base number had increased during the test indicating a concentration of ad-
ditive components as lighter ends of the lubricant were consumed. Overall,
the high~temperature performance of the multiviscosity prude MIL-L-2104D
quality o1l was similar to other petroleum-based lubricants which were

tested in the CLR-D.

Several additive and chemical companies were contacted and requested to
submit candidate high-temperature lubricants for evaluation in the CLR-D
engine test. Excellent response and cooperation were obtained from three

companies.

Company A provided four candidates which were evaluated in the CLR-D high-
temperature test. “he summarized results of these four tests are presented
in Table 7. 0il AL-11661 (Test Al2) contained a PAO basestock, calcium/
magnesium detergent-dispersant system, alkyl zinc dithiophosphate, and had a
svlfated ash content of 0.8 wtZ. The test was stopped at 8.5 hours due to
very high copper and lead in the used o0il, and bearing corrosion was con-
firmed upon engine inspection., O0il AL-11662 (Test Al9) contained the same
additive system as AL-11661 except that some of the zinc dithiophosphate was
aryl type. The basestock was a blend of 80 percent PAO and 20 percent
bright stock. O0il consumption was improved over Test Al2; however, the test
was stopped at 26 hours due to high copper and lead content in the used oil.

Once again, bearing corrosion was found. 01l AL-11663 (Test Al4) contained

T
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TABLE 7, CLR-D TESTS -- OILS FROM COMPANY A
Test Number: Al2 Al9 Al4 AlS
Lubricant Code: AL-11661 AL-11662 AL-11663 AL-11723
Lubricant Type: PAO Pet/PAO/ Petroleum PAO
Aryl Zn
Operating Conditions
RPM 2000 2000 2000 2000
Load, 1b/ft 14.8 12,5 14.4 14,2
Air/Fuel Ratio 30:1 30:1 30:1 30:1
Coolant Temp in
Head, °C(°F) 152(305) 152(306) 152(306) 155(311)
0il Temp, °C(°F) 132(270) 132(270) 153(306) 133(272)
Liner Temp, °C(°F)
Avg 330(626) 327(621) 132(270) 339(643)
Min 312(593) 306(582) 337(638) 321(610)
Max 349(661) 358(677) 311(592) 360(680)
Exhaust Temp, °C(°F) 463(866) 484(903) 491(915) 488(911)
Results
Test Hours 8.5 26 19 21
0il Consumed, kg(lb) 2.1(4.7) 2.8(6.2) 4.5(9.9) 2.6(5.7)
Ring Sticking
No. 1 Compress, Free Sluggish Free Free
No. 2 Compress. 100 CS 100 CS 100 CS 75 CS
0il Ring 100 CS Sluggish 100 CS 100 Cs
Deposits
Piston WTD 194 242 288 245
Piston Skirt Demerits
Thrust 3.3 6.0 3.5 4.5
Anti-Thrust 3.6 7.0 4,0 5.5
Other
0il Consumption Lb/hr 0.5 0.24 0.52 0.27
as %4 of fuel +
oll rate 16 7 15 8
Lubricant Properties New Used New Used New Used New Used
K Vis, 40°C, ¢St 79.4 260 85.7 765.9 98.2 ND 76.8 645.3
K Vis, 100°C, cSt 11.6 26.8 11.5 52.4 11.3 100.8 11.4 50.1
Flash Point, °C 239 241 242 252 251 254
TAN 3.0 5.5 3.0 10.4 2.5 10.6 3.0 11.2
TBN (D 664) 5.5 2.9 5.6 2.3 7.5 16.1 7.0 4,1
Wear Metals, ppm Used Used Used Used
Fe 33 203 56 74
Cu 171 110 39 216
Pb 361 356 187 588
Insolubles '"B", wt%
Pentane 0.1 0.36 0.2 0.17
Toluene 0.1 0.32 0.2 0.15
Differential IR
Oxidation AbsorbT
bance at 1710 CM 0.16 0.75 0.73 1.0
Other Bearing Bearing OK Bearing
Corrosion Corrosion Corrosion

ND - Not Determined; CS

- % ColAd Stuck
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all petroleum-base stock including 30 percent bright stock and a detergeut-
dispersant consisting primarily of magnesium with a small amount of calcium,
which resulted in an oil with a sulfated ash content of | wt%. Test Al4 was
terminated at 19 hours because of oil thickening and TAN increase. The
final candidate oil from Company A was AL-11723 which was formulated to have
improved diesel engine performance. It contained a PAO base stock and a
calcium/magnesium additive system., Test Al5 (AL-11723) was stopped at 21 of
a scheduled 49 hours due to extremely high lead and copper content in the
used oil. O0il consumption was moderate during this test but, again, bearing
corrosion was a major problem. None of the experimental lubricants received
from Company A had adequate performance in the high-~temperature CLR-D engine

test.,

Company B submitted eight experimental high-temperature candidate lubri-
cants, 01l AL-11147 was a PAO-based material which was heavily treated with
additives. It was an SAE 50 grade viscosity oil, contained 1 wt% calcium,
and had a sulfated ash content of 3,2 wt%, AL-11147 was evaluated in tests
A2 and A4, and the results are shown in Table 8., In Test A2, the oil sump
temperature was uncontrolled and averaged 174°C while, in Test A4, it was
controlled to 132°C. Test A2 was stopped at 24 hours due to oil solidifi-
cation which resulted from severe oil oxidation. The used oil had a TAN of
13.6, further indicating that the solidification was the result of oxidation
and not soot accumulation. Test A4 was stopped at 25 hours due to severe
oil thickening, and the used oil had a TAN of 13.0., O0il consumption was
fairly low in both tests. By comparing the results of tests A2 and A4, it
appears that most of the oil oxidation is caused when the oil film is ex-
posed to the hot cylinder wall, because the reduced oil sump temperature in
Test A4 did not appreciably extend oil life., A revised oil formulation
(AL-11683) was submitted by Company B which contained only PAO basestock and
no petroleum diluent oil from the additive package. This oil was an SAE 40
viscosity grade with 0.4 wt’ calcium and a sulfated ash content of 1.9 wt¥%.
Test Al3 (AL-11683) was stopped at 30.5 hours when the oil solidified.

Post-test engine inspection also showed bearing corrosion to be present,

25
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Test Number:
Lubricant Code:
Lubricant Type:
Operating Conditions
RPM
Load, Llb/ft
Air/Fuel Ratio
Coolant Temp in
Head, °C(°F)
0il Temp, °C(°F)
Liner Temp, °C(°F)
Avg
Min
Max
Exhaust Temp, °C(°F)
Results
Test Hours
0il Consumed, kg(lb)
Ring Sticking
No. | Compress.
No. 2 Compress.
0il Ring
Deposits
Piston WTID

Thrust
Anti~Thrust
Other
01l Consumption, lb/hr
as of % of fuel +
oil rate
Lubricant Properties
K Vis, 40°C, cSt
K Vis, 100°C, cSt
Flash Point, °C
TAN
TBN (D 664)
Wear Metals, ppm
Fe
Cu
Pb
Insolubles "B", wt%
Pentane
Toluene
Differential IR
Oxidation Absor?—
ance at 1710 CM™:
Other

TABLE 8.

CLR-D TESTS -- OILS FROM COMPANY B

Piston Skirt Demerits

CS ~ % Cold Stuck

a =~ Not determined, oil solidified

-.'.-.'_s‘_'-.'..x'.\i\t’.\ix'.simh'l\_.hlkxz}:f\'E

or>r

A2 Ad Al3

AL-11147 AL-11147 AL-11683

PAO PAO PAO

2000 2000 2000

8.5 10.2 13.9

30:1 30:1 30:1

150(302) 152(305) 151(304)

174(345) 132(270) 132(270)

332(630) 330(626) 342(647)

304 (580) 311(591) 319(607)

343(649) 346(655) 357(674)

443(829) 463(866) 466(870)

24 25 30.5

a 2.1(4.7) a

Free Free Sluggish

100 Cs 100 ¢S 100 Cs

100 Cs 100 cs 100 cs

274 368 253

5.0 4.5 7.5

5.6 3.8 6.0

0.20 est 0.18 0.25 est

6 5 7

New Used New Used New Used

182.8 a 182.8 26400 119.8 a

19.5 a 19.5 266,3 15.3 a

258 a 258 232 247 a

4.6 13 4.6 13,0 2.6 12.2

13.5 6. 13.5 6.5 12.8 5.9

Used Used Used

167 134 104

49 33 97

260 101 345

a 1.2 a

a l.1 a

0.48 0.38 1.25
Bearing
Corrosion
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A series of lubricants were submitted by Company B in which each o0il was
formulated with the same additiive treatment level and a different basestock

material, The following list identifies the oils:

Code No, Basestock Type CLR-D Test No,
AL-11873 4 ¢St PAO Not tested
AL-11874 6 ¢St PAO A28
AL-11875 Trimethylolpropane Ester A23
AL-11876 Diester A29
AL-11877 Mineral 0il A22
AL-11878 Alkyl Diphenylether A27

The oils were all formulated with the same additive package to have the

following properties:

Ca, wtZ 0.49
Zn, wt% O.11
P, wtZ 0.08
Sulfated Ash, wt% 1.8
TBN (D664) 13

0i1 AL-11875 (TMP ester) was found to be slightly low in additive content

but was included in the test program,

The oils were evaluated in the CLR-D test to determine which basestock type
had the best performance at high temperatures which simulate the conditions
of the adiabatic diesel engine. The summarized test results are shown in
Tabie 9.

Petroleum-based o0il AL-11877 completed 40,5 of a scheduled 49 test hours
(Test A22) and was stopped due to oil thickening. While test A23 (TMP
basestock) was stopped at 42 hours due to erratic operation caused by com-
pression ring sticking, Test A27 (diphenylether) completed the 49 hours.
Test A28 (PAO-6CS) was stopped at 40 hours due to breakage of the top com~

pression ring, which was considered a nonlubricant-related failure. The

27

A

PO |

‘ote a4 4 o4

'
PTG AR U Y U LRI N B oo

B .
KL.L_ L'A.L‘L'J\. ALL_'

P
]




TABLE 9, CLR-D TESTS —-- BASESTOCK VARIATIONS FROM COMPANY B

Test Nuaber: A22 A23 A27 A28 A29 )
Lubricant Code: AL-11877 AL-11875 AL-11878 AL-11874 AL-11876 .
Lubricant Type: Petroleum ™P Diphenyl PAO Diester -~

