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ABSTRACT 
 
Noise is a major consideration in the design of high performance 
geared transmissions, such as for helicopters. Transmission error, 
that is, the accuracy with which the driven gear follows the 
driver gear, is a common indicator of noise generation. It is well 
known that bearing properties have a strong influence on shaft 
dynamics. However, up to now the contribution of bearings to 
transmission error has received little attention. In this paper, a 
torsional-axial-lateral geared rotor analysis is used to determine 
dynamic transmission error as a function of bearing stiffness and 
damping. Bearings have a similar effect as found in shaft 
dynamics; transmission error can be reduced more than  
10 decibels by appropriate selection of bearing properties. 
 
 
INTRODUCTION 
 
Much effort has been devoted to reducing the noise generated by 
high-performance geared transmissions such as those used in 
helicopters; see, e.g., [1, 2]. In [2], the proceedings of ASME’s 
2000 Power Transmission and Gearing Conference, 27 papers 
are devoted to the problem of gear noise. The author’s 
experience as a passenger in a current-production helicopter 
verifies that this effort is warranted; the noise level in the 
helicopter interior is intense. In helicopter transmissions, input 
speeds are high (typically 15 000 to 20 000 rpm), requiring large 
reduction ratios to drive the main rotors at only a few hundred 
rpm. Minimizing weight is crucial, as weight directly affects 
aircraft payload, but a light-weight design reduces the noise-
attenuating capability of the transmission. It is generally assumed 
that noise production is a byproduct of dynamic transmission 
error, which is the instantaneous amount by which the output 
gear speed deviates from the input gear speed times the gear 
ratio. Most of the work to reduce transmission error has been to 
determine appropriate gear tooth profiles, such that the 
theoretical gear ratio is maintained throughout the tooth 
engagement cycle. However, since tooth stiffness varies 
throughout the cycle as the contact point moves up and down the 

tooth flank, and varying numbers of teeth are in contact, at best 
the tooth profile would be ideal for only one value of transmitted 
load. 
 
In the field of rotor dynamics (dynamics of rotating machinery), 
researchers have found that shaft vibration depends strongly on 
bearing support stiffness and damping properties [3, 4]. It is 
natural to inquire whether the proper choice of bearing 
properties might have a similar beneficial effect on dynamic 
transmission error. 
 
This, then, is the goal of the present paper. A computer code that 
carries out a combined torsional-axial-lateral analysis of a geared 
transmission is used to calculate dynamic transmission error for 
varying values of bearing stiffness and damping in a simple 
gearset model. 
 
 
ANALYSIS AND COMPUTER CODE 
 
Blanding [5] analyzed a geared shaft system and proposed a 
frequency-branched transfer matrix solution. With frequency 
branching, a solution is obtained for only a select set of 
frequencies. The frequencies of importance in a geared 
transmission include shaft rotational speed, mesh (tooth passing) 
frequencies and multiples thereof, and sideband frequencies 
(mesh frequencies plus or minus rotational speed). Frequencies 
other than synchronous and tooth-passing are produced due to 
the nonlinear stiffness of the gear mesh, and the fact that stiffness 
varies throughout the engagement cycle. David [6] and David 
and Mitchell [7] showed the importance of including dynamic 
coupling of the system elements and postulated that a tractable 
solution could be obtained using a harmonic balance method. 
Park [8] developed a computer code using the techniques of 
Blanding, David, and Mitchell.  In the code developed by Park, 
the user selects the frequencies for which results are desired. It is 
this code that will be used to investigate the effect of bearing 
stiffness and damping on transmission error. 
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TRANSMISSION MODEL 
 
The code used can analyze complex geometries consisting of 
multiple flexible shafts, bearings, and gear meshes. A simple 
model, however, suffices to determine whether bearing 
properties can, in fact, have a beneficial effect on transmission 
error. The model is shown in figure 1. Two identical shafts 
carrying the gears are supported by rigid bearings at the ends 
farthest from the gears (i.e., the bearings are rigid in the radial 
direction, but have no moment stiffness). Identical “test” 
bearings of varying stiffness and damping support the shafts 
adjacent to the gears. Two 30-tooth spur gears are overhung 
from their respective shafts. The program input includes static 
transmission error and mesh stiffness as these quantities vary 
over the engagement cycle; the values used were those of [8]. 
One would normally calculate static transmission error and tooth 
stiffness from knowledge of the gear tooth profile, contact ratio, 
etc. A transmitted gear load of 2200 N was assumed. The 
computer code assumes massless elastic shafts with system mass 
contained in gears and disks attached to the shafts. For the model 
employed herein, the only system mass is in the gears. 
 

