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EXECUTIVE SUMMARY

Problems: The primary hydraulic fluids currently used by the U.S. Army are MIL-H-6083,
MIL-H-46170, and MIL-H-5606. MIL-H-46170 was developed in the 1970’s as a replacement
for MIL-H-6083, which was considerably more flammable. However, since MIL-H-46170 is
much more viscous at ~40°C, certain applications required the continued use of MIL-H-6083
(e.g., the M-109 self-propelled howitzers). MIL-H-5606, although intended for aircraft, continues
to be required for some vehicles.

Objective: The objective of this project was to measure the performance of single hydraulic
fluid (SHF) relative to the performance of petroleum-based MIL-H-6083 and MIL-H-5606 and
synthetic-based MIL-H-46170 fluids.

Importance of Project: This program will provide the U.S. Army operational testing data which
can be used to reduce the amount of additional testing required by the user for adoption to SHF.
SHF will provide an alternative hydraulic fluid, known as single hydraulic fluid, that has better
low-temperature properties than MIL-H-46170 and is less flammable than MIL.-H-6083 or MIL-
H-5606. A secondary benefit is that hydraulic fluid inventory can be reduced from three fluids
to one fluid, eliminating the possibility of putting the wrong hydraulic fluid in certain vehicles
and reducing the logistics burden.

Technical Approach: The performance of six M109A2 howitzers and six M1A1 tanks filled
with SHF was measured against the performance of like vehicles filled with conventional MIL-H-
6083 and MIL-H-46170 fluids. Monitoring included quarterly sampling of the hydraulic fluid,
timed performance function evaluations of hydraulic systems, and observations of live fire
exercises on a side-by-side comparison.

Accomplishments: Chemical analyses were conducted on the new fluid (i.e., SHF) and the fluid
samples taken at time of changeover to the new fluid. Results were generally within the
requirements for each respective fluid. There were no differences noted in hydraulic system
function tests or during live fire exercises. Dynamic seal seepage observed during the middle
of the demonstration corrected itself by the end of the program.

Military Impact: It is expected that this demonstration will provide the U.S. Army with an
acceptable replacement for three currently used hydraulic fluids, improving the shortcomings of
each.
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. INTRODUCTION

The Army currently requires three separate military specification hydraulic fluids for ground
vehicles and equipment systems. MIL-H-46170 (1)*, designated FRH, is a fire resistant,
corrosion inhibited, synthetic-based hydraulic fluid with a low temperature operability deficiency
at temperatures below —40°C. MIL-H-6083 (2), designated OHT, is a corrosion inhibited,
petroleum-based hydraulic fluid with poor fire resistant qualities but excellent low temperature
operability down to —~54°C. MIL-H-5606 (3), designated OHA, is identical to OHT but does not

have any corrosion inhibition qualities.

The MIL-H-46170 fluid is used in all armored vehicles that constitute the Abrams fleet and its
derivatives (e.g., the Armored Vehicle Launcher Bridge, the M88 retriever, etc). MIL-H-46170
is not used in any self-propelled artillery exclusively using MIL-H-6083. The MIL-H-5606 fluid,
which was intended primarily for aviation systems, continues to be required for some ground
materiel although it is not authorized for use in any ground materiel. A tabulated listing
obtained from individual vehicle/equipment lubrication orders identifies the current requirement

for these three fluids within the Army’s ground vehicle/equipment fleet (see Appendix A).

The Army (and Marine Corps), in using these three fluids, have been required to cope with low
temperature operability problems; leakage due to inadequate swelling of elastomer seals; the
logistical burden in stocking and using the three different fluids; the hazardous waste disposal
problems associated with the three fluids; and most importantly, increased vulnerability to fire
with continued use of MIL-H-6083 and MIL-H-5606, which impacts both vehicle and crew
survivability. The development of a new single fluid capable of replacing MIL-H-46170, MIL-H-
6083, and MIL-H-5606 would be highly beneficial and cost effective from a logistical,
operational, and safety standpoint.

* Underscored numbers in parentheses refer to the list of references at the end of this report.
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Il. APPROACH

This technology demonstration was designed to evaluate the single hydraulic fluid (SHF) and was
conducted in two phases. Phase I consisted of laboratory analyses of candidate fluids formulated
against a series of performance requirements, while Phase II involved a field demonstration of

the selected fluid in actual combat equipment.

Liaison/coordination meetings were held with personnel from the Directorate of Industrial
Support (DIS); the U.S. Army Tank-Automotive Research, Development and Engineering Center
(TARDEC); and the former U.S. Army Munitions, Armament and Chemical Command, which
is now part of the U.S. Army Tank-automotive and Armaments Command (TACOM); logistics
assistance representatives (LAR’s); and 3rd Armored Cavalry Regiment (ACR) to insure a smooth
implementation of the demonstration program. A SHF pilot field demonstration plan for Ft.
Bliss, Texas (Appendix B), was staffed through the U.S. Army TARDEC Mobility Technology
Center-Belvoir (MTCB), Ft. Belvoir, Virginia, and the Command Staff and Regimental
Maintenance Management Center of the 3rd ACR at Ft. Bliss, Texas. Copies of the field

demonstration plan were provided to the Deputy Director for Logistics, DIS, and the U.S. Army

Materiel Command Logistics Assistance office at Ft. Bliss, Texas. The command staff of the 3rd
demonstration program (Appendix C). Fluid conversion was planned in the M1A1 Main Battle

Tank, the M3A2 Cavalry Fighting Vehicle, and the M109A2 Self-Propelled Howitzer combat

ACR approved the field demonstration plan and tasked the 1st and 2nd Squadrons to support the 1
{
|
|
vehicle. The M3A2 fighting vehicle was later omitted because the only hydraulic actuated |

component is the rear ramp door which, if necessary, can be opened and closed manually.

lll. OBJECTIVE

The objective of this demonstration was to measure the performance of SHF relative to the [
performance of petroleum-based MIL-H-6083 and synthetic-based MIL-H-46170 fluids. The

performance was measured by monitoring the following:

2
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* Selected test vehicles operating on SHF and selected control vehicles operating on their

required hydraulic fluid;

Hours of operation and live rounds fired from both test and control vehicles;

 System performance inspections as specified in applicable technical manuals;

Results of periodic hydraulic fluid sampling analysis.

IV. DETAILS OF DEMONSTRATION

A. General

The hydraulic fluids used in this program are shown in TABLE 1. Key properties are
summarized and compared to specification requirements. Laboratory testing was conducted on
candidate SHF samples from different suppliers (Appendix D). The fluid sample which more
closely approximated the proposed SHF requirements was selected to conduct the field
demonstration and is shown in TABLE 1. Analytical procedures performed on these two
candidate fluids included flammability testing, flash point, fire point, autoignition, temperature,
flame propagation, hot surface ignition, and high pressure spray ignition. Ballistic testing,
oxidation-corrosion stability, wear testing, and hydraulic pump endurance testing were also
conducted. Results and discussion of laboratory testing were reported previously in Interim
Report BFLRF No. 298 (4) where discrepancies in "proposed” and "measured" properties were
noted. The aforementioned report also covered results of field evaluations through December
1993; therefore, for the sake of clarity and cohesiveness, this report will include previous

findings.




TABLE 1. Properties of Fluids Used in Technology Demonstration

Analysis Results
SHF
Properties (Proposed) SHF MIL-H-46170 MIL-H-6083
Pour Point, D 97*, °C —60 min. —54 <56 <60
Viscosity, D 445+, ¢St
40°C 8 min. 9.3 15.8 13.70

100°C 2.5 min. 2.7 3.8 4.6

-40°C 800 max. 744 2,550 715
Acid Number, D 6641, Report 0.22 0.14 0.14

mg KOH/g
Flash Point, D 92§, °C 180 min. 166 224 110
Fire Point, D 92, °C 190 min. 200 252 121
Water Content, D 1744 ¢, wt% 0.01 max. 0.02 0.05 0.03

* ASTM D 97 procedure can be found in Reference 5.

T ASTM D 445 procedure can be found in Reference 6.
t ASTM D 664 procedure can be found in Reference 7.
§ ASTM D 92 procedure can be found in Reference 8.

¢ ASTM D 1744 procedure can be found in Reference 9.

B. Test Vehicles

The test vehicles were selected by local organizations tasked to support the field demonstration.
Six M109A2 Howitzers and six M1A1 tanks were selected by both the 1st and 2nd Squadrons
of the 3rd ACR. Of the 24 vehicles selected, three vehicles of each kind from each unit (for a
total of twelve) were designated as control test vehicles for comparison. The hydraulic systems
on the vehicles were checked for proper operation and leaks. The vehicles participating in the

SHF demonstration program are given in TABLE 2 and shown in Figs. 1 and 2.

C. Test Hydraulic Fiuid

The SHF used in the test vehicles was purchased from Huls America, Inc. and supplied to Ft.
Bliss by the U.S. Army TARDEC Fuels and Lubricants Research Facility (TFLRF) located at
Southwest Research Institute (SWRI), San Antonio, Texas. The MIL-H-6083 and MIL-H-46170
fluids used in the control vehicles were obtained through Army supply channels. The SHF




proposed requirements and the MIL-H-46170 and MIL-H-6083 requirements are given in
TABLE 3.