Ether -

Operating Conditions -

RPN 2000 2000 2000 2000 2000 .
Load, 1b/ft 13.9 11.3 13,5 12,5 10,6
Alr/Fuel Ratioa 30:1 30:1 30:1 30:1 30:1
Coolant Temp in
Head, °C(°F) 156(313) 157(314) 153(307) 153(308) 152(306)
01l Temp, (Sump), °C(°F) 132(269) 133(271) 133(27) 133(271) 132(270)
Liner Teamp, °C(°F)
Avg 330(626) 334(633) 335(635) 332(629) 334(633)
Min 299(571) 304(580) 292(558) 296(564) 305(581) -
Max 364(688) 360(680) 350(662) 355(671) 356(673) r
Exhaust Temp, “C(°F) 503(937) 474(886) 478(892) 492(917) 440(825) .
Results .
Test Hours 40,5 42 49 40 40 e
0il Consumed, kg(lb) 12.4(27.3) 10.8(23.9) 6,2(13.8) 6.1(13.5) 10.9(24.0) -
Ring Sticking -
No. 1 Compress. Free 100 Cs Free Broken Free -
No. 2 Compress. Sluggish 100 Cs Free 30 ¢S 75 Cs X
011 Ring 100 Cs 100 CS 100 CS 100 Cs 100 Cs >,
Deposits R
Piston WTD 300 313 360 361 328 A
: o Piston Skirt Demerits <
N Thrust 2.5 2.0 2.0 2.8 7.5 i
o Anti-Thrust 2.0 2.0 5.0 3.0 7.0
e Other .
'/.:.‘ 01l Consumption 1b/hr 0.67 C,57 0.28 0.34 Q.60 -3
<. As 2 of fuel + oll rate 18 16 8 10 16 -
Lubricant Properties New Used New Used New  Used New  Used New  Used N
K Vis, 40°C, cSt 50.1 4785 21.8 445.6 81.8 453.9 47.4 287.1 17.2 453.7 A
K Vis, 100°C, ¢St 7.2 151.9 4,8 41,3 9.3 31.8 7.1 27.6 4.2 47.0 .
Flash Polnt, °C 222 234 232 229 232 241 229 246 221 235
TAN 3.6 14,5 3.6 11,6 3.8 11,6 3.9 11,1 3.6 11.1 R
TBN (D 664) 13.2 19.1 11.9 16.4 13,6 13,4 13.3 11.9 12,8 17.6 N
Wear Metals, ppm Used Used Used Used Used -3
Fe 56 116 121 81 7 J
Cu 13 27 10 <10 <10 -
Pb <60 <60 <60 <60 <60 .;
Insolubles "B", wtX .
Pentane 1.01 1,35 0.39 1.43 2,27 )
Toluene 4 0.95 1,28 0.36 1.28 2.05 -]
DLff. IR OX(1710ca ) 0,48 ND 0.36 0.16 0.34 ;‘
Top Ring Broke- °
Stopped Test K
Prematurely 4
<
ND - Not Determined
CS - T Cold Stuck
4
}
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f;}_ diester basestock (Test A29) tad completed 40 hours when the supply of

make-up oil was consumed, and the test was terminated. The petroleum~based

oill was the only case where oil thickening was extreme. The other four .1

!s basestock materials thickened considerably during their respective tests but :J

é. not to the point of interfering with engine operation. All used olls had ié

;ﬂ; total acid number (TAN) increase to approximately 11 except for the petro- li
CS; leum oil which had a TAN of 14.5 at end-of-test. O0il consumption was moder- .i
ate for the diphenylether oil, slightly higher for the PAO oil, and very R

high for the diester, trimethylolpropane ester (TMP), and petroleum oils. };

Total base number increased during the test for the oils with very high oil

consumption due to additive concentration as lighter ends of the lubricant -%

Lo were consumed. Severe ring sticking was observed with the TMP o0il as both N
/_?;‘ compression rings were 100 percent cold stuck. The best ring sticking ]
QT. performance was obtained with the diphenylether oil which had no compression ?E
;F‘ ring sticking. Wear as indicated by used oil iron content was highest for ;;
A the diphenylether and TMP oils and lowest for the petroleum oil; however, -
;k; the wear level obtained for all oils was acceptable, Overall, the diphenyl- i)
i; ether oil performed the best in the high-temperature CLR-D test as evidenced ff
o . by its relatively low oil consumption rate, mild viscosity increase, and the ;3
e absence of compression ring sticking. N
WY ]
5;3 Three experimental high-temperature lubricants were received from Company C ig;
f" and evaluated in the CLR-D engine test procedure. The summarized results ‘a
N are presented in Table 10, 0il AL-11132 (Test A3) contained polyolester :d
f: basestock material and was formulated to be essentially ashless with a f{
E: phosphorus antiwear additive present, Test A3 was stopped after 7 of a ;g
f: scheduled 49 hours due _to erratic operating conditions and high blowby. b
B Post-test inspection revealed stuck rings and moderate oil consumption.

Ei; These results were discussed with the oil supplier, and a novel approach to

;EZ solving the ring-sticking problem was developed. Test A9 evaluated an

if? experimental oil (AL-11511) from Company C which contained a blend of narrow

%j boiling range ester and polyalkyleneglycol (PAG). The PAG was present to

&; provide a controlled oil consumption which would aid in flashing the rela-

;3 tively nonvolatile ester off the piston to prevent compression ring sticking

1; due to coking of the ester in the ring belt area. 0il AL-11511 contained a
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TABLE 10,

Test Number:
Lubricant Code:
‘ Lubricant Type:
f? Operating Conditions
- RPM
Load, 1b/ft
Air/Fuel Ratio
Coolant Temp in Head,
0 °C(°F)
N 0il Temp, °C(°F)
o) Liner Temp, °C(°F)
. Avg
Min
Max
N, Exhaust Temp, °C(°F)
~ Results
3 Test Hours
2ON 0il Consumed, kg(lb)
Ring Sticking
No. 1 Compress.
~, No. 2 Compress.
. 011 Ring
n; Deposits
N Piston WID
. Piston Skirt Demerits
Thrust
Anti-Thrust
;; Other
N 0il Consumption 1lb/hr,
. As % of fuel + oil rate
Lubricant Properties

K Vis, 40°C, cSt
K Vis, 100°C, cSt
Flash Point, °C
TAN
TBN (D 664)
Wear Metals, ppm
Fe
S Cu
< Pb
o Insolubles "B", wt%
Pentane

Toluene -1
Diff, IR OX(1710 cm )

A3
AlL-11132

Polyolesters

2000
10.1
30:1

148(298)
173(344)

330(626)
307(584)
348(659)
391(736)

7
0.7(1.6)

40 cs
100 ¢S
100 CS

285

[V, V]
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. * - polyalkyleneglycol
% ND - Not Determined
CS - % Cold Stuck

CLR-D TESTS --~ OILS FROM COMPANY C

A9
AL-11511
Ester/PAG*

2000
16
29:1

157(314)
132(269)

337(639)
316(600)
359(679)
493(920)

10
2.5(5.6)

100 CsS
100 Cs
100 Cs

A26

Al-11953
Polyolesters

2000
14.5
30:1

162(323)
133(271)

337(639)
291(555)
364(687)
492(917)

11.5
3.4(7.6)

Free
Free
100 Cs

217

New Used

123.0 300
12.4 24,4
240 252
3.0 9.8
6.4 5.6

0.55
0.50
0.14

Piston Scuffing

Thrust Side = 80%




phosphorus antiwear additive and 0.05 wt% calcium detergent-dispersant
agent, which resulited in the oil having a sulfated ash content of 0.28 wt7.

Unfortunately, this formulation was not successful, as severe ring sticking

'

occurred within 10 hours. Also, the 1ron content of the used oil was rather

o high at 254 PPM. The third oil (AL-11953) received from Company C was a

e S
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polyolester-based material which contained calcium and zinc additives and

Ff had a sulfated ash content of 0.89 wt%. Test A26 was stopped at 1l.5 hours

IRy .

‘@

H' due to very high iron content in the used oil. Disassembly and inspection -
: of the engine revealed heavy piston/liner wear. Piston thrust side had 80
percent scuffing, and both the cylinder and liner had to be replaced for the

next CLR-D test, Test A26 demonstrated the need for a bench-wear screening

ontn Lokt

technique.

.
PYP N

The results of the final group of miscellaneous experimental lubricants to f;m

be tested in the high-temperature CLR-D engine are summarized in Table 11, t'd
Test A6 was an evaluation of high-temperature candidate oil (AL-11386) sub-
mitted by Cummins Engine Company. This experimental PAO/ester hybrid oil
has shown promise in Cummins high-temperature bench screening tests, Oil
consumption during test A6 was low; however, the test was stopped after 26
of a scheduled 49 hours due to high blowby and erratic operation. Inspec-
tion of the engine revealed cold stuck compression rings. The stuck rings
were removed, and the piston was cleaned. New piston rings were installed,
and the test was continued using the same engine oil. After 6 additional
test hours, the o0il viscosity had increased substantially which prevented
further operation, Post-test examination revealed stuck piston rings and

severe o1l oxidation accompanied by TAN increase and bearing corrosion,.

Based on antioxidant screening tests, as discussed in the next section, two

CLR-D tests were conducted using previously tested oils which were fortified

v
o_a_

with supplemental antioxidants, The summarized test results are shown in

Table 11. 0il AL-11761, which had performed well but still had thickened

i
during Test Al6, was fortified with supplemental high-temperature ashless ¥~i
antioxidant (p,p'-dioctyldiphenylamine) and evaluated in CLR-D Test AlS8, :C;’
The fortified oil, AL-11797, completed the scheduled 49 hours; however, ;E:E
severe oll oxidation still occurred, Overall, this supplemental antioxidant _.:
31
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‘}: TABLE 11, CLR-D TESTS -- MISCELLANEOUS OIL BLENDS
'
&
\
Test Number: Al8 A30 A3l Ab
Lubricant Code: AL-11797 AL-12187 AL-12202 AL-11386
Lubricant Type: Syn+Supplm Syn+Supplm Syn Blend PAO/Ester
Antiox Antiox Ester/Phos.,
Operating Conditions
RPM 2000 2000 2000 2000
Load, 1b/ft 12.7 12.3 13.3 14.4
Air/Fuel Ratio 30:1 30:1 30:1 30:1
Coolant Temp in Head,
°C(°F) 152 (305) 154(310) 150(302) 154(310)
0il Temp, (Sump),
°C(°F) 132(270) 133(271) 132(270) 132(270)
Liner Temp, °C(°F)
Avg 337(639) 330(626) 331(628) 334(633)
Min 308(587) 299(571) 302(575) 313(595)
Max 363(685) 353(668) 346(654) 344(651)
Exhaust Temp, °C(°F) 482(900) 482(900) 492(917) 463(866)
Results
Test Hours 49 41 43 32%
0il Consumed, kg(lb) 9.2(20.4) 6.6(l4.6) 13.5(29.7) 2.5(5.6)
Ring Sticking
. No. 1 Compress. Sluggish Free 20 CS 70 CS
“ No. 2 Compress, 100 Cs Sluggish 100 CS 100 Cs
- 0il Ring 100 Cs Sluggish 100 CS 100 Cs
- Deposits
' Piston WID 285 271 416 334
S Piston Skirt Demerits
7 Thrust 2.0 2.5 7.8 8.0
~ Anti-Thrust 2.8 2.0 9.2 9.0
o Other
- 011 Comsumption lb/hr 0.42 0.36 0.69 0.17
as % of fuel +
» oil rate 12 10 19 5
b Lubricant Properties New Used New Used New Used New Used
- K Vis, 40°C, cSt 63.3 12186 133.3 4546 25,2 39.3 157.6 2400
y K Vis, 100°C, cSt 10.7 313.1 17.8 211.4 5.0 7.7 19.7 125.6
N Flash Point, °C 221 235 227 243 265 265 240 248
= TAN 3.8  15.9 1.6 0.9 0.2 2.0 1.6  13.8
- TBN (D 664) 13.2 14,2 10.6 8.3 0.1 0.0 7.4 1.1
» Wear Metals, ppm Used Used Used Used n
- Fe 86 <10 89 205 )
") Cu 13 17 25 42 -
- Pb <60 <60 <60 221 S
Insolubles "B", wt%
Pentane 0.84 0.49 1.30 0.6 D
o Toluene 0.79 0.46 0.42 0.4 oy
- Other OK OK oK kearing =
. Corrosion i
‘ ND - Not Determined ‘,

CS - % Cold Stuck
* - Replaced rings @ 26 hours,

Con
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did not improve the high-temperature performance of AL-11761, 0il AL~-11848,
which was one of the better candidate oils, was supplemented with 2 wt% each
of p,p'-dioctyldiphenylamine and phenyl-a-naphthylamine. CLR-D test A30 was
conducted using this formulation (AL-12187); however, the addition of these
supplemental antioxidants did not improve CLR-D test performance except for

a slight reduction in oil control ring sticking.