 
RESULTS AND DISCUSSION 
 
The analysis was carried out for three frequencies: shaft 
synchronous, mesh (i.e., 30 times shaft speed), and twice mesh.  
Initially, side bands of the mesh frequency were included, but for 
the model analyzed, sideband response was much less than for 
the other frequencies. Consequently, sideband response was not 
calculated for most of the analyses undertaken. Results showed 
that transmission error at synchronous frequency was 
independent of both bearing properties and gear speed; this is 
most likely due to the lack of dynamic forcing functions at 
synchronous frequency.  Lack of synchronous excitation may 

also explain the low response at sideband frequencies. 
Transmission error at twice mesh frequency was generally 
greater than that at mesh frequency. Therefore bearing properties 
to minimize transmission error at twice mesh frequency were 
sought.  
 
Figure 2 shows dynamic transmission error as a function of  
shaft speed for bearing stiffness of 350 MN/m and damping of 
350 kN sec/m. Transmission error at mesh and twice mesh 
frequencies depends strongly on shaft speed; for twice mesh 
frequency, transmission error peaks near 114 Hz. For 
comparison, the static transmission error is approximately 10–4.2 
for both frequencies shown in figure 2 (i.e., log TE = –4.2). Thus 
transmission error is amplified by system dynamics at some 
speeds and attenuated at others. 

 
 
 

Figure 3. Dynamic transmission error at twice mesh
     frequency; shaft speed, 114 Hz.
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Figure 2. Dynamic transmission error. Bearing stiffness,
     350 MN/m; damping, 350 kN/m.
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Next, transmission error was calculated over a range of bearing 
stiffness and damping for several fixed frequencies. Figure 3 
shows results for a shaft frequency of 114 Hz. The figure shows 
that transmission error is insensitive to bearing stiffness except at 
very low values of damping. However, damping does have a 
strong effect; transmission error drops as damping increases out 
to about 1400 kN sec/m where it becomes asymptotic. From this 
figure it appears that using the maximum damping possible will 
result in the minimum transmission error. However, when results 
are calculated over a range of speeds, one sees that this is not the 
case; each speed has its own optimum damping value.   
 
Figure 4 is a contour plot of transmission error for a range of 
speeds and damping values; a constant stiffness of 175 MN/m 
was used. From this figure a bearing damping of about  
350 kN sec/m is seen to be optimum. The maximum 
transmission error for this damping value, shown in figure 3, is 
about 10–3.4 (i.e., log TE = –3.4), while the maximum from  
figure 4  for very low bearing damping is 10–2.6.  This represents 
a 16 dB decrease in transmission error when damping increases 
from the very low value typical of rolling-element bearings [9] to 
the optimum 350 kN sec/m.  (dB = 20 times the difference in log 
values.) This is comparable to the vibration reduction calculated 
for rotor systems [3].  
 
While the particular frequency at which transmission error peaks 
depends on the specific parameters of the geared system, it is 
expected that transmission error can be reduced in most 
transmissions by appropriate choice of bearing properties. 
 
Gear lateral vibration is also of interest. Figure 5 plots the radial 
gear vibration, along the centerline of the gears, over a range of 
 

Figure 4. Dynamic transmission error at twice mesh
     frequency; bearing stiffness, 175 MN/m.
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speeds. Maximum amplitude occurs at the same speed as does 
maximum transmission error (see fig. 2), and again, the highest 
amplitude is for twice the mesh frequency. At speeds below  
90 Hz, vibration at mesh frequency is greater than at twice this 
frequency, but values are considerably lower than at 114 Hz. 
However, if this lower speed range is where the gearset normally 
operates, one would naturally carry out the optimization there. 
Vibration at shaft rotational speed, while low in amplitude, 
increases slowly with speed; this is expected for excitation from 
shaft imbalance. Figure 6 shows amplitude at 114 Hz as a 
function of bearing damping. Behavior is similar to transmission 
error (fig. 3); bearing stiffness has little effect except at low 
damping values, and higher damping leads to lower vibration 
amplitude. Although not shown, results at other speeds show 
that, similar to transmission error, there is an intermediate value 
of damping that minimizes amplitude over the speed range. 

