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ABSTRACT—Studies to evaluate low-noise, improved-bearing-contact spiral-bevel geare were performed. Ex- 
perimental tests were performed on the OH-58D helicopter main-rotor transmission in the NASA Glenn 50d-hp 
HeUcopter Transmission Test Stand. Low-noise, improved-bearing-contect spiral-bevel gears were compared to the 
baseline OH-58D spiral-bevel gear design, a high-strength design, and previously tested low-noise designs. Noise, 
vibration, and tooth strain tests were performed. The low-noise, improved-bearing-conlact spiral-bevel design 
showed a decrease in noise compared to the baseline OH-58D design, but not as much reduction as previous tested 
low-noise designs. The low-noise, improved-bemng-contact spiral-bevel design gave the same benefit in reduced 
vibration compared to the baseline OH-58D design as that of the previously tested low-noise designs. The pinion 
tooth stresses for the low-noise, improved-bearing-contact spiral-bevel design showed a decrease compared to the 
baseline OH*58D design; but not quite as much as the previous tested high-strength and low-noise designs. For the 
low-noise, improved-bearing-contact design, the macimum stresses shifted toward the heel, compared to the center 
of the face width for the baseline, high-strength, and previously tested low-noise designs. Lastly, no hardline condi- 
tion was found on the pinion tooth flank for the low-noise, improved-bearing-contact design. 

INTRODUCTION 

Spiral-bevel gears are used extensively in rotorcraft 
applications to transfer power and motion through non- 
parallel shafts. In helicopter applications, spiraKbevel 
gears are used in main-rotor and tail-rotor gearboxes to 
drive the rotors. In tilt-rotor applications, they are used 
in interconnecting drive systems to provide mechanical 
connection between two prop-rotors in case one engine 
becomes inoperable. Even though spiral-bevel gears 
have had considerable success in these applications, 
they are a main source of vibration in gearboxes, and 
thus, a main source of noise in cabin interiors [1-2]. In 
addition, higher strength and lower weight are required 
to meet the needs of fiiture aircraft [3]. 

Variom investigators have studied spiral-bevel gears 
and their influence on vibration and noise [4-6]. Most 
studies show that transmission error is directly related to 
undesirable vibration and noise. Transmission error is 
the difference of the actual rojtation of the output gear 
minus the theoretical amount of rotation (equal to the 
rotation of the input pinion multiplied by the pinion to 
gear tooth ratio). A common practice is to modify spi- 
ral-bevel gear surface topolo^ to permit operation in a 

misaUgned mod*e to compensate for housing deflections. 
Over compensation for tWs type of operation, however, 
leads to large transmission error and higher noise and 
vibration levels. 

In previous studies, gears with tooth fillet and root 
modifications to increase strength were manufactured 
and tested [7-8]. In addition, these previous studies 
tested gears with tooth surfaces designed for reduced 
transmission errore. The teeth were designed using the 
methods of Litvin and Zhang [9] to exhibit a parabolic 
function of transmission error at a controlled low level 
(8 to 10 arc sec). The low level of transmission error 
reduces the vibration and noise caused by the mesh. 
The new tooth geometries for this design were achieved 
through slight modification of the machine tool settings 
used in the manufacturing process. The desi^ analyses 
addressed tooth generation, tooth contact analysis, 
transmission error prediction, and effects of misalign- 
ment [9-11], The results from these tests showed a sig- 
nificant decrease in spiral-bevel gear noise, vibration, 
and tooth fillet stress. However, a hardline condition 
(concentrated wear lines) was present on the pinion 
tooth flank area. A hardline condition could possibly 
lead to premature failure such as early pittin^surface 
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fatigue, excessive wear, or scoring, and should be 
avoided in a proper gear design. Thus, subsequent 
analyses were performed to improve the gear tooth con- 
tact (eliminate the hard line) while maintaining low 
noise, vibration, and fillet stress [12]. These studies 
again used a pre-designed low level of parabolic trans- 
mission error constrained to have the bearing contact 
that avoids hardline conditions under design load. 

The objective of this report is to describe the results of 
the experiments to evaluate the low-noise, improved- 
bearing-contact spiral-bevel gear design. Experimental 
tests were performed on the OH-58D helicopter main- 
rotor transmission in the NASA Glenn 500-hp Helicop- 
ter Transmission Test Stand. The low-noise, improved- 
bearing-contact spiral-bevel gear design was compared 
to the baseline OH-58D spiral-bevel gear design, a high- 
strength design, and the previous low-noise designs. 
Noise, vibration, and tooth strain test results are pre- 
sented. 