Test A3l was conducted using AL-12202 which is a blend of 5 ¢St synthetic
jet turbine oil (90%) and triarylphosphate (10%)., This lubricant composi-
tion has been used by Garrett Corp. for high-temperature operation in devel-
oping a diesel engine core for the compound cycle turbofan engine engine
(CCTE) (9). The test was stopped due to erratic operation after completing
43 hours. Subsequent engine inspection revealed very heavy piston deposits
and ring sticking. The high o0il consumption experienced with AL-12202
probably caused the fuel injector hole plugging which occurred throughout
the test, Overall, AL-12202 is not recommended for use in U.S., Army experi-

mental high-temperature diesel engines,

Correlation of oil consumption rate observed in the high-~temperature CLR-D
tests with oil volatility was attempted using linear regression. Taking the
oil 50 percent off boiling point as the independent variable and oil con-
sumption rate as the dependent variable, a correlation coefficient (R2) of
0.217 was obtained, indicating no strong relationship between these two

variables.

Based on the thirty-one high-temperature lubricant screening tests in the
CLR-D engine, the following lubricant-related problem areas have been ident-

ified:

® Lubricant oxidation--oil too thick to pump; corrosive products
formed and bearings attacked; TAN and viscosity increase,
® Lubricant volatility--high oil consumption.

® Engine deposits~-ring sticking.
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o 2
Future work will concentrate on developing a Jlubricant which solves these
! problem areas. Having defined lubricant problem areas under simulated
adiabatic engine conditions, bench-scale tests for oxidation, volatility,
{
;} and deposits can be developed to aid in screening candidate oils.
o
o
e
o III. BENCH TESTS
j}i As expected, oil oxidation was a lubricant problem observed during the
F
T high-temperature CLR-D test, Thus, it was desired to develop a bench-scale

methodology to screen candidate lubricants for oxidation stability prior to

engine testing, Differential Scanning Calorimetry (DSC) has been used to

a0y
Ty

indicate lubricant oxidation stability.(10,11) DSC 1is an analytical tech-

.

nique which detects net heat changes in a sample. An o0il sample being held
. at a high temperature can undergo oxidation, which is an exothermic process
L?V or evaporation, which 1is an endothermic process. To reduce evaporation
- (endothermic effects), high-pressure DSC was used. A duPont Thermal Anal-
yzer Model 990 was used which was equipped with a duPont high-pressure cell.

HPDSC operating conditions were:

~ 180°C Isothermal
?; 500 psig oxygen pressure
40 mL/min flow

0.8-1.2 mg sample

Open pan configuration.

Using these conditions, the time to a heat change (break point) varied from
less than 10 minutes to greater than 500 minutes for various high-
temperature lubricants., Test repeatability was determined for two oils
using the open pan procedure., O1l AL-11761 (diester) had a mean time to
break point of 121 minutes with a standard deviation of 7 minutes (N = 7
. tests), while 0il AL-11662 (PAO/petroleum) had a mean break time of 63

minutes with a standard deviation of 9 minutes (N = 8 tests). While better

repeatability would be desirable, this level of repeatability was judged as

a4

-,

adequate for screening high~temperature oils, given the broad range of break

times observed.
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Table 12 presents the HPDSC single~test results for several high-temperature
lubricant candidates, most of which have been tested in the CLR-D engine.
It is difficult to relate HPDSC results to CLR-D test hours because the
CLR-D test hours .ary, depending on the reason for stopping the test (e.g.,
oxidation/oil thickening, bearing corrosion, or stuck rings). However,
most, but not all, of the oils which have given good CLR-D performance

tended to have longer HPDSC break times.

Several antioxidants were screened using HPDSC. 011 AL-11848, which is one
of the better candidate oils to date, was supplemented with various com-
mercially available high-temperature antioxidants, with the effects on HPDSC
break time shown in Table 13. The best HPDSC performance was obtained by
supplementing AL-11848 with 2 wt% each of p,p'-dioctyldiphenylamine and
phenyl-a-naphthylamine which increased the break time from 267 to 575
minutes., Oil AL-11761 was supplemented with 2 wt% of p,p'-dioctyldiphenyl-

amine, and virtually no improvement in HPDSC was observed.

0il blends B and H (from Table 13) were evaluated in the high-temperature
CLR-D engine test with the results discussed previously (Table 11). Despite
the excellent improvement in HPDSC break time observed for 0il blend H, this
formulation did not display improved oxidation resistance in CLR-D test No.
A30. While HPDSC apr-ars to correctly rank the CLR-D performance of oils
which have not been supplemented with antioxidants, it may not be useful for
predicting the engine performance of oils formulated with additional anti-

oxidants.

Several oils which have been evaluated in the CLR-D were tested in a 48-hour
200°C oxidation-corrosion test (FTM 5308) to determine if this procedure can
be used as a high-temperature diesel lubricant screening test, The results
of the FTM 5308 test are presented in Table 14 and are compared with CLR-D
test results. FTM 5308 at 200°C did not appear to consistently predict oil
oxidation or bearing material attack in the CLR-D engine. Additional FTM
5308 tests will be run at a higher temperature to increase oxidation-

corrosion severity.
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D TABLE 12. HPDSC RESULTS
5\‘1‘.‘
Y HPDSC CLR-D
LI AL 01l Time to Reasons for
s No. Description Break, min Test No., Test Hr Stopping
10690 Polyalkylated benzene 10 Al7 16 BC, wear -
N
8980 Petroleum 37 All 33.5 0T N
) 11788 Petroleum 41 A21 21 OT i
S 11663 Petroleum 42 Al4 19 0T, BC 5
A 11874 PAO-6cS 50 A28 40 RB ]
o 8924 PAO/polyolester 52 Al0 17 BC 2
‘v
{ 11877 Petroleum 61 A22 40.5 0T
~e 11662 80% PAO/20% petroleum 65 Al9 26 BC
A
e 11873 PAO-4cS 78 Not Tested
DR 11683 PAO 81 Al3 30.5  BC, OT, RS
"
o3 11507 Polyolester 89 A7 17 BC
o 11878 Diphenylether 91 A27 49 c
bl 11661 PAO 97 Al2 8.5 BC
N 11876 Diester 111 A29 40 c
{ 11761 Diester 123 Alé 48 oT
"jij 11723 PAO 137 Al5 21 BC
Wby 11875 Polyolester (TMP) 143 A23 42 RS
o 11848 Diester/PAO 267 A20 45 oT
N 8925 Diester 297 Al 49 c
o
e BC = Bearing corrosion
O OT = 0il thickening
-7 RS = Ring sticking
‘ff C = Completed test
o RB = Ring Broke
5
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:—.-‘_’ TABLE 13. HPDSC TESTS -- SUPPLEMENTAL ANTIOXIDANTS .
s\- " ' .
_ .
t A B C D E F G H ;
A -
" 0ils -
AL-11848 ——= -== 100 100 100 100 100 100 3
AL-11761 100 100 ===  —m= eee e eem oo Py
"‘::: Supplemental Antioxidants, ;
-:jf wt?% Added :.
- psp'—dioctyldiphenylamine --~ 2 - 2 - —-—— 1 2 .
) phenyi-a-naphthylamine —— === -—- - 2 - 1 2 ]
s Phenothiazine L e ) —— - ~
'.‘::
'\-.l .
Ayl .
el HPDSC -
; j Break Time in Minutes 123 128 267 372 432 326 414 575
.::’ 1
IV. CONCLUSIONS '
{ ,.
| ::-’ Lubricant performance at high cylinder wall temperatures was defined using
":} an uncooled single-cylinder diesel engine operated at conditions which ::f
:.." simulate the Cummins Minimum-Cooled Diesel Engine., The following lubricant- '
, , related problems were observed: ]
.--:. _1
.-:j: o Lubricant oxidation--0il too thick to pump; corrosive products )
] .
o formed and bearings attacked. 3
v '.’
P L Lubricant wvolatility--high oil consumption, o0il thickening. -
Ny o
_:j L Engine deposits~-ring sticking. »,'1
I :-'_:‘
-; A variety of high~temperature candidate lubricants was evaluated in the .'
_—.7 uncooled single-cylinder diesel engine. Two promising lubricants have been o
- identified: -
3
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_x L] AL-11878 which contains diphenylether basestock material and a
\ calcium detergent-dispersant additive system. »
‘ L AL-11848 which contains diester and PAO basestocks and a barium i
_ detergent-dispersant additive system; AL-11848 does not contain =
.‘:::f:: ' ‘ zinc, ‘
i ]
While these two oils had the best overall high-temperature performance of .:
the candidates tested, they were stil!l deficient in oxidation stability/oil _.j
‘ thickening properties. ?
: 0
. High-pressure differential scanning calorimetry (HPDSC) and FTM5308 were .‘j
investigated for use as high-temperature lubricant bench screening methods. i:j
fij Neither method was completely satisfactory, and additional development of a -
f?'..- bench oxidation screening technique is needed.
$
S V. RECOMMENDATIONS -
3 . The following recommendations for additional effort are offered: '
"_ L] Improved high-temperature lubricants need to be developed which
-. have better resistance to oxidation, produce less engine deposits,
and exhibit lower oil consumption rates. .'
::-_ L High-temperature lubricant investigations should include tests “
" using an engine with keystone-type rings, because this ring con- -
\“ figuration is used in the minimum~-cooled engine by Cummins.
e L Bench-scale screening methodologies need to be developed which .
-.;: will predict oxidation resistance and friction/wear characteris-
e tics of high-temperature lubricants.
L] The program should be expanded to include lubrication aspects of ‘\
- ceramic components and the compatibility of high-temperature ‘.~1
:‘-.:‘ lubricants with ceramic materials. ;j:
':*::: L4 Specification requirements should be developed for an engine oil '\‘
.'“ to be used in high-temperature, minimum-cooled/adiabatic diesel ;
‘i engines. !-:
-~
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APPENDIX A

PROPERTIES OF TEST LUBRICANTS
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AL~7135-L
Desc: Syn Diesel Lubricant

Test Code Test Description

1 K Vis @ 40°C, cSt

2 K Vis @ 100°C, cSt

3 VI

12 Pour Point, °C

13 Flash Point, °C

14 API, °

15 C Res, wt¥%

16 Sulfated Ash, wt%

17 TAN

18 TBN

18 TBN

20 Insols C5 A, wtZ
22 Insols C5 B, wt%
26 Ba, wt%

28 Ca, wt%

28 Ca, wtZ
29 Ca, wt¥%
31 Mg, wt%
31 Mg, wt¥%
32 Zn, wtk
32 in, wt%
33 in, wtX
34 P, wt%
34 P, wt%
36 S, wt%
38 N, wt%
41 Na, wt%
44 Cl, wtZ
45 IR No.
50 GC BPD @ 1 wt¥ OFF, °C
51 GC BPD @ 5 wt% OFF, °C
52 GC BPD @ 10 wt¥ OFF, °C
53 GC BPD @ 20 wt¥ OFF, °C
54 GC BPD @ 30 wt% OFF, °C
55 GC BPD @ 40 wt¥ OFF, °C
56 GC BPD @ 50 wt¥ OFF, °C
61 End Point, °C
62 Residue, wt%
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Test Method