TABLE 2. 3rd ACR Vehicles Participating in the MIL-H-46170 Single Hydraulic
Fluid (SHF) Demonstration Program at Ft. Bliss, Texas

Vehicle Vehicle Serial Test (T), In-Program
No. Type No. Control (C) Miles Hours Unit Date

-]

HOW-12 M109A2 5324
HOW-15 M109A2 2893
HOW-16 M109A2 2132
HOW-13 M109A2 5030
HOW-11 MI109A2 4340
HOW-14 M109A2 4950

567 78 2nd Sqd. 28 Jun 93
5,322 52 2nd Sqd. 30 Jun 93
2,822 199 2nd Sqd. 01 Jul 93
1,667 175 2nd Sqd. 30 Oct 93
2,594 126 2nd Sqd. 30 Oct 93
2,444 132 2nd Sqd. 30 Oct 93

H-13 M1Al L12523 841 173 2nd Sqd. 07 Jul 93
H-23 MI1Al L13011 797 163 2nd Sqd. 07 Jul 93
H-33 MIAl L13021 897 167 2nd Sqd. 07 Jul 93
H-12 MI1Al L12527 792 174 2nd Sqd. 07 Jul 93
H-22 MI1Al L13028 847 198 2nd Sqd. 08 Jul 93
H-32 MI1Al L13009 956 184 2nd Sqd. 08 Jul 93

HOW-11 M109A2 4910
HOW-12 M109A2 4887
HOW-13 M109A2 2895
HOW-14 M109A2 5477
HOW-15 M109A2 4907
HOW-16 MI109A2 2899

2,995 296 Ist Sqd. 10 Aug 93
1,837 325 Ist Sqd. 11 Aug 93
1,821 376 Ist Sqd. 11 Aug 93

851 100 st Sqd. 13 Aug 93
3,739 356 Ist Sqd. 13 Aug 93
4,361 351 1st Sqd. 12 Aug 93

o009 -1 49 00 0- 3439 000-Aad-a-0:020m+=m93

D-14 MIALl L13071 1,063 159  IstSqd. 16 Aug 93
D-24 MIAl L13045 1,086 177  1stSqd. 17 Aug 93
D-34 MIAl L13073 1,376 790  1stSqd. 18 Aug 93
D-12 MiAL L13062 1247 191  1stSqd. 16 Aug 93
D-22 M1Al L13075 1,104 181  1stSqd. 18 Aug 93
D-32 M1Al 113037 1,190 187  1stSqd. 17 Aug 93
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Figure 1. An M109A2 Howitzer
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Figure 2. An M1A1 tank
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TABLE 3. Test Hydraulic Fluid Requirements

SHF
Properties (Proposed) MIL-H-46170 MIL-H-6083
Pour Point, D 97, °C —60 min. —54 min. —59 min.
Viscosity, D 445, cSt
40°C 8 min. 19.5 max. 13 min.

100°C 2.5 min. 3.4 min. NR*

-40°C 800 max. 2,600 max. 800 max.
Acid Number, D 664, mg KOH/g Report 0.20 max. 0.20 max.
Flash Point, D 92, °C 180 min. 204 min. 82 min.
Fire Point, D 92, °C 190 min. 246 max. NR
Water Content, D 1744, wt% 0.01 max. 0.05 max. 0.05 max.

* NR = Not required

D. Fluid Conversion Methodology

1. M109A2 Self-Propelled Howitzers

The vehicles were warmed to normal operating temperature and the hydraulic systems exercised.
The hydraulic systems were then depressurized and the fluid drained from reservoirs, cylinders,
and main gun recoil mechanisms by disconnecting selected hydraulic lines as specified in
Technical Manual (TM) 9-2350-303-20. Reservoirs, hydraulic cylinders, and lines were
thoroughly purged and bled; however, there was no guarantee that all hydraulic fluid could be
removed due to the geometry of these systems. The hydraulic systems were then filled with SHF
and pressurized. The vehicles were again warmed to normal operating temperatufe and the
hydraulic systems exercised. The drain process was repeated a second time to flush the systems

as thoroughly as possible of MIL-H-6083 fluid. After the final fill, main gun recuperator pin

adjustments were performed as specified in the TM. No components or seals were changed

during the conversion procedure.




2. MI1A1 Main Battle Tanks

The vehicles were warmed to normal operating temperature and the hydraulic systems exercised.
The systems were depressurized and the hydraulic fluid drained from the main reservoir by
disconnecting the hydraulic line, which supplies fluid to the ammunition door actuator, and using
the on-board auxiliary pump to drain the fluid. The fluid in the main gun recoil mechanism was
drained by removing the drain plug at the bottom of the recoil reservoir. The hydraulic systems
were then filled with SHF and pressurized. The vehicles were again warmed to normal operating
temperature and the hydraulic systems exercised. The drain process was repeated to flush the
systems as thoroughly as possible of MIL-H-46170 fluid; however, the same problem in
completely purging the systems of residual MIL-H-46170 applied here as well.

E. Fleet Monitoring

TFLRF personnel visited the 1st and 2nd Squadrons on a quarterly basis to monitor the progress
of test and control vehicles. In addition to operational data collection, visual inspection of the
equipment, and solicitation of comments from vehicle crews, timed tests and sample analyses

were also performed.

1. Timed Hydraulic System Function Tests

Timed hydraulic system function tests were conducted on the test and control vehicles to evaluate
differences between MIL-H-46170, MIL-H-6083, and SHF. Main gun elevations and 360° turret
rotations were timed (in seconds) in both directions. Three timed measurements were recorded
and averaged for each function. These tests were performed before and after the SHF conversion
and every quarter thereafter. The main gun elevations on the M1A1 tank occurred so quickly
(less than one second using MIL-H-46170 or SHF) that after the second quarter, a modified
boresight test to inspect for main gun drift was performed in lieu of the gun elevation test.
Additionally, on the M109A2 control vehicles, timed tests were performed before and after each

hydraulic system’s fluid bleed, purge, and main gun recuperator pin adjustment.




2. Hydraulic Fluid Sampling and Analysis

A comprehensive sampling and analysis program was conducted on a quarterly basis throughout

the demonstration. Samples were obtained from the M1A1 and M109A2 test vehicles before the

changeover to SHF, after the changeover to

SHF, and on a quarterly basis. Final TABLE 4. Hy draulic Fluid
Analysis Protocol

samples were obtained after the vehicles

were changed back to the original hydraulic Pour Point, D 97, °C

fluid. Samples were obtained from the Viscosity, D 445, cSt
40°C
control vehicles at the beginning of the 100°C
. -40°C
program and quarterly thereafter to insure Acid Number, D 664, mg KOH/g

Flash Point, D 92, °C
Fire Point, D 92, °C

protocol shown in TABLE 4 was Water Content, D 1744, wt%

coordinated with MTCB.

conformity to specification. The analysis

V. RESULTS OF DEMONSTRATION

A. Hydraulic System Function Tests

1. M109A2

The timed hydraulic system function tests performed on the M109A2 howitzer test and control
vehicles are shown in TABLES 3, 6, and 7. There were no differences noted in the performances
of the hydraulic systems in the test and control vehicles. There was a noted improvement in
main gun elevation after fluid changeover and/or purge in test and control vehicles. During the
purge cycle, the equilibrator is bled and purged of air. The system is considered equilibrated
when the time to fully elevate and lower the main gun is approximately the same. However, as
can be seen in TABLES 5 through 7, gun elevation times fluctuated considerably throughout the
program in both test and control vehicles. Main gun equilibration is performed by the crews

quite frequently. Also, TABLE 7 shows timed function test results for three howitzers:




TABLE 5. Timed Function Test Results of 1st Squadron M109A2

Howitzer Test Vehicles

Average Time, s, to:

Elevation (max.) Rotation (360°)
How/1-11 Test Approx.
SN 4910 Up Down c.w.* ccw.t Date Temp., °C
Before changeover 18.45 12.06 2297 23.67 10 Aug 93 36
to SHF
After changeover 16.04 12.39 20.88 20.78 10 Aug 93 36
to SHF
1st Quarter 16.63 10.36 23.19 25.14 30 Nov 93 16
2nd Quarter 14.51 7.54 2147 21.32 17 Mar 94 11
3rd Quarter 14.05 7.28 20.92 20.69 06 Jul 94 37
4th Quarter 14.87 7.16 21.86 21.84 27 Sep 94 32
After chgovr back 13.89 19.30 21.62 21.57 27 Sep 94 32
to MIL-H-6083
How/1-12
SN 4887
Before changeover 15.36 12.18 24.60 2331 11 Aug 93 36
to SHF
After changeover 12.16 12.69 23.22 23.39 11 Aug 93 36
to SHF
1st Quarter 15.97 11.24 24.05 24.09 30 Nov 93 16
2nd Quarter 13.79 12.09 24.05 25.36 14 Mar 94 11
3rd Quarter 12.95 12.16 2343 23.19 06 Jul 94 37
4th Quarter 14.31 11.31 22.86 22.83 28 Sep 94 32
After chgovr back 11.96 14.19 23.19 23.20 28 Sep 94 32
to MIL-H-6083
How/1-13
SN 2895
Before changeover 20.86 12.24 2320 22.67 11 Aug 93 36
to SHF
After changeover 15.22 12.81 21.57 21.25 11 Aug 93 36
to SHF
1st Quarter 15.11 1443 22.05 22.09 30 Nov 93 16
2nd Quarter 15.27 13.95 22.36 22.09 14 Mar 93 11
3rd Quarter 13.88 21.71 21.93 21.98 06 Jul 93 37
4th Quarter 14.18 16.43 22.85 22.63 28 Sep 93 32
After chgovr back 15.01 20.82 22.85 22.63 28 Sep 93 32
to MIL-H-6083

* c.w. = Clockwise

T c.c.w. = Counterclockwise
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TABLE 6. Timed Function Test Results of 2nd Squadron M109A2

