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ABSTRACT
Semi-analytical vibro-acoustic models of a gearegstesn are developed and
experimentally validated to comparatively assess dffects of static transmission error
and sliding friction excitations. An eight degrefefieedom model incorporating the off-
line-of-action direction is analytically formulatédr a spur gear pair, in which the friction
force excitation is assumed to act externally wgitien amplitude for all frequencies.
Predicted dynamic bearing forces are examined th e line-of-action and off-line-of-
action directions. Noise levels are then calcdlatethe gear mesh harmonics, based on
empirical structural-acoustic transfer functionatttvere determined by experiments on the
Gear Noise Rig at NASA’'s Glenn Research Center. Predicted noise levels are
compared to measurements collected in an anechaiolzer surrounding the test rig. The
results exemplify the importance of modeling thetifion excitation and off-line-of-action
dynamics, but further development is required &dyguantitative noise predictions.

1 INTRODUCTION

Integrated models of a gearbox and its internal paments are essential for accurate
predictions of gear noise, and most studies onbgsaisystem dynamics relied on a
combination of detailed finite element (FE), bourydalement (BE) and semi-analytical
methods. For example, Van Roosmaléhfprmulated a gearbox model including analytical
formulations for gear vibrations due to tooth defilens and the bearing transfer path. Lim
and Singh 2] developed both a lumped parameter model and anB&el with a flexible
casing for a simple geared system. Kartik and Hoj8jeused a FE model of a double-mesh
geared system with spur gear pair that was utiliwegbredict the dynamic forces at the
bearings. However, finite and boundary element odgthoften require much computational
time for parametric studies. In such cases, simpéels for the gearbox are more desirable
[4]. It has been showrB[ § that the frequency response functions (FRFs)hefliousing
could be experimentally measured and incorporatedthe modeling process.

Sliding friction in geared systems has been foui@][to have significant effect on the
overall noise and vibration. Hence, there is a rfee@dnalytical models that incorporate the
sliding friction into the system to examine the-lifie-of-action (OLOA) dynamics. The
objective of this research is to use the sourch-pateiver concept of Fig. 1 to predict gear



whine noise excited by both the static transmisgioor (STE) and sliding friction. These
two excitations are inputs to a linear 8 degreé&reédom (DOF) model, which is
characterized by natural frequencies and mode shapeg . This study focuses on the

prediction of dynamic bearing forces in both theelof-action (LOA) and OLOA directions.
These forces are coupled at the bearings with hgustructures which cause the out-of-plane
vibrations of housing panels. The structural veloaf the housing is radiated as sound
pressure, where it is perceived by the receivesimdple model utilizing measured acoustic-
structural transfer functions (pressure/accelengiia) is then employed to predict the sound
pressure level (SPL) at the gear mesh harmonias triimsfer functions are measured on the
NASA GRC Noise Rig for a unity-ratio spur gear payjstem with parameters listed in Table
1. An order of magnitude comparison could thus lz&lento experimental data at selected
mesh harmonic frequencies. Note that the same g#aand rig were used to generate the
transfer functions and to collect the sound andatibn data. This should allow us to assess
the relative importance of two gear noise souré¢ésg 1.
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Figure 1: Conceptual description of the vibro-atimsof a geared system with two excitations, gileear
system assumption

Table 1: NASA spur gear set specifications

Pressure angle, deg 20 Number of teeth 28
Diametral pitch, ift 8 Center distance, in 3.5
Circular pitch, in 0.3927 Base diameter, in 3.2889
Outside diameter, in 3.738 Profile contact ratio 571.
Face width, in 0.25 Moment of inertia, in-Ib-s 3.22x103
Gear mass, Ib%n 1.8x10°  Shaft mass, Ib%n 1.60x102

Load (motor) inertia, in-bs 7.8 (3.5) Gear mesh stiffness, Ib/in 3.6x10°
Torsional shaft stiffness, in-  3.4x10° Effective bearing/shaft 1.29%10°
Ib/rad stiffness, Ib/in

