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Abstract

An experimental program to determine the loss-of-
lubrication characteristics of spur gears in an aerospace
simulation test facility has been completed. Tests were
conducted using two different emergency lubricant types:
(1) an oil mist system (two different misted lubricants) and
(2) a grease injection system (two different grease types).
Tests were conducted using a NASA Glenn test facility
normally used for conducting contact fatigue. Tests were run
at rotational speeds up to 10000 rpm using two different gear
designs and two different gear materials. For the tests
conducted using an air-oil misting system, a minimum
lubricant injection rate was determined to permit the gear
mesh to operate without failure for at least 1 hr. The tests
allowed an elevated steady state temperature to be established.
A basic 2-D heat transfer simulation has been developed to
investigate temperatures of a simulated gear as a function of
frictional behavior. The friction (heat generation source)
between the meshing surfaces is related to the position in the
meshing cycle, the load applied, and the amount of lubricant
in the contact. Experimental conditions will be compared to
those from the 2—D simulation.

Introduction

The drive system used in rotorcraft applications has to pass
a 30-minute loss-of-lubrication test prior to aircraft
certification. This means that the drive system must continue
to operate for 30 minute with the primary lubrication system
inoperative (Ref. 1). When a new drive system is being
qualified, this test is typically the last of an exhausted list of
tests that need to be successfully passed during the
certification process. This one test can drastically alter a drive
system’s lubrication system configuration if a separate
emergency lubrication system is necessary.

Gears are typically extremely susceptible to failure due to a
starved lubrication condition. High-load, high-pitch line
velocity, or the combination of both can cause the gears to
heat to the point of failing, when the teeth bend back and fail
to provide power transfer. Failure at the contact of gears can
be summarized by Figure 1 (Ref. 2).

Preliminary studies conducted recently (Refs. 3 and 4) have
made some initial attempts at evaluating the loss-of-
lubrication behavior of test hardware typically used at NASA
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Glenn for contact fatigue studies. There has been some
minimal progress made in these studies, however, duplicating
the aerospace environment required modification of our
contact fatigue test facilities to better mimic a rotorcraft drive
system. These modifications will be mentioned later in this
study.

All tests were run in a dry sump manner, where all
lubrication is jet fed and gravity drained. This type of
lubrication system results in efficient operation of the drive
system. If the gears were to dip into the lubricant, the power
loss would become quite large which is not representative of
aerospace drive systems.

As can be seen in Figure 1, many combinations of rotational
speed (sliding velocity) or load can push a design to failure
even if the lubrication system is working correctly. Therefore,
if conditions are borderline with respect to full fluid-film
lubrication development, failure in a starved lubrication
condition becomes even more of an issue.

The work discussed here describes the evolution of our test
configuration from basic contact fatigue tests to tests
representative of an aerospace drive system. The current
system consists of a shrouded spur gear pair with a lubricating
jet and provisions for emergency lubrication systems. The
front cover of the shroud is made from high temperature glass
to permit operation to extremely high temperatures while
providing visual access to the gears. Several design parameters
were varied during testing. The lubricant, delivery method,
gear design, and gear material were all parameters altered
during testing. All of these effects will be discussed in this
study.

Test Facility

The test facility used for conducting all loss-of-lubrication
simulation tests was the NASA Glenn Contact Fatigue Test
Facility (Refs. 5 to 7). The facility is shown in the sketch
contained in Figure 2. The facility is a torque regenerative test
rig that locks torque in the loop via a rotating torque applier.
The test gears have the same number of teeth on the driving
and driven gears. Facility speed and torque can be varied if
needed during a test. Two different test gear designs were
utilized during the tests: the NASA contact fatigue test
specimen (28 teeth) and a design version that had 42 teeth.
The basic gear design information is contained in Table 1. The
majority of the tests were conducted using the 42-tooth gear
design.
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Figure 1.—Effects of speed and load on gear wear
mechanisms.

Figure 2.—Cross-sectional sketch of the test gearbox used for
loss of lubrication testing.
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Figure 3.—lInitial test gearbox arrangement during loss of
lubricant testing.
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TABLE 1.—BASIC GEAR DESIGN INFORMATION

28 tooth gear 42 tooth gear
Diametral pitch (1/in.) 8 12
Pressure angle (deg.) 20 25
Pitch diameter (in.) 35 35
Addendum (in.) 0.125 0.083
Whole depth (in.) 0.281 0.196
Chordal tooth thickness (in.) 0.191 0.128
Face width (in.) 0.25 0.25

Over the period of time the tests were conducted a number
of changes to the gear cover, drainage, and shrouding were
made to make the test arrangement emulate an aerospace
(rotorcraft) transmission. These modifications could affect the
outcome of the type of testing conducted in this study. A
number of cover and shroud combinations were tested at the
nominal 10,000 rpm speed that the facility is operated at
during the loss-of-lubrication tests. The initial test facility
arrangement is shown in Figure 3.

