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Abstract

An experimental effort has been conducted on an aerospace-
quality helical gear train to investigate the thermal behavior of
the gear system. Oil inlet temperature was varied from 160 to
250 °F. Also, the test gears were run in both an as-ground
condition and after isotropic superfinishing (ISF) condition.
In-depth temperature measurements were made across the face
width and at the axial end of the gear mesh. Supply power
measurements were made at varying speeds and loads up to
5000 hp and 15000 rpm (pitch line velocity to 24000 feet per
minute). Test results from the parametric studies and the
superfinishing process are presented. The tests indicated that
superfinishing offered no improvement in performance due to
the high lubricant film thickness generated by the extremely
high pitch line velocity that the majority of the tests were
conducted. Increasing lubricant inlet temperature had the most
dramatic effect on performance improvement.

Introduction

High speed, heavily loaded and lightweight gearing
components are found in propulsion systems for rotorcraft.
The high pitch line velocity that is part of these systems makes
the thermal aspects of the gear system design very important.
Also, transmission systems used in certain applications have
gear trains that provide the proper spacing between the parallel
engine and rotor shafts (ref. 1). These gear trains can cause
additional thermal problems as the idler gears in this system
receive two meshing cycles (on opposites sides of the gear
teeth) per revolution. Therefore, weight optimized aerospace
drive system components can have difficulty when operation
includes primary lubrication system failure.

In prior studies using this gear train system, testing has
focused on basic operational characteristics (refs. 2 and 3) and
the comparison of analytical predictions to experimental
results (ref. 4). The results from these studies have shown and
quantified the effect of operational conditions on the power
required to rotate the gear system at high speed and load. Also,
gear windage was shown to be one of the primary gear mesh
losses and is the least understood of the gearing loss
mechanisms (refs. 5 and 6). At the present time gear windage
reduction techniques have been trial and error. However there
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is a performance benefit that can be realized if the design
engineers can come up with an effective system to reduce
these losses.

The objective of this study was to investigate the effect of
lubricant input temperature and additional gear surface
treatment beyond the baseline finish ground surface on
performance parameters measured in the test facility. The
baseline gears that had been used in prior test programs were
removed from the test facility and had the superfinishing
process applied. The inlet temperature of the lubricant was
varied from 160 to 250 °F. Tests were conducted at these
various operating conditions (including the inlet temperature)
in the as-ground (including run-in) and with superfinishing
applied. The superfinishing process has been shown to be very
useful in contact fatigue life improvement (refs. 7 and 8). This
process has also been shown in other studies to reduce power
loss and scoring loads when applied to the gear flanks.

Test Facility, Test Instrumentation, and
Test Hardware

Test Facility

The test facility used for this study is shown in figure 1. The
facility is a closed-loop, torque-regenerative testing system.
There is a test gearbox and slave gearbox that are basically
mirror images. Each gearbox has an input gear, three idlers,
and one bull gear. The gearboxes are joined together through
the input gears and bull gears via shafting.

The facility is powered by a 500 hp DC drive motor and its
output speed is increased using a speed-increasing gearbox.
The output of the speed-increasing gearbox then passes
through a torque and speed sensor before connecting to the
slave gearbox. The entire test stand configuration is shown in
figure 2.

Each gearbox has separate oil supply and scavenge pumps
and reservoirs. All flow rates have been calibrated at various
temperatures and pressures prior to installation for accurate
flow rate measurement. Lubrication system flow rate is
controlled using the supply pressure. Temperature is
controlled via immersion heaters in the reservoir and heat
exchangers that cool the lubricant returned from the
gearboxes. Each lubrication system has very fine 3-micron



filtration. Nominal flow rate into the test or slave gearboxes at
80 psi is approximately 15 gpm.

The lubricant used in the tests to be described was a
synthetic turbine engine lubricant (DoD-PRF-85734). This
lubricant is used in gas turbine engines as well as the drive
systems for rotorcraft.

Test Instrumentation

The test instrumentation used in this study included
thermocouple rakes for locations across the face width and
thermocouple arrays at the exit region of the helical gear axial
pumping location (ref. 4). The test instrumentation measured
the fling-off lubricant from the gears in the radial and axial
directions. Locations of the two different measurements are
shown in figure 3 (locations of rake and array probes,
respectively). Shown in figures 4 and 5 are photographs of the
instrumentation rakes and arrays respectively. The rake probes
had five thermocouples across the face width and the array
sensors had nine thermocouples distributed as shown in
figure 3(b). The thermocouple rakes were located at three
positions as close as possible to the location of oil being flung
radially out of mesh. The thermocouple arrays were centered
at the axial point where the pitch diameter of the meshing
gears meet.