2 LINEAR SYSTEM MODEL WITH OFF-LINE-OF-ACTION (OLOA) DYNAMICS

2.1 Problem formulation of gear pair system
The schematic for the 8 DOF gear pair system igveho Fig. 2. The pinion (subscrip)



and gear (subscri) each has one vibratory angular mottas well as two translational
motionsx andy corresponding to the LOA and OLOA motions. Theebeslius and inertia
are denoted bR andJ with averaged mesh stiffness representell,pysymbolm represents
the mass of the pinion/gear along with contribigidrom the respective shafts. The inertias
of the motor and load are denoted JhyandJ,, and the torsional input and output shaft
stiffness (viscous damping coefficients) are giasikry andks_ (Crq andcr.). The input and
output torques at the motor and load &e&ndT,. Here, both shafts are modeled as simply
supported beams with the effective shaft-beariiftness designated by andk, in the LOA
and OLOA directions, respectively. The correspogdinscous damping coefficients of
similar notation are also included.

Motor
Figure 2: Schematic of the 8 DOF geared systetn sytr gear pair (damping elements not shown)

Besides the loaded STE displacement excitatitih at the gear mesh in the LOA
direction, the friction force excitatioRs(t) is assumed to act externally at gear mesh in the
OLOA direction. For the example case of NASA geair fTable 1), assumed excitations
have constant amplitudes over the entire frequeange. Also, averaged moment aéof

0.6 in. is used for the calculation of the frictimmqueT, . The governing equations of system
in Fig. 2 are given as follows, where the viscoamging matrixC is proportional to the
stiffness matrixk (by exchanging ak terms into correspondingterms):

MG+Cq+Kq(t) =Q(t) (12)

M =[diag(Jq, m,, M, Iy, Jg.my.m, . J, )] (1b)
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2.2 Dynamic Bearing Forces in Two Directions

The dynamic bearing forces could be predicted bylittear system described in Eq. (1)
and they are transmitted to excite the gearbox ihgus-igure 3 compares the effect of
variation ing on both the LOA and OLOA dynamics. A baselinecspen corresponding to
1 = 0.001 is plotted corresponding to an ideal caesgligible friction Likewise,;z= 0.04
represents the case where the friction force artd f8fce are of similar magnitude (13 Ib.)
and = 0.1 is the case with high friction force (33.5)las compared to the STE force. The
same STE input of 43-in is assumed in the LOA direction. Observe in.RB¢p) that an
increase iny results in larger bearing forces across the frequeange away from the
resonances. Below the first resonance, the forceases at the same rate as the increase in
M. Such effect, however, is not as significant oWer higher frequency range, say beyond
resonance at 4345 Hz. The variation in has moderate influence on the resonant peaks,
especially at the lower frequencies. Next, the OL¥aring force is examined in Fig. 3(b)
where only one single mode is present at 429 Hz. Jlope of the response below the
resonance is zero, where the bearing force is dquile magnitude of the assumed friction
input, and the spectrum decreases at a rate ofBi@edade beyond the resonance. An
increase iny results in a proportional increase in bearing éoacross the entire frequency
range including the resonance.
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Figure 3: Effect of the friction coefficient) on the dynamic bearing forces (a) in the LOA dlien; (b) in the
OLOA direction. Key: , 4=0.001;------- M=0.04; ----, u=0.1.

2.3  Prediction of Gearbox Noise

In terms of the source-path-receiver concepts gf Ej predictions of dynamic bearing
forces provide structure-borne excitations to thargox housing, which could significantly
amplify the transmitted vibrations and noise sirthe panels are efficient radiators. By



relating the dynamic bearing forces to measureddquessure levels (SPL), predictions can
be directly compared with experimental data. The L& OLOA accelerations at the mesh
harmonic frequencies are combinations of the acades due to translational and rotational
motions; they could be derived as follows whese= m ay, in whichm is the gear mesh
harmonic index.

a()=%+Rf,, a @)=Yy, (2a,b)

These dynamic responses, along with the transfestiims measured in both the LOA
and OLOA directions, could provide the sound pressi the gear mesh frequencies:

p(w)=H,a(v), p,(w)=Ha/ (w)), (3a,b)