Howitzer Test Vehicles

Average Time, s, to:

Elevation (max.) Rotation (360°)
How/2-12 Test Approx.
SN 5324 Up Down c.w.* c.c.w.f Date Temp., °C
Before changeover 15.38 14.72 22.24 22.00 28 Jun 93 38
to SHF
After changeover 15.31 12.37 22.39 21.09 28 Jun 93 38
to SHF
1st Quarter 21.09 10.82 23.05 22.58 29 Nov 93 16
2nd Quarter N/A§ N/A N/A N/A
3rd Quarter 13.21 11.19 21.04 20.77 07 Jul 94 37
4th Quarter 13.92 11.40 20.81 21.00 19 Sep 94 33
After chgovr back 12.84 13.29 22.20 22.16 19 Sep 94 33
to MIL-H-6083
How/2-15
SN 2893
Before changeover 16.81 31.98 23.00 22.62 30 Jun 93 38
to SHF
After changeover 16.52 12.60 21.75 21.24 30 Jun 93 38
to SHF
1st Quarter 19.57 12.69 22.56 22.19 29 Nov 93 16
2nd Quarter N/A N/A N/A N/A
3rd Quarter 14.09 21.29 21.86 21.11 07 Jul 94 37
4th Quarter 15.14 18.43 21.56 2193 19 Sep 94 33
After chgovr back 14.37 13.84 21.95 21.80 19 Sep 94 33
to MIL-H-6083
How/2-16
SN 2132
Before changeover 28.61 10.71 25.27 25.22 01 Jul 93 38
to SHF
After changeover 17.48 12.03 24.05 24.25 01 Jul 93 38
to SHF
1st Quarter N/A N/A N/A N/A
2nd Quarter 16.78 11.58 26.56 26.33 02 Mar 94 11
3rd Quarter 16.03 12.44 N/A N/A 07 Jul 94 38
4th Quarter 18.54 13.46 N/A N/A 20 Sep 94 33
After chgovr back 16.34 13.98 N/A N/A 20 Sep 94 33
to MIL-H-6083

* ¢.w. = Clockwise
T c.c.w. = Counterclockwise
§ N/A = Not available for testing

11




TABLE 7. Timed Function Test Results of 1st and 2nd Squadron
M109A2 Howitzer Control Vehicles

How/1-15
SN 4907

Initial Testing
After Purge
1st Quarter
2nd Quarter
3rd Quarter
4th Quarter

How/1-16
SN 2899

Initial Testing
After Purge
1st Quarter
2nd Quarter
3rd Quarter
4th Quarter

How/2-13
SN 5030

Initial Testing
After Purge
1st Quarter
2nd Quarter
3rd Quarter
4th Quarter

Average Time, s, to:

Elevation (max.)

Up Down
16.42 1351
N/A§ N/A
16.06 1423
17.50 12.87
13.77 16.35
15.93 14.24
15.29 14.62
15.01 13.97
19.77 12.84
18.16 12.83
15.22 1243
14.20 15.39
15.36 10.65
12.85 12.81
17.90 11.50
17.33 11.30
17.50 21.70
N/A N/A

* ¢.w. = Clockwise

T c.c.w. = Counterclockwise

§ N/A = Not available for testing

Rotation (360°)

Test Approx.
c.w.* cew.t Date Temp., °C
1st Squadron

25.03 25.09 12 Aug 94 36
N/A N/A

24.22 23.61 01 Dec 93 16
24.59 2396 14 Mar 94 11
22.20 21.71 06 Jul 94 37
24.01 23.59 29 Sep 94 32
22.66 2257 13 Aug 93 36
22.24 22.44 13 Aug 93 36
24.88 24.66 30 Nov 93 16
24.14 24.77 14 Mar 93 11
23.17 23.15 06 Jul 93 37
22.48 2291 29 Sep 93 32

2nd Squadron
21.63 21.36 13 Aug 93 36
21.79 21.54 13 Aug 93 36
23.75 23.43 29 Nov 93 16
24.24 23.18 04 Mar 93 11
21.70 21.55 07 Jul 93 37
N/A N/A
12




two from the 1st Squadron (How/1-15 and How/1-16) and one from the 2nd Squadron (How/2-
13). The reason for only three control vehicles instead of six is that during the initial visit and
for the next two subsequent quarterly visits, the hydraulic systems in vehicles How/1-14, How/2-
11, and How/2-14 were not operating properly. Hydraulic function testing on these vehicles was
thereafter discontinued. This is not to say that the vehicles were inoperable throughout this
period of time. The vehicles continued to be deployed to field exercises and participate in live
fire missions. TFLRF staff continued to monitor these vehicles for total miles/hours operated and

live rounds fired.

2. MiA1l

TABLES 8 through 11 show the results of main gun elevation and turret rotation for the test and
control M1A1 vehicles. There were no differences noted between the performances of the
hydraulic systems in tanks filled with SHF and MIL-H-46170 fluid. After the second quarter
testing, a modified boresighting procedure utilizing the M27A1 boresighting device was used to
test the elevation mechanism. The tanks were started and hydraulic systems exercised and
purged. The M27A1 boresighting device was installed in the main gun. A target was sighted
at approximately 1,200 meters, and utilizing a G pattern target approach to minimize drift, the
boresight horizontal reticle was aligned level with the horizontal plane of the target. The fire
control was set in the emergency mode, and five minutes were allowed to elapse. The target
sighting was again checked to determine variance from original sighting. The test and control
vehicles collectively experienced some degree of gun droop, as can be seen in TABLES 12 and

13.

B. Live Fire Exercises

All test vehicles converted to SHF underwent live fire exercises. 1st Howitzer Battery, 1/3 ACR,
2nd Howitzer Battery, and H Company, 2/3 ACR conducted live firing at Dona Ana Range, New

Mexico during several field and tank gunnery exercises. D Company, 1/3 ACR conducted live

13




TABLE 8. Timed Function Test Results of 1st Squadron M1A1 Abrams
Tank Test Vehicles

Average Time, s, to:

Elevation (max.)

Rotation (360°)

D/1-14 Test Approx.
SN L13071 Up Down cw.* c.c.w.§ Date Temp., °C
Before changeover 0.67 0.71 9.94 9.47 16 Aug 93 36
to SHF
After changeover 0.81 0.67 9.42 9.30 16 Aug 93 36
to SHF
Ist Quarter 0.72 0.65 9.78 9.67 30 Nov 93 16
2nd Quarter 0.64 0.55 9.41 9.31 14 Mar 94 11
3rd Quarter N/A§ N/A 9.32 9.37 08 Jul 94 37
4th Quarter N/A N/A 9.57 9.42 04 Oct 94 16
After chgovr back N/A N/A 9.51 9.48 04 Oct 94 16
to MIL-H-46170
D/1-24
SN L13045
Before changeover 0.75 0.62 9.65 9.43 17 Aug 93 36
to SHF
After changeover 0.73 0.68 9.36 9.40 17 Aug 93 36
to SHF
Ist Quarter 0.64 0.57 9.94 9.67 30 Nov 93 16
2nd Quarter 0.65 0.54 9.74 9.43 14 Mar 94 11
3rd Quarter N/A N/A 9.54 9.32 06 Jul 94 37
4th Quarter N/A N/A 9.61 9.47 04 Oct 94 16
After chgovr back N/A N/A 9.67 9.60 04 Oct 94 16
to MIL-H-46170
D/1-34
SN L13073
Before changeover 0.70 0.65 9.60 9.56 18 Aug 93 36
to SHF
After changeover 0.74 0.66 9.30 9.40 18 Aug 93 36
to SHF
1st Quarter 0.73 0.61 1043 9.89 30 Nov 93 16
2nd Quarter 0.72 0.64 9.60 9.50 14 Mar 94 11
3rd Quarter N/A N/A 9.30 9.30 06 Jul 94 37
4th Quarter N/A N/A 9.60 9.44 05 Oct 94 16
After chgovr back N/A N/A 9.34 9.42 05 Oct 94 16
to MIL-H-46170

* ¢.w. = Clockwise

T c.c.w. = Counterclockwise

§ N/A = Not applicable
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TABLE 9. Timed Function Test Results of 2nd Squadron M1A1 Abrams

Tank Test Vehicles

Average Time, s, to:

Elevation (max.) Rotation (360°)
H/2-13 Test Approx.
SN L12523 Up Down c.w.* ccw.f Date Temp., °C
Before changeover 0.86 0.43 9.79 9.72 07 Jul 93 37
to SHF
After changeover 0.68 0.63 9.67 9.38 07 Jul 93 37
to SHF
Ist Quarter 0.79 0.55 9.71 9.74 01 Dec 93 16
2nd Quarter 0.78 0.72 9.56 9.96 04 Mar 94 11
3rd Quarter N/A§ N/A 9.61 9.25 05 Jul 94 37
4th Quarter N/A N/A 9.63 9.44 18 Oct 94 18
After chgovr back N/A N/A 9.72 9.52 18 Oct 94 18
to MIL-H-46170
H/2-23
SN L13011
Before changeover 0.78 0.80 9.63 9.53 08 Jul 93 37
to SHF
After changeover 0.88 0.76 9.59 9.42 08 Jul 93 37
to SHF
1st Quarter 0.73 0.68 9.77 9.47 01 Dec 93 16
2nd Quarter 0.82 0.73 10.05 9.97 02 Mar 94 11
3rd Quarter N/A N/A 9.54 9.23 05 Jul 94 37
4th Quarter N/A N/A 9.78 9.53 18 Oct 94 18
After chgovr back N/A N/A 9.12 9.59 19 Oct 94 18
to MIL-H-46170
H/2-33
SN L13021
Before changeover 1.23 0.79 9.78 9.69 08 Jul 93 37
to SHF
After changeover 0.79 0.70 9.45 9.36 08 Jul 93 37
to SHF
1st Quarter 0.70 0.65 9.92 9.60 01 Dec 93 16
2nd Quarter 0.73 0.65 9.74 9.49 02 Mar 94 11
3rd Quarter N/A N/A 9.64 9.64 05 Jul 94 37
4th Quarter N/A N/A 9.42 9.48 18 Oct 94 18
After chgovr back N/A N/A 9.51 9.70 18 Oct 94 18
to MIL-H-46170

* c.w. = Clockwise
+ c.c.w. = Counterclockwise
§ N/A = Not applicable
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TABLE 10. Timed Function Test Results of 1st Squadron Abrams
Tank Control Vehicles

Average Time, s, to:

Elevation (max.)