Initially there was no shrouding, and drainage from the
gearbox was not optimal. A deepened sump and shrouds of
different configurations were assessed experimentally. The
current arrangement used for conducting the tests is shown in
Figure 4. A thin, high-temperature glass cover enabled visual
inspection of the test section during normal and loss of
lubrication testing.

A schematic of the emergency oil mist lubrication system
tested is shown in Figure 5. The system used shop air to pick-
up the lubricant supplied and formed an air-oil mist. The mist
was then injected radially inward toward the gear axis of
rotation at two locations. These two locations were located
approximately 30° at the out-of-mesh location.

Figure 4.—Current test gearbox arrangement utilizing shrouds
and improved lubricant drainage.
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Figure 5.—Sketch of current air-mist lubrication system.

Figure 6.—Photograph of post-test gear that failed during
testing.

Testing Methodology

The majority of the loss-of-lubrication tests were performed
for the shroud, oil mist system, and modified gearbox cover
configurations as follows. After all system parameters were at
steady state (including oil inlet/outlet temperatures, lubricant
flow rate, and facility parameters), the test was initiated. To
initiate the test the normal lubricating jet flow was terminated.
At this point the emergency lubrication system became
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operational. Testing was continued until failure to transmit
torque or impending failure was reached. An example of a test
that was operated until impending failure is shown in Figure 6.

When operating in the loss of lubrication mode, several
parameters, including temperature within the test gearbox
were monitored. For the mist system, the air-flow rate and air
supply pressures were monitored. For the test gears, the
temperatures measured within the gearbox were from the fling
off directly out of mesh location and at sites 180° from the
meshing location. No instrumentation of the gears were used
during operation.

Test Results

The test results from all loss of lubrication tests conducted
with an emergency lubricant will now be discussed. Tables 2
and 3 document the evolution of not only the test operation,
but also includes changes to the shrouding, drainage, misting
system, lubricant, and delivery method. Three series of tests
were conducted with a total of 52 tests. The first series shown
in Table 2(a) are tests conducted in a lubrication-starved
mode. No additional lubricant was used other than what was
applied via syringe prior to testing. The next series,
Table 2(b), was mainly vapor-mist lubrication during the loss
of primary lubrication event. The third series (Table 3) was an
investigation of injected grease as a possible solution for
increasing loss-of-lubrication performance.

Vapor-Mist Test Results

A total of 46 tests (Table 2(a) and (b)) were conducted using
just a small amount of lubricant (no normal lubricant delivery
system) or variations of the mist-lubricant delivery. During
these tests, many parameters were changed such as the
gearbox cover, shrouding, mist delivery system, gear size,
gear material, and the mist lubricant. Many of these test
conditions were only run once. Some general observations are
provided below.

Gear Material and Backlash

Two gear materials were tested: AISI 9310 and M50. M50
was only used in five tests. The M50 and 9310 gears (8
diametral pitch) had excessive backlash from their final
grinding step in manufacturing. Increased backlash is
important for reducing the chance that the gears could jam
during loss of lubrication events due to thermal expansion. For
the limited number of tests, M50 appeared to last longer
during loss-of-lubrication than the AISI 9310 for similar
conditions.
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TABLE 3.—LOSS OF LUBRICATION TEST RESULTS SUMMARY USING GREASE (AISI 9310 MATERIAL).