Test Hardware

The test hardware used in the tests to be described is
aerospace quality hardware. The basic gear design information
is contained in table 1. The input and bull gear shafts have a
combination of roller bearings with ball bearings to contain
the resultant thrust loads whereas the idler gears only have
roller bearings. The partially disassembled test gearbox is
shown in figure 6. The bearing inner race is integral to the
shafts on the idler gears and at other radially-loaded bearings
on the input and bull gear shafts. Shrouds for the gears were
used to minimize the windage losses. Figure 7 show the
shrouds installed in the test gearbox.

The gears shown in figure 6 were the as-ground
components. The gears were subsequently superfinished and
reinstalled in the test gearbox. These gears are shown for the
entire gear train in figure 8 and a close-up in figure 9.

The as-ground gears that were run extensively before
superfinishing had an average surface roughness of 3.91 pin.
Raand 28.3 nin. R,. The gear surfaces after superfinishing had
a surface roughness of 1.71 pin. R, and 13.2 pin. R,, where R,
is the average surface roughness and R, is the maximum
surface roughness. These measurements represent an average
of three measurements taken radially across on tooth on each
gear.

Data Acquisition

The test facility data system monitors three important
facility parameters during operation. Speed, torque (supplied
torque and loop torque), and temperature measurements were
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made during all the testing conducted. The test system loop
torque is measured on the shaft connecting the bull gears from
the test and slave gearboxes. A telemetry system was utilized
in this location.

The data recording system used in this study is capable of
taking data from all parameters at a rate of one sample per
second. Tests in this study recorded data every 2 sec. The data
is displayed to the test operator in real time. Data is stored in a
spreadsheet format and each sensor can be viewed at any time
during a test and when post processing the results.

Test Operation

The test procedure for collecting the data to be presented
was the following. For a given set of conditions (speed,
torque, lubricant pressure and lubricant oil inlet temperature)
the facility was operated for at least 5 min or until the
temperatures of interest had stabilized (or reached steady
state).

Experimental Results

Tests were conducted and operational conditions maintained
at steady state conditions were reached and maintained. As
mentioned earlier, the primary data from the testing include
temperatures, speed, and torque. The following data will be
presented as the subject of this paper: temperature
measurement location versus typical operational conditions,
lubricant jet pressure (or flow), lubricant inlet temperature
effects, and a comparison of the baseline to superfinished
gears.

The first set of results are presented as an example of the
large amount of data taken throughout this study. The test
shown in figure 10 was attained for the superfinished gears,
keeping the lubricant inlet temperature and pressure constant.
In figure 10 the array (thermocouple #5) and rake
(thermocouple #3) mid temperature locations are shown for
seven conditions of this particular test. The seven conditions
included a warm up, then three conditions of torque at
12500 rpm, then the speed was increased to 15000 rpm and
the three torque conditions repeated. The test operational
conditions can be found in table 2 with a summary of some of
the other data of interest. In this figure, typical for this gear
system, the array temperatures were always much higher than
the corresponding rake temperatures at the same location. As
shown in this figure the maximum temperature over the inlet
lubricant temperature was on the order of 180 °F.

Next, in figure 11, a single meshing location is shown for all
rake positions and for the vertical thermocouples from the array
(thermocouples 1, 5, and 9) for the 2nd-3rd idler location. Once
again the same data set as in figure 10 and Table 2 was used. In
figure 11, the highest array temperatures exceeded any
temperature on the rake. Also, the rake temperatures are not
uniform across the face width. From the data shown the
difference in rake temperatures was as high as ~50 °F.



Another test that was performed was to vary the lubricant jet
pressure from the nominal 80 psig to two lower settings. This
data is shown in figure 12. In this figure, the as-ground and
superfinished data is plotted for 33% of the maximum load and
at two input rpm speeds. The results from either case were
nearly the same with a very slight reduction in power loss due to
a reduction in the lubricant pressure from 80 to 60 psig.

In figures 13 and 14 the effects of lubricant inlet temperature
is shown for drive motor power required (for the entire test
stand) and temperature increase across the gearbox respectively.
The gears in this test were superfinished, the load on the system
was 100% and the lubricant jet pressure was 80 psig. In
figure 13, by varying the inlet temperature from 160 to 250 °F,
the power required decreased approximately 10 hp. In figure 14
the temperature differential between inlet and exit of the test
gearbox resulted in a much lower temperature differential across
the gearbox as the inlet temperature was increased.