Rotation (360°)

D/1-12
SN L13062 Up Down
Initial Testing 0.82 0.75
1st Quarter 0.78 0.65
2nd Quarter 0.62 0.53
3rd Quarter N/A§ N/A
4th Quarter N/A N/A
D/1-22
SN L13075
Initial Testing 0.84 0.68
1st Quarter 0.67 0.61
2nd Quarter 0.76 0.65
3rd Quarter N/A N/A
4th Quarter N/A N/A
D/1-32
SN L13037
Initial Testing 0.77 0.59
Ist Quarter 0.76 0.64
2nd Quarter 0.67 0.60
3rd Quarter N/A N/A
4th Quarter N/A N/A

* ¢.w. = Clockwise
T c.c.w. = Counterclockwise

§ N/A = Not applicable

Test
c.w.* c.cw.t Date
9.82 9.59 16 Aug 93
10.29 10.05 30 Nov 93
10.08 9.90 14 Mar 94
9.86 9.75 08 Jul 94
9.82 9.76 05 Oct 94
9.88 9.87 18 Aug 93
10.49 10.33 30 Nov 93
10.04 9.97 14 Mar 94
9.82 9.80 06 Jul 94
9.98 9.88 05 Oct 94
9.63 9.53 17 Aug 93
10.00 10.00 30 Nov 93
9.51 9.56 14 Mar 94
9.29 9.44 06 Jul 94
9.48 9.50 05 Oct 94

Approx.

Temp., °C

37
16
11
37
18

37
16
11
37
18

37
16
11
37
18

16

firing at Dona Ana Range and at the National Training Center (NTC) at Ft. Irwin, California
during annual training exercises. The howitzers fired an assortment of high explosive (HE) and
illumination rounds while the tanks fired a combination of target practice SABOT and high
explosive antitank (HEAT) rounds. TFLRF personnel were present during live fire exercises at
Dona Ana Range and at NTC. After the live fire exercises, howitzer and tank crews were

interviewed on the performance of the hydraulic systems, i.e., turret rotation, main gun elevation




TABLE 11. Timed Function Test Results of 2nd Squadron Abrams
Tank Control Vehicles

Average Time, s, to:

Elevation (max.)

Rotation (360°)

H/2-12 Test Approx.
SN L12527 Up Down c.w.* cc.w.f Date Temp., °C
Initial Testing 1.05 0.88 9.53 11.23 07 Jul 93 37
1st Quarter 0.74 0.67 10.02 9.93 01 Dec 93 16
2nd Quarter 0.73 0.70 9.99 9.97 04 Mar 93 11
3rd Quarter N/A§ N/A 9.87 10.30 05 Jul 93 37
4th Quarter N/A N/A 9.92 10.09 18 Oct 94 18
H/2-22
SN L13028
Initial Testing 0.97 0.98 10.24 9.44 07 Jul 93 37
1st Quarter 0.70 0.62 10.11 9.98 01 Dec 93 16
2nd Quarter 0.77 0.58 10.15 10.13 02 Mar 94 11
3rd Quarter N/A N/A 9.74 9.57 05 Jul 93 37
4th Quarter N/A N/A 9.73 9.45 18 Oct 93 18
H/2-32
SN L13009
Initial Testing 1.07 0.75 9.59 9.38 07 Jul 93 37
1st Quarter 0.62 0.61 9.94 9.67 01 Dec 93 16
2nd Quarter 0.72 0.65 10.07 9.51 02 Mar 94 11
3rd Quarter N/A N/A 9.52 9.24 05 Jul 94 37
4th Quarter N/A N/A 9.42 9.38 18 Oct 94 18

* c.w. = Clockwise
+ c.c.w. = Counterclockwise
§ N/A = Not applicable

and recoil function, ammunition door operation, and moving target tracking (M1Al).

No

differences between OHT, FRH, and SHF fluids were reported or observed. TABLES 14 and

15 show the total number and type of rounds fired and miles/kilometers and hours accumulated

by M109A2 and M1ALl test and control vehicles.
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TABLE 14. Total Live Rounds Fired and Miles/Hours Accumulated by M109A2
Howitzer Test and Control Vehicles

Ammunition Type Total
Fluid Type Vehicle No. Unit HE  Illumination Miles  Hours
SHF 11 1st Squadron 138 50 276 62
SHF 12 1st Squadron 150 45 283* 49
SHF 13 1st Squadron 120 34 380 45
OHT 15 1st Squadron 120 17 230 43
OHT 16 1st Squadron 138 5 258 41*
OHT 17 1st Squadron 120 16 220 45
SHF 12 2nd Squadron 148 14 580 50
SHF 15 2nd Squadron 243 18 449 53
SHF 16 2nd Squadron 249 108 450 57
OHT 11 2nd Squadron 267 33 452 50
OHT 13 2nd Squadron 365 31 329 43
OHT 14 2nd Squadron 69 10 175 25

* estimated

TABLE 15. Total Live Rounds Fired and Kilometers/Hours Accumulated by M1A1
Abrams Tank Test and Control Vehicles

Ammunition Type Total
Fluid Type Vehicle No. Unit SABOT HEAT Kilometers  Hours
SHF D-14 1st Squadron 100 25 646 147
SHF D-24 1st Squadron 93 26 691 170
SHF D-34 1st Squadron 90 28 626 176
FRH D-12 1st Squadron 83 20 531 119
FRH D-22 1st Squadron 92 25 593 51
FRH D-32 1st Squadron 97 24 681 177
SHF H-13 2nd Squadron 124 37 774 211
SHF H-23 2nd Squadron 130 37 1,130 246
SHF H-33 2nd Squadron 118 36 788 225
FRH H-12 2nd Squadron 115 27 951 229
FRH H-22 2nd Squadron 116 28 867 201
FRH H-32 2nd Squadron 120 28 951 183
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C. Sample Analysis Results

The results of the chemical analyses of the used samples are presented in Appendix E. Overall
results indicate that the one-year service of the SHF did not cause the fluid chemical properties
to change. These results are not unexpected since the performance of the vehicles remained

fairly constant over the one-year test period.

There was some discrepancy in pour point results, but this is believed to be related to the
analytical method used. The pour point of the initial sample, measured using ASTM D 97 (5),
differed from the rest of the samples. A Lauda RM-6 automatic pour point analyzer was used
on the remainder of the samples. Regardless of the method employed, the results were always

within specification.

The viscosities at 40 and 100°C did not change appreciably throughout the year’s service.
Viscosities at —40°C, however, did show significant variance due to the presence of SHF
(Appendix E, TABLE E-1) or FRH (TABLES E-6 and E-7). As explained earlier, due to the
geometry of the hydraulic systems, it is very difficult to flush and fill without leaving some
residue of the previous fluid. Replenishing the hydraulic reservoir with the improper fluid most
likely was the contributing factor for the fluctuations seen in TABLE E-4. Acid number, as
measured by ASTM D 664 (7), did not vary significantly, thus indicating that the base stock was
chemically and thermally stable. Flash and fire points varied slightly (TABLES E-3 and E-4)
due to residual OHT fluid in the systems; however, they remained within the repeatability of the
ASTM D 92 (8) procedure, again verifying the stability of the base stock (by its failure to
degrade into lower molecular weight materials with a lower flash point). Water content, although
not a property of the base fluid, simply indicated the cleanliness of the system and the tendency
of the fluid to absorb water. Although the proposed requirements are 0.01 percent water content,
the problem occurs when the fluid is tested. Since the samples are shaken, any free water present
will be placed in suspension and may be measured as dissolved or emulsified water. Therefore,
the water content greatly depends upon the system cleanliness and dryness. In summary, there

were no reported or measured problems that could be traced to chemical or thermal stability.
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VI. RESOLUTIONS OF USER CONCERNS

It was the practice throughout the demonstration program to investigate all hydraulic fluid
concerns of maintenance/user personnel. Two concerns surfaced during the second and third

quarters of the program that warranted detailed investigation.

