
AFRL-PR-WP-TR-2003-2033 
 

CARBON-PHENOLIC CAGES FOR 
HIGH-SPEED BEARINGS 
Part III – Development of Numerical Models 
for Heat Generation and Temperature 
Prediction in Lightly Lubricated Bearings 
 
Jeffrey R. Brown 
Nelson H. Forster   
Mechanical Systems Branch (AFRL/PRTM) 
Turbine Engine Division 
Propulsion Directorate 
Air Force Research Laboratory, Air Force Materiel Command 
Wright-Patterson Air Force Base, OH 45433-7251 
 
 
 
 
JANUARY 2003 
 
Interim Report for 01 January 2001 – 01 August 2002 
 
 
 

 
 
 
 
 
 
 
PROPULSION DIRECTORATE  
AIR FORCE RESEARCH LABORATORY 
AIR FORCE MATERIEL COMMAND 
WRIGHT-PATTERSON AIR FORCE BASE, OH 45433-7251 

Approved for public release; distribution is unlimited. 



NOTICE

USING GOVERNMENT DRAWINGS, SPECIFICATIONS, OR OTHER DATA INCLUDED IN THIS
DOCUMENT FOR ANY PURPOSE OTHER THAN GOVERNMENT PROCUREMENT DOES NOT IN
ANY WAY OBLIGATE THE U.S. GOVERNMENT. THE FACT THAT THE GOVERNMENT
FORMULATED OR SUPPLIED THE DRAWINGS, SPECIFICATIONS, OR OTHER DATA DOES
NOT LICENSE THE HOLDER OR ANY OTHER PERSON OR CORPORATION; OR CONVEY ANY
RIGHTS OR PERMISSION TO MANUFACTURE, USE, OR SELL ANY PATENTED INVENTION
THAT MAY RELATE TO THEM. .

~

NELSON H: FORSTER, Ph.D. -

Principal Mechanical Engineer
Mechanical Systems Branch

Do not return copies of this report unless contractual obligations or notice on a specific
document require its return.

NOTICE 

USING GOVERNMENT DRAWINGS, SPECIFICATIONS, OR OTHER DATA INCLUDED IN THIS 
DOCUMENT FOR ANY PURPOSE OTHER THAN GOVERNMENT PROCUREMENT DOES NOT IN 
ANY WAY OBLIGATE THE U.S. GOVERNMENT. THE FACT THAT THE GOVERNMENT 
FORMULATED OR SUPPLIED THE DRAWINGS, SPECIFICATIONS, OR OTHER DATA DOES 
NOT LICENSE THE HOLDER OR ANY OTHER PERSON OR CORPORATION; OR CONVEY ANY 
RIGHTS OR PERMISSION TO MANUFACTURE, USE, OR SELL ANY PATENTED INVENTION 
THAT MAY RELATE TO THEM. 

THIS TECHNICAL REPORT HAS BEEN REVIEWED AND IS APPROVED FOR PUBLICATION. 

NELSON H. FORSTE^, Ph.D. 
Principal Mechanical Engineer 
Mechanical Systems Branch 

tf^JcM^ QPK^ 
THEODORE G. FECKE 
Chief Engineer 
Turbine Engine Division 
Propulsion Directorate 

Do not return copies of this report unless contractual obligations or notice on a specific 
document require its return. 



i 

REPORT DOCUMENTATION PAGE Form Approved 
OMB No. 0704-0188 

The 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, 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 Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson 
Davis Highway, Suite 1204, Arlington, VA 22202-4302.  Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a 
collection of information if it does not display a currently valid OMB control number.  PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 

1.  REPORT DATE  (DD-MM-YY) 2.  REPORT TYPE 3.  DATES COVERED (From - To) 

January 2003 Interim  01/01/2001 – 08/01/2002 
5a.  CONTRACT NUMBER 

In-house 
5b.  GRANT NUMBER 

4.  TITLE AND SUBTITLE 

CARBON-PHENOLIC CAGES FOR HIGH-SPEED BEARINGS 
Part III – Development of Numerical Models for Heat Generation and 
Temperature Prediction in Lightly Lubricated Bearings 5c.  PROGRAM ELEMENT NUMBER 

62203F 
5d.  PROJECT NUMBER 

3048 
5e.  TASK NUMBER 

06 

6.  AUTHOR(S) 

Jeffrey R. Brown  
Nelson H. Forster 
 

5f.  WORK UNIT NUMBER 

  IH 
7.  PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)  8.  PERFORMING ORGANIZATION 

  REPORT NUMBER 

Mechanical Systems Branch (AFRL/PRTM) 
Turbine Engine Division 
Propulsion Directorate 
Air Force Research Laboratory, Air Force Materiel Command 
Wright-Patterson Air Force Base, OH 45433-7251 

AFRL-PR-WP-TR-2003-2033 

10.  SPONSORING/MONITORING AGENCY 
       ACRONYM(S) 

AFRL/PRTM 

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

Propulsion Directorate 
Air Force Research Laboratory 
Air Force Materiel Command 
Wright-Patterson Air Force Base, OH 45433-7251 

11.  SPONSORING/MONITORING AGENCY 
       REPORT NUMBER(S) 

       AFRL-PR-WP-TR-2003-2033 
12.  DISTRIBUTION/AVAILABILITY STATEMENT 

Approved for public release; distribution is unlimited. 
13.  SUPPLEMENTARY NOTES 

Cleared for public release by the National Reconnaissance Office (NRO). See also Part I (AFRL-PR-WP-TR-2003-
2031) and Part II (AFRL-PR-WP-TR-2003-2032).  