445
445

2270

97

92

287
524
874
664
664
664
893

- .
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LI el Sl

Result

67.35
9.95
143
=34
227
18.4
1.12
1.02
2.45
7.87
6.78
.03
.01
<.01
.08
«09
11
078
.096
.13
W12
.13
11
.10
34
«21
6.0
<.01

1337

349
418
445
536
549
566

>600
>600

56.8
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AL-8924-L
Desc: Engine 0il, Synthetic
Test Code Test Description Test Method Result
1 K Vis @ 40°C, cSt D 445 56.0
2 K Vis @ 100°C, cSt D 445 10.0
3 VI D 2270 167
11 BPT, °C D 3829 =32
13 Flash Point, °C D 92 224
15 C Res, wt% D 524 l.1
16 Sulfated Ash, wt?% D 874 1.1
17 TAN D 664 3.0
19 TBN D 2896 6.3
27 Ba, wt% AA <0.005
29 Ca, wt% AA 0.25
31 Mg, wt% AA <0,001
32 Zn, wt? XRF .13
33 Zn, wt% AA 0.12/0.13
34 P, wt% XRF 0.13
36 S, wt% XRF 0.33
38 N, wt% CLM 0.14
46 Evap @ 191°C, wt% loss D 972 7
50 GC BPD @ 1 wt% OFF, °C AFLRL 335
51 GC BPD @ 5 wt% OFF, °C AFLRL 389
52 GC BPD @ 10 wt% OFF, °C AFLRL 406
53 GC BPD @ 20 wt% OFF, °C AFLRL 418
54 GC BPD @ 30 wt% OFF, °C AFLRL 431
55 GC BPD @ 40 wt%Z OFF, °C AFLRL 436
56 GC BPD @ 50 wt% OFF, °C AFLRL 451
57 GC BPD @ 60 wt% OFF, °C AFLRL 465
58 GC BPD @ 70 wt% OFF, °C AFLRL 472
59 GC BPD @ 80 wt% OFF, °C AFLRL 481
60 GC BPD @ 90 wt% OFF, °C AFLRL 508
61 End Point, °C AFLRL 593
62 Residue, wt% AFLRL 0.0
]
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AL-8925-L N
Desc: Oil, Engine, Arctic :{
Test Code Test Description Test Method Result ;1
1 K Vis @ 40°C, cSt D 445 26,32 -
2 K Vis @ 100°C, cSt D 445 5.90 N
3 VI D 2270 179 2
4 CCS Vis @ -18°C, cp D 2602 525 :j
12 Pour Point, °C D 97 -64 -
13 Flash Point, °C D 92 234 ’
14 API, ° D 287 21.2 )
15 C Res, wt% D 524 1.42
16 Sulfated Ash, wt% D 874 1.45
17 TAN D 664 0.24
18 TBN D 664 7.58
27 Ba, wt?Z AA 0.905
29 Ca, wt% AA <0.0005
31 Mg, wt% AA <0.0001
32 Zn, wt% XRF 0.0
34 P, wt¥ XRF 0.0
36 S, wt% XRF 0.02
38 N, wt% CLM 0.0986
50 GC BPD @ 1 wt% OFF, °C AFLRL 362
51 GC BPD @ 5 wt% OFF, °C AFLRL 434
52 GC BPD @ 10 wt OFF, °C AFLRL 451
53 GC BPD @ 20 wt% OFF, °C AFLRL 457
. 54 GC BPD @ 30 wt¥% OFF, °C AFLRL 461
55 GC BPD @ 40 wt% OFF, °C AFLRL 465
56 GC BPD @ 50 wt% OFF, °C AFLRL 472
57 GC BPD @ 60 wt% OFF, °C AFLRL 486
58 GC BPD @ 70 wt¥% OFF, °C AFLRL 515
59 GC BPD @ 80 wt% OFF, °C AFLRL 581
60 GC BPD @ 90 wt% OFF, °C AFLRL >600
61 End Point, °C AFLRL >600
62 Residue, wt% AFLRL 20
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1

2

3
13
14
15
16
17
19
28
29
31
32
34
36
45
46
50
51
52
53
54
55
56
57
58
59
60
61
62

AL-8980-L
Desc: 0il, Engine, OE/HDO-30

Test Code

Test Description
K Vis @ 40°C, cSt
K Vis @ 100°C, cSt
Vi
Flash Point, °C
API, °
C Res, wt%
Sulfated Ash, wt%
TAN
TBN
Ca, wt?%
Ca, wt?
Mg, wtZ%
Zn, wt?
P, wt%
S, wt%
IR No.
Evap @ 191°C, wt% loss
GC BPD @ 1 wt% OFF, °C
GC BPD @ 5 wt% OFF, °C
GC BPD @ 10 wt% OFF, °C
GC BPD @ 20 wt% OFF, °C
GC BPD @ 30 wt% OFF, °C
GC BPD @ 40 wt% OFF, °C
GC BPD @ 50 wt% OFF, °C
GC BPD @ 60 wt% OFF, °C
GC BPD @ 70 wt% OFF, °C
GC BPD @ 80 wt% OFF, °C
GC BPD @ 90 wt% OFF, °C

End Point, °C

Residue

, Wt%

Test Method

445
445
2270
92
287
524
874
664
2896

;gEOCUUUUUUU

AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL

Result

109.11
11.65
93

223
25.2

2.1
1.78
2.3
13.9
.57
0.48
0.0018
.08
.07
0.65
1832
8

326

336

387

415

437

456

477

505

547

>600

>600

>600
25.0
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AL-10690-L

Desc: 0il, Engine, Arctic

Test Code Test Description

1 K Vis @ 40°C, cSt

2 K Vis @ 100°C, cSt

3 Vi

13 Flash Point, °C

14 API, °

16 Sulfated Ash, wt%

17 TAN

18 TBN
26 Ba, wt?%
28 Ca, wt%
31 Mg, wt%
32 Zn, wtZ
33 Zn, wt?
34 P, wt%
36 S, wt%
38 N, wt%
45 IR No.
50 GC BPD @ 1 wt% OFF, °C
51 GC BPD @ 5 wt% OFF, °C
52 GC BPD @ 10 wt%Z OFF, °C
53 GC BPD @ 20 wt% OFF, °C
54 GC BPD @ 30 wt% OFF, °C
55 GC BPD @ 40 wt% OFF, °C
56 GC BPD @ SO wt% OFF, °C
57 GC BPD @ 60 wt%Z OFF, °C
58 GC BPD @ 70 wt% OFF, °C
59 GC BPD @ 80 wt% OFF, °C
60 GC BPD @ 90 wt% OFF, °C
61 End Point, °C

62 Residue, wt?
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Test Method

445
445
2270
92
287
874
664
664
XRF
XRF
AA
XRF
AA
XRF
XRF
CLM
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL

Dogogogoog

Result

30.32
6.10
154
221
29.0
.93
3.31
6,43
0.0
W17
.041
.09
.12
.07
«25
.033
2465
351
405
410
414
418
423
427
433
439
448
463
584
0.0
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AL-11132-L

Test Code

1

2

3
13
16
17
18
26
28
32
34
36
45
48
50
51
52
53
54
55
56
57
58
59
60
61
62

A A
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Desc: Oil, Exp. Diesel, HTL

Test Description

K Vis @ 40°C, cSt
K Vis @ 100°C, cSt

V1

Flash Point, °C
Sulfated Ash, wt?%

TAN

TBN

Ba, wt%
Ca, wt?
Zn, wt%
P, wt%
S, wt%
IR No.

Evap. @ 260°C, wt% Loss
@ 1 wt% OFF, °C
@ 5 wt% OFF, °C

BPD
BPD
BPD
BPD
BPD
BPD
BPD
BPD
BPD
BPD
BPD

88388888888

10
20
30
40
50
60
70
80
90

o M ® D

wt?
wt7
wt?
wt¥
wt%
wt?
wt?
wt?
wt?

End Point, °C
Residue, wt%

OFF,
OFF,
OFF,
OFF,
OFF,
OFF,
OFF,
OFF,
OFF,

Test Method

D 445
D 445
D 2270
D 92

D 874
D 664
D 664
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AL-11147-L

Desc:

Test Code

1

2

3
13
16
17
18
28
29
31
32
34
36
45
48
50
51
52
53
54
55
56
57
61
62

0il, Engine, HTL

Test Description

K Vis @ 40°C, cSt
K Vis @ 100°C, cSt
vi

Flash Point, °C
Sulfated Ash, wt%
TAN

TBN

Ca, wt%
Ca, wt%
Mg, wt%
Zn, wt%
P, wt%
S, wt%
IR No.

Evap. @ 260°C, wt% Loss

GC BPD @ 1 wt% OFF, °C

GC BPD @ 5 wt% OFF, °C

GC BPD @ 10 wt% OFF, °C
GC BPD @ 20 wt% OFF, °C
GC BPD @ 30 wt?% OFF, °C
GC BPD @ 40 wt% OFF, °C
GC BPD @ 50 wt% OFF, °C
GC BPD @ 60 wt% OFF, °C
End Point, °C

Residue, wt%
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Test Method Result ,
D 445 182,82 s
D 445 19.48 L
D 2270 122 i
D 92 258
D 874 3.2 bl
D 664 4.6
D 664 13.5 R
XRF .95 2
AA 1.06 S
AA .001 U
XRF .08 s
XRF .06 e
XRF .75 e
-— 2197
D 972 2.6 Ny
AFLRL 365 B
AFLRL 433 g
AFLRL 473 o
AFLRL 501 T
AFLRL 524 S
AFLRL 544 T
AFLRL 564 T
AFLRL 600 O3
AFLRL >600 -
AFLRL 37.6 -
~®
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Bty AL-11386-L -
v Desc: O0il, Engine, HTL N
‘.“- Test Code Test Description Test Method Result .-%
00N 7
N 1 K Vis @ 40°C, cSt D 445 157.57 )
s 2 K Vis @ 100°C, cSt D 445 19.72 -
i 3 VI D 2270 144 |
Ly 13 Flash Point, °C D 92 240 )
) 16 Sulfated Ash, wt% D 874 1.14 |
" 17 TAN D 664 1.62 R
e 18 TBN D 664 7.37 N
o 26 Ba, wt XRF <.01 -]
. L 28 Ca, wt% XRF .23 ]
b 31 Mg, wt% AA .002

{ 32 Zn, wt¥ XRF .15

el 34 P, wt% XRF .09

N 36 S, wt% XRF 45

S 38 N, wt% CLM .024

e 45 IR No. - 2292

50 GC BPD @ 1 wt% OFF, °C AFLRL 339

gl 51 GC BPD @ 5 wt%Z OFF, °C AFLRL 411 )
e 52 GC BPD @ 10 wt% OFF, °C AFLRL 429 .
N 53 GC BPD @ 20 wt% OFF, °C AFLRL 438 -
NN 54 GC BPD @ 30 wt% OFF, °C AFLRL 471 R
ey 55 GC BPD @ 40 wt% OFF, °C AFLRL 517 R
e 56 GC BPD @ 50 wt% OFF, °C AFLRL >600 R
L. 61 End Point, °C AFLRL >600 3
S 62 Residue, wt? AFLRL 57.2 ]
= 3
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Desc:

~N W N

13
14
15
16
17
18
20
21
21
22
23
26
28
31
3z
34
36
38
44
45
46
50
51
52
53
54
55
56
57
58
59
61
62

AL-11507-L
HTL, Engine, Oil,

Test Code

Test Description

K Vis @ 40°C, cSt

K Vis @ 100°C, cSt
Vi

CCS Vis @ -15°C, cp
CCS vis @ -20°C, cp
Pour Point, °C
Flash Point, °C
API, °

C Res, wt%

Sulfated Ash, wt%
TAN

TBN

Insols C5 A, wt%
Insols Tol A, wt%
Insols Tol A, wt%
Insols C5 B, wt?%

Insols Tol B, wt%

Ba, wt%

Ca, wt?

Mg, wtZ%

Zn, wt?

P, wt%

S, wt%

N, wt?

CL, wt%

IR No.