APPARATUS 

OH-58D Main-Rotor Transmission 

The OH-58 Kiowa is an Army single-engine, light, ob- 
servation helicopter. The OH-58D is an advanced ver- 
sion developed under the Army Helicopter Improve- 
ment Program (AHIP). The OH-58D main-rotor trans- 
mission is shown in Fig. 1. It is currently rated at 
maximum continuous power of 410 kW (550 hp) at 
6016 rpm input speed, with the capability of 10 sec 
torque transients to 475 kW (637 hp), occurring once 
per hour, maximum. The main-rotor transmission is a 
two-stage reduction gearbox with an overall reduction 
ratio of 15.23:1. The first stage is a spiral-bevel gear set 
with a 19-tooth pinion that meshes with a 62-tooth gear. 
Triplex ball bearings and one roller bearing support the 
bevel-pinion shaft. Duplex ball bearings and one roller 
bearing support the bevel-gear shaft. Both pinion and 
gear are straddle mounted. 

A planetary mesh provides the second reduction stage. 
The bevel-gear shaft is splined to a sun gear shaft. The 
27-tooth sun gear meshes with four 35-tooth planet 
gears, each supported with cylindrical roller bearings. 
The planet gears mesh with a 99-tooth fixed ring gear 
splined to the transmission housing. Power is taken out 
through the planet carrier splined to the output mast 
shaft. The output shaft is supported on top by a split- 
inner-race ball bearing and on the bottom by a roller 
bearing. The 62-tooth bevel gear also drives a 27-tooth 
accessory gear. The accessory gear runs an oil pump, 
which supplies lubrication through jets and passageways 

located in the transmission housing, as well as a hydrau- 
lic pump for aircraft controls. 

Spiral-Bevel Test Gears 

Four different spiral-bevel pinion and gear designs were 
compared. The first design was the baseline and used 
the current geometry of the OH-58D design. Table 1 
lists basic design parameters. The reduction ratio of the 
bevel set is 3.26:1. All gears were made using standard 
aerospace practices where the surfaces were carburized 
and ground. The material used for all test gears was 
X-53 (AMS 6308). Two sets of the baseline design 
were tested. 

The second sf)iral-bevel design was an increased 
strength design. The configuration was identical to the 
baseline except that the tooth fillet radius of the pinion 
was increased by a factor of approximately two. Also, 
the tooth fillet radius of the gear was slightly increased 
(approximately 1.16 times the baseline) and made full 
fillet. Tooth fillet radii larger than those on conven- 
tional gears were made possible by advances in spiral- 
bevel gear grinding technology. Advanced gear grind- 
ing was achieved through redesign of a current gear 
grinder and the addition of computer numerical con- 
trol [13]. Two sets of the increased-strength design 
were tested. 

The third spiral-bevel design was a previous low-noise 
design. The low-noise design was identical to the in- 
creased-strength design except the pinion teeth were 
slightly altered to reduce transmission error. The gear 
member was the same as in the increased-strength de- 
sign. The low-noise design was based on the idea of 
local synthesis that provided at the mean contact point 
the following conditions of meshing and contact [4]: 
a) the required gear ratio and its derivative, b) the de- 
sired direction of the tangent to the contact path, and 
c) the desired orientation and size of the major axis of 
the instantaneous contact ellipse. The local synthesis 
was complemented with a tooth contact analysis [4]. 
Using this approach, the machine tool settings for re- 
duced noise were determined. As with the high-strength 
design, precise control of the manufactured tooth sur- 
faces was made possible by advances in the final grind- 
ing operation machine tool [13]. Further information on 
the previous low-noise design can be found in refer- 
ences [7-8]. In summary, the effect of the topological 
change in the low-noise design was a reduction in over- 
all crowning of the tooth, leading to an increase in con- 
tact ratio and reduced transmission error. 

Two sets of a first attempt of a low-noise design were 
tested.   This included two low-noise pinions and two 
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gear members where the gear members were the same 
as the increased-strength design. In addition, one low- 
noise pinion with 0,050" TOPREM, one low-noise pin- 
ion with 0.090" TOPREM, and one low-noise pinion 
with 0.120" TOPREM, were tested. TOPREM is the 
decrease in the pressure angle at the tip of the grinding 
wheel used on the pinion during final ma;hining. This 
decrease in pressure angle causes more stock to be re- 
ihoved in flank portion of the tooth to prevent interfer- 
ence with the top of the gear member during operation. 
The 0.050, 0.090, and 0.120" designations refer to the 
depth of modification along the blade cutting edge. 

Lastly, the fourth spiral-bevel desipi was a new low- 
noise, improved-bearing-contact design. This new de- 
sign was in general based on the principles of the previ- 
ous low-noise design, but included an improved itera- 
tive approach balancing low transmission errors for re- 
duced noise and tooth contact analysis to avoid adverse 
contact and concentrated wear conditions [12]. In addi- 
tion, modified roll was used in the pinion generation, 
and finite element analysis was used to evaluate stress 
and contect conditions. One low-noise, improved- 
bearing-contact desipi pinion was tested. 

NASA Glenn 500-HP Helicopter Transmission Test 
Stand 

The OH-58D traiKmission was tested in the NASA 
Glenn 500-hp helicopter transmission test stand (Fig. 2). 
The test stand operates on the closed-loop or torque- 
regenerative principle. Mechanical power recirculates 
through a closed loop of gears and shafting, part of 
which is the test to-ansmission. The output of the test 
transmission attaches to the bevel gearbox^ The output 
shaft of the bevel gearbox passes through a hollow shaft 
in the closing-end gearbox and connects to the differen- 
tial gearbox. The output of the differential attaches to 
the hollow shaft in the closing-end gearbox. The output 
of the closing-end gearbox connects to the speed in- 
creaser gearbox. The output of the speed increaser 
gearbox attaches to the input of the test transmission, 
thereby closing the loop. 