The last comparison to be made between the as-ground and
superfinished gears will be made in figure 15. The data
provided in this figure shows the drive motor power to rotate
the test rig at two different speeds (12500 and 15000 rpm) and
three different bull gear torques (~33, 67, and 100%). A linear
behavior is shown with increasing load at constant speed.
From this figure it can be concluded that improving the
surface finish of these components had no efficiency benefits
as the data was nearly identical.

Discussion of Results

The question that is raised when reviewing the results of
this study is: “why didn’t superfinishing improve the
performance of this high speed gear mesh?” To determine why
no benefit was found, an analysis of the input —1st idler gear
mesh was made to determine the lambda ratio (lubricant film
thickness/composite surface roughness of the meshing gears
7). For the analysis, the bulk temperature (gear and lubricant)
was assumed to be 230 °F. In figures 16 and 17 the results of
the analysis are shown. In figure 16, the input shaft speed is
held constant at 15000 rpm and the surface roughness and
input torque are varied. Only for the case where the surface
roughness is <12 pin. would there be a lambda ratio >1. In
figure 17, the torque was held constant at 100 percent and the
surface roughness and input shaft speed were varied. In this
case, the lambda ratio could be reduced below one for all
conditions if the shaft speed was reduced to a low enough
level at the full power condition. Therefore, superfinishing of
the parts did not take a system that was in the mixed elasto-
hydrodynamic condition and move it to the fully flooded
condition where the lambda ratio is <1. In most of the tests in
this study, for both as-ground and superfinished tooth surface
conditions, the lambda ratio was 2 or greater.

NASA/TM—2007-214696

Conclusions

For the results attained the following conclusions can be made:

1. Superfinishing provided no measurable performance
benefit to the high speed gearing system under study. The
film thickness to composite surface roughness was 2 or
greater for most of the tests conducted.

2. Increasing lubricant inlet temperature provided the most
beneficial effect to the performance of the drive system.

3. Thermocouple rakes and arrays installed in the test
gearbox provided data that the fling-off temperatures vary
with location across the face width of the gears as well as
the location within the gearbox where the temperatures
were measured. The idler—idler gear meshes typically
produced the highest rake and array temperatures
measured in all tests.

4. The change in flow rate (due to lowering the lubricating
jet pressure from 80 to 60 psig) had only a very minor
effect on power loss.
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TABLE 1.—BASIC GEAR DESIGN DATA

Number of teeth input and 2nd idler 50
Number of teeth 1st and 3rd idler 51
Number of teeth Bull gear 139
Module, mm (diametral pitch (1/in.))  3.033 (8.375)
Face width, mm (in.) 67.2 (2.625)
Helix angle, degree 12
Gear material Pyrowear 53

TABLE 2.—CONDITIONS FOR FIGURES 10 AND 11. TESTS WERE CONDUCTED
AT 160 °F OIL INLET TEMPERATURE ON SUPERFINISHED GEARS

Condition Input shaft Loop Temperature Drive motor power
speed power increase across
gearbox

(krpm) (hp) (65) (hp)
A Warm up
B 125 1379 50.6 138.0
Cc 125 2801 55.1 149.2
D 125 4170 59.7 160.1
E 15.0 1657 73.8 201.9
F 15.0 3366 79.1 213.2
G 15.0 4986 83.0 225.1
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Figure 1.—NASA High-Speed Helical Gear Train Test Facility.
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Figure 2.—Layout of NASA High-Speed Helical Gear Train
Test Facility.
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Figure 3.—(a) Location and orientation of thermocouple rakes in the test gearbox. (b) Location and orientation
of thermocouple arrays in the test gearbox.

Figure 4 —Photograph of thermocouple rake used in these
tests.
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Figure 5.—Photograph of thermocouple array used in these
tests.

Figure 6.—Baseline gear train installed in half of the test
gearbox.
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Figure 7.—Test gearbox cover removed showing gear
shrouding.

Figure 8.—Entire gear train after superfinishing.
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Figure 9.—Close up of superfinished gear.
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Figure 10.—Superfinished temperature data at mid-face rake and at array
center for all sensor locations (conditions shown in table 2, one scan =2 s,
160 °F oil inlet temperature).
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Figure 13.—Effect of oil inlet temperature on drive motor power to rotate
the entire test facility (superfinished gears, 80 psi lube jet pressure,
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80 -
o 15 000 rpm
>
o
0
& 70 -
[1h]
()]
w
(7]
o
® 60 -
(ih]
2
o] 12 500 rpm
=
B 50 A
[4h]
o
5
=

40

160 180 200 220 240 260

Oil inlet temperture, °F

Figure 14 —Effect of oil inlet temperature on the temperture rise across the
test gearbox (superfinished gears, 80 psi lube jet pressure, 100% torque).
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