Evap @ 191°C, wt% loss
GC BPD @ 1 wt% OFF, °C
GC BPD @ 5 wt% OFF, °C
GC BPD @ 10 wt¥% OFF, °C
GC BPD @ 20 wt% OFF, °C
GC BPD @ 30 wt% OFF, °C
GC BPD @ 40 wt% OFF, °C
GC BPD @ 50 wt% OFF, °C
GC BPD @ 60 wt% OFF, °C
GC BPD @ 70 wt% OFF, °C
GC BPD @ 80 wt% OFF, °C
End Point, °C

. e
R ST TR S T T T
P e e, L~
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Residue, wt?%

.'\.-_‘- e

Test Method

445
445
2270
2602
2602
97
92
287
524
874
664
664
893
893
893
893
893
XRF
XRF

AA

XRF
XRF
XRF
CLM
AA

oo UoUoOUoUoOUoOoUYoYooo

D 972
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL

Result

61.87
9,62
138
2100
3900
=31
263
18.5
.77
.75
2.34
7.37
.01
0.00
.01
.01
0.0
0.0
.05
.09
.09
.06
.27
091
<,01
2325
10,5
351
402
443
474
475
476
478
481
539
>600
>600
29.4
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AL-11511-L
e Desc: Oil, Experimental, HTL

~. Test Code Test Description Test Method Result
"t 1 K Vis @ 40°C, cSt D 445 43.37
N 2 K Vis @ 100°C, cSt D 445 8.41
3 VI D 2270 174

. 13 Flash Point, °C D 92 266

- 16 Sulfated Ash, wt% D 874 .28
- 17 TAN D 664 0.00
- 18 TBN D 664 2,14
T 26 Ba, wt% XRF 0.0
o 28 Ca, wt% XRF <,05

31 Mg, wtZ AA <,0001
S 32 Zn, wt¥ XRF 0.0
RS 34 P, wtZ XRF .09
-1 36 S, wt% XRF .03
:\-1- 38 N, wt% CLM .029
44 ClL, wt% AA .02
45 IR No. -— 2329

- 46 Evap @ 191°C, wt% loss D 972 8.9
- 50 GC BPD @ 1 wt% OFF, °C AFLRL 402
o 51 GC BPD @ 5 wt% OFF, °C AFLRL 457
- 52 GC BPD @ 10 wt% OFF, °C AFLRL 472

-. 53 GC BPD @ 20 wt% OFF, °C AFLRL 475
{ 54 GC BPD @ 30 wt% OFF, °C AFLRL 475
55 GC BPD @ 40 wt% OFF, °C AFLRL 476

- 56 GC BPD @ 50 wt% OFF, °C AFLRL 476
- 57 GC BPD @ 60 wt% OFF, °C AFLRL 477

» 58 GC BPD @ 70 wt% OFF, °C AFLRL 479

59 GC BPD @ 80 wt% OFF, °C AFLRL 481

‘ 60 GC BPD @ 90 wt% OFF, °C AFLRL 496

61 End Point, °C AFLRL >600
) 62 Residue, wt% AFLRL 7.9
'~
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o AL-11661-L
Lo Desc: Oil, Engine, HTL
.‘ Test Code Test Description Test Method Result
~\‘ .
o 1 K Vis @ 40°C, cSt D 445 79.42
SN 2 K Vis @ 100°C, cSt D 445 11.55
oo 3 VI D 2270 138
i 13 Flash Point, °C D 92 239
A 16 Sulfated Ash, wt% D 874 .78
RS 17 TAN D 664 3.05 n
N 18 TBN D 664 5.51
o 26 Ba, wt% XRF 0.0
- 29 Ca, wt% AA 0.09 o
31 Mg, wtZ AA 0.043 .?’
32 Zn, wt?% XRF .15 R
o 34 P, wt% XRF .09 ]
> 36 S, wth XRF .30 ]
o 38 N, wt¥ CLM .099 S
e 45 IR No. --= 2430 - 3
» 50 GC BPD @ 1 wt% OFF, °C AFLRL 357 .i
gy 51 GC BPL @ 5 wt% OFF, °C AFLRL 404 =
N 52 GC BPD @ 10 wt% OFF, °C AFLRL 408 ]
R 53 GC BPD @ 20 wt% OFF, °C AFLRL 417 ]
3 54 GC BPD @ 30 wt% OFF, °C AFLRL 429 ]
AN 55 GC BPD @ 40 wt% OFF, °C AFLRL 474 ]
( B 56 GC BPD @ 50 wt% OFF, °C AFLRL 498 D
57 GC BPD @ 60 wt% OFF, °C AFLRL 568 <
N 58 GC BPD @ 70 wt% OFF, °C AFLRL >600 S
- 61 End Point, °C AFLRL >600 -
ol 62 Residue, wt% AFLRL 38.8 >
A -
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~ . . B
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AL-11662-L
Desc: 011, Engine, HTL
Test Code Test Description Test Method Result
1 K Vis @ 40°C, cSt D 445 85,71
2 K Vis @ 100°C, cSt D 445 11,50
3 VI D 2270 124
13 Flash Point, °C D 92 242
14 API, ° D 287 32,7
16 Sulfated Ash, wt% D 874 A
17 TAN D 664 3.05
18 TBN D 664 5.58
26 Ba, wt¥ XRF 0.0
28 Ca, wt% XRF .09 <4
31 Mg, wt% AA .038 >
32 In, wt¥% XRF .13 ]
34 P, wt% XRF .09 =
36 S, wtZ XRF .53 e
38 N, wt¥ CLM .106 S
45 IR No, _— 2528
50 GC BPD @ 1 wt% OFF, °C AFLRL 283 L
51 GC BPD @ 5 wt% OFF, °C AFLRL 321 o
52 GC BPD @ 10 wt% OFF, °C AFLRL 339 o
53 GC BPD @ 20 wt% OFF, °C AFLRL 358 ]
54 GC BPD @ 30 wt% OFF, °C AFLRL 370 e
55 GC BPD @ 40 wt% OFF, °C AFLRL 382 e
56 GC BPD @ 50 wt% OFF, °C AFLRL 393 b
57 GC BPD @ 60 wt¥% OFF, °C AFLRL 404 4
58 GC BPD @ 70 wt% OFF, °C AFLRL 417 -
59 GC BPD @ 80 wt% OFF, °C AFLRL 432 o
60 GC BPD @ 90 wt% OFF, °C AFLRL 453 .
61 End Point, °C AFLRL 515 "7
62 Residue, wt% AFLRL 0.0 "
5
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AL-11663-L

Test Code

o i
o 2
a 3
13
16
: 17
: 18
. 26
X 28
31
32
34
36
38
45
50
51
52
53
54
55
. 56
57
58
59
61
62

Test Description

Desc: Oil, Engine, HTL

K Vis @ 40°C, cSt
K Vis @ 100°C, cSt

VI

Flash Point, °C
Sulfated Ash, wt%

TAN
TBN

Ba, wtZ
Ca, wt%
Mg, wt¥%
Zn, wt%

P, wt%
S, wt%
wt?
No.
BPD
BPD
BPD
BPD
BPD
BPD
BPD
BPD
BPD
BPD

888888383838p=

@1
@s
@
@
@
@
@
@
@

@

80

wt% OFF,

wt?
wt7
wt’
wt?
wt?
wt?
wt?
wt%

End Point, °C
Residue, wt¥%

wtZ% OFF,
OFF,
OFF,
OFF,
OFF,
OFF,
OFF,
OFF,
OFF,

LA aia L el sl At e ot 90 3L 0l

Test Method

D 445
D 445
D 2270
D 92
D 874
D 664
D 664
XRF
XRF
AA
XRF
XRF
XRF
CIM
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL

M L e

Result

98.22
11,29
101
227
.84
2.48
7.47
0.0
.09
.04
W11
.06
l.11
«107
2438
353
400
414
431
446
460
475
495
548
>600
>600
26.1
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S AL-11683-L "
s Desc: 0il, Engine, HTL N
’ Test Code Test Description Test Method Result .J
e
S 1 K Vis @ 40°C, cSt D 445 119.75
"o 2 K Vis @ 100°C, cSt D 445 15.28
e 3 VI D 2270 133 :
e 13 Flash Point, °C D 92 247 »
o 16 Sulfated Ash, wt?% D 874 1.91 =
b 17 TAN D 664 2.58 N
S 18 TBN D 664 12,78 -
o 26 Ba, wt% XRF 0.0 &
L 28 Ca, wt% XRF .40
{ 31 Mg, wtZ AA .003 i
32 Zn, wtZ XRF .08 i
o 34 P, wt% XRF .07
- 36 S, wt% XRF 47 -
5 38 N, wt% CLM .032 -
< 45 IR No. -— 2431 N
| 50 GC BPD @ 1 wt% OFF, °C AFLRL 377 )
208 51 GC BPD @ 5 wt% OFF, °C AFLRL 416 E
o 52 GC BPD @ 10 wt% OFF, °C AFLRL 423 .
o 53 GC BPD @ 20 wt% OFF, °C AFLRL 461 .
RN 54 GC BPD @ 30 wt% OFF, °C AFLRL 471 -
55 GC BPD @ 40 wt% OFF, °C AFLRL 480 -
{ 56 GC BPD @ 50 wtZ OFF, °C AFLRL 509 )
57 GC BPD @ 60 wt% OFF, °C AFLRL 599 5
58 GC BPD @ 70 wt% OFF, °C AFLRL >600 .
- 61 End Point, °C AFLRL >600 o
b 62 Residue, wtZ% AFLRL 39 -
. 3
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AL-11723-L
Desc: 0il, Engine, HTL
Test Code Test Description Test Method Result
i 1 K Vis @ 40°C, ¢St D 445 76.75
O 2 K Vis @ 100°C, oSt D 445 11.42
YU 3 VI D 2270 140
o 13 Flash Point, °C D 92 251
16 Sulfated Ash, wt¥% D 874 .99
17 TAN D 664 2.98
18 TBN D 664 6.98
26 Ba, wtZ XRF 0.0
28 Ca, wt% XRF .15
31 Mg, wt’ AA .04
32 Zn, wt? XRF L4
34 P, wt% XRF .09
36 S, wtZ XRF <34
38 N, wt% CLM .109
44 Cl, wt% AA .03 |
45 IR No. -— 2454 )
50 GC BPD @ 1 wt% OFF, °C AFLRL 365 3
51 GC BPD @ 5 wt% OFF, °C AFLRL 413 .
52 GC BPD @ 10 wt% OFF, °C AFLRL 420 )
53 GC BPD @ 20 wt% OFF, °C AFLRL 437 N
54 GC BPD @ 30 wt% OFF, °C AFLRL 476 .
. 55 GC BPD @ 40 wt% OFF, °C AFLRL 490 13
56 GC BPD @ 50 wt% OFF, °C AFLRL 522 4
57 GC BPD @ 60 wt% OFF, °C AFLRL >600 “J
61 End Point, °C AFLRL >600 ﬂ
62 Residue, wt% AFLRL 40,5 4
!
1
)
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‘- AL-11761-L

.'r'_; Desc: 0il, Engine, HTL, Synthetic
' Test Code Test Description Test Method Result
o
< 1 K Vis @ 40°C, cSt D 445 63.31
I 2 K Vis @ 100°C, cSt D 445 10,73
o 3 VL D 2270 161
™~ 13 Flash Point, °C D 92 221

- 16 Sulfated Ash, wt% D 874 1.96
) 17 TAN D 664 3.81
< 18 TBN D 664 13,22
- 26 Ba, wt% XRF 0.0
= 28 Ca, wt% XRF W46
o 31 Mg, wt% AA .0014
iy 32 Zn, wtk XRF .10
34 P, wt% XRF .09
» 36 S, wt% XRF .57
A0 38 N, wt% CLM .061
- 45 IR No. -_— 2459
50 GC BPD @ 1 wt% OFF, °C AFLRL 245