A 149-kW (200-hp) variable-speed direct-current (d.c.) 
motor powers the test stand and controls the speed. The 
motor output attaches to the closing-end gearbox. The 
motor replenishes losses due to friction in the loop. An 
ll-kW (15-hp) d.c, motor provides the torque in the 
closed loop. This motor drives a magnetic particle 
Clutch. The clutch output does not turn but exerts a 
torque. This torque is transferred through a speed re- 
ducer gearbox and a chain drive to a large sprocket on 
the differential gearbox. The torque on the sprocket 
applies torque in the closed loop by displacing d»e gear 
attached to the output shaft of the bevel gearbox with 

respect to the gear connected to the input shaft of the 
closing-end gearbox. This is done within the differen- 
tial gearbox through use of a compound planetary sys- 
tem where the planet carrier attaches to the sprocket 
housing. The magnitude of torque in the loop is ad- 
justed by changing the electric field stren^h of the 
magnetic particle clutch, 

A mast shaft loading system in the test stand simulates 
rotor loads imposed on the OH-58D transmission output 
mast shaft. The OH-58D transmission output mast shaft 
connects to a loading yoke. Two vertical load cylinders 
connected to the yoke produce lift loads, A 14,000-kPa 
(2000-psig) nitrogen gas system powers the cylinders. 
Pressure regulators connected to the nitrogen supply of 
each of the load cylinders adjust the magnitude of lift. 
Note that in the OH-58D design, the transmission at no- 
loal is misaligned with respect to the input shaft At 
18,309 N (4116 lb) mast lift load, the elastomeric comer 
mounts of the OH-58D transmission housing deflect 
such that the transmission is properly aligned with the 
input shaft (In the actual helicopter, this desipi serves to 
isolate the airframe from the rotor vibration). 

The test transmission input and output shafts have speed 
sensors, torquemeters, and slip rings. Both load cylin- 
ders on the mast yoke are mounted to load cells. The 
149-kW (200-hp) motor has a speed sensor and a 
torquemeter. The magnetic particle clutch has speed 
sensors on the input and output shafts and thermocou- 
ples. An external oil-water heat exchanger cools the test 
transmission oil. A facility oil-pumping and cooling 
system lubricates the differential, closing-end, speed 
increaser, and bevel gearboxes. The facility gearboxes 
have accelerometers, thermocouples, and chip detectors 
for health and condition monitoring. 

TEST PROCEDURE 

From the previous studies, two sets of the baseline de- 
sign (a set consisted of a pinion and a gear), two sets of 
the high-strength design, and two sets of the previous 
low-noise design were manufactured and tested. Note 
that the gear members for the high-strength set and pre- 
vious low-noise set were the same design. There were, 
however, four of these gear members manufactured, two 
for the high-strength set and two for the low-noise set. 
Again, these gears differed from the gear member of the 
baseline set (two if these manufactured and tested) due 
to the increased fillet radius and full fillet. Also from 
the previous studies, three additional low-noise design 
pinions with TOPREM modifications were manufac- 
tured and tested. These pinions meshed with one of the 
gear members of the previous low-noise set for all of 
their tests.     For the current study, one low-noise. 
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improved-bearing-contact design pinion was manufac- 
tured and tested. This pinion meshed with one of the 
gear members of the high-strength set for all of its tests. 

Noise and vibration tests were performed on all pinions 
and gears manufactured. One set of the baseline design, 
one set of the high-strength design, one set of the previ- 
ous low-noise design, and the low-noise, improved- 
bearing-contact design pinion were all instrumented 
with strain gages and strain tests were performed on 
these. Again, the low-noise, improved-bearing-contact 
design pinion meshed with the instrumented gear mem- 
ber of the high-strength set for its strain tests. A de- 
scription of the instrumentation, test procedure, and data 
reduction procedure is as follows. 

Noise Tests 

Acoustic intensity measurements were performed using 
the two-microphone technique. The microphones used 
had a flat response (±2 dB) up to 5000 Hz and a nomi- 
nal sensitivity of 50 mV/Pa. The microphones were 
connected to a spectrum analyzer which computed the 
acoustic intensity from the imaginary part of the cross- 
power spectrum. Near the input region of the GH-58D 
transmission, a grid was installed which divided the 
region into 16 areas (Fig. 3). For each test, the acoustic 
intensity was measured at the center of each of the 
16 areas. Only positive acoustic intensities (noise flow- 
ing out of the areas) were considered. The acoustic in- 
tensities were then added together and multiplied by the 
total area of the grids to obtain sound power of the 
transmission input region. 