14.  ABSTRACT 

This is the third part of a three-part series of reports by AFRL/PRTM to investigate carbon-phenolic bearing cages in high-
speed, lightly lubricated bearings. This portion describes the bearing and thermal analysis models. A process has been 
developed to numerically investigate operating temperatures of a rolling element bearing which combines capabilities of the 
Advanced Dynamics of Rolling Elements (ADORE) software with finite element thermal analysis. Initial results are 
presented that describe experimental and predicted transient and steady-state temperature responses for a 30 mm ball bearing 
duplex pair operating with only a light coating of Pennzane® lubricant for two different rolling element materials (Si3N4, 
52100 steel) in a bearing with 52100 steel races operating at a speed of 10,000 rpm using a conventional cotton-phenolic 
cage. Although preliminary result agreement appeared excellent, further analysis led to model modifications to account for 
the potential of thermal expansion to cause an increase or decrease in bearing load. This change in load can be significant for 
the relatively light load on a satellite bearing. The effect of modifying the shape of the traction curves used in the bearing 
analysis model has also been investigated. 
15.  SUBJECT TERMS 

bearings, composite cages, control moment gyroscope 
16.  SECURITY CLASSIFICATION OF: 19a.  NAME OF RESPONSIBLE PERSON (Monitor) 

a.  REPORT 
Unclassified 

b. ABSTRACT 
Unclassified 

c. THIS PAGE 
Unclassified 

17. LIMITATION  
OF ABSTRACT: 

SAR 

18.  NUMBER 
OF PAGES 

    34 
         Nelson H. Forster  
19b.  TELEPHONE NUMBER (Include Area Code) 

(937) 255-4347 

 Standard Form 298 (Rev. 8-98)        
Prescribed by ANSI Std. Z39-18 

 



iii 

Table of Contents 
 
 
Section     Page 
 
List of Figures ………………………………………..………………………….   iv 
List of Tables ………………………………………….…………………………    v 
Acknowledgements ……………………………………..…………………...…..   vi 
1. Introduction ……………………………………………….…………………..    1 
2. Experimental Design ………….…...……………………….…………………    3 
3. Numerical Model Development (ADORE and ANSYS) ……….………...…..    6 
4. Numerical Results/Comparison with Experimental Data  ……………………      12 
5. Summary …………………………………………………………….…...……     22 
6. References ………………………………………………………………...…..      23 



iv 

List of Figures 
 
Figure            Page 
 
     1.    Duplex Bearing Pair (52100 Steel Races, Cotton-Phenolic Cage,  
            Si3N4 Rolling Elements) …………………………………………………………..     3  
     2.    Shaft Nose Piece Where Bearings Are Mounted and Portion of  
            Outer Race Housing ……………………………………………………………….     4 
     3.    Calibration Curves Developed for Torque Measurement Based on  
            Displacement ………………………………………………………………………     4 
     4.    View of High-Speed Test Rig with Bearings Mounted and Proximity Probe …….     5 
     5.    Schematic of Duplex Pair Flush Mounting and Torque Measurement System …...     5 
     6.    Friction Data for Cotton-Phenolic Cages (Light Lubrication, 15 m/s rolling  
            speed) ……………………………………………………………………………..     7 
     7.    Pennzane® Lubricant Traction Data (Fully Flooded Conditions) …………………     8 
     8.    ADORE Traction Curves for Cotton-Phenolic Cage Contacts; ADORE Rolling  
            Element-Raceway Traction Curve Accounting for Lubricant Starvation Effects …     8 
     9.    Moving Location of Maximum Traction in Terms of Relative Slip to  
            Model Starvation …………………………………………………………………..     9 

10. Schematic of Solid Model of Bearing Symmetric Section with Single-Land  
       Outer Race Guided Cage ……………………………………………………………   10 
11. Section of Bearing Cage Showing Ball/Pocket Contact Area and Cyclic  
       Temperature Conditions (Area 1 Temp = Area 2 Temp) …………………………..   11 

   12.  Bearing Outer Race Ball Track and Cage/Outer Race Contact Area ………………   11 
   13.  Bearing Inner Race Ball Track ……………………………………………………..   11 
   14.  ADORE Predicted Instantaneous Heat Generation Data (206 Size Bearing,  
          Cotton-Phenolic Cage, Si3N4 Balls, Lightly Lubricated, 0.3 MDN) ……………….   12  

15. ADORE Predicted Time-Averaged Heat Generation Data (206 Size Bearing,  
       Cotton-Phenolic Cage, Si3N4 Balls, Lightly Lubricated, 0.3 MDN) ……………….   13 

   16.  Experimental Torque Measurements (206 Size Duplex Pair, 10K RPM) ………….   14 
   17.  Experimental Outer Race Temperature Measurements (206 Size Duplex Pair,  
          Cotton-Phenolic Cage, 10K RPM) …………………………………………………   15 

18. ANSYS Steady-State Temperature (206 Size Duplex Pair, Si3N4 Balls,  
       Cotton-Phenolic Cage, 10K RPM) ………………………………………………....   15 
19. ANSYS Steady-State Temperature (206 Size Duplex Pair, Metal Balls,  
       Cotton-Phenolic Cage, 10K RPM) ………………………………………………....   16 
20. ANSYS Steady-State Temperature (206 Size Duplex Pair, Metal Balls,  
       Carbon-Phenolic Cage, 10K RPM) ………………………………………………...   16 

   21.  Comparison of Transient ANSYS Results with Measured Outer Race  
          Temperatures ……………………………………………………………………….   17 
   22.  Comparison of Experimentally Measured Outer Race Temperatures for  
          Carbon-Phenolic and Cotton-Phenolic Cages (206 Size Duplex Pair,  
          CRU-20 Races, Si3N4 Balls) …………………………………………………….....   19 

23. ANSYS Steady-State Temperature, °C (206 Size Duplex Pair, Si3N4 Balls,  
       Carbon-Phenolic Cage, 10K RPM, 0.225 Maximum Traction Coefficient  
       at 2.5% Slip) ………………………………………………………………………..   20 



v 

List of Figures (concluded) 
 
