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Flexibility Enhanced Rolling Element Bearing Analysis

Final Release Version 2.00 - Dated 01 August 1996

Title Of Analysis Being Run:

Test Case with flexible outer ring, IBSCOR=2, 1 mil radial deadband
Name of Input Analysis File: /usr/people/ryansg/rebans/testl.dat
Name of Output Results File: testls.out

kkkkkkkkkkkkkkkkkkkkkkkkhkkkkkkkhkkkkkkkkkkkkkkkhkkkkkkkkkkkkkkhkkkhkkkkkkkkkkkhkk

Forming Compliance Matrices for Outer Ring
reading previously reduced and inverted outer race file:
red.bor2ms3.asc

Compliance Matrices Created for Outer Ring, Elapsed Time = 0.41 secs

* * * * * * * *

Now Iterating to Determine Quasi-Static Equilibrium Solution

Elastic deformation iteration
Elastic deformation iteration
Elastic deformation iteration
Elastic deformation iteration
Elastic deformation iteration
Elastic deformation iteration
Elastic deformation iteration
Elastic deformation iteration
Elastic deformation iteration

Quasi-Static Iteration Finished - Elapsed Execution Time =

1 complete, Error =
2 complete, Error =
3 complete, Error =
4 complete, Error =
5 complete, Error =
6 complete, Error =
7 complete, Error =
8 complete, Error =
9 complete, Error =

6.5675E+03%
2.0154E+07%
4.7745E+03%
4.6094E+05%
8.1675E+01%
1.0520E+01%
3.0943E-02%
9.6991E-05%
3.0534E-07%

8.48 secs

* * *

* * *

* *

FEREBA Execution Completed, Total CP Time = 8.96 secs

Printed Output Written to File: testls.out

* *kkdkk

* *kkkkkkkk

Ficure 8.—Example of FEREBA status information output.
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Activating print option level 3 will display the final iteration values. Option level 4 will display each
value during the iteration process. The user can modify the action taken when these errors occur by
enabling (uncommenting) the call to the routine ERSET. This call is made in the main program
FEREBA. This will allow the user to test the value of the IMSL function IERCD after calling DNEQNF
and specify action accordingly. Fortunately, the occurrence of these errors is the exception rather than
the rule.

*eekk WARNING—Elastic deformations unconverged after ?? loops—WARNING *****
Error is = XXXXXXXX%
Requested maximum iteration erroris = YYYYYYYY%
*eexx WARNING—Solution may be acceptable—examine carefully—WARNING *****

This warning occurs in the elastic deflection iteration loop. If the solution is converging, the number
of iterations allowed may be increased. If the error is small enough, the required accuracy may be
increased. Activating print option level 2 will display information about gap constraint forces to aid in
debugging, if necessary.

*eekk WARNING—Force iteration unconverged after ?? loops—WARNING *****
Error is = XXXXXXXX%
Requested maximum iteration erroris = YYYYYYYY%
*eexx WARNING—Solution may be acceptable—examine carefully—WARNING *****

This warning occurs in the force iteration loop. If the solution is converging, the number of iterations
allowed may be increased. If the error is small enough, the required accuracy may be increased.
Activating print option level 1 will display information about assumed inner race displacements and
calculated inner race forces to aid in debugging, if necessary.

Additional User’s Manual Changes

The boundary conditions for outer race configuration 4 (illustrated on page 3—-5) may not be
representative of a user’s configuration. It is not necessary to constrain the duplex bearing in the axial
direction as shown. It must be restrained radially similarly to the primary bearing. While it is not
necessarily erroneous to constrain the duplex bearing in the manner shown, it is not required as the text
implies. The user should determine which constraints are appropriate for the configuration being
analyzed.
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GENERAL COMMENTS ON ASSUMPTIONS AND INHERENT ERRORS

The assumptions required to formulate a mathematical representation of a physical device inevitably
introduce errors. There are three particular errors of this nature in the REBANS analysis. Two of these
are caused by the addition of race/support flexibility and the way it is modeled. The other error is not
unique to this enhancement and probably exists in other bearing analysis programs.