Here,H, andHy (in the units ofiPa/(in/$)) are the acoustic-structurgl4) transfer functions
measured in the LOA and OLOA directions, in whils the translational gear acceleration
(in/sz). Although the phase of the sound pressures enttfo directions is unknown, a
maximum and minimum could be determined by assunaingn-phase and out-of-phase
relationship, respectively. Thus, a range of pdssiualues could be predicted, such that

Prin < P(@) < P, » Where

pmax = px + py ' pm'n = px - py " (4a~1b)

However, prediction results are only given in teroighe maximum values due to the
space limitation. The sound pressure is convertedunweighted dB scale using p@a as
reference. The LOA and OLOA gear accelerations afeutated at the mesh harmonics
assuming realistic forces predictedldyP [10]. The sound pressures are determined for the
range of mean loads from 500 to 900 in-Ib.

3 MEASUREMENT BASED GEAR NOISE PATH CONTRIBUTION STUDY

Several structural-borne noise transmission pathsgfer functions) were measured on
the NASA GRC (parallel axis) Gear Noise Rig basedh® assumption that the quasi-static
system response is similar to the response undating conditions, since the torque was
expected to only affect the gear mesh resonances. gearbox was modified to allow
controlled excitations to be applied to the geasimand measured. Brackets were welded to
the bedplate of the gear-rig to mount shakers ent®A and OLOA directions outside the
gearbox, as shown in Fig. 4(a). Stinger rods wernected from the shakers through two
small holes in the gearbox and attached to a medhiollar, which was secured to the input
shaft. The collar allowed the stingers to be aldyatthe center of the shaft, so no torsion was
produced by the translational excitations. Furtreanthe collar fit around the shaft without
clearance to prevent backlash. The gear-pair wdetbin single tooth contact and a small
aluminum block was adhered just behind the loadectht of the gear. Two mini
accelerometers were fastened to the block to measue LOA and OLOA mesh
accelerations resulting from shaker excitation. To&l mass of the accelerometers and
aluminum block was insignificant compared to thargalank, so mass loading was not a
concern. Experiments were done with only one shakévated at a time with a 600 Ib-in
static preload. The load was chosen based on calemeasurement between the shaker
input voltages and measured gear-tooth accelemtitorque was increased until the fidelity
deteriorated (as indicated by the coherence) aed blacked off significantly. An anechoic
sound measurement enclosure was built to isol&e#arbox and mitigate reflected sound,
as shown in Fig. 4(b).
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Figure 4: (a) Mesh excitations in the LOA and OL@ifections using external shakers. (b): View thioérgnt
access door of the dedicated anechoic chamber

To excite the system, band-limited random noiseagwere amplified and then applied
to either the LOA or OLOA shaker. The resulting reition or sound was observed with
several accelerometers and microphones. These datamanipulated in the frequency
domain to generate the vibro-acoustic transfer tians. The data processing steps are
explained in 14]. Figure 5 shows an example df obtained from the LOA acceleration at
the gear teeth to the microphone located 6 in. fiftoentop gearbox plate. Thg spectrum in
the OLOA direction is similar. It is clear that namus gear dynamic and housing structural
modes exist across the frequency spectrum while sthend pressure levels (SPL) are
predicted only at the gear mesh harmonigst¢ represent the realistic excitation.
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Figure 5: Measured transfer functigoid) from the LOA acceleration: (a) of the gear tetthlihe microphone
(p) located 6 inches above the top plate of thelgea The speed was chosen so that mesh harmaniesesh
index) exited non-resonant frequencies, at positivhere the transfer function magnitude was regéititrigh.

As conceptually shown by the block diagram in Rigthis measured transfer function is
essentially a combination of several gear dynamazising structural and radiation transfer

functions within the system.
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Here, F, ;. /@, is the bearing force/gear acceleration transfection andF,, .,/F, .

represents the coupling at the bearings whichesltite internal forces to the external forces.
The latter transfer function (force transmissibilitgross the bearings in a multi-dimensional
manner) could not be directly measured. The extefmrgles excite the gearbox housing
structural acceleration through, /F, ., and then radiated as sound pressure from the

radiating surfaces, defined by tpk, transfer function.