Figure            Page 

 
24. ANSYS Steady-State Temperature, °C (206 Size Duplex Pair, Si3N4 Balls,  
       Cotton-Phenolic Cage, 10K RPM, 0.225 Maximum Traction Coefficient  
       at 2.5% Slip) …………………………………………………………………….   20 
25. ANSYS Steady-State Temperature, °C (206 Size Duplex Pair, Si3N4 Balls,  
       Cotton-Phenolic Cage, 10K RPM, 0.165 Maximum Traction Coefficient  
       at 2.5% Slip) …………………………………………………………………….   21 
26. ANSYS Steady-State Temperature, °C (206 Size Duplex Pair, Si3N4 Balls,  
       Cotton-Phenolic Cage, 12.5K RPM, 0.165 Maximum Traction Coefficient  
       at 2.5% Slip) …………………………………………………………………….   21 
 
 
 

List of Tables 
 
Table            Page 
 
1.  Bearing Geometry ……………………………………………………………………..      6 
2.  Material Properties of Bearing Components …………………………………………..      6 
3.  Time-Averaged Heat Generation (W) Based on ADORE Single Bearing Analysis ….   13 
4.  Effect of Traction Coefficient Maximum Location versus Relative Slip on  
     ADORE Predicted Heat Generation …….…………………………………………….     18 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



vi 

Acknowledgements 
 
This research was funded by the National Reconnaissance Office (NRO) as part of the Directors 
Innovation Initiative Program.  Dr. Jeffrey H. Sanders of the Air Force Research Laboratory 
Materials Directorate (AFRL/MLBT) was program manger for the overall effort.  Mr. Wei Shih 
of Allcomp, Inc., City of Industry, CA, provided the mechanical and thermal property data for 
the carbon-phenolic bearing cage material.  Analysis using ANSYS was supported in part by a 
grant of High Performance Computing (HPC) time from the Department of Defense HPC Center, 
Aeronautical Systems Center Major Shared Resource Center. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



1 

1.  Introduction 
 
Numerically investigating heat generation for specific bearing environment, geometry, material, 
and lubricant conditions provides the opportunity to design bearings for improved thermal 
performance.  This is critical for bearing conditions where heat generation can lead to 
temperatures too extreme for reliable operation. The capability to determine heat generation in 
individual bearing contacts exists within the research level Fortran-90 software package, 
Advanced Dynamics of Rolling Elements (ADORE), developed by Gupta  (1984). Previous 
investigations have demonstrated the potential for using ADORE to predict heat generation as a 
function of contact location (rolling element-outer race, rolling element-inner race, rolling 
element-cage pocket, and cage land-outer race) for several operating conditions. The code uses 
friction data, bearing geometry, material properties, shaft speed, and bearing load as inputs to 
solve the differential equations of motion for each bearing element in a 6 degree-of-freedom 
system.  Applied forces and moments are computed from bearing element interactions, and the 
differential equations are integrated numerically with prescribed initial conditions.  The Hertzian 
stress calculation (Timoshenko, 1951) is used to calculate the stress and contact area as a 
function of material properties and applied load.  The ability to treat internal transient forces, 
such as those resulting from cage-race collisions, is critical to determination of heat generation.  
Absolute velocities of two elements in contact are used to determine slip, defined as relative 
sliding velocity normal to the contact load.  A traction-slip relation input into the program for the 
specific lubricant and operating conditions is used to determine a traction coefficient, which, 
multiplied by the normal load, gives the traction force.  Traction forces at the ball/race interface 
greatly influence orbital accelerations of the rolling elements, which determine the extent of 
ball/cage collisions and cage instabilities.  ADORE solutions include rolling element positions, 
accelerations, loads, and heat generation.  
 
Forster and Givan (1999) used ADORE in one of the first investigations of heat generation in 
vapor lubricated bearings. They outlined an approach consisting of friction testing in 
concentrated contacts, experimental bearing torque measurements to calculate power loss at high 
speeds, and comparison with bearing performance predictions.  Brown and Forster (2000, 2002) 
further exercised the ADORE software to develop thermal boundary conditions for use in 
ANSYS finite element thermal analyses to investigate bearing operating temperatures under mist 
lubrication conditions and the thermal performance benefits of using a lightweight carbon-carbon 
cage to reduce centrifugal loading in 30-mm bore bearings. Brown et al. (2002) accomplished 
preliminary investigations of the potential to use ADORE and ANSYS for lightly lubricated 
bearing analysis.  Much of the current report is taken directly from this reference.  Detailed 
thermal analysis of the heat generation requires geometry information for the supported shaft and 
bearing housing along with lubricant and environment conditions. 
 
As part of the current NRO-sponsored effort, innovative bearing designs are currently being 
investigated that use coated race components, lightweight carbon composite cage materials, and 
high performance synthetic lubricants to allow rotating component performance of devices to be 
extended to high speeds and loads with reduced frictional loss from cage interactions (Sanders et 
al., 2000, Forster et al., 2001). Thermal modeling of novel bearing systems is being 
accomplished to investigate thermal performance benefits of reduced heat generation and 
improved heat dissipation.  The ANSYS finite element heat transfer analysis can be applied to 
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specific environments by considering convection heat transfer modes and including heat transfer 
to the surrounding structural components via conduction and radiation.  Validated analytical 
results can be particularly beneficial in determining the speed limits of traditional phenolic cages 
based on thermal performance.  Results may also lead to tailoring of cage properties for high-
speed bearing applications.   
 