At the start of each test, the test transmission oil was 
heated using an external heater and pumping system. 
For all the tests, the oil used conformed to a DOD-I^ 
85734 specification. Once the oil was heated, the 
transmission input speed was increased to 3000 rpm, a 
nominal amount of torque was applied, and mast lift 
load was applied to align the input shaft (18 310 N, 
4120 lb). The transmission input speed and torque were 
then increased to the desired conditions. The tests were 
performed at 100-percent transmission input speed 
(6016 rpm) and torques of 50, 75, 100, and 125-percent 
of maximum design. The transmission oil inlet tem- 
perature was set at 99 °C (210 °F). After the transmis- 
sion oil outlet stabilized (which usually required about 
20 min), the acoustic intensity measurements were 
taken. The time to obtain the acoustic intensity meas- 
urements of the 16 grid points at a given test condition 
was about 30 min.. For each acoustic intensity spectrum 
at a grid point, 100 frequency-domain averages were 
taken. This data was collected by a computer. The 
computer also computed the sound power spectrum of 
the grids after all the measurements were taken. 

Vibration Tests 

Eight piezoelectric accelerometers were mounted at 
various locations on the OH-58D transmission hous- 
ing (Fig. 4). The accelerometers were located near the 
input spiral-bevel area (accelerometers 1 and 2, measur- 
ing radially to the mput shaft), the ring gear area (accel- 
erometers 3 and 4, measuring radially to the planetary), 
and on the top cover (accelerometers 5 to 8, measuring 
vertically). All accelerometers had a 1 to 25 000-Hz 
(±3 dB) response, 4 mV/g sensitivity, and integral elec- 
tronics. Fig. 5 shows a photograph of the noise and 
vibration test setup. 

The vibration tests were performed in conjunction with 
the noise tests. After collecting the acoustic intensity 
data for a given test, the vibration data were recorded on 
tape and processed off-line. The vibration data were 
later analyzed using time averaging. Here, the vibration 
data recorded on tape were input to a signal analyzer 
along with a tach pulse from the transmission input 
shaft. The signal analyzer was triggered from the tach 
pulse to read the vibration data when the transmission 
input shaft was at the same position. The vibration sig- 
nal was then averaged in the time domain using 
100 averages. This technique removed all the vibration 
which was not synchronous to the input shaft. Before 
averaging, the major tones in the vibration spectrum of 
the OH-58D baseline design were the spiral-bevel and 
planetary gear ftmdamental frequencies and harmonics. 
Time averaging removed the planetary contribution, 
leaving the spiral-bevel contribution for comparing the 
different design configurations. 

Strain Tests 

Twenty strain gages were mounted on the spiral-bevel 
pinions for one set of each of the four designs (Fig. 6). 
Twenty-six gages were mounted on the spiral-bevel 
gears (Fig. 7). Gages were positioned across the tooth 
face widths with some in the fillet area and some in the 
root area of the teeth. The fillet gages were placed on 
the drive side of two adjacent teeth. The fillet gages 
were also positioned at a point on the tooth cross- 
section where a line at a 45° angle with respect to the 
tooth centerline intersects the tooth profile. The fillet 
gages were placed there to measure maximum tooth 
bending stress. (Previous studies on spur gears showed 
that the maximum stresses were at a line 30° to the tooth 
centerline [14]. Forty-five degrees was chosen for the 
current tests to minimize the possibility of the gages 
being destroyed due to tooth contact.) In addition to 
maximum tensile stresses, root stresses can become 
significant in lightweight, thin-rimmed aerospace gear 
applications [15]. Thus, root gages were centered be- 
tween teeth in the root to measure gear rim stress. 
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Tooth fillet and root gages were placed on successive 
teeth to determine loading consistency. The grid length 
of the gages was 0.381 mm (0.015 in.) and the nominal 
resistance was 120 fl. The gages were connected to 
conditioners using a Wheatstone bridge circuitry and 
using a quarter-bridge arrangement, 

Statio strain tests were performed on both the spiral- 
bevel pinions and gears, A crank was installed on the 
transmission input shaft to manually rotate the shaft to 
the desired position. A sensor was installed on the 
transmission output shaft to measure shaft position. At 
the start of a test, the transmission was completely 
unloaded and the strain gage conditioners were zeroed. 
Conditioner spans were then determined using shunt 
calibrations. The transmission was loaded (using the 
facility closed-loop system) to the desired torque, the 
shaft was positioned, arid the strain readinp along with 
shaft positions were obtained using a computer. This 
was done for a variety of positions to get strain as a 
function of shaft position for the different gages. At the 
end of a test, the transmission was again completely 
unloaded and the conditioner ^roes were checked for 
drift. A photo^ph of the static strain setup is shown 
in Fig. 8. 

Dynamic strain tests were performed only on the spiral- 
bevel pinions. The pinion gages were connected to slip 
rings mounted on the input shaft. A slip ring assembly 
for the spiral-bevel gear was unavailable, and thus, dy- 
namic strain tests of the gear vwre not pCTformed. The 
test procedure was basically the same as the noise and 
vibration tests, except that the transmission was not run 
as long in order to maximize strain gage life. A photo- 
graph of the dynamic strain setup is shown in Fig. 9. 
The dynamic strain data were recorded on tape and 
processed off-line. The dynamic strain data were later 
digitized into a computer and time-averaged in a manner 
similar to the vibration data. This procedure was used 
to remove random slip ring noise. 