4  COMPARISON OF GEAR NOISE PREDICTION WITH MEASUREMENT

The Gear Noise Rig at NASA Glenn was operated whth unity ratio spur gear set
described in Table 1. Vibro-acoustic responses wesasured at various microphone
locations within the NASA gearbox. In the expernithghe mean torque was varied over the
range from 500 to 900 in-lb. at a speed of 4875 Hhis particular speed created gear mesh
harmonics that corresponded to the highest coheremtues in the measured transfer
functions of the rig. While several vibration amulied measurements were taken, only the
noise data obtained at 6 in. above the top-plaeshown here. The oil temperature was also
varied in these experiments, and the case of 14860%C) (measured for the oil flinging-off
the gears as they enter into mesh) is utilizeadtéonparison.

Utilizing Egs. (1)-(4), a predicted range of SPLsswadetermined for each of the gear
mesh harmonics. The predicted results were norewlwith respect to the maximum
pressure ((Pa) occurring at the"2 mesh harmonic and a mean load of 900 in-lb. The
comparison presented here is only on an order ajnihede basis. Note the measured
transfer functions may contain errors; further,mey not have accurately modeled all of the
parameters. Figure 6 shows the normalized ampktdde the first four mesh harmonics



across the range of loads. Sound level bharmonic is expected to increase as the load
increases since tip relief is applied with a “omlirload of 600 in-lb, however, the measured
data shows the opposite, which has a relative mimnat 800 in-Ib. while the maximum
amplitude corresponds to a load of 500 in-Ib. sltpossible that the airborne source is
affecting the measurement at this mesh harmonidewle experimental study focused only
on measuring the structure-borne noisé].[ The spectra of the"2mesh harmonic show
similar behavior with increases in load. Both thediction and measurement have maximum
SPL at the 2 mesh harmonic. In fact, the rest of the harmomitsgenerally show an
increasing trend versus load. The predicted SPImbaics seem to increase somewhat
linearly with torque. Also, prediction shows a sfgrant amplitude for the "8 harmonic,
which is greater than thé'harmonic. However, SPL measurements show Heatmonic is
more significant. Definitive conclusions could i@ drawn based on the limited results and
a lack of accurate system parameters. Nevertheflessimplementation of the proposed
noise prediction model highlights a key area fopiavement over the existing literature, and
thus it should be pursued in future research.

0 m=1 ] 0
10 | : 10
o 1 o
(7)) )]
- . 4\'\'\?—4 o] 1
N 107 ;| %107
T o
= o O ¢
B -2 G ~—— —”’ B -2
Z 10 © Z 10}
-3 | -3
10 - : : : : 10 - : : : :
500 600 700 800 900 500 600 700 800 900
m=3 1 m=4
10° | T X
o 1 o
(7)) (7))
© 1 © 1
810 810
T T
£ £
(@] - (@) -
Z 107! Z 107!
1071 R ‘ 1071 R ‘
500 600 700 800 900 500 600 700 800 900
Load (Ib-in) Load (Ib-in)

Figure 6: Comparison of the normalized sound preskavel predictions with measurements at the fast
gear mesh harmonicm= 1, 2, 3, 4). Key—, measurements;© — predictions.



5 CONCLUSION

A linear model of the internal geared system hanlieveloped to examine the OLOA
vibration due to the friction excitation in additito the STE excitation in frequency domain.
A comparison of the bearing force spectra showed ttie friction force dictates the OLOA
dynamics and it also significantly influences thaximum force in the LOA direction. This
indicates the importance of including friction effe in the vibration analysis. A method was
presented to predict the radiated SPL using anrampatal transfer function and realistic
excitations, at the gear mesh harmonics. The sestlbwed maximum SPL at th& znesh
harmonic while the "8 harmonic was much higher than tté The proposed noise prediction
method should be expanded further. For instancty aio-borne and structure-borne noise
issues, as excited by surface finish should beidered.
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