3 51 GC BPD @ 5 wt% OFF, °C AFLRL 375

N 52 GC BPD @ 10 wt¥% OFF, °C AFLRL 406

~ 53 GC BPD @ 20 wt¥% OFF, °C AFLRL 422
oo 54 GC BPD @ 30 wt% OFF, °C AFLRL 436

i~ 55 GC BPD @ 40 wt% OFF, °C AFLRL 452
( 56 GC BPD @ 50 wt% OFF, °C AFLRL 459

A 57 GC BPD @ 60 wt% OFF, °C AFLRL 467

-Q 58 GC BPD @ 70 wt% OFF, °C AFLRL 473

. 59 GC BPD @ 80 wt¥% OFF, °C AFLRL 482

N 60 GC BPD @ 90 wt% OFF, °C AFLRL 506

3 61 End Point, °C AFLRL >600

62 Residue, wt% AFLRL <0.1
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AL-11788-L
Desc: Engine 0il, Mineral, 15W-40

Test Code Test Description Test Method Result
1 K Vis @ 40°C, cSt D 445 110.02
2 K Vis @ 100°C, cSt D 445 14.59
3 VI D 2270 136
: 13 Flash Point, °C D 92 221 .
14 API, ° D 287 28.5 )
16 Sulfated Ash, wt? D 874 1.14
17 TAN D 664 3.0
18 TBN D 664 5.7
26 Ba, wt% XRF 0.0
28 Ca, wt% XRF .07 N
31 Mg, wt% AA .125 )
32 Zn, wt% XRF 12 -
33 Zn, wt% AA .15 -
34 P, wt¥% XRF 14 -
36 S, wt? XRF .64
38 N, wt?% CLM .097 B
45 IR No. -— 2480 )
50 GC BPD @ 1 wt% OFF, °C AFLRL 338 -
51 GC BPD @ 5 wt% OFF, °C AFLRL 376
52 GC BPD @ 10 wt% OFF, °C AFLRL 388
53 GC BPD @ 20 wt% OFF, °C AFLRL 403
54 GC BPD @ 30 wt% OFF, °C AFLRL 416 .
- 55 GC BPD @ 40 wt¥% OFF, °C AFLRL 429 )
56 GC BPD @ 50 wt¥% OFF, °C AFLRL 442 i
57 GC BPD @ 60 wt% OFF, °C AFLRL 459
58 GC BPD @ 70 wt% OFF, °C AFLRL 484
59 GC BPD @ 80 wt% OFF, °C AFLRL 544
60 GC BPD @ 90 wt% OFF, °C AFLRL >600
61 End Point, °C AFLRL >600 )
62 Residue, wt% AFLRL 18.5 -

59




AL-11848-~L
Desc:

Test Code

1

2

3
13
14
16
17
18
26
28
31
32
33
34
36
45
50
51
52
53
54
55
56
57
58
59
60
61
62

R KAt £ ST IC A il Wil A A g v g i

Test Description

Engine/Transmission Lube, SAE 50

K Vis @ 40°C, cSt
K Vis @ 100°C, cSt

Vi

Flash Point,

API, °

°C

Sulfated Ash, wt%

TAN
TAN
Ba,
Ca,
Mg,
Zn,
Zn,
P, wt%
S, wt%
IR No.
GC BPD @
GC BPD @
BPD @
BPD @
BPD @
BPD @ 40

@

@

@

@

§8353
NV

BPD
BPD
BPD
BPD
BPD @ 90
End Point, °
Residue, wt%

888888888

wt%
wt¥
wt?
wt¥
wt?
wti
wt¥
wt%
wt?
C

OFF,
OFF,
OFF,
OFF,
OFF,
OFF,
OFF,
OFF,
OFF,

1 wt% OFF, °C
5 wt% OFF, °C

°C
°c
°c
°c
°C
°c
°c
°c
°c

Test Method

445
445
2270
92
287
874
664
664
XRF
XRF
AA
XRF
AA
XRF
XRF
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
AFLRL
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Result

133.29
17.81
148
227
22,8
2.38
1.62
10.62
1.48
<,01
<,001
<‘01
<.01
.09
.12
2573
308
368
407
437
446 Y
451 i
459
471
497
>600
>600
>600
21.4
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AL-11874-L
Desc: Engine 0il, PAO, HTL

Test Code Test Description Test Method Result
1 K Vis @ 40°C, cSt D 445 47.36
2 K Vis @ 100°C, cSt D 445 7.73
3 Vi D 2270 131
13 Flash Point, °C D 92 229
16 Sulfated Ash, wt% D 874 1.67
17 TAN D 664 3.9
18 TBN D 664 13,2
28 Ca, wtZ XRF «53
32 Zn, wt% XRF .11
34 P, wt¥% XRF .13
36 S, wt% XRF 57
38 N, wt¥% CLM .04
45 IR No. -— 2712
50 GC BPD @ 1 wt% OFF, °C AFLRL 355
51 GC BPD @ 5 wt%Z OFF, °C AFLRL 407
52 GC BPD @ 10 wt% OFF, °C AFLRL 414
53 GC BPD @ 20 wt% OFF, °C AFLRL 424
54 GC BPD @ 30 wt% OFF, °C AFLRL 443
55 GC BPD @ 40 wt7 OFF, °C AFLRL 463
56 GC BPD @ 50 wt¥% OFF, °C AFLRL 469
57 GC BPD @ 60 wt% OFF, °C AFLRL 476
58 GC BPD @ 70 wt% OFF, °C AFLRL 486
59 GC BPD @ 80 wt% OFF, °C AFLRL 512
60 GC BPD @ 90 wt% OFF, °C AFLRL 552
61 End Point, °C AFLRL >600
62 Residue, wt?% AFLRL 6.3
b
61 -
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AL-11875-L
Desc: Engine 0il, TMP, HTL
Test Code Test Description Test Method Result
1 K Vis @ 40°C, cSt D 445 21.81
2 K Vis @ 100°C, cSt D 445 4,84
3 VI D 2270 150
13 Flash Point, °C D 92 232
14 API, ° D 287 14,7
16 Sulfated Ash, wt% D 874 1,72
17 TAN D 664 3.55
18 TBN D 664 11.87
26 Ba, wt% XRF 0.0
28 Ca, wtZ XRF <34
31 Mg, wt% AA <.001
32 Zn, wt¥ XRF .07 o
33 Zn, wt% AA .11 N
34 P, wt% XRF .06 o
36 S, wt% XRF .37
50 GC BPD @ 1 wt% OFF, °C AFLRL 331 )
51 GC BPD @ 5 wt% OFF, °C AFLRL 401 1
52 GC BPD @ 10 wt% OFF, °C AFLRL 421
53 GC BPD @ 20 wt% OFF, °C AFLRL 423 -}1
54 GC BPD @ 30 wt% OFF, °C AFLRL 424 ]
55 GC BPD @ 40 wt% OFF, °C AFLRL 427
56 GC BPD @ 50 wtX% OFF, °C AFLRL 429 P
57 GC BPD @ 60 wt% OFF, °C AFLRL 432 ]
58 GC BPD @ 70 wt% OFF, °C AFLRL 435 .
59 GC BPD @ 80 wt% OFF, °C AFLRL 440 -1
60 GC BPD @ 90 wtZ% OFF, °C AFLRL 448 o
61 End Point, °C AFLRL 576 N
62 Residue, wt% AFLRL 0.0 "
N
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AL~11876-L
Desc: Engine 0il, Diester, HTL

Test Code Test Description Test Method Result °
1 K Vis @ 40°C, cSt D 445 17.18 e
2 K Vis @ 100°C, cSt D 445 4e24 oo
3 VI D 2270 161 -
13 Flash Point, °C D 92 221
16 Sulfated Ash, wt% D 874 1.82 'y
17 TAN D 664 3.6 -
18 TBN D 664 12.7
26 Ba, wt% XRF 0.0

28 Ca, wt% XRF A

29 Ca, wt% AA .49 L
31 Mg, wt% AA <.001 o
32 Zn, wt? XRF .09 -
33 Zn, wt% AA 11 _
34 P, wt¥ XRF .08
36 S, wt% XRF W4l -

38 N, wt% CLM .04 ‘

45 IR No. -— 2743 ®:
50 GC BPD @ 1 wt% OFF, °C AFLRL 338 .
51 GC BPD @ 5 wt% OFF, °C AFLRL 386 =
52 GC BPD @ 10 wt% OFF, °C AFLRL 398 -
53 GC BPD @ 20 wt% OFF, °C AFLRL 402 T
54 GC BPD @ 30 wt% OFF, °C AFLRL 404 o
55 GC BPD @ 40 wt% OFF, °C AFLRL 407 0.
56 GC BPD @ 50 wt% OFF, °C AFLRL 410
57 GC BPD @ 60 wt% OFF, °C AFLRL 414

58 GC BPD @ 70 wt% OFF, °C AFLRL 419 =
59 GC BPD @ 80 wt% OFF, °C AFLRL 428
60 GC BPD @ 90 wt% OFF, °C AFLRL 460 e

61 End Point, °C AFLRL >600 )
62 Residue, wt%
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N Desc: Engine Oil, Mineral, HTL S
-, L
m Test Code Test Description Test Method Result .i
1 K Vis @ 40°C, cSt D 445 50.08 ]
. 2 K Vis @ 100°C, cSt D 445 7.25 ;i
3 VI D 2270 104 b
13 Flash Point, °C D 92 222 -
14 API, ° D 287 27.4 4
16 Sulfated Ash, wt% D 874 1.88
17 TAN D 664 3.6
18 TBN D 664 13.2
26 Ba, wt% XRF 0.0 2
28 Ca, wt’ XRF 46 .
31 Mg, wt¥ AA .0014 4
32 Zn, wt% XRF .10 -
33 Zn, wt% AA .12
34 P, wty XRF .07
36 S, wt% XRF .60
45 IR No, -— 2586 .
50 GC BPD @ 1 wt% OFF, °C AFLRL 331 &
51 GC BPD @ 5 wt% OFF, °C AFLRL 363 -
52 GC BPD @ 10 wt% OFF, °C AFLRL 378 e
53 GC BPD @ 20 wt% OFF, °C AFLRL 396 B
54 GC BPD @ 30 wt% OFF, °C AFLRL 412 ]
55 GC BPD @ 40 wt% OFF, °C AFLRL 425 .
56 GC BPD @ 50 wt% OFF, °C AFLRL 438 )
57 GC BPD @ 60 wt% OFF, °C AFLRL 452 »
58 GC BPD @ 70 wt% OFF, °C AFLRL 470 -1
59 GC BPD @ 80 wt% OFF, °C AFLRL 497 R
60 GC BPD @ 90 wt% OFF, °C AFLRL >600 -
61 End Point, °C AFLRL >600 .
62 Residue, wt% AFLRL 12,1 j
!
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Desc:

Test Code

1

2

3
13
16
L7
18
26
28
29
31
32
33
34
36
38
45
50
51
52
53
54
55
56
57
58
59
60
61
62

it A e A S Al Ak Safh it Al Gl Sl ST -SSP S
SN WU RT RS R R ETRERS R B S . -

Engine Oil, Alkyldiphenylether, HTL

Test Description

K Vis @ 40°C, cSt
K Vis @ 100°C, cSt

VI

Flash Point,

°C

Sulfated Ash, wt%
TAN
TBN

Ba,
Ca,
Ca,
Mg,
Zn,
Zn,

P,
S,
N,
IR

GC
GC
12
GC
GC
GC
GC

GC
GC
GC
GC

End Point,
Residue, wt%

wt?
wt%
wt?
wt%
wt?
wt
wt?
wt%
wt?
No.
BPD
BPD

C BPD

BPD
BPD
BPD
BPD
BPD
BPD
BPD
BPD

@1
@5
@
@
@
@
@
@
@
@

@

~~~~~

wt?
wt?
wt?
wt?
wt%
wt?
wt?
wt?
wt?

°C

1 wt% OFF,
5 wt% OFF,
OFF,
OFF,
OFF,
OFF,
OFF,
OFF,
OFF,
OFF,
OFF,

© 0 0 0 0o 0 o o

sNeNoNeoNeoNeoNeNeoNe!

o

R Al A s Sl A St R

@
Test Method Result ‘_._
D 445 81.83 '
D 445 9,29
D 2270 87
D 92 232
D 874 1.83 N
D 664 3.80 ®
D 664 13.60 .
XRF 0.0
XRF .49
AA .49
AA <0001 L
XRF .11 e
AA W1 -
XRF 11
XRF 47
CLM .03
- 2701 .
AFLRL 360 v @
AFLRL 415 .
AFLRL 438
AFLRL 446
AFLRL 451
AFLRL 455 ,
AFLRL 460  !
AFLRL 466 .
AFLRL 475 o
AFLRL 514 s
AFLRL 580 N
AFLRL >600 ;‘
AFLRL 7.9 e
-~ @
.
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q
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Desc: 0il, Engine, HTL

Test Code

1

2

3
13
16
17
18
26
28
31
32
33
34
36
38
45

Test Description

K Vis @ 40°C, cSt

K vis @ 100°C, cSt

V1

Flash Point,
Sulfated Ash, wt%

TAN
TBN
Ba,
Ca,
Mg,
Zn,
Zn,

wt%
wt?
wt%
wt7
wt?

AR R S el . . -
M e e LI R
Lakalacalalad s a® -

P, wtZ%
S, wt%
N, wt%
IR No.

'y

e e i e e T e N

66

Test Method

445
445
2270
92
874
664
664
XRF
XRF
AA
XRF
AA
XRF
XRF
CLM

Yoo ogo

A T e S St A g e P P

Result

122.98
12.38
90

240

.89
3.05
6.41
0.0

.17
<.001

.10

.13

.09

.38

,025

2263

]
R
4

.

.o ‘
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- AL-12289-L -

y Desc: 0il, Engine, RE0O-203

~ Test Code Test Description Test Method Result '.

! .

;-. 1 K Vis @ 40°C, cSt D 445 102.60 :

- 2 K Vis @ 100°C, cSt D 445 11.55

o 3 VI D 2270 100

- 13 Flash Point, °C D 92 249

N 16 Sulfated Ash, wt¥% D 874 .99 :

: 17 TAN D 664 2.8 .

~ 18 TBN D 664 A

= 22 Insols C5 B, wt¥ D 893 <.01

) 23 Insols Tol B, wt% D 893 <.01

o 26 Ba, wt% XRF <.01 e

28 Ca, wt% XRF .27
31 Mg, wt¥ AA <.005 '®
32 Zn, wt? XRF 12

33 Zn, wt% AA .10

34 P, wt% XRF .10 -

. 36 S, wt? XRF .48 o
38 N, wt% CLM .015 .

! 45 IR No. -— 2906 el

- 50 GC BPD @ 1 wt% OFF, °C AFLRL 347 B

L 51 GC BPD @ 5 wt% OFF, °C AFLRL 403 S

e 52 GC BPD @ 10 wt% OFF, °C AFLRL 427 o

. 53 GC BPD @ 20 wt% OFF, °C AFLRL 447 oy

iy 54 GC BPD @ 30 wt% OFF, °C AFLRL 459 '
55 GC BPD @ 40 wt?% OFF, °C AFLRL 470

N 56 GC BPD @ 50 wt% OFF, °C AFLRL 481

. 57 GC BPD @ 60 wt% OFF, °C AFLRL 496 e

) 58 GC BPD @ 70 wt% OFF, °C AFLRL 518 S
59 GC BPD @ 80 wt¥% OFF, °C AFLRL >600 S
60 GC BPD @ 90 wt% OFF, °C AFLRL >600 ‘@

‘ 61 End Point, °C AFLRL >600

.- 62 Residue, wt% AFLRL 24,4 o

o

¥

&
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DISTRIBUTION LIST

DEPARTMENT OF DEFENSE

CDR

US READINESS COMMAND,
USREDCOM/J4-E 1

MACDILL AIR FORCE BASE

FL 33608

US CENTRAL COMMAND

US CINCCENT/CCJ4-L 1
MACDILL AIR FORCE BASE

FL 33608

CDR

US ARMY WESTERN COMMAND

ATTN: APLG-TR 1
FORT SCHAFTER, HI 96858

DEFENSE DOCUMENTATION CTR
CAMERON STATION 12
ALEXANDRIA VA 22314

DEPT. OF DEFENSE
ATIN: DASD-LMM (MR DYCKMAN) 1
WASHINGTON DC 20301

CDR

DEFENSE LOGISTICS AGY

ATTN: DLA-SME (MRS P MCLAIN) 1
CAMERON STATION

ALEXANDRIA VA 22314

CDR

DEFENSE FUEL SUPPLY CTR

ATTN: DFSC-T (MR, MARTIN) 1
CAMERON STA

ALEXANDRIA VA 22314

CDR
DEFENSE GENERAL SUPPLY CTR
ATTN: DGSC-SSA 1

RICHMOND VA 23297

DOD

ATTN: DUSDRE (RAT) (Dr. Dix) 1
DUSDRE, (RTI) (Dr. Young) 1

WASHINGTON DC 20301

DEFENSE ADVANCED RES PROJ AGENCY
DEFENSE SCIENCES OFC 1
1400 WILSON BLVD

ARLINGTON VA 22209

DEPARTMENT OF THE ARMY

HG, DEPT OF ARMY
ATTN: DALO-TSE (COL NAJERA)
DALO-AV
DALO-SMZ-E
DAMA-CSS
DAMA-ARA (DR CHURCH)
DAMA-RQL (MAJ WARD)
WASHINGTON DC 20310

— e =

CDR
U.S. ARMY BELVOIR RESEARCH AND
DEVELOPMENT CENTER
ATTN: STRBE-VF 10
STRBE-WC 2
FORT BELVOIR VA 22060

CDR
US ARMY MATERIEL DEVEL &
READINESS COMMAND

ATTN: DRCLD (DR GONANO) 1
DRCDMR (MR GREINER) 1
DRCMD-ST (DR HALEY) 1
DRCQA-E 1
DRCDE-SS 1
DRCSM-WCS (CPT DAILY) 1

5001 EISENHOWER AVE

ALEXANDRIA VA 22333

CDR

US ARMY TANK-AUTOMOTIVE CMD

ATTN: DRSTA-R (COL HUBBER) 1
DRSTA-RG (MR W. WHEELOCK) 5
DRSTA-ZS (MR REES) 1
DRSTA-G 1
DRSTA-M 1
DRSTA-GBP (MR MCCARTNEY) 1
DRSTA-RC (MR A. FARKUS) 1

WARREN MI 48090

DIRECTOR

US ARMY MATERIEL SYSTEMS

ANALYSIS AGENCY

ATTN: DRXSY-CM 1
DRXSY~-S 1
DRXSY-L 1

ABERDEEN PROVING GROUND MD 21005

DIRECTOR
APPLIED TECHNOLOGY LAB
U.S. ARMY R&T LAB (AVRADCOM)
ATTN: SAVDL-ATL-ATP (MR MORROW) 1
SAVDL-ATL-ASV (MR CARPER) 1
FORT EUSTIS VA 23604
AFLRL NO. 171
6/84
Page 1 of 7




HQ, 172D INFANTRY BRIGADE (ALASKA)

ATTN: AFZT-DI-L 1
AFZT-DI-M 1
DIRECTORATE OF INDUSTRIAL
OPERATIONS

FT RICHARDSON AK 99505

CDR
US ARMY GENERAL MATERIAL &
PETROLEUM ACTIVITY

ATTN: STRGP-F 1
STRGP-PE (MR MCKNIGHT),
BLDG 85-3
STRGP (COL CLIFTON) 1

NEW CUMBERLAND ARMY DEPOT
NEW CUMBERLAND PA 17070

CDR

US ARMY MATERIEL ARMAMEMT
READINESS CMD

ATTN: DRSAR-LEM 1

ROCK ISLAND ARSENAL IL 61299

CDR
US ARMY COLD REGION TEST CENTER
ATTN: STECR-TA 1

APO SEATTLE 98733

HQ, DEPT. OF ARMY
ATTN: DAEN-DRM 1
WASHINGTON DC 20310

CDR
US ARMY RES & STDZN GROUP
(EUROPE)
ATTN: DRXSN-UK-RA 1
DRXSN-UK-SE 1
BOX 65

FPO NEW YORK 09510

HQ, US ARMY AVIATION R&D CMD

ATTN: DRSAV-EP (MR EDWARDS)
DRSAV-N 1

4300 GOODFELLOW BLVD

ST LOUIS MO 63120

CDR
US ARMY FORCES COMMAND
ATTN: AFLG-REG 1

AFLG-POP 1
FORT MCPHERSON GA 30330

AFLRL NO. 171
6/84
Page 2 of 7

CDR
US ARMY ABERDEEN PROVING GROUND
ATTN: STEAP-MT 1

STEAP-MT-U (MR DEAVER) 1
ABERDEEN PROVING GROUND MD 21005

CDR

US ARMY YUMA PROVING GROUND

ATTN: STEYP-MLS-M (MR DOEBBLER) 1
YUMA AZ 85364

PROJ MGR, ABRAMS TANK SYS, DARCOM
ATTN: DRCPM-GCM-S 1

DRCPM~GCM-LF 1
WARREN MI 48090

PROJ MGR, LIGHT ARMORED VEHICLES
ATTN: DRCPM-1A 1
WARREN MI 48090

PROJ MGR, BRADELY FIGHTING
VEHICLE SYS

ATTN: DRCPM-FVS-SE 1

WARREN MI 48090

PROJ MGR, M60 TANK DEVELOPMENT
USMC-LNO 1
US ARMY TANK-AUTOMOTIVE CMD (TACOM)
WARREN MI 48090

PROG MGR, M113/M113A1 FAMILY
VEHICLES

ATTN: DRCPM-M113 1

WARREN MI 48090

PROJ MGR, MOBILE ELECTRIC POWER
ATTN: DRCPM-MEP-TM 1
7500 BACKLICK ROAD

SPRINGFIELD VA 22150

PROJ OFF, AMPHIBIOUS AND WATER
CRAFT

ATTN: DRCOP-AWC-R 1

4300 GOODFELLOW BLVD

ST LOUIS MO 63120

CDR

US ARMY EUROPE & SEVENTH ARMY

ATTN: AEAGG-FMD 1
AEAGD-TE 1

APO NY 09403
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CDR, US ARMY TROOP SUPPORT COMMAND

ATTN: DRSTS-MEG (2) 1
DRSTS~WJ (LTC FOSTER) 1

4300 GOODFELLOW BLVD

ST LOUIS MO 63120

DEPARTMENT OF THE ARMY
CONSTRUCTION ENG RSCH LAB

ATTN: CERL-EM 1
CERL-ZT 1
CERL-EH 1

P O BOX 4005

CHAMPAIGN IL 61820

CDR

US ARMY ARMAMENT MUNITIONS AND
CHEMICAL COMMAND

ARMAMENT R&D CMD

