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3). Its objective was to define, by controlled test-
ing, the effect on noise levels due to changes in
the profile and face contact ratios and the gear
tooth form. These factors were varied both sepa-
rately and in combination.

The test gear configurations were selected to
be representative of those used in helicopter
transmissions. The test gear designs include four
different types of spur gears (low and high con-
tact-ratio in both involute and noninvolute pro-
files), as well as five different helical (single and
double) gear designs with various profile and face
contact ratios. The gears were designed to be as
nearly identical as possible, except for deliberate
differences in tooth geometry and contact ratio.

Testing was conducted under controlled condi-
tions (torque, speed, oil flow, temperatures, etc.).
Acoustic intensity measurements were taken with
the aid of a robot to insure repeatability of mea-
surements between gear sets and to minimize the
influence of operator technique. Results present-
ed here include trends of the sound power at mesh
frequency and narrow-band spectra of sound
power. Preliminary results from this program
were earlier presented by Drago (Ref. 4).

Test Gears

Eight sets of test gears were designed. Four of
these are spur gears. Two sets have an involute
tooth form, and two utilize a noninvolute, con-
stant radius of curvature profile. All gears were
designed in accordance with standard aerospace
practice so that, except for size, they are repre-
sentative of typical helicopter gears. The eight
gear designs are summarized in Table 1 and are
shown in Fig. 1. Additional test parameters are
shown in Table 2.

Fig. 1 also shows a gear set which is not listed
in Table 1. This was not one of the planned test
variants. During the manufacture of the test gears,
the double helical gear drawings went out with a
drafting error such that both helices were manu-
factured with the same hand. The resultant gear
set (known officially as “spread single helical
gears” and unofficially as “OOPS” gears), are
shown in the upper right corner of Fig. 1.
Although these gears probably would not be used
in a production environment, we decided to test
one pair of them anyway.

Apparatus & Procedure

Test Facility. The NASA Lewis gear noise rig
(Fig. 2) was used for these tests. This rig features
a single-mesh gearbox powered by a 150 kW
(200 hp) variable speed electric motor. An eddy
current dynamometer loads the output shaft. The
gearbox can be operated at speeds up to 6000
rpm. The rig was built to carry out fundamental

Fig. 1 — Test gears.
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Fig. 2 — Gear noise rig.

Table 2 — Test Gear Parameters

No. Teeth

Transverse Module, mm
(diametral ptich, in'")

Face Width, mm (in)

100% Input Speed, rpm

- 100% Input Torque, N-m, (in-Ib)

}OO% Power, kW (hp) ’

25 and 31

3.175 (8)

-

studies of gear noise and the dynamic behavior of
gear systems. It is designed to allow testing of
various configurations of gears, bearings,
dampers and supports. To reduce unwanted
reflection of noise, acoustical baffles covered test
cell walls, floor and other nonmoving surfaces.
The material attenuates reflected sound by 20 dB
or more for frequencies of 500 Hz and above.
Instrumentation and Test Procedure. Exper-
imental modal test results from a previous testing
program (Ref. 5) provided the first five natural
frequencies and modes of vibration of the gear-
box top. The natural frequencies were checked to
assure that gear mesh frequencies did not coin-
cide with important modes of the gearbox. Also,
from previous analytical work, we know that tor-
sional modes of the gear system are well above

the 6000 rpm speed limit of the rig.
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Acoustic intensity measurements were per-
formed, under stable, steady-state operating con-
ditions, with the aid of a computer-controlled
robot designated RAIMS (Robotic Acoustic
Intensity Measurement System). The RAIMS
software (1) commanded the robot to move an
intensity probe over a prescribed measurement
grid; (2) recorded acoustic intensity spectra in the
analyzer for each node of the grid; and (3) trans-
mitted the spectra to the computer for storage on
disk. The gearbox, robot and intensity probe are
illustrated in Fig. 3. RAIMS is more completely
described in Refs. 6 and 7.

The acoustic intensity probe consists of a pair
of phase-matched 6 mm microphones mounted
face-to-face with a 6 mm spacer. The probe has a
frequency range (=1 dB) of 300-10,000 Hz.
Measurements were made at a distance of 60 mm
between the acoustic center of the microphones
and the gearbox top.

At each operating condition, the intensity
spectra collected from the twenty nodes of the
grid were averaged, then multiplied by the area to
compute an 801-line sound power spectrum. The
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Fig. 4 — Spectra for spur gears (from bottom, Configurations 1, 2, 7, 8) at 100% speed,
100% torque.
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area was assumed to be the area of the grid, plus
one-half additional row and column of elements,
or 0.0910 m?. The actual area of the top is 0.1034
m?. We did not extend the measurement grid
completely to the edges of the gearbox top
because the edge of the top was bolted to a stiff
mounting flange which would not allow much
movement, and measurements taken close to the
edge of the top would be affected by noise radi-
ated from the sides of the box.

Noise measurements from the gearbox sides
were not attempted for the following reasons: (1)
the top is not as stiff as the sides; thus, noise radi-
ation from the top dominates at most frequencies;
(2) the number of measurement locations were
reduced; and (3) shafting and other projections
made such measurements difficult.

Sound power measurements were made over a
matrix of nine test conditions: 3 speeds (60, 80
and 100% of 5000 rpm) and at 3 torque levels
(60, 80 and 100% of the reference torque 256 N-
m (2269 in-1b)). During each intensity scan, the
speed was held to within +5 rpm and torque to +2
N-m. At least five complete sets of scans were
performed on each gear set.

Acoustic intensity data were recorded over the
bandwidth 896-7296 Hz. On the 801-line analyz-
er, this produced a line spacing of 8 Hz. We chose
this frequency range because it includes the first
three harmonics of gear meshing frequency for
the speed range (3000-5000 rpm).

Processing Sound Power Data. The sound
power data captured by the method outlined
above consists of many data files of sound power
spectra. Sample spectra for the four spur gear
configurations are shown in Fig. 4, and spectra
for the five helical gear configurations in Fig. 5.
Each spectrum includes the first three harmonics
of gear mesh frequency. The harmonic frequen-
cies are marked with a ““¢” on the top border. Each
harmonic is surrounded by several sidebands.
The most prominent sidebands were related to
the pinion shaft frequency. Gear shaft sidebands
were not prominent.

To characterize the measurements, we decided
to reduce each 801-line sound power spectrum to
a few numbers that would represent the gear
mesh noise. We call these numbers the harmonic
sound power levels.

We considered five methods for determining
the sound power level.

(1) Record only the value at the mesh fre-
quency harmonic. This means to ignore side-
bands even though they were often significant.

(2) Check the harmonic frequency and several
sidebands and record the highest value.
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