A. Leaking and Seeping Seals in M109A2 Vehicles

During the second quarter monitoring visit to Ft. Bliss, Texas, maintenance personnel from the
2nd Squadron reported that seals were seeping and leaking in what unit personnel considered
critical components in the M109A2 vehicle, i.e., elevation, recuperator, and recoil cylinders. A
thorough inspection of all test and control vehicles of both squadrons confirmed that Class I and
II leaks were evident in varying degrees in the test vehicles only. A Class I leak is characterized
by fluid seepage and moisture around the shaft and orifice areas. Fluid bypassing the seal in
enough volume to form droplets at the shaft and orifices defines a Class II leak. Consultations
to resolve the issue were held between TFLRF technical personnel, Howitzer Battery command
and maintenance personnel, and AMC logistics representatives. It was noted that the end item
specification for the M182 hydropneumatic gun mount used in the M109A2 howitzer, MIL-M-
70821, paragraph 3.4.5, cites that for dynamic seals, immediately following cycling of the gun
mount, there shall be no more than one milliliter (ml) of oil accumulation per every five (5)
cycles tested at any seal interface location. Since seal leakage and seepage on the test vehicles
were within the specification, they were not considered a critical factor. Also, all the hydraulic
components were functioning to specification and no safety concerns were evident; therefore, the
seal leaks and seepage were determined a non-issue. During the third and fourth qﬁarter, the

leaks and seepage dissipated and completely ceased by the end of the program.

B. Main Gun Drift on the M1A1 Tank

During the second quarter of the demonstration, 3rd ACR Maintenance Management Center
reported to TFLREF staff that the three test tanks from H Company, 2nd Squadron had to be

removed from the firing line when crews were unable to boresight the main gun due to drifting.
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An investigation was started immediately to determine if the problem was fluid related. A
modified boresight procedure (described earlier) was designed to check for main gun drift. This
procedure, performed on all the test and control vehicles, revealed that six test and two control
vehicles exhibited gun drift. As a result, the boresight procedure was performed in lieu of the
gun elevation test in subsequent quarterly visits. Both the test and control vehicles exhibited
varying degrees of gun drift on different occasions. In addition, the vehicles were checked for
leaks and/or seepage in the servo mechanism, elevation mechanism, and manual elevation
mechanism, any of which if found leaking, will cause main gun drift. An elevation mechanism
in one of the test tanks was found to be leaking profusely; however, this leakage was not
attributed to the SHF but rather to the introduction of a foreign object into the elevation cylinder,
possibly at the time of assembly. The elevation cylinder was replaced and the drift problem
abated. The specific cause for main gun drift could not be determined, although the test vehicles
exhibited a greater degree of drift than the control vehicles. During interviews with tank
commanders and gunners, it was concluded that slight gun drift is a common occurrence that can
be nullified by adjusting various gunner controls. The experience of the crew plays a big part

in the boresighting process.

C. Failed Elevation Cylinder on M1A1 Vehicle

The 2nd Squadron maintenance personnel reported that an elevation cylinder had been replaced
in one of the test M1A1 tanks. The initial assessment reached by personnel of the forward
maintenance support company evaluating the failed cylinder was that the SHF was deteriorating
the O-rings inside the cylinder. Reportedly, the fluid that was removed from the failed cylinder
was black, and pieces of elastomer were evident. TFLRF staff members, accompanied by a
representative from MTCB, visited the forward support company to witness the disassembly of
the elevation cylinder in an attempt to identify the origin of the problem as SHF was completely
compatible with these types of elastomeric materials, indicating the deterioration observed had
to be caused by other factors. It was found that the piston was severely gouged and scarred, and
the O-rings were torn and tattered. The cylinder sleeve had a groove wear scar, indicating that
the damage was caused by a foreign object in the hydraulic cylinder. The source of introduction

of the foreign body cannot be explained since the elevation cylinder was an original part.
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VIl. CONCLUSIONS

The following conclusions are drawn from the SHF demonstration program at Ft. Bliss, Texas:

» There were no measurable differences in the performance of the synthetic-based SHF

relative to petroleum-based MIL-H-6083 and synthetic-based MIL-H-46170 fluids.

* Dynamic seals formed minor leaks and/or seepage approximately six months after
introduction into the M109 systems. However, the problem was never critical and
dissipated during the third and fourth quarters, ceasing by the end of the program. This
period of adjustment may be expected in vehicles using MIL-H-6083 (OHT) since the
chemistry of the base fluids is different, i.e., synthetic versus petroleum. SHF has a
different seal swell than OHT but is ultimately sufficient to prevent leakage after

equilibrium swell has been reached.

* The MIAI1 system never showed visual seal leakage and/or seepage during the
program. Again, this may be expected since the base fluids are similar, i.e., both are

synthetic polyalphaolefin.

* Main gun drift was apparent in both test and control vehicles, although it was slightly
more pronounced in the tanks filled with SHF. Satisfactory performance of other
hydraulic fluid functions, i.e., wear, recoil recovery, turret rotation, etc., indicates

probable acceptable field performance.

* For the period June 1993 through October 1994, the SHF test vehicles accumulated
5,327 miles, 1,491 hours, and fired 2,508 rounds of ammunition. The control vehicles
accumulated 4,522 miles, 1,152 hours, and fired 1,966 rounds of ammunition. During
this period of performance, back-to-back testing did not indicate any problems in terms
of performance or wear. Field visits and discussions with crews in the field confirmed

that no differences in performance could be identified.
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Viil.. RECOMMENDATIONS

While this report only summarizes the results obtained from field demonstrations concerning the
use of SHF as a replacement for both petroleum-based and synthetic fluids, it is possible to

provide the following recommendations:

1. Further vehicular performance testing should be conducted to document SHF
performance at lower temperatures. While high ambient temperature testing may be
more severe in some aspects, i.e., fluid viscosity lowering/seal seepage, low

temperature performance is certainly a concern in the hydraulic systems.

2. Although the seal leaks and/or seepage that occurred in the M109 systems midway
through the demonstration program turned out to be a self-healing problem, further
research should be conducted to determine the mechanisms responsible for the seepage

and subsequent self-correction observed in the M109.

3. The field demonstration conducted supports the recommendation that SHF can be a
suitable replacement for MIL-H-46170 in the M1A1 systems and MIL-H-6083 in the
M109 systems. However, users should be informed that the M109 systems, having
first used MIL-H-6083 (petroleum base) for an extended period of time, may

experience self-correcting seal seepage after conversion to the synthetic-based SHF.
4. Continued monitoring of the vehicles used in this demonstration may provide

additional information. This monitoring would include field inspections and reviews

of maintenance records.
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APPENDIX A

Military Vehicles and Equipment Using FRH, OHT, and OHA Fluids
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APPENDIX B

Single Hydraulic Fluid Pilot Field Demonstration Plan
for Ft. Bliss, Texas
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SINGLE HYDRAULIC FLUID
PILOT FIELD DEMONSTRATION PLAN
FOR
FT. BLISS, TEXAS

l. Purpose

The purpose of this plan is to demonstrate acceptable field performance of combat tracked
vehicles using the new single hydraulic fluid (SHF) that was developed to replace MIL-H-6083
and MIL-H-46170 fluids. SHF has better flammability properties than MIL-H-6083 and will
perform better at low temperatures than MIL-H-46170.

ll. Objective

The objective is to measure the performance of SHF relative to the performance of petroleum-
based MIL-H-6083 and synthetic-based MIL-H-46170 fire resistant hydraulic fluids. The
performance will be measured in the hydraulic systems of tracked combat vehicles by monitoring

the following:

Selected test vehicles operating on SHF and selected control vehicles operating on

conventional hydraulic fluid;

» Hours of operation of both test and control vehicles;

e Results of periodic hydraulic fluid sampling and analysis;

» System performance inspections as specified in applicable technical manuals.
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lll. Scope

A pilot normal mission/training nonimpact field evaluation to demonstrate the acceptability of
a newly developed single hydraulic fluid will be conducted at Ft. Bliss, Texas, on the following

types of vehicles:

e MIA1 Main Battle Tank
e MI109A2 Self-Propelled Howitzer

The U.S. Army 3rd Armored Cavalry Regiment (ACR) has agreed to support field evaluations
of the newly developed single hydraulic fluid. Point of contact is CPT Virgil Williams,
Regimental Maintenance Management Officer, Ft. Bliss, Texas, 79916-5000, Telephone: Autovon
784-6400, Commercial (915) 568-6400.

The U.S. Army TARDEC, Mobility Technology Center-Belvoir (MTCB) has overall program
responsibility. Point of contact is Mr. M.E. LePera, Chief, Fuels and Lubricants Division,
Logistics Equipment Directorate, Ft. Belvoir, Virginia, 22060-5843, Telephone: Autovon 354-
3435, Commercial (703) 704-1819.

The U.S. Army TARDEC Fuels and Lubricants Research Facility (TFLRF) at Southwest
Research Institute (SWRI) will conduct the field evaluation and will furnish the necessary test
equipment and the test single hydraulic fluid. Point of contact is Mr. Ruben Alvarez, U.S. Army
TARDEC Fuels and Lubricants Research Facility, Southwest Research Institute, P.O. Drawer
28510, San Antonio, Texas, 78228-0510, Telephone: Commercial (210) 522-3264.

The Deputy Director for Logistics, Directorate of Installation Support (ATZC-ISL) and the U.S.
Army Materiel Command Logistics Assistance Office (AMXLA-C-C-BL) at Ft. Bliss, Texas, will
be notified of omissions or additions in the scope of the field demonstration plan. Copies of

correspondence, interim, and final reports will be provided to these activities.
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IV. Responsibilities

A. 3rd ACR

Responsibilities of the 3rd ACR are as follows:

« Furnish task units that will provide the test and control vehicles and crews;

e Arrange coordination meetings between TFLRF staff and participating units.

The following vehicles are required for the demonstration:

Hydraulic
Vehicle Quantity Fluid
M1Al 6 SHF
MI1Al 6 MIL-H-46170
M109A2 6 SHF
M109A2 6 MIL-H-6083

B. TFLRF
Responsibilities of TFLRF are as follows:
» Provide technical support personnel to conduct the evaluations;
* Provide analytical equipment for chemical analysis;
» Provide test fluid to participating units;
¢ Coordinate shipment and storage of test fluid at Ft. Bliss;
» Prepare interim and final reports.