Figure 5. Lateral amplitude. Bearing stiffness, 350 MN/m;
     damping, 350 kN sec/m.
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Figure 6. Lateral vibration for twice mesh frequency;
     shaft speed, 114 Hz.
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Comparing figures 2 and 5, or alternatively figures 3 and 6, one 
sees that there is a correspondence between transmission error 
and lateral vibration. This is not a surprising result, as lateral 
vibration causes the gear centerline distance to change over the 
engagement cycle. This, in turn, changes the contact point on the 
gear teeth from the ideal location for which the tooth profile was 
manufactured. Static transmission error and contact ratio are 
thereby affected, with corresponding changes in mesh stiffness. 
 
 
IMPLICATIONS FOR TRANSMISSION DESIGN 
 
Most high-performance transmissions employ rolling-element 
bearings which inherently have very low damping, of the order 
of 3 kN sec/m [9]. As figures 3 and 4 show, transmission error is 
quite large for this low value of bearing damping. Transmission 
error can be substantially reduced if the bearings have more 
damping. This can be accomplished, in some cases, by replacing 
rolling-element bearings with fluid film bearings; up to 10 dB 
reduction in transmission noise is cited in [10]. In cases where 
rolling-element bearings must be used, the bearings can be 
mounted in dampers such as squeeze films, which can readily be 
designed to provide adequate damping values. 
 
 
RELATION TO GEAR TOOTH PROFILE RESEARCH 
 
Producing the optimum gear tooth shape is analogous to shaft 
balancing in the field of rotordynamics, while the work discussed 
herein corresponds to selecting optimum shaft supports to 
minimize shaft vibration for a given balance quality. These areas, 
tooth profile and shaft support, are complementary; both must be 
addressed to produce transmissions having minimum noise and 
vibration. 
 
 
CONCLUDING REMARKS 
 
Appropriate bearing properties, especially damping, can reduce 
transmission error in geared transmissions. When bearing 
damping was increased from the low value typical of rolling-
element bearings to the optimum value, transmission error 
reductions of 16 decibels were calculated for the model 
analyzed. This represents a significant reduction in noise 
generation. The optimum damping values are readily achievable 
with fluid film bearings or squeeze film dampers. 
 
 

REFERENCES 
 
1. Zakrajsek, James J.; Oswald, Fred B.; Townsend, Dennis P.; 

and Coy, John J.: Gear Noise, Vibration, and Diagnostic 
Studies at NASA Lewis Research Center. NASA TM– 
102435 (AVSCOM TR 89–C–020), 1990. 

2. Proceedings of the 8th International Power Transmission 
and Gearing Conference, Baltimore, MD, ASME, 
September 10–13, 2000. 

3. Kirk, R.G.; and Gunter, E.J.: The Effect of Support 
Flexibility and Damping on the Synchronous Response of a 
Single-Mass Flexible Rotor. Journal of Engineering for 
Industry, Transactions of the ASME, vol. 94, series B, no. 1, 
pp. 221–232, 1972. 

4. Cunningham, Robert E.; Fleming, David P.; and Gunter, 
Edgar J.: Design of a Squeeze-Film Damper for a Multi-
Mass Flexible Rotor. Journal of Engineering for Industry, 
Transactions of the ASME, vol. 97, series B, no. 4, 
November 1975, pp. 1383–1389. 

5. Blanding, James Michael: An Analytical Study and 
Computer Analysis of Three-Dimensional, Steady-State 
Vibration of Multishaft Geared-Rotor Systems. Doctoral 
dissertation, Virginia Polytechnic Institute and State 
University, May 1985. 