Test | Diametral | Material, | Shroud, | Backlash, | Gearbox | Emergency | Initial lube Grease Speed, Load Time to failure or
no. pitch, type Y/N in. cover lube, on gears, injection rpm pressure, test stopped,
1/in type g rate, psi min
g/pulse
1 12 9310 Y 0.005 None 1 311 | - 2500 and 5000 | 150 None
2 12 9310 N4 0.005 None 1 399 | - 7500 150 9
3 12 9310 Y 0.005 | Modified 1 3.16 0.16 7518 150 None
4 12 9310 Y 0.005 | Modified 1 3.89 0.16 10000 150 ~4
5 12 9310 Y 0.005 | Modified 1 0 0.16 10000 150 30
6 12 9310 Y 0.005 | Modified 2 0 0.35 10000 150 46
Note: Lubricant 1, Reference 10, and lubricant 2, Reference 11
Gearbox Cover Modifications, Shrouds, and Mist Delivery 1000 Mist flow rate = 0.167 ml/min
The original gearbox cover did not drain as well as needed — Primary lubrication Test
for conducting this type of test. The flat-bottomed, gravity L 800 turned off terminated
dram_ed_ test gear cover_allowed extra lubricant to stay within o Out of mesh TC —
the vicinity of the rotating gears. The cover was changed and g Right gear TC — \\
the residual lubricant in the testing zone was reduced. T 600 Left gear TC— \
Another modification to the test facility included the L . A
addition of shrouds. Several designs were fabricated and tested g Test °!| 9”tlet_‘\\
until the present system evolved. The final arrangement is 400 Test ail inlet ~ .
shown in Figure 4. This shrouding arrangement, with a high \ '
temperature glass cover, permitted test observation. 200 — ‘_\_,__,E
| \‘
Mist Delivery System 0 100 200 300 400 500 600

Three different commercially available mist systems were
used during testing. All three provided an acceptable mist
during operation. The control over the amount of lubricant per
cubic foot of air was an issue as the need to adjust this amount
was important to our test program. The minimum flow rate to
achieve long-term operation in the loss of primary lubrication
mode was dependent on the amount of lubricant being
utilized. For this test system, the minimum level for the gears
operating at 10000 rpm and approximately 70 N*m (630
in.*Ib) torque was approximately 0.3 ml/min (see Table 2(b)).
Flow rates less than this amount often resulted in failure of the
components prior to 30 minute.

Speed, Load, and Liquid Lubricants

For most tests the speed was set to the maximum for the
facility (10000 rpm). However, several tests were run at
5000 rpm and different load levels. Tests ran with speed and
load variation also experienced failure if emergency lubricant
flow was too low or non-existent. Also, two different
lubricants were used as vapor mist lubricants. Most of the tests
used MIL-L-87354 (Ref. 8). Several tests were run using
another high temperature lubricant (Ref. 9). No clear
advantage was seen between the two lubricants tested.
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Elapsed time, sec

Figure 7—Loss of lubrication data from test that failed after
6 minute.

Example of Loss of Lubricant, Air-Oil Mist Tests

As an example of using a mist system, two tests will now be
described. In one test the system failed after 6 minute of
operation. The test data is shown in Figure 7. The flow rate of
lubricant misted was 0.167 ml/min (Test no. 38, Table 2(b)).
This test was halted as the temperature started to exponentially
increase and the gears ended up operating such that a large
amount of metal-to-metal contact was apparent. A photograph
taken from a video of the test is shown in Figure 8.

In the second test (Test no. 37, Table 2(b)) the mist
lubricant rate was increased to 0.67 ml/min. In this test no
failure resulted and the temperature reached a new steady state
after the initial increase at the time when the primary
lubrication system was shut down. The test results are shown
in Figure 9. The test was ended after 1 hr of operation in this
mode of lubrication and it is assumed that it would continue
operation in this mode for some time, as evidenced by the
temperature plots.
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Figure 9.—Loss of lubrication data from a test that was
terminated after 1 hr of successful operation.

Grease Tests

As an alternative approach to improve gear performance,
several tests were conducted to determine if a grease system
might be better than using mist. It was thought that if the
grease was injected in the correct location, operation in these
extremely difficult situations might be better. A limited
number of tests were run (six in total). The results are shown
in Table3. At first a completely closed gear shroud
arrangement was tested as shown in Figures 10 and 11 (before
and during the test respectfully). Test no. 1 from Table 3 was
conducted to determine how well the gear would operate at
high speed and at approximate 60 percent torque in a closed
system. Test no. 2 indicated that higher speed and only a given
amount of grease was not sufficient as the test failed at
9 minute. The grease used in Tests 1 to 5 was hydrocarbon-
based grease (Ref. 10). Test 6 used high-temperature,
perfluoropolyether- (PFPE) based grease (Ref. 11). For tests 3
and 4 grease was injected into a closed system after an initial
amount was used prior to starting the test.
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Figure 11.—Fully shrouded grease test just prior to
shutdown (strobed photo).