RESULTS AND DISCUSSION 

Noise Tests 

Fig, 10 gives sound power as a function of torque. The 
depicted sound power is the sum of the sound power at 
the spiral-bevel meshing fi-equency (1905 Hz) and its 
first harmonic (3810 Hz), In inspecting the frequency 
content of the data, the sound power at the meshing fre- 
quency was dominant. As interpreted from the figure, 
the data is divided into three groups. The first group is 
the circles and squares, which are the baseline and in- 
creased strength desigis. The sound power (i.e., noise 
from the bevel gear mesh) for these designs show a 

slight increase with torque. They give about the same 
trend with approximately 5 dB of scatter. This is ex- 
pected since the bevel pinion and gear tooth geometries 
for this group were identical except for the fillet region. 

The second group is the triangles, which are the original 
low-noise designs, with and without TOPREM. These 
data show a significant decrease in noise, especially at 
the 100% torque condition (about 16 dB), They give 
about the same trend with approximately 2 to 8 dB of 
scatter. The third group is the solid diamonds, which 
are the data from the low-noise, improved-bearing- 
contact design. The sound power from tWs d^ign is 
nearly constant with torque. It shows a decrease in 
noise from the baseline design (about 7dB at 100% 
torque), but not as much reduction as the previous low- 
noise designs. 

Vibration Tests 

Fig. 11 gives the results from the vibration tests. Shown, 
is acceleration as a function of torque for the eight ac- 
celerometers mounted on the OH-58 fransmission hous- 
ing. Again, the acceleration was time-averaged with 
respect to the input shaft to remove all non-synchronous 
vibration. In inspecting the frequency content of the 
data, the majority of the time-averaged vibration was 
from the spiral-bevel mesh. The data points in the fig- 
ure are the root-mean-square (rms) values of the time- 
avera^d vibration time traces. In general, each figure 
can be divided in two groups: 1) baseline and hi^- 
strength designs (circles and squares), and 2) low noise 
designs (triangles and diamonds). As with the noise 
results, there was a sipiificant reduction in vibration for 
the low-noise designs compared to the baseline. For 
accelerometers 1, 3, 4, 5, 6, and 8, the vibration for all 
the low-noise designs are basically lumped together 
with a scatter of about 3 g's. The low-noise, improved- 
bearing-contact design gave the same benefit in reduced 
vibration as that of the previously tested low-noise de- 
signs. As with the noise test results, the vibration for 
the low-noise, improved-bearing-contact design was 
pretty much constant with torque. Note that cases 
where data are missing from the figure (low-noise, 
improved-bearing-contact pinion design for accelerome- 
ter #5, Fig. lie, as an example) were due to faulty 
instrumentation. 

Strain Tests 

Set #2 (pinion and gear) of the baseline design, set #2 of 
the high-strength design, set #2 of the original low-noise 
design, and the low-noise, improved-bearing-contact 
pinion were instnimented with strain gages. The low- 
noise, improved-bearing-contact pinion meshed with the 
gear member of the high-strength design. Results of the 
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strain measurements will be presented botii as plots of 
stresses as functions of shaft positions and tables of val- 
ues summarizing the peak values. 

First, results of the static strain tests at 100% torque for 
the pinion fillet gages are shown in Fig. 12. Shown is 
stress versus pinion shaft position for all the pinion fillet 
gages of the baseline, high-strength, original low-noise, 
and low-noise, improved-bearing-contact designs. 
Since the strain in the tooth fillet is mostly uniaxial and 
in the tangential direction of the tooth face [16], the 
stress was calculated by multiplying the measured strain 
by the modulus of elasticity (30x10'' psi for steel). The 
figure depicts resuHs from fillet gages on adjacent gear 
teeth (gages 4 and 11, 5 and 12, 6 and 13, ...) for the 
seven positions along the gear tooth face width. Gages 
4 and 11 correspond to positions at the heel of the pin- 
ion and gages 10 and 17 correspond to positions at the 
toe of the pinion. The gages show typical results of a 
driving pinion member rolling through mesh. As a driv- 
ing pinion rolls through mesh, it first sees a small 
amount of compression in the fillet when the tooth 
ahead of the strain-gaged tooth is in contact with the 
driven gear. As the pinion rolls further through mesh, 
the strain-gaged tooth is in contact with the driver and 
the fillet region sees tensile stress. At the maximum 
stress, the strain-gaged tooth is loaded in single tooth 
contact. Note that cases where data are missing from 
the figure (baseline design gages 4, 5, 8, 9, and 10, as 
examples) were due to faulty gages. 