BALLISTIC RESEARCH LAB

ATTN: DRSMC-BLV-G(A) 1

ABERDEEN PROVING GROUND MD 21005

CDR

11TH TRANSPORTATION BATTALION
(TERMINAL)

ATTN: AFFG-I-CDR 1

FORT STORY VA 23459

HQ
US ARMY TRAINING & DOCTRINE CMD
ATTN: ATCD-SL (MAJ JONES) 1

FORT MONROE VA 23651

DIRECTOR

US ARMY RSCH & TECH LAB (AVRADCOM)
PROPULSION LABORATORY

ATTN: DAVDL-PL-D (MR ACURIO) 1
21000 BROOKPARK ROAD

CLEVELAND OH 44135

CDR

US ARMY NATICK RES & DEV LAB

ATTN: STRNC-YE (DR KAPLAN) 1
STRNC-U 1

NATICK MA 01760

CDR

US ARMY TRANSPORTATION SCHOOL

ATTN: ATSP-CD=-MS 1

FORT EUSTIS VA 23604

R

AR A

CDR

US ARMY QUARTERMASTER SCHOOL

ATTN: ATSM-CD 1
ATSM-TD
ATSM-PFS 1

FORT LEE VA 23801

HQ, US ARMY ARMOR CENTER
ATTN: ATZK~CD-SB 1
FORT KNOX KY 40121

CDR
101ST AIRBORNE DIV (AASLT)
ATTN: AFZB-KE-J 1

AFZB-KE-DMMC (CPT MORRIS) 1
FORT CAMPBELL KY 42223

CDR
COMBINED ARMS COMBAT DEVELOPMENT
ACTIVITY
ATTN: ATZL-CAT-E 1
ATZL-CAL-A 1
FORT LEAVENWORTH KA 66027

CDR

US ARMY LOGISTICS CTR

ATTN: ATCL-MS (MR A MARSHALL)
ATCL-C 1

FORT LEE VA 23801

—

CDR
US ARMY FIELD ARTILLER ™ SCHOOL
ATTN: ATSF-CD 1

FORT SILL OK 73503

CDR
US ARMY ORDNANCE CTR & SCHOOL
ATTN: ATSL-CTD-MS 1

ABERDEEN PROVING GROUND MD 21005

CDR

US ARMY ENGINEER SCHOOL

ATTN: ATZA-TSM-G (COL BENFER) 1
ATZA-CDM
ATZA-CDD

FORT BELVOIR VA 22060

CDR
US ARMY INFANTRY SCHOOL
ATTN: ATSH-CD-MS-M 1

FORT BENNING GA 31905

AFLRL NO. 171
6/84
Page 3 of 7
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o CDR CDR

j%: THEATER ARMY MATERIAL MGMT US ARMY DEPOT SYSTEMS CMD

< CENTER (200TH) ATTN: DRSDS 1
W DIRECTORATE FOR PETROL MGMT CHAMBERSBURG PA 17201
{ ATTN: AEAGD-MMC-PT-Q 1
o APO NY 09052 CDR

ne US ARMY WATERVLIET ARSENAL

o CDR ATTN: SARWY-RDD 1
- US ARMY RESEARCH OFC WATERVLIET NY 12189

5 ATTN: DRXRO-ZC 1

) DRXRO-EG (DR MANN) 1 CDR

= DRXRO-CB (DR GHIRARDELLI) 1 US ARMY LEA
SN P 0 BOX 12211 ATTN: DALO-LEP 1
) RSCH TRIANGLE PARK NC 27709 NEW CUMBERLAND ARMY DEPOT
o NEW CUMBERLAND PA 17070

A PROD MGR, ARMORED COMBAT
Y VEHICLE TECHNOLOGY CDR
N ATTN: DRCPM-CVT 1 US ARMY GENERAL MATERIAL &
(. WARREN MI 48090 PETROLEUM ACTIVITY

- ATTN: STSGP-PW (MR PRICE) 1
o DIR BLDG 247, DEFENSE DEPOT TRACY

‘ US ARMY AVIATION R&T LAB (AVRADCOM) TRACY CA 95376

et ATTN: SAVDL-AS (MR WILSTEAD) 1
o NASA/AMES RSCH CTR CDR

o MAIL STP 207-5 US ARMY ORDNANCE CENTER & SCHOOL
- MOFFIT FIELD CA 94035 ATTN: ATSL-CTD-MS 1
L ABERDEEN PROVING GROUND MD 21005
i CDR
{ TRADOC COMBINED ARMS TEST CDR
D ACTIVITY US ARMY FOREIGN SCIENCE & TECH

o ATTN: ATCT-CA 1 CENTER

- FORT HOOD TX 76544 ATTN: DRXST-MT 1
. DRXST-BA

< CDR FEDERAL BLDG

. 105TH S & T BATTALION CHARLOTTESVILLE VA 22901

o ATTN: LTC MCLEMORE 1

- STH INFANTRY DIV (MECH) CDR
.- FORT POLK LA 71459 DARCOM MATERIEL READINFESS

Y SUPPORT ACTIVITY (MRSA)
> CDR ATTN: DRXMD-MD 1
- TOBYHANNA ARMY DEPOT LEXINGTON KY 40511
— ATTN: SDSTO-TP-S 1
TOBYHANNA PA 18466 HQ, US ARMY T&E COMMAND

, ATTN: DRSTE-T0-0 1
' DIR DRSTE-CT 1
. US ARMY MATERIALS & MECHANICS ABERDEEN PROVING GROUND MD 21005
. RSCH CTR
o ATTN: DRXMR-M 1 HQ, US ARMY ARMAMENT R&D CMD
b DRXMR-0 1 ATTN: DRSMC-LC 1
- WATERTOWN MA 02172 DRSMC-SC 1
e DOVER NJ 07801

@

>
;uj AFLRL NO. 171 .
r 6/84 e
::-: Page 4 of 7 “d
B! .1




CDR
US ARMY MISSILE CMD
ATTN: DRSMI-O
DRSMI-R
DRSMI-S
REDSTONE ARSENAL AL 35809

CDR

ATTN: ATZQ-D
FORT RUCKER AL 36362

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

CDR
US ARMY ARMOR & ENGINEER BOARD
ATTIN: ATZK-AE-PD
ATZK-AE-CV
FORT KNOX KY 40121

CDR

US ARMY CHEMICAL SCHOOL
ATTN: ATZN-CM-CS

FORT MCCLELLAN AL 36205

CHIEF, U.S. ARMY LOGISTICS
ASSISTANCE OFFICE, FORSCOM
ATTN: DRXLA-FO (MR PITTMAN)
FT MCPHERSON GA 30330

CDR

US ARMY SAFETY CENTER

ATTN: PESC-SSD (MR BUCHAN)
FORT RUCKER AL 36362

DEPARTMENT OF THE NAVY

CDR

NAVAL AIR PROPULSION CENTER
ATTN: PE-7 (MR D'ORAZIO)

P O BOX 7176

TRENTON NJ 06828

CDR

NAVAL SFA SYSTEMS CMD

ATTN: CODE 05M4 (MR R LAYNE)
WASHINGTON DC 20362

AT R -'\-—.- '-_ LASELSUEN

US ARMY AVIATION CTR & FT RUCKER

R N e T e N s

CDR

DAVID TAYLOR NAVAL SHIP R&D CTR
ATTN: CODE 2830 (MR G BOSMAJIAN)

CODE 2705.1 (MR STRUCKO)
CODE 2831
ANNAPOLIS MD 21402

CDR

NAVAL SHIP ENGINEERING CENTER
ATTN: CODE 6764 (MR. BOYLE)
PHILADELPHIA PA 19112

JOINT OIL ANALYSIS PROGRAM -
TECHNICAL SUPPORT CTR

BLDG 780

NAVAL AIR STATION

PENSACOLA FL 32508

DEPARTMENT OF THE NAVY

HQ, US MARINE CORPS

ATTN: LPP (MAJ WALLER)
LMM/3 (MAJ WESTERN)

WASHINGTON DC 20380

CDR
NAVAL AIR SYSTEMS CMD

ATTN: CODE 5304C1 (MR WEINBURG)

CODE 53645
WASHINGTON DC 20361

CDR

NAVAL AIR DEVELOPMENT CTR
ATTIN CODE 60612
WARMINSTER PA 18974

CDR
NAVAL RESEARCH LABORATORY
ATTN: CODE 6170

CODE 6180

CODE 6110 (DR HARVEY)
WASHINGTON DC 20375

CDR

NAVAL FACILITIES ENGR CTR
ATTN: CODE 120 (MR R BURRIS)
200 STOVWALL ST

ALEXANDRIA VA 22322

CHIEF OF NAVAL RESEARCH

ATTN: CODE 473
ARLINGTON VA 22217

AFLRL NO.
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CDR

NAVAL AIR ENGR CENTER
ATTN: CODE 92727
LAKEHURST NJ 08733

COMMANDING GENERAL

US MARINE CORPS DEVELOPMENT
& EDUCATION COMMAND

ATTN: D074 (LTC WOODHEAD)

QUANTICO VA 22134

CDR, NAVAL MATERIEL COMMAND
ATTN: MAT-08E (DR A ROBERTS)
MAT-08E (MR ZIEM)

CP6, RM 606
WASHINGTON DC 20360

CDR

NAVY PETROLEUM OFC
ATTN: CODE 40
CAMERON STATION
ALEXANDRIA VA 22314

CDR

MARINE CORPS LOGISTICS SUPPORT
BASE ATLANTIC

ATTN: CODE P84l

ALBANY GA 31704

DEPARTMENT OF THE AIR FORCE

HQ, USAF
ATTN: LEYSF (COL CUSTER)
WASHINGTON DC 20330

HQ AIR FORCE SYSTEMS CMD
ATTN: AFSC/DLF (MAJ LARSON)
ANDREWS AFB MD 20334

CDR
US AIR FORCE WRIGHT AERONAUTICAL
LAB
ATTN: AFWAL/POSF (MR CHURCHILL)
AFWAL/POSL (MR JONES)
AFWAL/MLSE (MR MORRILS)
WRIGHT-PATTERSON AFB OH 45433

CDR
SAN ANTONIO AIR LOGISTICS
CTR
ATTN: SAALC/SFT (MR MAKRIS)
SAALC/MMPRR
KELLY AIR FORCE BASE TX 78241

AFLRI, NO. 171
6/84
Page 6 of 7

ca. P C e e

. Bt T N P
R N L T T Tt T T P AR
ca e . St T e

—

— p—

—

CDR

WARNER ROBINS AIR LOGISTIC
CTR

ATTN WR-ALC/MMIV (MR GRAHAM)

ROBINS AFB GA 31098

CDR

USAF 3902 TRANSPORTATION
SQUADRON

ATTN: LGTVP (MR VAUGHN)

OFFUTT AIR FORCE BASE NE 68113

CDR

HQ 3RD USAF

ATTN: LGSF (MR PINZOLA)
APO NEW YORK 09127

OTHER GOVERNMENT AGENCIES

NATIONAL AERONAUTICS AND
SPACE ADMINISTRATION
LEWIS RESEARCH CENTER
MAIL STOP 5420
(ATTN: MR. GROBMAN)
CLEVELAND OH 44135

NATIONAL AERONAUTICS AND
SPACE ADMINISTRATION

VEHICLE SYSTEMS AND ALTERNATE
FUELS PROJECT OFFICE

ATTN: MR CLARK

LEWIS RESEARCH CENTER

CLEVELAND OH 44135

US DEPARTMENT OF ENERGY

SYSTEMS EEF, ATTN: MR, ALPAUGH
FORRESTAL BLDG.

1000 INDEPENDENCE AVE., SW
WASHINGTON DC 20585

VDEPARTMENT OF TRANSPORTATION
FEDERAL AVIATION ADMINISTRATION
ATTN: AWS-110, MR. NUGENT

800 INDEPENDENCE AVE, SW
WASHINGTON DC 20590

US DEPARTMENT OF ENERGY
CE-1312

ATTN: MR ECKLUND
FORRESTAL BLDG.

1000 INDEPENDENCE AVE, SW
WASHINGTON DC 20585
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