Tests 5 and 6 were conducted in a similar fashion as the
vapor mist tests described earlier (see Fig. 12). Both of these
tests were conducted at 10000 rpm, but the load was
~60 percent of the full load that the facility could develop.

For the grease tests conducted to date, the injection system
provided a predetermined amount of grease in 1 minute
intervals after loss of the primary lubrication system occurred.
Both grease types were run at the same operational conditions.
The hydro-carbon based grease operated for 27 minute after
the primary lubrication system was shut down. The teflon-
based grease lasted for 46 minute. The post-test gears are
shown in Figure 13 for the teflon-based grease.

Analytical Simulation and Results

A two-dimensional heat transfer simulation, as described in
Reference 2, was used to model the loss-of-lubrication
condition. In this prior work, a 2-D finite difference mesh was
used to develop a modeling method for spiral bevel gears.
Elements of this simple model are used in this paper to
describe how an emergency lubrication condition can be
modeled.

The model used is shown in Figure 14. Here, a 2-D
rectangular region is used to simulate the actual spur gear
tooth. The basic gear dimensions and number of teeth, speed,
and load conditions were applied. The tooth whole depth was
used as the height and the chordal thickness was used as the
simulated tooth width. The finite difference mesh is shown in
Figure 15. Several points within the finite difference mesh will
be used for monitoring the temperature reached during normal
and emergency lubrication conditions.

In Figure 14, the gear tooth is shown with a position varying
heat flux applied. The heat flux was found from an analysis of
the sliding and rolling losses as a function of meshing position
(Refs. 12 and 13). The heat transfer coefficients were found
from flat plates in forced convection conditions as described in
References 2 and 14. In Figure 15, five locations of the model
were followed for the results to be presented.

The model was run to a steady state condition at which time
conditions were modified to reflect the loss-of-lubrication
condition. It was assumed that the load, speed, and ambient
conditions remained the same during the loss-of-lubrication
period. In the model, at a predetermined number of
“revolutions” the heat flux imposed at the surface was
increased by a set amount. In the real event, the friction
coefficient is changing from the fully-flooded contact to a
mixed elastohydrodynamic condition to one of a starved,
metal-to-metal condition.

As an example, the actual gears (12-pitch 42 teeth) used in
the tests were modeled using this analysis. The gear design
parameters are shown in Table 1. The analytical results are
shown for the following conditions: 10000 rpm, 70 N*m
(630 in*Ib) torque. The analysis was assumed to be at a steady
state condition by 50000 revolutions of the pinion
(approximately 300 sec). At this point the friction coefficient
was increased by a factor of 10.
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Figure 12.—Photograph of test configuration with
grease injection system.

Figure 13.—High temperature grease test, post-test
condition with shrouding removed.
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Figure 14.—Two-dimensional simulation model.
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Figure 15.—Simulated spur gear tooth finite difference mesh.
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Figure 17.—Transient condition during simulated loss of
lubrication conditions.
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As shown in Figure 16, the temperature of the tooth
increases rather quickly. Since the tooth pitch is rather fine,
the difference in temperature at the five locations shown in
Figure 15 is rather small during the loss-of-lubrication event
or during normal operation. If during the loss-of-lubrication
period the time scale is changed to show three revolutions, the
output is shown in Figure 17. The temperature is at its
maximum at the surface the instant that the heat flux is
imposed at the surface node. The cool down is due to the
forced convection conditions for the rest of the tooth
revolution.

This modeling technique can help with scaling the
requirements for actual aviation applications. Enhancements to
the modeling technique to improve its accuracy would allow it
to then be used on other systems during the design stage.

Conclusions

Based on the results of the testing and analytical simulation
described in this paper the following conclusions can be
drawn:

1. An air-oil mist system was implemented in a simulated
aerospace configuration such that loss-of-lubrication due
to primary lubrication system failure was extended
beyond the current 30-minute aircraft requirement.
Running tests without any emergency lubrication system
in a shrouded gearbox led to failure within several
minutes.

2. Gear material and gear backlash may have some benefit
in increasing loss-of-lubrication behavior, but this would
need further verification through additional testing.

3. Grease injection was demonstrated to be a viable
emergency lubrication system for our test facility.
However this type of emergency system will require
greater evolution to determine if it can be utilized in an
aerospace environment.

4. A model has been developed that can provide some
insight into loss-of-lubrication behavior. An analysis
methodology is necessary to be able to scale test data
collected to a high-speed main transmission system as
found in rotorcraft.
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