For the pinion fillet gages at 100% torque, the maxi- 
mum tensile stress occurred at the middle of the tooth 
face width for the baseline and high-strength designs 
(gage 6, 7, 13, and 14 regions; it should be noted that 
gages 6-8 and 13-15 were located as close to each other, 
respectively, as possible). The minimum stress (maxi- 
mum compression) occurred slightly to the heel side of 
the middle of the tooth face width. The maximum al- 
ternating stress, occurred at the same location of the 
maximum tensile stress, where the alternating stress is 
defined as the maximum stress minus the minimum 
stress for a given gage position. For the previously 
tested low-noise design, maximum values of the stresses 
(tensile, compressive, alternating) shifted slightly to- 
ward the toe compared to the baseline design. For the 
low-noise, improved-bearing-contact design, maximum 
values of the stresses (tensile, compressive. alternating) 
shifted significantly toward the heel compared to the 
baseline design. Table H lists the values of the maxi- 
mum, minimum, and alternating stresses of the various 
designs tested at 100% torque. It should be noted that 
the values listed in the table were the average of the two 
row of the corresponding gages. In all cases the Change 
column compares the stress to the baseline design. 
From Table Ila, there was a significant reduction in 

pinion fillet maximum tensile stress of the high-strength 
design compared to the baseline. There was an even 
greater reduction for the original low-noise design. 
There was less of a reduction for the low-noise, im- 
proved-bearing-contact design, but it was still signifi- 
cant. There was a reduction in the absolute value of the 
minimum (compressive) stress for the low-noise, im- 
proved-bearing-contact design compared to the baseline, 
which led to a significant reduction in alternating stress 
compared to the baseline. 

Figure 13 gives the results of the static strain tests at 
100% torque for the gear fillet gages. The shapes of the 
stress-position traces look similar to that of the pinion 
except the fillet compression occurs after the tension. 
This is because the tooth ahead of the strain-gage tooth 
sees contact with the driver member after the strain- 
gaged tooth is in contact. For the baseline design, high- 
strength design, and original low-noise design, the 
maximum tensile stresses occurred at the middle of the 
tooth face width. For the low-noise, improved-bearing- 
contact design, the maximum tensile stress shifted to- 
ward the heel. From Table lib, there was a significant 
reduction in gear fillet maximum tensile stress for the 
high-strength, low-noise, and low-noise, improved- 
bearing-contact designs compared to the baseline. The 
greatest benefit was fi-om the low-noise, improved- 
bearing-contact design. Also, note that the magnitude 
of gear fillet tensile stresses was significandy lower than 
that of pinion. Lastly, cases where data are missing 
from the figure (low-noise, improved-bearing-contact 
pinion design gages 9 and 16) were due to faulty gages. 

Figure 14 gives the results of the static strain tests at 
100% torque for the pinion root gages. Although the 
root gages were physically located three teeth apart 
(Fig. 6), they are plotted as if they were on adjacent 
teeth. The stress-position traces were different than the 
fillet gages in that the maximum compression was 
nearly twice as great as the maximum tension. How- 
ever, the magnitude of the maximum tension is signifi- 
cantly less than that in the fillet. As with the fillet 
gages, the maximum stresses (tensile and alternating) 
occurred at the middle of the tooth face width for the 
baseline design, high-strength design, and original low- 
noise design, and shifted toward to heel for the low- 
noise, improved-bearing-contact design. The same trend 
was observed for the gear root gages (Fig. 15). The 
maximum tensile stress in the pinion root significantly 
increased for the high-strength design, and original low- 
noise design compared to the baseline (Table lie). The 
maximum tensile stress in the pinion root drastically 
increased for the low-noise, improved-bearing-contact 
design compared to the baseline. The alternating 
stresses in the pinion root of the high-strength, original 
low-noise,   and   low-noise,   improved-bearing-contact 
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designs increased about the same amount compared to 
the baseline. The maximum tensile stress in the gear 
root significantly increased for the high-strength design 
compared to the baseline, but stayed the same for the 
original low-noise design and low-noise, improved- 
bearing-contact design (Table IId)» 

Figure 16 compares the dynamic and static stresses for 
the pinion fillet gages at 100% torque for the low-noise, 
improved-bearing-contact design. For the three gages 
shown (gages 12, 14, and 16), there was no apparent 
change in stresses due to dynamic effects. There was no 
change in shape of the stress-position traces and the 
maximum and minimum values were similw. This was 
typical for all the fillet gag^ (Table Ilia and Illb), The 
same observation were found for the pinion root gages 
(Fig. 17, Tables Illc and Hid). 

Bevel Tooth Contact Patterns 

As previously reported, the original low-noise designs 
showed a significant decrease in spiral-bevel gear noise, 
vibration, and tooth fillet stress [7-8]. However, a hard- 
line condition (concentrated wear lines) was present on 
the pinion tooth flank area for these desipis. Figures 18 
and 19 show close-up photographs of the pinion and 
gear, respectively, for the low-noise, improved-bearing- 
contact design after completion of all tests. No hardline 
condition was found on die pinion tooth flank. 