The error that is not unique to REBANS is related to the summation of rolling element forces. When
rolling element forces are summed on the inner race and the outer race, the two sums are not equal. This
result is not physically possible. The difference is due to the neglect of rolling element azimuth angle
deviations and tangential acceleration forces. In the classical quasi-static bearing analysis, the rolling
element speeds are calculated based on the individual element kinematics (contact angles, etc.). In order
for ball #1 to have a different orbital speed than ball #2, the ball must accelerate or decelerate in the
tangential direction. The inertia force from this acceleration must be reacted on the raceways. In
addition, the ball will make an excursion from the evenly spaced azimuth position usually assumed in
the analysis. For a classical fixed outer race analysis, incorporating the acceleration forces and the
azimuth angle deviations negates the difference in the sum of forces on the inner and outer races. This
cannot be easily corrected in the REBANS analysis. The ball forces can only be applied at the fixed
azimuth positions defined by the finite element model node locations. The present form of the program
also reduces out tangential DOF's from the race model so that the acceleration forces cannot be applied.
The magnitude of this error is on the order of 1-2 percent.

The two REBANS unique errors are related to the finite element model grid. The first of these is
related to ball bearing contact angles. The ball/race contact loads must be applied to a fixed node
location on the race. This point is typically placed at either the unloaded contact angle or the estimated
loaded contact angle. The actual contact angles vary from ball to ball and will not, in general, equal the
assumed value used to define the finite element model grid. While the loads are applied at the correct
angle, their line of application is displaced slightly to match the node location. The magnitude of this
error is difficult to quantify; however, an analysis of a rigid ring (including a tilt DOF) with the same
error simulated resulted in 1-2 percent error.

The second REBANS unique error is related to race/support contact. The race contacts the support
with circumferentially and axially distributed contact loads. These distributed loads are represented by
discrete forces applied to the structures. In the circumferential direction, there are as many locations as
rolling elements. In the axial direction, there are three locations. The placement of the axial locations
will have a direct effect on the tipping moment which can be reacted at the race corner. Chamfering and
local flexibilities will alter where the “effective” reaction force should be placed to most accurately
represent the actual mechanics of this interaction. The axial spacing error has been greatly reduced by
incorporating the additional radial master DOF for the outer race. The error due to circumferential
spacing requires further analysis to determine the degree of spatial resolution required to adequately
represent the race/support contact mechanics.
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2.

APPENDIX

Single ball bearing, flexible outer ring with deadband, carrier assumed rigid (IBSCOR=2).

This model is nonlinear due to deadband contact, which is dependent on ball loads applied

to the outer race. There are 5 gaps between the outer ring and rigid housing, and at each
azimuthal position, 7 master nodes are required. After reduction in FEREBA, 9 DOF’s remain at

each ball location (4 axial, 5 radial).

Preload Spring

L

Active DOF’s
ANSYS 2In(X,Y, 2)
FEREBA 9n (X, R)

Active Nodes (DOR)
X:1,2,3,7(1,4,7,19)
R: 1,2,4,5,6(2 5,11, 14, 17)

Reduced DO
3% 6, 8,9, 10, 12, 13, 15, 16, 18, 20, 21

* DOF 3 is deleted

Single ball bearing with flexible outer ring and carrier with deadband (IBSCOR=3). This

model is nonlinear due to deadband contact, which is dependent on ball loads applied to the
outer race, and also due to the preload spring (nodes 7—12), which can bottom. There are

5 gaps between the outer ring and carrier, and at each azimuthal position, 12 master nodes are
required (7 on the outer ring, 5 on the carrier). After reduction in FEREBA, 14 DOF’s remain at

each ball location (6 axial, 8 radial).