Comparisons of numerical bearing analysis predictions with AFRL/PRTM experime ntal results 
have been accomplished.  Baseline investigations used a 30-mm bore duplex pair fabricated from 
52100 steel with a cotton-phenolic cage. To lubricate the bearing, cages have been saturated with 
lubricant that is then dispersed to the bearing during operation by the centrifugal force from 
rotation.  While this system has been adequate to date for relatively low speeds (10,000 rpm), 
problems may occur in applications where rotor speeds are increased by 2 - 3X. This speed 
increase will greatly affect bearing cage issues as the heat generation from the cage increases as a 
second order effect due to centrifugal loading of the cage land and increased ball-cage collision 
forces. An area of particular concern is the localized heating of conventional cotton-phenolic 
bearing cages at these interfaces due to poor heat transfer characteristics.  It will be difficult for 
these cages to dissipate increased heat loads, and the net result will be localized hot spots that 
may compromise the cage integrity and degrade the lubricant.  Testing has then been 
accomplished using a carbon-phenolic cage.  The thermal analysis indicated that these cages 
would not be as susceptible to hot spots.  The final series of testing investigated CRU-20 bearing 
races with Si3N4 ceramic rolling elements using both cotton-phenolic and carbon-phenolic cages. 
 
As the AFRL/PRTM experiments use minimal lubrication, a technique that reduces churning 
effects and removes the primary mode for heat rejection in conventional bearings, the results 
have provided an excellent opportunity to accomplish bearing thermal performance validation.  
Friction data available from AFRL/PRTM testing of the cotton-phenolic and carbon-phenolic 
material has been used in the ADORE bearing analyses.  The experimental methods used and the 
measured friction data are described in Part I of this series of reports. Modifications to the 
predicted/measured friction values have been investigated as part of the numerical analysis.  The 
experimentally measured bearing torque has been used to determine heat generation for 
comparison with the analytical prediction for total bearing power loss.  Experimental and 
predicted transient and steady-state temperature responses for the tested 30-mm bore bearing 
duplex pair operating with only a light coating of Pennzane® lubricant (Sanders et al., 2000) are 
presented for two different rolling element materials (Si3N4, 52100 steel) operating at a shaft 
speed of 10,000 rpm. These results demonstrate agreement of the numerical predictions and 
experimental results.  Although models used in the preliminary comparisons have been modified 
slightly, the results indicate the potential of the analysis process to improve bearing design 
through the evaluation of thermal conditions and determination of cooling requirements for 
future bearing system designs.  Results describing model comparisons with the final series of 
bearing tests are considered to be the most representative of the tested conditions.  These 
experiments also used a light coating of Pennzane® lubricant on bearings with CRU-20 races, 
Si3N4 balls, and either a cotton-phenolic or a carbon-phenolic cage.  Both steady-state and 
transient results are presented. 
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2.  Experimental Design 

The capability to experimentally measure torque and temperature for 206 size bearings under 
lightly lubricated conditions exists within the AFRL/PRTM laboratories. The high-speed test rig 
described by Forster and Givan (1999) has been modified for conversion to duplex pair testing.    
A more complete description of the experimental setup is provided in Part II of this series of 
reports.  The test bearings are mounted on a shaft driven by an integral air turbine.  In the initial 
series of testing, the bearing load is due to the designed axial preload of 270N (65 lb) with the 
duplex pair flush mounted.  Following initial test result analysis, it was determined the potential 
for change in load due to thermal expansion could be minimized by incorporating a spring-load 
mechanism rather than relying on the clamping load. Torque measurement is accomplished using 
a proximity probe to measure the displacement of a rod connected to the outer race housing and 
restraining the rotation of the outer races through a spring.  Displacement of the rod 
corresponding to an applied torque has been calibrated by hanging known masses at a specific 
rod location and recording the displacement (voltage) measurement.  This torque measurement 
system has worked well with the tested duplex pair configuration.  Further modifications are 
being considered to damp the vibrations of this measurement method to improve response at 
higher shaft speeds.  Type K thermocouples are mounted between the outer race and the housing 
and on the housing chamber.  A slip ring for inner race temperature measurement has also been 
installed but has not provided the desired accuracy especially for speeds greater than 10,000 rpm.  
A telemetry system has been ordered to provide improved capability for temperature 
measurement of the inner race and shaft. Mounting of the duplex pair required the design and 
fabrication of a new nose piece, duplex bearing holder and miscellaneous installation/removal 
fixtures.  Various test hardware and schematics are shown in Figures 1 - 5. 
 
 

 
 
 

Figure 1.  Duplex Bearing Pair (52100 Steel Races, Cotton-Phenolic Cage,  
Si3N4 Rolling Elements)  
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Figure 2.  Shaft Nose Piece where Bearings are Mounted and  
Portion of Outer Race Housing 

 
 
 

 
 

Figure 3.  Calibration Curves Developed for Torque  
Measurement Based on Displacement 
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Figure 4.  View of High-Speed Test Rig with Bearings Mounted and Proximity Probe 
 
 
 
 
 
 
 
 
 

 

Figure 5.  Schematic of Duplex Pair Flush Mounting and Torque Measurement System 
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3.  Numerical Model Development (ADORE and ANSYS) 
 
A numerical modeling process for bearing analysis has been developed which can be used to 
illustrate thermal performance benefits of using specific cage, ball, or raceway material with a 
given lubricant.  This process consists of use of ADORE 4.0 bearing models to develop thermal 
boundary conditions for the ANSYS finite element analysis software package.  This method 
provides the capability to evaluate improved thermal management designs.  Geometry for the 
experimentally tested duplex bearing (Table 1) has been used to model a single bearing in 
ADORE with the specified loading for shaft speeds of interest. 
 