SUMMARY OF RESULTS 

Studies to evaluate low-noise, improved-bearing-contact 
spiral-bevel gears were performed. Experimental tests 
were performed on the OH-58D helicopter main-rotor 
transmission in the NASA Glenn 500-hp Helicopter 
Transmission Test Stand, Low-noise, improved- 
bearing-contact spiral-bevel gears were compared to the 
baseline OH-58D spiral-bevel gear design, a high- 
strength design, and previously tested low-noise de- 
signs. Noise, vibration, and tooth strain tests were per- 
formed. The following results were obtained: 

1) The low-noise, improved-bearing-contact spiral- 
bevel design showed a decrease in noise compared to 
die baseline OH-58D design (about 7 dB at 100% 
torque), but not as much reduction as previous tested 
low-noise designs design (about 16 dB at 100% torque). 
The bevel mesh sound power for the low-noise, irn- 
proved-bearing-contact spiral-bevel design was nearly 
constant with torque. 

2) The low-noise, improved-bearing-contact spiral- 
bevel design gave the same benefit in reduced vibration 
compared to the b^eline OH-58D design as that of the 

previously tested low-noise designs. As with the noise 
test results, the vibration for the low-noise, improved- 
bearing-contact design was nearly constant with torque, 

3) The spiral-bevel pinion tooth stresses for the low- 
noise, improved-bearing-contect spiral-bevel design 
showed a significant decrease compared to the baseline 
OH-58D design, but not quite as much as the previous 
tested hi^-strength and low-noise designs. The gear 
stresses, however, showed a significant decrease com- 
pared to the baseline OH-58D desipi, even more than 
the previous tested high-strength and low-noise designs. 
For the low-noise, improved-bearing-contact d^ign, the 
maximum stresses shifted toward the heel, compared to 
the center of the face width for the baseline, high- 
strength, and previously tested low-noise designs. 
There was no apparent change in stresses due to dy- 
namic effects for the low-noise, improved-bearing- 
contact design. 

4) No hardline condition was found on the pinion tooth 
flank for the low-noise, improved-bearing-contact 
design. 
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Table 1. Ba.seline spiral-bevel gear parameters 
of the OH-58D main-rotor transmission. 

Number of teeth, 

pinion 19 

gear 62 

Module, mm (diametral pilch, in"') 4.169 (6.092) 

Pressure angle, deg 20 

Mean spiral angle, deg 35 

Shaft angle, deg 95 

Face width, mm (in.) 36.83 (1.450) 
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Table II. Comjarison of low-noise, improved-bearing-contact design 
static strain test results to previously tested results, 100% torque. 

a) Pinion fillet pgcs. Max Stress  Change  Min Stress  Change Alt Stress Change 

(ksi) (%) (ksi) (%)        (ksl) (%) 

Baseline dcsipi 126 -38 1S7 

High-stren^ design 92 -27.2% -46 22.3% 136 -13.3% 

Low-noise design 89 -29.4% -35 -6.1% 114 -27.6% 

Low-noise, improved-bearing-contact design 96 -24.4% -26 -30.6% 116 -25.9% 

b) Clear fillet gages. Max SWISS  Change  Min Stress  Change All Stress Change 

(ksi) (%> (ksi) (%) (ksi) (%) 

B^elinc design 88 -35 118 

High-strengh design 77 -12.4% -29 -15.1% 101 -14.4% 

Low-noise design 71 -19.0% -21 -38.4% 87 -26.3% 

Low-noise, iniproved-bearing-contact design 56 -36.0% -29 -16.5% 82 -30.4% 

c) Pinion root gages. Max Stress  Change  Min Stress  Change All Stress Change 

(ksi) (%) (ksi) (%) (ksi) (%) 
Baseline dcsi^ 

High-stren^ dcsigi 

Low-noise design 

Low-noise, improval-bcaring-contact design 

33 -40 72 
41 24.7% -76 91.2% 110 52.3% 
41 24.2% -71 77.5% 110 51.3% 
57 74J% -54 35.9% til 52.7% 

d) Gear root gages. Max Stress  Chwige  Min Stress Change Ah Stress Change 

(ksi) (%) (ksi) (%) (ksi) (%) 
Baseline design 

High-siren^h design 

Low-noise design 

Low-noise, improved-bearing-contact design 

30 -67 92 
39 31.5% -74 9.4% 107 16.5% 
30 -1.5% -75 10.9% 95 3.1% 
30 0.0% -74 10,3% 97 5.7% 
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Table III. Comparison of static and dynamic stresses, lovv-noisc, improved-bcaring-contact design, 100% torque. 

(n/w = gage not working) 

a) Pinion fillet gages 4, 5,6,7,8,9,10. 