V. Period of Evaluation

The evaluation will be conducted for a minimum of one year.
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VI. Procedure

A. Test Vehicle Preparation

1. The hydraulic systems of vehicles selected for evaluation, test and control, must be

inspected to ensure that systems are fully operational.

2. The hydraulic systems of test and control vehicles will be drained, flushed, and filled

with the appropriate hydraulic fluid as prescribed in applicable lubrication orders.

B. Data Requirements

TFLRF personnel will visit participating units on a quarterly basis to collect data and discuss
problems, if any, with maintenance personnel and crews. The participating unit’s point of contact
will be notified prior to each visit. Data forms will be provided by TFLRF. The data will

include but are not limited to the following:
1. Hours of operation;
2. Changes or additions of hydraulic fluid;
3. Hydraulic system malfunction, response, seal leakage, binding, etc.
Quarterly hydraulic fluid samples will be obtained by TFLRF personnel. Prior to withdrawing
the samples, the system will be exercised for 15 minutes to allow the fluid to warm and to ensure

a homogenous sample for analysis. The fluid level will be replenished to the normal "full" mark

after sampling.
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APPENDIX C

Single Hydraulic Fluid Field Evaluation Directive
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DEPARTMENT OF THE ARMY
HEADQUARTERS, THIRD ARMORED CAVALRY REGIMENT
FORT BLISS, TEXAS 79916

AFVF 25 February 1993

MEMORANDUM FOR 1/3 and 2/3 Executive Officers

SUBJECT: Single Hydraulic Fluid Evaluation

1. Your Squadron has been selected to participate in a non-
impact field evaluation on the acceptability of a newly
developed single hydraulic fluid. This evaluation will take
place in mid April. The POC for each Squadron will be the
Squadron Maintenance Officer or Squadron Maintenance Tech.

2. The following vehicles are required from each Squadron:

VEHICLES QUANTITY
M1Al 6
M3A2 6
M109A2 6

3. More detailed information concerning this evaluation is
attached. Let me reiterate, this is a non-impact
evaluation.

4. POC is CPT(P) Williams, 3-6400/1870.
“GE S. DAL L

LTC, AR :
RXO
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APPENDIX D

Letter Report 93-4, Entitled "Laboratory Evaluation of Industry Candidate
Single Hydraulic Fluids"
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DEPARTMENT OF THE ARMY
MEADQUARTERS, LIS ARMY AVIATION ANO TROQP COMMAND
SELVOMAESEARCH, DEVELOPMENT AMOD ENGINEERING CENTER
NEPLY TO FORT SELVOIR. VIGINIA 22060-5606
ATTENTION OF

13 August 1993

LETTER REPORT 83 - 4
SUBJECT: Laboratory Evaluation of Industry Candidate Single Hydraulic Fluid

1. BACKGROUND: The Army is currently dependent upon three military
specification hydraulic fluids (MIL-H-5606, OHA; MIL-H-6083, OHT: MIL-H-461 70,
FRH)} for ground vehicles and a fourth hydrautic fluid for aircraft (MIL-H-83282 in
addition to MIL-H-5608, and MIL-H-6083). In an attempt to reduce the logistic burden
implied by the use of four different fluids, efforts have been aimed at developing a
single fluid that provides the same performance as the current fluids. The first step
in such an endeavor was to determine the fluid performance requirements that would
be acceptable for use in all ground equipment and aircraft. After identifying
performance targets, work was performed to develop candidate formulations that
would prove or disprove the viability of these requirements. Efforts by the Belvoir
Research, Development, and Engineering Center {(BRDEC) Fuels and Lubricants
Division revealed that the proposed target requirements could in fact be met. These
requirements were passed on 10 industry so that they could formulate their own
candidates for Single Hydraulic Fluid (SHF).

2. QBJECTIVE: Evaluate industry candidate fluid formulations against the target
performance requirements for Single Hydraulic Fiuid to determine if a reliable source

of supply will be available.

3. APPRQACH: In order to simplify the transition from four fivids to one, the basic
chemistry of FRH was retained. This approach would allow for compatibility with
existing systems and fluids, and require only a "flush and fill" changeover. It would
also provide the desired fire protection. The only other requirements of the new fluid
would be increased seal swell and low viscosities at low temperatures. Table 1
summarizes all SHF performance reguirements and illustrates how they ¢ompare to
MIL-H-46170 (FRH). ‘
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PERFORMANCE TEST

e _ _ ———— __ _____————

TABLE 1
COMPARISON OF PERFORMANCE REQUIREMENTS

MIL-L-46170

SHF

Oxidation/Corrosion 168 hrs @ 135°C 168 hrs @ 135°C
ASTM D4636, #3
Corrasion Inhibition 100 hrs 100 hrs
ASTM D1748
Galvanic Corrosion 10 days 10 days
FTM 5322
Low Temp Stability 72 hrs @ -54°C 72 hrs @ -54°C
FTM 3458
Pour Point -60°C -60°C
ASTM D97
Viscosity @ 40°C 19.5 cSt max 19.5 ¢St max
ASTM D445
Viscosity @ 100°C 3.4 ¢St min 2.5 ¢St min
ASTM D445
Viscosity @ -40°C 2600 ¢St max 800 cSt max
ASTM D445 .
Viscosity @ -54°C report 3500 cSt max
ASTM D445
Solid particle Count 10,000 max @ 10,000 max @
MIL-H-46170 5-25 micrometers B-15 micrometers
Solid Particle Count 250 max @ 1,000 max @
MIL-H-46170 26-50 micrometers 16-25 micrometers
Soiid Particle Count 50 max @ 150 max @
MIL-H-46170 51-100 micrometers 26-50 micrometers
Solid Particle Count 10 max @ over 20 max @
MIL-H-46170 100 micrometers 51-100 micrometers
Solid Particle Count 5 max @ over
MIL-H-46170 100 micrometers
Acid Number 0.2 gm KOH/gm max | 0.3 gm KOH/gm max
ASTM D664
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——— T et —_—
PERFORMANCE TEST MIL-L-46170 SHF
Elastomer Swell 15% - 25% 19% - 30%
FTM 3603 |
Evaporation Loss 5 % max 35% max
ASTM D972
Steel on Steel Wear 0.3 mm max @ 10 kg | 0.3 mm max @
ASTM D4172 load 10 kg load
Steel on Steel Wear 0.65 mm max @40 kg | 0.65 mm max @40
ASTM D4172 load kg load
Foam Characteristics 65 mi max 65 ml max
ASTM D892
Water Content 500 ppm max 100 ppm max
ASTM D1744
Flash Point 219°C min 180°min
ASTM D82
Fire Point 246° min 190°C min
ASTM D92
Autoignition Temp 343°C min 325°C min
ASTM E659
Hi Temp/Hi Press ignt no continuation of no continuation of
FTM 6052 burning when ignition | burning when ignition
source is removed source is removed
Flame Propagation 0.3 cm/sec max 0.3 cm/sec max
MIL-H-83282
Storage Stability 12 months 12 months
FTM 3465
—— .. m -

TABLE 1 (continued)

There are several significant differences between FRH and SHF. The most
important changes are in the viscosities and fire and flash points. The higher
temperature viscosity (i.e., 3.4 ¢St at 100°C) has been lowered to 2.5 ¢St for SHF.
Laboratory wear tests indicate that this difference in viscosity does not diminish the
wear protection of SHF. The low temperature viscosities for SHF have been changed
to reflect the viscosity requirements for OHT. While the flash points and fire paints
for SHF have been lowered compared to FRH, previous testing of similar fluid
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formulations indicate all other fire resistance characteristics remain the same, thus the
fire resistance of SHF is truly comparable 10 FRH.

With the finalization of these target values, industry candidate fluids were
accepted for evaluation against the performance requirements. Five candidates have
been evaluated thus far. While all formuiations consist of polyalphaolefin/ester
combinations, the additive packages vary widely.

4. RESULTS: All candidate formulations were subjected to the same 1ests as
indicated in Table 1 with the exception of particle count, acid number, and
flammability testing (last four tests listed in table). The flammability tests will be
conducted by the Belvoir Fuels and Lubricants Research Facility with resufts to be
summarized in a separate report. The acid numbers and particle count were not
tested at BRDEC, but were found 10 be satisfactory as submitted by the
manufacturers or independent labs. Test resuits of the industry candidate fluids

follow.

FLASH POINT/FIRE POINT...The Fiash Points and Fire Points for Candidates A - E
are listed in the Table 2. All candidates passed the minimum temperature requirement
of 180° C for Flash point with tha exception of Candidate D which exhibited a slightly
fower flash paint of 178 °C. The highest flash point of 187°C was achieved by
Candidate B. Al five candidates passed the minimum temperature requirement of
190° C for Fire Point with 2 range of 191 - 198° C with Candidates A and E
exhibiting the temperature of 198° C.

TABLE 2
FLASH POINTS/FIRE POINTS

Candidate A 185 198
Candidate B 187 197
Candidate C 184 194
Candidate D 178 191
Candidate E - - 182 _ 12

VISCOSITY... Test resuits for candidates A-E are shown in Table 3. All candidate
fluids passed the requirements for viscosity at temperatures of 40°, 100°, -40° and -
§4° C. All candidates are well below the maximum viscosity at 40° C but very close
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to the minimum requirement at 100° C.