 

Table 1.  Bearing Geometry 
Class 206, ABEC 7, Single Outer Land Guided Cage 

 
Number of balls                                 11 
Contact angle                                    15°    Cage outer diameter (in) 2.049 
Outer race curvature factor             0.5175   Cage inner diameter (in) 1.800 
Inner race curvature factor              0.5300   Cage land clearance (in)  0.011 
Pitch diameter (in)                            1.81    Cage pocket clearance (in) 0.016 
Ball diameter (in)                              0.375   Cage width (in)   0.590  
Axial preload (lb)                             65   Radial load (lb)   5.000 
 
 
Previous work by Brown (2001) described cage imbalance as a critical factor for bearing heat 
generation.  For the purpose of the current investigation, a value of 0.20 g-cm has been assumed 
for the 206 size bearing.  Churning effects can also be a significant parameter affecting bearing 
heat generation, especially for the fully flooded lubrication condition.  However, churning effects 
should be small for the lightly lubricated condition, and they have been omitted in this study.  
Other primary factors considered in the ADORE analyses are the bearing materials and the 
lubricant/material traction data.  The models have used constant material properties, as listed in 
Table 2.  This has been considered adequate for the relatively small steady-state temperature 
increases at 10K rpm.  52100 tool steel, M50, or CRU-20 have been used as the bearing race 
material and either 52100 steel or Si3N4 ceramic for the rolling elements.  The cage has been 
modeled as either a cotton-phenolic or carbon-phenolic composite.  The finite element thermal 
analysis uses T15 steel properties for both the shaft and the bearing housing.  
 
 

Table 2.  Material Properties of Bearing Components 
 
     CRU-     Cotton-         Carbon- 
Material        20   T15 M50 52100 Si3N4 Phenolic        Phenolic 
Elastic modulus (GPa)    235  215  205   205   320          8             62.3 
Poisson ratio    0.28 0.30 0.29  0.29  0.26     0.05                0.07 
Thermal expansion coefficient (x106 °C-1)     11.2          9.0 11.2   11.5    2.9        18              0.7 
Thermal conductivity (W/m-K)  20.7 21.3 37.0  46.6  29.3   0.375                3.25 
Thermal conductivity (W/m-K) (radial)                   0.85 
Specific heat (J/kg-K)          429  400  425   425 1100    1465              989 
Density (kg/m3)                      8172       8190      7971       7810 3160    1400            1400 
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Prediction of bearing heat generation is highly dependent on accurate representation of friction. 
For lightly loaded, high-sliding conditions of cage-land and cage-pocket contacts, the friction 
coefficient has been estimated as 0.225 based on AFRL/PRTM experiments using the rolling 
contact friction tester described by Forster and Givan (1999).  Figure 6 represents some of the 
experimental friction data from Part I of this series of reports available for the cage-land sliding 
speed of interest.  Traction data for the ball-race contacts has been based on experimental data 
(Figure 7) provided for Pennzane® in a fully flooded condition. 
 
Typical ADORE traction curves used for the ball-pocket, cage-race, and ball-race contacts are 
shown in Figure 8.  This data displays the general behavior of traction with relative slip.  
Traction initially increases with increasing slip, but as shear heating in the lubricant becomes 
significant at high slip velocities, it peaks and begins to drop.  The relationship is as follows:  

where κ is the traction, u is relative slip velocity, and A, B, C, and D are empirical coefficients 
describing the lubricant.  For cage contacts, the maximum coefficient of 0.225 at approximately 
5% slip drops to 0.2 at infinite slip. For the ball/race contacts, a peak value of 0.125 at 5% slip 
and 0.12 at infinite slip has been used to account for the starved conditions.  Values are based on 
mist phase lubrication of MIL-L-7808, a high-quality synthetic aircraft lubricant indicating 
traction values ~ 4X flooded conditions. 
 
 

 
Figure 6.  Friction Data for Cotton-Phenolic Cages  

(Light Lubrication, 15 m/s Rolling Speed)  
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Figure 7.   Pennzane® Lubricant Traction Data (Fully Flooded Conditions) 
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Figure 8.  ADORE Traction Curves for Cotton-Phenolic Cage Contacts; ADORE Rolling 

Element-Raceway Traction Curve Accounting for Lubricant Starvation Effects 
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Following review of the model results, it has been observed that the value of the relative slip 
where the maximum traction occurs can significantly affect the predicted heat generation.  Use 
of the modified form of the traction curves may more realistically predict the heat generation at 
both the lower and higher tested bearing speeds.  This finding is supported by the work of 
Wedeven (1974) investigating increased traction coefficients for the same slide-to-roll ratio in 
highly starved contacts.  Figure 9 depicts changes in traction curve shapes at low relative slip.  
This is further discussed in the experimental results comparison section. 
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Figure 9.  Moving Location of Maximum Traction in Terms of  

Relative Slip to Model Starvation 
 
 
A 3-D ANSYS finite element thermal model of the bearing has been developed for a symmetric 
section of the duplex pair bearing geometry containing a single ball for each bearing along with 
portions of the shaft and bearing housing as shown in Figure 10.  The model, which uses 
constant properties, accounts for heat conduction within the solid regions of the bearing and 
convection heat transfer from the bearing structure.  There has been no attempt to model 
conduction within the lubricant due to the near-starvation conditions.  The model provides 
detailed temperature data allowing evaluation of the effect of bearing material properties.  
ADORE total time-averaged heat generation values for bearing contact locations have been 
averaged over the number of rolling elements and used as boundary conditions in ANSYS for the 
symmetric thermal model.  Heat loads have been applied to the model as shown in Figures 11 - 
13.  Heat generated at the cage/outer race contact area has been applied to the model using 
surface effect elements that allow for volumetric heat generation along the contact area.  Heat 
flux boundary conditions have been applied to the ball track area along both the inner and outer 
raceway.  A nodal heat flow boundary condition has been used in the ball pocket.  Line contact 
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elements, with areas of contact determined from ADORE, have been used to transfer heat by 
conduction from one raceway to the other through the rolling element.  The modeled ball track 
and cage/race contact areas have been maintained constant in the analyses so that the same finite 
element model could be used for all conditions.  This has eliminated the effect of mesh density 
on the thermal result variations.  Heat loads have been adjusted to account for the difference in 
the model areas and the calculated contact areas from ADORE.  The solid model has been 
meshed using approximately 30,000 3-D 20 node thermal elements with a single degree of 
freedom at each node.  These elements are well suited to model the curved boundaries existing in 
the bearing geometry.  Heat generated at the ball/raceway locations has been assumed to initially 
go into the raceway and then either transferred by conduction into the race material, conducted 
away from the race through the rolling element, or removed by convection to the ambient rig 
environment. 
 