6. David, Joseph Wayne: An Analytical Investigation of 
Dynamic Coupling in Nonlinear, Geared Rotor Systems. 
Doctoral dissertation, Virginia Polytechnic Institute and 
State University, August 1984. 

7. David, J.W.; and Mitchell, L.D.: Linear Dynamic Coupling 
in Geared Rotor Systems. Journal of Vibration, Acoustics, 
Stress, and Reliability in Design, Transactions of the 
ASME, vol. 108, no. 2, April 1986, pp. 171–176. 

8. Park, Nogill: An Analytical Investigation of Geared System 
Dynamics Containing Spur and Helical Gears. Doctoral 
dissertation, North Carolina State University, 1987. 

9. Lewis, P.; and Malanoski, S.B.: Rotor-Bearing Dynamics 
Design Technology—Part IV: Ball Bearing Design Data. 
AFAPL–TR–65–45, Part IV, 1965. 

10. Dimofte, Florin; Proctor, Margaret P.; Fleming, David P.; 
and Keith, Theo G., Jr.: Wave Fluid Film Bearing Tests for 
an Aviation Gearbox. Proceedings of the 8th International 
Symposium on Transport Phenomena and Dynamics of 
Rotating Machinery (ISROMAC–8), vol. II, March 2000, 
pp. 1017–1023. 

 



This publication is available from the NASA Center for AeroSpace Information, 301–621–0390.

REPORT DOCUMENTATION PAGE

2. REPORT DATE

19. SECURITY CLASSIFICATION
 OF ABSTRACT

18. SECURITY CLASSIFICATION
 OF THIS PAGE

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information.  Send comments regarding this burden estimate or any other aspect of this
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson
Davis Highway, Suite 1204, Arlington, VA  22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC  20503.

NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)
Prescribed by ANSI Std. Z39-18
298-102

Form Approved

OMB No. 0704-0188

12b. DISTRIBUTION CODE

8. PERFORMING ORGANIZATION
 REPORT NUMBER

5. FUNDING NUMBERS

3. REPORT TYPE AND DATES COVERED

4. TITLE AND SUBTITLE

6. AUTHOR(S)

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION/AVAILABILITY STATEMENT

13. ABSTRACT (Maximum 200 words)

14. SUBJECT TERMS

17. SECURITY CLASSIFICATION
 OF REPORT

16. PRICE CODE

15. NUMBER OF PAGES

20. LIMITATION OF ABSTRACT

Unclassified Unclassified

Technical Memorandum

Unclassified

National Aeronautics and Space Administration
John H. Glenn Research Center at Lewis Field
Cleveland, Ohio  44135–3191

1. AGENCY USE ONLY (Leave blank)

10. SPONSORING/MONITORING
 AGENCY REPORT NUMBER

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)

National Aeronautics and Space Administration
Washington, DC  20546–0001

Available electronically at http://gltrs.grc.nasa.gov/GLTRS

January 2002

NASA TM—2002-211356

E–13173

WU–712–30–13–00

10

Effect of Bearing Dynamic Stiffness on Gear Vibration

David P. Fleming

Gear vibration; Gear noise; Transmission error; Bearing optimization;
Geared rotor analysis

Unclassified -Unlimited
Subject Category: 37 Distribution:   Nonstandard

Prepared for the Ninth International Symposium on Transport Phenomena and Dynamics of Rotating Machinery spon-
sored by the Pacific Center of Thermal Fluids Engineering, Honolulu, Hawaii, February 10–14, 2002. Responsible person,
David P. Fleming, organization code 5950, 216–433–6013.

Noise is a major consideration in the design of high performance geared transmissions, such as for helicopters. Trans-
mission error, that is, the accuracy with which the driven gear follows the driver gear, is a common indicator of noise
generation. It is well known that bearing properties have a strong influence on shaft dynamics. However, up to now the
contribution of bearings to transmission error has received little attention. In this paper, a torsional-axial-lateral geared
rotor analysis is used to determine dynamic transmission error as a function of bearing stiffness and damping. Bearings
have a similar effect as found in shaft dynamics; transmission error can be reduced more than 10 decibels by appropri-
ate selection of bearing properties.