TABLE 3
VISCOSITY
I ———— = —
FLUID @ 40 °C @ 100 °C @ -40 °C @ -54 °C

(cSt) (cSt) (cSt) (cSt)
Candidate A 9.88 2.64 756 3440
Candidate B 9.31 2.63 753 3407
Candidate C 9.31 2.63 785 3440
Candidate D 9.05 2.57 720 3272
Candidate E 9.61 2.68 754 3380

WEAR RESISTANCE...Results of 4 Ball Wear Tests at 10kg and 40kg loads are

summarized in Table 4.
insufficient volume of test fluid. Data from manufacturers or independentlaboratories
indicate that each of the fiuids passes the criteria for wear protection at both loads.
Test resuits generated by BRDEC also indicate compliance with the wear protection

requirements by these fiuids.

TABLE 4

STEEL ON STEEL WEAR

Not all test resuits were obtained for all fluids due to

e e —— - —— - L — ————————

Fluid @ 10kg @ 40kg
{mm) {mm)

b e ———-— - __ —— - — —
Candidate A - 0.54
Candidate B - R
Candidate C 0.27 0.65
Candidate D 0.30 0.48 |
Candidate E 0.29 0.65 ﬂ

et = e e
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FOAMING CHARACTERISTICS...The tendency of oils to foam can present serious
problems in systems with high-speed gearing, or high-volume pumping. Excessive
foaming can cause inadequate lubrication and/or overflow loss of the lubricant which
may lead to mechanical failure. The results of the Foaming Characteristics test for
Candidates A - E are listed in Tabie 5. All of the candidate fluids passed in each
sequence of the test. The first number indicates the maximum volume of foam
recorded after the aeration period and the second number indicates the amount of
foam remaining at the end of the settling period.

TABLE B
FOAMING CACTEHISTICS .
SEQUENCE | SEQUENCE ti SEQUENCE 1l

[ N L i)
Candidate A 40-0 20-0 25-0
Candidate B 10-0 30-0 60-0
Candidate C 30-0 30-0 10-0
Candidate D 40-0 30-0 30-0

L Cand idatii 5-0 30-0 5-0 ]

PHYSICAL CHARACTERIZATION...Evaporation Loss, Water Content and Pour
Point are listed in Table 6 for each candidate fluid. Each fluid passed the requirement
for the Evaporation Loss test with a range of 28.37 - 33.75 % . Inorderto check the
fluid’s tendency to absarb water, Moisture Contents were determined for each
candidate fluid several manths after it had been opened and in use. Water Contents
ranged from 152.7 to 470.1 ppm, which is within the established maximum limit of
500 ppm for MIL-H-46170. In that the water content of the candidate fluids fell well
into preestablished limits after & significant amount of exposure to the atmosphere,
absorption of water is not believed to be a problem. The Pour Point of an oil gives an
index of the lowest temperature of utility for that oil. All of the candidate fluids met
the requirement of -60° C for the pour point. [t should be noted, however, that all
of the candidate fluids exhibited superior performance by still showing significant
fluidity at -65° C. Due to the limitations of the test equipment, the point at which the
candidate fluids ceased to move could not be established below -65° C.
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TABLE 6
EVAPORATION LOSS - WATER CONTENT - POUR POINT
e s S—————

EVAPORATION WATER POUR
LOSS CONTENT POINT

{%) (ppm)

Candidate A 33.75 below -60
Candidate B 33.70 290.1 below -60
Candidate C 33.35 396.8 below -60
Candidate D 32.15 152.7 below -60
Candidate E . 28.37 358.9 below -60

P

COMPATIBILITY/STAB!LITY...Results of the Compatibility and Low Temperature
Stability tests are listed in Table 7. There were no signs of instability or
incompatibility in the form of gelling, separation, crystallization or sedimentation inany
of the candidate fluids. All of the candidate fluids passed these two tests.

TABLE 7
COMPATIBILITY - LOW TEMPERATURE STABILITY
B

W
FLUID COMPATIBILITY LOW TEMPERATURE
STABILITY
Candidate A passed passed
Candidate B passed passed
Candidate C passed passed
Candidate D passed passed
Candidate E passed passed
—_———— —— _ —— —

CORROSION PREVENTION...Galvanic Corrasion and Rust Protection test results are
shown in Table 8. The Galvanic Corrosion test is used to determine the corrosive
effect of an oil on a bimezallic coupie. All of the candidate fluids passed this test by
showing no signs of corrasion in the form of pitting, etching or discoloration on the
steel disk. The Rust Protection testis used for measuring the relative abilities of metal
preservatives to prevent corrosion of polished and sandblasted steel panels under
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conditions of high humidity and temperature. The candidate fluids all passed this test
by exhibiting no rust spots on the test surfaces of the panels after 100 hours.

TABLE 8
GALVANIC CORROSION RESISTANCE - RUST PROTECTION

e = ]
FLUID GALVANIC CORROSION RUST PROTECTION
RESISTANCE
- R — ——
Candidate A passed passed
Candidate B passed passed
Candidate C passed passed |
Candidate O passed passed ,
Candidate E passed passed I
- — e

OXIDATION/CORROSION STABILITY... The results of duplicate trials (sample #1 and
sample #2) of the Corrosiveness and Oxidation Stability tests are listed in Table 9.
This test provides a measure of the fluid’s oxidation stability under high temperatures
and its leveil of corrosion pratection for afluminum, magnesium, cadmium, steel, and
copper. Corrosion prevention is measured by the change in weight of metal coupons
and by the appearance of discoloration and pitting on the coupons. The oxidation
stability is measured by a change in viscosity of the fluid at 40° C, with a maximum
allowable change of 10%. All of the candidate fluids passed all test criteria, although
Candidate C showed a significant disparity in viscosity change for the duplicate trials.

TABLE @
OXIDATION/CORROSION STABILITY
Fluid A METAL WEIGHT A
(mg/cm?) VISCOSITY

(%)

Cu Al Mg Fe Cd

Candidate A
Sample #1 -0- .024 | .032 .056 | .008 0.44
Sample #2 .016 .008 -0- .008 248 4.80
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Candidate B
Sample #1 .016 | .032 -0- .016 | .008 3.61
Sample #2 024 | .056 -0- 016 | .008 2.08
Candidate C
Sample #1 032 | .040 | .048 .080 | .024 0.43
Sample #2 016 | 032 | .032 .064 | .032 9.70
Candidate D
Sample #1 048 | .040 -0- .008 | .024 1.68
Sampie #2 .024 | .008 | .008 .016 | .032 012
Candidate E
Sample #1 016 | .016 -0- .008 | .096 1.8
Sample #2 .008 | .016 | 032 032 | .144 1.6

TABLE 9 (continued)

5. SUMMARY AND CONCLUSIONS: All five candidates were found to exhibit
satisfactory performance with the exception of Candidate D in the flash point. While
the fluid tested low at BRDEC, independent testing indicates the fluid does meet the
180°C minimum. This fluid would technically be eligible for qualification against the
performance requirements for SHF. All other test results were well within specified
limits, indicating that industry could easily supply the Army with its desired Single
Hydrautic Fluid. Since the additives for the different formulations vary so widely, the
#uids were tested against each other and qualified formulations of FRH, and OHT. All
fiuids were found to be compatible at both high and low temperatures. Two of these
candidate fluids are currently being tested in pump tests, gun recoil testing, and
extended field testing in Abrams Tanks, Bradley Fighting Vehicles, and M109 Self

Propelled Howitzers.

Ellen M. Purdy
Chemical Engineer
Fuels and Lubricants Division
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APPENDIX E

Used Hydraulic Fluid Analyses Results
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Department of Defense

DEFENSE TECH INFO CTR
ATTN: DTIC OCC

8725 JOHN J KINGMAN RD
STE 0944

FT BELVOIR VA 22060-6218

ODUSD

ATTN: (L) MRM

PETROLEUM STAFF ANALYST
PENTAGON

WASHINGTON DC 20301-8000

ODUSD

ATTN: (ES) CI

400 ARMY NAVY DR
STE 206

ARLINGTON VA 22202

CDR
DEFENSE SUPPLY CTR RICHMOND
ATTN: DCSR VB

DCSR JBTB
8000 JEFFERSON DAVIS HWY
RICHMOND VA 23297-5678

Department of the Army

HQDA
ATTN: DALO TSE
DALO SM
500 PENTAGON
WASHINGTON DC 20310-0500

SARDA

ATTN: SARD TT

PENTAGON

WASHINGTON DC 20310-0103

CDR AMC
ATTN: AMCRD S
AMCRD IT
5001 EISENHOWER AVE
ALEXANDRIA VA 22333-0001

PM FIREFINDER
ATTN: SFAE IEW FF (LTC T M COLE)
FT MONMOUTH NJ 07703-5000

PM MLRS
ATTN: SFAE MSL ML MS (LTC G C LONG, JR)
REDSTONE ARSENAL AL 35898-5700

CDR MICOM
ATTN: SFAEMSL ML TM G
REDSTONE ARSENAL AL 35898-5700

CDR ARMY ARMOR SCH
ATTN: ATZK TS (COL C MOLER)
FT KNOX KY 40121-5201

CDR ARMY INF SCHOOL
ATTN: ATZB BV (COL T J STRAUSS)
FT BENNING GA 31905-5400

CDR ARMY TACOM
ATTN: AMSTA IM LMM
AMSTA IM LMB
AMSTA IM LMT
AMSTA TR NAC MS 002
AMSTA TR R MS 202
AMSTA TR D MS 201A
AMSTA TR R MS 121 (C RAFFA)
AMSTA TR R MS 158 (D HERRERA)
AMSTA TR R MS 121 (R MUNT)
AMSTAIM W
AMSTA IM MT A
AMSTA IM MC
AMSTA IM GTL
AMSTA CL NG
USMC LNO
AMCPM LAV
AMCPM M113
AMCPM CCE
WARREN MI 48397-5000