Heat transfer coefficients of 30 - 60 W/m2-K for forced air convection at the test rig conditions 
(10,000 rpm) have been used.  These values have been used for the exposed areas of the shaft, 
housing and the bearing.  Variations have been based on the general arrangement of the 
experimental rig.  The shaft temperature has been fixed at 20°C at a location 0.048 m upstream 
of the bearing due to the relatively cold conditions of the air turbine driving the shaft.  Future 
efforts to measure the shaft and inner race temperatures will verify this assumption.  A Newton-
Raphson iterative solution procedure has been used to obtain convergence, and a Jacobi 
Conjugate Gradient solver has been used for the matrix solution. 
 
 
 
 
 
 

 
 
 

Figure 10.   Schematic of Solid Model of Bearing Symmetric Section  
with Single-Land Outer Race Guided Cage  
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Figure 11.  Section of Bearing Cage Showing Ball/Pocket Contact Area and  
Cyclic Temperature Conditions (Area 1 Temp = Area 2 Temp) 

 
 

 
Figure 12.   Bearing Outer Race Ball Track and Cage/Outer Race Contact Area 

 

 
Figure 13.  Bearing Inner Race Ball Track 
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4.  Numerical Results/Comparison with Experimental Data 
 

The bearings described previously have been analyzed using ADORE for two different ball 
materials, with an applied preload of 270N (65 lb), and operating at a shaft speed of 10,000 rpm.  
The runs have used traction coefficient data presented earlier of 0.225 maximum for cage 
contacts and 0.125 maximum for the ball/race contacts.  ADORE calculates a maximum inner 
race Hertzian contact stress of 1.1 GPa for metal balls and 1.25 GPa for ceramic balls and a 
maximum outer race Hertzian contact stress of 0.85 GPa for the metal and 0.94 GPa for the 
ceramic.  Key ADORE outputs for thermal analyses are dynamic contact locations, areas, and 
heat generation. Figure 14 presents transient heat generation during various contacts for the 
lightly-lubricated 206 size bearing with cotton-phenolic cage and Si3N4 balls operating at 0.3 
MDN (MDN = bearing bore size in mm x shaft speed in rpm divided by 106).  Contact between 
the rolling element and the inner and outer raceway is relatively constant while contact within 
the cage pocket and between the cage and outer race is much more intermittent.  Data has been 
time-averaged, as shown in Figure 15.  It is this information for the various bearing design 
conditions that has been used for evaluation of bearing performance.  
 
Table 3 provides predicted time-averaged steady-state heat loads calculated for rolling eleme nt 
materials of interest.  Time-averaged contact areas have been used for comparison with the finite 
element model areas.  Data for the ceramic ball bearing is also provided at speeds up to 40,000 
rpm to show the large increase in heat generation with speed.  Based on these results, the duplex 
pair with ceramic rolling elements in the AFRL/PRTM experiments generates approximately 9.3 
W at 10K rpm and 45.2 W at 20K rpm. These values can be compared with experimental 
measurements using the assumption that the bearing heat generation, generally termed power 
loss, can be determined using the measured friction torque, M, and shaft speed, ω.  (Q=M * ω) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14.  ADORE Predicted Instantaneous Heat Generation Data  (206 Size Bearing,  
Cotton-Phenolic Cage, Si3N4 Balls, Lightly Lubricated, 0.3 MDN) 
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Figure 15.  ADORE Predicted Time-Averaged Heat Generation Data (206 Size Bearing,  
Cotton-Phenolic Cage, Si3N4 Balls, Lightly Lubricated, 0.3 MDN) 

 
 
 

Table 3.  Time-Averaged Heat Generation (W) based on ADORE Single Bearing Analysis 
 

 
    Ball     Speed   Outer Inner Pocket  Cage  Total  Total 
 Material    (rpm)    Race Race               Land     (Single)  (Duplex) 

     52100     10000       1.69   3.16   0.43   0.95      6.27     12.54 
      Si3N4     10000     1.23   2.00   0.70   0.87      4.64       9.28 
      Si3N4     20000    3.38   7.60   3.21   8.20    22.59     45.18 

  Si3N4     40000  13.37 44.24 28.04 83.33   169.65               338.30 
 
 
Figures 16 - 17 provide excellent experimental data for comparison with the numerical bearing 
analysis and finite element thermal model predictions.  The experimental data represent test 
results for three different bearings.  Two of the bearings used Si3N4 balls and the other used 
52100 steel balls.  The torque measurements in Figure 16 represent test results for two runs with 
each bearing.  The outer race temperature data in Figure 17 is from the same set of tests with 
only one of the repeat test results being shown.  It appears, based on the data in these two figures, 
that the bearing with the 52100 rolling elements generates the most heat, as is predicted by 
ADORE.  Using Q=M * ω, with an average value of 0.015 N-m for the 52100 bearing and 0.010 
N-m for the ceramic rolling element bearing, leads to measured heat generation values of 12 W 
and 9 W, respectively.  These results demonstrate good agreement of the ADORE predictions 
from Table 3 with the experimentally determined values. 
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The experimental steady-state temperatures from Figure 17 have been used for comparison/ 
validation of the ANSYS model using the ADORE predicted heat loads. Figures 18 - 19 provide 
steady-state bearing temperatures obtained using the finite element model.  For the evaluated 
conditions, the predicted outer race temperatures are consistent with the experimental results, 
46.5°C for the Si3N4 balls and 55°C for the 52100 balls.  The potential to develop large 
temperature gradients within the cage material, as shown in these figures, is one of the reasons 
that novel cage materials are being investigated for use at increased bearing operating speeds.  
The predicted bearing temperature with a carbon-phenolic cage for these conditions, shown in 
Figure 20, demonstrates a nearly isothermal cage with a slightly reduced outer race operating 
temperature.  No carbon-phenolic cages were tested using clamped loading.  As such, there is no 
experimental comparison of the different cage operating performance under these conditions. 
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Figure 16.  Experimental Torque Measurements (206 Size Duplex Pair, Cotton-Phenolic Cage, 
10K RPM, Refer to Part II for Test Numbering) 
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Figure 17.   Experimental Outer Race Temperature Measurements (206 Size Duplex Pair, 