Static Tests 

Gape 4 Gage 5 Gage 6 (jage 7 Gage 8 Gage 9 Gage 10 

Max stress (ksi) 87 96 88 85 83 64 40 
Min stress (ksi) -27 -16 -15 -12 -9 -7 -5 
Alt .stress (ksi) 114 112 102 97 93 71 44 

Dynamic Tests 

Gage 4 Gage 5 Gage 6 Gage 7 Gage 8 Gage 9 Gage 10 

Max stress (ksi) 82 95 89 n/w n/w 66 40 
Min stress (ksi) -27 -17 -15 n/w n/w -9 -5 
Alt stress (ksi) 109 112 105 n/w n/w 75 46 

Difference 

Gage 4 GaeeS Gage 6 Gage 7 Gage 8 Gage 9 Gage 10 

Max stress (ksi) -6,0% -1.0% 2.2% n/w n/w 2.3% 1.5% 
Min stress (ksi) 1.8% 7.9% 2.3% n/w n/w 34.7% 16.8% 
Alt stress (ksi) -4.2% 0.3% 2.3% n/w n/w 5.4% 3.0% 

b) Pinion fillet gages II. 12, 13, 14,15. 16, 17. 

Static Tests 

Gage 11 Gage 12 Gage 13 Gage 14 Gage 15 Gage 16 Gage 17 

Max .stress (ksi)    ■ 95 90 86 85 77 63 39 
Min .stress (ksi) -23 -25 -21 -20 -17 -8 -5 
Alt stress (ksi) 119 116 107 105 94 71 44 

Dynamic Tests 

Gage 11 Gage 12 Gage 13 Gage ] 4 Gage 15 Gage 16 Gage 17 
Max stress (ksi) n/w 86 84 85 n/w 67 40 
Min stress (ksi) n/w -26 -21 -20 n/w -11 -6 
Alt stress (ksi) n/w 112 105 105 n/w 78 47 

Difference 

Gage 11 Gage 12 Gage 13 Gage 14 Gage 15 Gage 16 Gage 17 

Max stress (ksi) n/w -4.7% -2.1% 0.0% n/w 6.4% 3.8% 
Min stress (ksi) n/w 1.6% -0.6% -1.9% n/w 29.1% 33.2% 
Alt stress (ksi) n/w -3.4% -1.8% -0.4% n/w 9.0% 7.1% 

c) Pinion rcK)t gages 1,2,3. 

Static Tests 

d) Pinion rix)t gages 18,19, 20. 

Static Tests 
Gage 1 Gage 2 Gage 3 

Max stress (ksi) 60 59 37 

Min stress (ksi) -49 -42 -17 

Alt stress (ksi) 109 101 54 

Dynamic Tests 

Gage 1 Gage 2 Gage 3 

Max stress (ksi) n/w n/w 38 

Min stress (ksi) n/w n/w -17 

Alt stress (ksi) n/w n/w 55 

Difference 

Gage 1 Gage 2 Gage 3 

Gage 18 Gage 19 Gage 20 

Max stress (ksi) 53 55 41 

Min stress (ksi) -60 -41 -13 

Alt stress (ksi) 113 96 55 

Dynamic Tests 

Gage 18 Gage 19 Gage 20 

Max stress (ksi) 50 54 47 

Min stress (ksi) -65 -43 -15 

Alt stress (ksi) 115 97 61 

DifTerencc 

Gage 18 Gage 19 Gage 20 

Max .stress (ksi) n/w n/w 3.3% Max stress (ksi) -5.5% -2.5% 12.5% 
Min stress (ksi) n/w n/w -3.2% Min stress (ksi) 8.2% 6.3% 9.8% 
Alt stress (ksi) n/w n/w 1.2% Alt stress (ksi) 1.8% 1.2%    ■ 11.8% 
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Fig, 1. OH-58D helicopter main-rotor transmission. 
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Fig. 2. NASA Glenn 500-hp helicopter transmission test facility. 
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Fig. 3. Sound intensity measurement system. 
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Fig. 4. Accelerometer locations on OH-58D transmission. 
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Fig. 5. Noise/vibration test setup. 
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Fig. 7. Strain gage locations on spiral beivel gear. 

Fig. 6. Strain gage locations on spiral bevel pinion. 

Fig. 8. Static strain test setup. Fig. 9, Dynamic strain test setup.. 
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Fig. 10. Sound power at spiral-lievel mesh frequencies. 
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Fig. 12. Results from static strain tests, pinion fillet gages, 100% torque (refer to Fig. 6 for strain gage locations). 
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Fig. 13. Results from static strain tests, gear fillet gagM, 100% torque (refer to Fig. 7 fcr strain pge locations). 
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Fig. 14. Results from static strain tests, pinion root gages, 100% torque (refer to Fig. 6 for strain gage locations). 
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Fig, 15. Results ftom static strain teste, gear root gages, 100% toHjue (refer to Fig. 7 for strain ^ge locations). 
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Fig. 16. Comparison of dynamic and static stresses, low-noise, improved-bearing-contact design; 
pinion fillet gages, 100% torque. 
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Fig. 17. Comparison of dynamic and static stresses, low-noise, improved-bearing-contact design; 
pinion root pges, 100% towiue. 
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Fig. 18. Spiral-bevel pinion tooth contact, low-noise, improved-bearing<ontact design. 

Fig. 19. Spiral-bevel gear tooth contact, low-noise, improved-bearing-contact design. 
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