MOBILITY TECH CTR BELVOIR

ATTN: AMSTA RBF (M E LEPERA)
AMSTA RBXA (R E TOBEY)

10115 GRIDLEY RD STE 128

FT BELVOIR VA 22060-5843

PROG EXEC OFFICER

ARMORED SYS MODERNIZATION

ATTN: SFAE ASM S
SFAE ASM H
SFAE ASM AB
SFAE ASM BV
SFAE ASM CV
SFAE ASM AG
SFAE ASM L
SFAE ASM MCD
SFAE ASM TMA

CDR TACOM

WARREN MI 48397-5000

Ll I L N e e L

b et et bk ek ek bk et b
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PROG EXEC OFFICER
FIELD ARTY SYS
ATTN: SFAE FAS AL
SFAE FAS PAL
SFAE FAS AL C
SFAE FAS P
SFAE FAS CR
PICATINNY ARSENAL
NJ 07806-5000

PROG EXEC OFFICER
TACTICAL WHEELED VEHICLES
ATTN: SFAE TWV TVSP

SFAE TWV FMTV

SFAE TWV PLS
CDR TACOM
WARREN MI 48397-5000

PROG EXEC OFFICER

ARMAMENTS

ATTN: SFAE AR HIP
SFAE AR TMA

PICATINNY ARSENAL

NJ 07806-5000

PROG MGR

UNMANNED GROUND VEH
ATTN: AMCPM UG
REDSTONE ARSENAL

AL 35898-8060

DIR

ARMY RSCH LAB

ATTN: AMSRL PB P

2800 POWDER MILL RD
ADELPHIA MD 20783-1145

CDR AMSAA

ATTN: AMXSY CM
AMXSY L

APG MD 21005-5071

CDR ARMY ATCOM
ATTN: AMSATI WM
AMSAT R EP (V EDWARD)
4300 GOODFELLOW BLVD
ST LOUIS MO 63120-1798

CDR AVIA APPL TECH DIR
ATTN: AMSAT R TP (H MORROW)
FT EUSTIS VA 23604-5577

CDR ARMY ARDEC
ATTN: AMSTA AR EDE §
PICATINNY ARSENAL

NJ 07808-5000
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CDR APC
ATTN: SATPCL
NEW CUMBERLAND PA 17070-5005

CDR ARMY TECOM

ATTN: AMSTE TAR
AMSTE TC D
AMSTE EQ

APG MD 21005-5006

PROJ MGR PETROL WATER LOG
ATTN: AMCPM PWL

4300 GOODFELLOW BLVD

ST LOUIS MO 63120-1798

PM PATRIOT

ATTN: SFAE MD PA (COL F L POWELL, II)
P O BOX 1500

HUNTSVILLE AL 35807-5620

CDR
ARMY COLD REGION TEST CTR
ATTN: STECR T™M
STECR LG
APO AP 96508-7850

CDR FORSCOM
ATTN: AFLG TRS
FT MCPHERSON GA 30330-6000

CDR TRADOC

ATTN: ATCD SL 5
INGALLS RD BLDG 163

FT MONROE VA 23651-5194

CDR ARMY ARMOR CTR

ATTN: ATSB CD ML
ATSBTSM T

FT KNOX KY 40121-5000

ARMY COMBINED ARMS SPT CMD
ATTN: ATCL CD

ATCL MS
FT LEE VA 23801-6000

CDR ARMY FIELD ARTY SCH
ATTN: ATSF CD
FT SILL OK 73503

CDR ARMY INF SCHOOL
ATTN: ATSH CD

ATSH AT
FT BENNING GA 31905-5000

PM PAC-3 MISSILE
ATTN: SFAE MD PA (LTC R GERTMAN)
REDSTONE ARSENAL AL 35898-5620




PM THAAD

ATTN: SFAE MD THA (COL W F KILGORE)
P O BOX 1500

HUNTSVILLE AL 35807-3801

PM THAADL

ATTN: SFAE MD THA (LTC C R WEBSTER)
P O BOX 1500

HUNTSVILLE AL 35807-3801

DIR AMC FAST OFC

ATTN: AMC FAST

5985 WILSON RD STE 100
FT BELVOIR VA 22060-5824

CDR ARMY AVIA CTR

ATTN: ATZQ DOL M
ATZQ DI

FT RUCKER AL 36362-5115

CDR ARMY ENGR SCHOOL
ATTN: ATSE CD

FT LEONARD WOOD

MO 65473-5000

CDR ARMY SAFETY CTR
ATTN: CSSC PMG

CSSC SPS
FT RUCKER AL 36362-5363

CDR ARMY ABERDEEN TEST CTR
ATTN: STEAC EN

STEAC L1

STEAC AE

STEAC AA
APG MD 21005-5059

CDR ARMY YPG
ATTN: STEYP MTTL M
YUMA AZ 85365-9130

PS MAGAZINE DIV
ATTN: AMXLS PS
DIR LOGSA
REDSTONE ARSENAL
AL 35898-7466

Department of the Navy

CDR

NAVAL SEA SYSTEMS CMD
ATTN: SEA 03M3

2531 JEFFERSON DAVIS HWY
ARLINGTON VA 22242-5160

CDR
NAVAL SURFACE WARFARE CTR
ATTN: CODE 63

CODE 632

CODE 859
3A LEGGETT CIRCLE
ANNAPOLIS MD 21402-5067

CDR

NAVAL AIR WARFARE CTR
ATTN: CODE PE33 AJD

P O BOX 7176

TRENTON NJ 08628-0176

CDR

NAVAL AIR SYSTEMS CMD
ATTN: AIR 44.5 (D MEARNS)
1421 JEFFERSON DAVIS HWY
ARLINGTON VA 22243-5360

Department of the Navy/U.S. Marine Corps

HQ USMC
ATTIN: LPP
WASHINGTON DC 20380-0001

PROG MGR COMBAT SER SPT
MARINE CORPS SYS CMD
2033 BARNETT AVE STE 315
QUANTICO VA 22134-5080

PROG MGR GROUND WEAPONS
MARINE CORPS SYS CMD

2033 BARNETT AVE

QUANTICO VA 22134-5080

PROG MGR ENGR SYS
MARINE CORPS SYS CMD
2033 BARNETT AVE
QUANTICO VA 22134-5080

CDR

MARINE CORPS SYS CMD
ATTN: SSE

2030 BARNETT AVE STE 315
QUANTICO VA 22134-5010
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CDR

BLOUNT ISLAND CMD

ATTN: CODE 922/1

5880 CHANNEL VIEW BLVD
JACKSONVILLE FL 32226-3404

CDR

MARINE CORPS LOGISTICS BA
ATTN: CODE 837

814 RADFORD BLVD

ALBANY GA 31704-1128

AIR FORCE WRIGHT LAB
ATTN: WL/POSL

1790 LOOP RD N

WRIGHT PATTERSON AFB
OH 45433-7103

AIR FORCE WRIGHT LAB
ATTN: WIL/MLBT

2941 P ST STE 1

WRIGHT PATTERSON AFB
OH 45433-7750

DOT

FAA

AWS 110

800 INDEPENDENCE AVE SW
WASHINGTON DC 20590

RADIAN INC
ATTN: B DEARING
H SCHAEFER
5845 RICHMOND HIGHWAY
ALEXANDRIA VA 22303

CDR
2ND MARINE DIV
1 PSC BOX 20090
CAMP LEJEUNNE NC 28542-0090

CDR
1ST MARINE DIV
CAMP PENDLETON CA 92055-5702

Department of the Air Force

AIR FORCE WRIGHT LAB
1 ATTN: WL/MLSE

2179 12TH ST STE 1

WRIGHT PATTERSON AFB

OH 45433-7718

1 SA ALC/SFT

1014 BILLY MITCHELL BLVD STE 1
KELLY AFB TX 78241-5603

Other Federal Agencies

Industry

LUBRICATING SPECIALTIES CO
1 TECHNOLUBE PRODUCTS DIV
1 8015 PARAMOUNT BLVD

PICO RIVERA CA 90660

MOBIL RESEARCH & DEV CORP

GENERAL DYNAMICS LAND SYSTEMS 1 BILLINGSPORT RD

76 GETTY ST
MUSKEGON MI 49442

CASTROL INC
BRAY PRODUCTS DIV

16715 VON KARMEN AVE STE 202

IRVINE CA 92714

VELSICOL CHEMICAL CORP
10400 W HIGGINS RD STE 600
ROSEMONT IL 60018-3713
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PAULSBORO NJ 08066

NYCO S.A. 66, AV. DES CHAMPS-ELYSEES
1 51 RUE DE PONTHIEU

75008 PARIS

FRANCE

ROYAL LUBRICANTS CO INC
1 P O BOX 518

RIVER RD

EAST HANOVER NJ 07936




SENTINEL CANADA 1 HULS AMERICA INC 1

7300, RUE ST JACQUES TURNER PLACE
MONTREAL QUEBEC P O BOX 365
CANADA H4B 1W1 PISCATAWAY NJ 08855-0365

SHELL INTERNATIONAL PETROLEUM CO LTD 1
SMDL/214, SHELL CENTRE

LONDON SET 7NA

ENGLAND

TFLRF No. 306
Page 5 of 5