Cotton-Phenolic Cage, 10K RPM, Refer to Part II for Test Numbering) 
 
 

 
Figure 18.  ANSYS Steady-State Temperature (206 Size, Si3N4 Balls, Cotton-Phenolic Cage, 

10K RPM) 
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Figure 19.  Steady-State Temperature (206 Size, Metal Balls, Cotton-Phenolic Cage, 10K RPM)  
 
 

 
 

Figure 20.  ANSYS Steady-State Temperature (206 Size, Metal Balls, Carbon-Phenolic Cage, 
10K RPM) 
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Transient thermal analyses have also been accomplished for comparison with the tested bearing 
outer race temperature for the startup time period of 25 minutes.  This data, shown in Figure 21, 
displays excellent agreement with the measured temperatures and provides a preliminary 
validation of the methods used to model the bearing thermal response.  The inset figures show 
the hot spot within the cage pocket and the heated ball track region.  Additional experimental 
results for the inner race temperature measurements will strengthen the validation.   
 

Comparison of bearing outer race operating temperatures for different ball materials
206 size duplex pair, cotton-phenolic cage, 10K rpm
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Figure 21.   Comparison of Transient ANSYS Results with Measured Outer Race Temperatures 
 
 
 
 
Although agreement between ADORE-ANSYS predictions and experiment appears excellent for 
the cases presented, there has been significant concern regarding the effect of thermal expansion 
on the bearing clamped loading.  A process is available using ADORE to determine the effect of 
changes in bearing operating temperature on bearing load due to thermal expansion.  The method 
first accomplishes the bearing analysis at room temperature with applied loads at a desired speed. 
ADORE generates a quasi-dynamic initial load, Li, derived from the initial preload, centrifugal 
loads, and any other loads on the system.  ADORE also calculates a corresponding initial 
displacement, Xi = Li / K, where K is axial stiffness.  ADORE analysis can then be accomplished 
using the prescribed displacement, Xi, and temperatures of interest for the housing, shaft, cage, 
rolling element, inner race, and outer race. Using the specified temperatures, along with the 
material coefficients of thermal expansion, ADORE will calculate an additional displacement 
due to temperature, XT.  ADORE will also calculate a new bearing load LT using the bearing 
axial stiffness and the combined displacement, LT = K (Xi + XT).  For a preloaded bearing, the 
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load LT is the combination of applied loads to the bearing and thermal loads due to expansion 
inside of the bearing.  Using an ANSYS temperature profile corresponding to an experimentally 
measured outer race temperature, (outer race = 113ºF, inner race = 108ºF, housing = 109ºF, shaft 
= 104ºF, cage = 104ºF, ball = 122ºF), as an input to ADORE, the calculated load is observed to 
be reduced from 65 lbf to 31.3 lbf.  This calculation is the basis for the 60 lbf and 30 lbf spring 
loadings that have been selected as reported in Part II.  At the present time, it is noted that the 
modeled ADORE loads for the initial test conditions are likely larger than actually existed.  
Therefore, either maximum traction coefficient, shape of the traction versus relative slip curve, 
or the bearing environment conditions require modification to account for the experimentally 
observed bearing heat generation.  
 
Based on experimental data, it is not believed that the maximum traction coefficients are much 
larger than modeled.  The effect of changing maximum traction coefficient location and the cage 
imbalance on ADORE predicted heat generation for 10K rpm with the reduced loading is shown 
in Table 4.  All cases used a maximum traction coefficient of 0.225 and are for the Si3N4 rolling 
elements.  Comparison with Table 3 data for Si3N4 balls at 5% slip for 10K rpm demonstrates 
approximately the same total heat generation.  However, the ball-race contacts are now a much 
larger fraction of the heat generation than the cage. 
 
 

Table 4. Effect of Traction Coefficient Maximum Location versus  
Relative Slip on Adore Predicted Heat Generation 

   
   Case     Imbalance     Relative Slip  Total Heat RE/OR   RE/IR     Pocket  Cage 
        (g-cm)    Location     (W)   (W)    (W)       (W)  (W) 
       1          .20       2%      9.54  3.36    5.37      0.25 0.51  
       2          .20      2.5%     8.05  2.96    4.67      0.26 0.15 
       3          .20       5%      5.10  1.80    2.82      0.23 0.20 
       4          .40      2.5%               8.46  2.96    4.67      0.34 0.55 
 

 
The best experimental comparison between the bearings operating with cotton-phenolic cages 
versus carbon-phenolic cages is shown in Figure 22.  There are several factors which require 
noting for this series of tests.  These tests have all used CRU-20 races and have been conducted 
using a spring-loading mechanism to load the duplex pair bearings.  The spring-loaded design 
has been used to maintain a more constant load on the bearings than in the clamped-loaded 
design.  The measured steady-state temperatures with spring loading are higher than with 
clamped loading.  This implies that the loading is being better maintained.  It has also been 
observed that although the bearing temperatures did increase with increased operating speed, 
they did not increase as dramatically as predicted.  Modifications to the traction curves that 
change the location of the maximum traction coefficient as a function of relative slip have been 
shown to affect this condition.  This is due to higher heat generation at the ball-race contact for 
low relative slip reduces the significance of the cage-land contact factor.  The cage-land contacts 
can then be modeled with possibly a lower maximum traction coefficient.  However, there is still 
a speed at which cage-land heat generation becomes dominant (~ 25K rpm in these tests) and 
leads to dramatically increased outer race temperatures.  It is also noted that the carbon-phenolic 
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cage tests actually ran slightly hotter than did the cotton-phenolic bearing cage tests.  This has 
been attributed to debris as described in Part II of this series of reports. 
 
ANSYS steady-state predictions for this series of tests are provided in Figures 23 - 26.  Figure 23 
shows predicted outer race temperature of 63°C for the carbon-phenolic cage test at 10K rpm and 
65 lbf load when using the location of maximum slip changed to 2.5%.  This is approximately 
the value measured experimentally.  However, the ANSYS model significantly over predicts 
(Figure 24) the cotton-phenolic cage results.  Modifications to the maximum traction coefficient 
for the cotton-phenolic cage to 0.165 led to the results in Figure 25.  Increasing the speed to 
12.5K rpm led to the results for the cotton-phenolic test shown in Figure 26.  Here, the operating 
temperature is increased slightly above that for the 10K rpm case. 
 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 22.  Comparison of Experimentally Measured Outer Race Temperatures for Carbon-  
Phenolic and Cotton-Phenolic Cages (206 Size Duplex Pair, CRU-20 Races, Si3N4 Balls) 
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Figure 23.  ANSYS Steady-State Temperature, °C, (206 Size Duplex Pair, Si3N4 Balls, Carbon-

Phenolic Cage, 10K RPM, 0.225 Max Traction Coefficient at 2.5% Slip)  
 

 
Figure 24.  ANSYS Steady-State Temperature, °C, (206 Size Duplex Pair, Si3N4 Balls, Cotton-

Phenolic Cage, 10K RPM, 0.225 Maximum Traction Coefficient at 2.5% Slip) 
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Figure 25.  ANSYS Steady-State Temperature, °C, (206 Size Duplex Pair, Si3N4 Balls, Cotton-

Phenolic Cage, 10K RPM, 0.165 Maximum Traction Coefficient at 2.5% Slip) 
 
 
 

 
 
Figure 26.  ANSYS Steady-State Temperature, °C, (206 Size Duplex Pair, Si3N4 Balls, Cotton-

Phenolic Cage, 12.5K RPM, 0.165 Maximum Traction Coefficient at 2.5% Slip) 
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5.  Summary 
 
It is apparent that increases in bearing speed can significantly increase heat generation and that 
this heat generation can lead to temperatures too extreme for reliable operation.  A process has 
been developed to numerically investigate operating temperatures of a rolling element bearing 
which combines capabilities of ADORE bearing analysis software with finite element thermal 
analysis. Experimental efforts within AFRL/PRTM, sponsored by NRO to investigate benefits of 
novel cage materials in satellite bearing applications, have provided an opportunity to 
accomplish bearing thermal performance validations.  These experiments have used minimal 
lubrication, which reduces heat transfer by convection, the primary mode for heat rejection in 
conventional bearings. Results have been presented that describe experimental and predicted 
transient and steady-state temperature responses for a 30-mm ball bearing duplex pair operating 
with only a light coating of Pennzane® lubricant for two different rolling element materials 
(Si3N4, 52100 steel) in a bearing with 52100 steel races operating at a speed of 10,000 rpm using 
a conventional cotton-phenolic cage.  Although agreement of these results appeared excellent, 
further analysis led to model modifications to account for the potential of thermal expansion to 
cause an increase or decrease of bearing load which can be significant for the relatively light load 
on a satellite bearing.  Modifications to the experimental rig were also made to account for the 
thermal expansion effects by incorporating a spring-loading mechanism rather than relying on 
the clamped load.  Investigations of modifications to the shape of the traction curves used in the 
bearing analysis model and the affect on predicted heat generation helped answer questions 
concerning the expected large contribution of cage heating with increases in speed that was not 
observed until a failure criterion was reached.  Final model and experimental results have been 
presented to compare the performance of a carbon-phenolic cage relative to a cotton-phenolic 
cage operating in 30-mm bearing with CRU20 steel races.  To accurately simulate the transient 
thermal response of the tested bearings, it is important that the heat loads be applied with the 
correct magnitude/rates and at the correct time.  There are several factors which affect the 
predicted loads, including traction coefficients, cage imbalance, and any changes during 
heating/startup such as changes in lubricant viscosity.  Realistic material property values for 
density, thermal conductivity, and specific heat, along with an accurate description of the bearing 
environment, including heat transfer coefficient variations with rotation speed, are also critical.  
Although the current series of bearing tests conducted by AFRL/PRTM did not demonstrate the 
numerically predicted benefits of the carbon-phenolic cage relative to the cotton-phenolic cage, 
they did lead to a critical review of the methods used in bearing and thermal analyses.  The 
numerical results also led to the conclusion that debris generated during testing with the carbon-
phenolic cage increased the apparent traction coefficient, and control of this debris is a topic that 
will be addressed in future efforts.  Results indicate the potential of the analysis process to 
improve bearing design through the evaluation of thermal conditions and determi nation of 
cooling requirements for future bearing system designs.  Future efforts to obtain experimental 
results for higher shaft speeds, including inner race temperature measurements, will strengthen 
the validation.  Additional research is being conducted to improve the level of model fidelity in 
the area of specifying heat transfer coefficients as a function of operating speed for the various 
bearing designs and environments. Research to develop traction data for the Pennzane® lubricant 
under starved conditions should also be accomplished.  Additional validation efforts will be 
conducted both for higher bearing operating speeds and for larger bearings.  
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