/— Preload Spring

: /
5
X 3 2 ,>12{ R
1 5
1

L X

Active DOF’s
ANSYS 36n (X,Y, 2)
FEREBA 14n (X, R)

Active Nodes (DOE)
X:1,2,3,7,8,12

(1, 4,7, 19, 22, 34)
R: 1,2 4,569, 10, 11
(2,5, 11, 14, 17, 26, 29, 32)

Reduced DOB

3*% 6, 8,9, 10, 12, 13, 15, 16,
18, 20, 21, 23, 24, 25, 27, 28,
30, 31, 33, 35, 36

* DOF 3 is deleted
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Duplex ball bearing set with flexible outer rings with deadband and with carrier assumed rigid
(IBSCOR=5). The analysis is restricted to havirggual in both bearings. This model is nonlin-

ear due to deadband contact and the possibility that the preload spring (7—10) could bottom.
There are 9 gaps between the outer ring and rigid housing, and at each azimuthal plane, 14
master nodes are required (7 on each bearing). After reduction in FEREBA, 18 DOF’s remain at
each ball location (8 axial, 10 radial).

Active DOF’s
ANSYS 42n (X, Y, Z)
FEREBA 18n (X, R)

Preload Spring

Active Nodes (DOR)
X:1,2,3,7,8,9,10,14

(1, 4,7,19, 22, 25, 28, 40)
R: 1,2,4,5,6,8,9, 11, 12, 13

(2,5, 11, 14, 17, 23, 26, 32, 35, 38)

Reduced DO
3* 6, 8,9, 10, 12, 13, 15, 16, 18, 20, 21,
24* 27,29, 30, 31, 33, 34, 36, 37, 39, 41, 42

* DOF's 3 and 24 are deleted

The relative positions of the@fimary’ and “duplex bearings are the same as
configuration 4.

Duplex ball bearing set with flexible outer rings and carrier with deadband (IBSCOR=6).

The analysis is restricted to havingqual in both bearings. This model is nonlinear due to
deadband contact and the possibility that the preload spring (7—10) could bottom. There are

9 gaps between the outer ring and carrier, and at each azimuthal position, 22 master nodes are
required (7 on each bearing and 8 on the carrier). After reduction in FEREBA, 26 DOF’s remain
at each ball location (10 axial, 16 radial).

Active DOF5s
, ANSYS 66n (X, Y, 2)
Preload Spring v
¥ v/ ¥ FEREBA  26n(X,R)

Active Nodes (DOR)
f X:1,2,3,7,8,9, 10, 14, 15,22 (1, 4, 7, 19,
22, 25, 28, 40, 43, 64)
R:1,2,4,5,6,8,9, 11, 12, 13, 16, 17, 18,
19, 20, 21 (2,5, 11, 14, 17, 23, 26,
32, 35, 38, 47, 50, 53, 56, 59, 62)




Reduced DOE

3%, 6, 8,9, 10, 12, 13, 15, 16, 18, 20, 21,
24* 27, 29, 30, 31, 33, 34, 36, 37, 39, 41,
42,44, 45, 46, 48, 49, 51, 52, 54, 55, 57, 58,
60, 61, 63, 65, 66

* DOF’'s 3 and 24 are deleted

The relative positions of the@fimary’ and “duplex bearings are the same as
configuration 4.

Cylindrical roller bearing with flexible outer ring with deadband and with carrier assumed rigid
(IBSCOR=8). This model is nonlinear due to deadband contact. There are 3 gaps between the
outer ring and rigid housing, and at each azimuthal position, 5 master nodes are required. After
reduction in FEREBA, 5 radial DOF’s remain at each roller location.

Active DOF’s
ANSYS 15n(X,Y, 2)
FEREBA 5n (R)

Active Nodes (DOR)
X: None
R: 1,2, 3,4,5(2, 5,8, 11, 14)

Reduced DO
1,3,4,6,7,9, 10, 12, 13, 15

Cylindrical roller bearing with flexible outer ring and carrier with deadband (IBSCOR = 9). This
model is nonlinear due to deadband contact. There are 3 gaps between the outer ring and carrier,
and at each azimuthal position, 8 master nodes are required (5 on the bearing and 3 on the car-
rier). After reduction in FEREBA, 8 radial DOF’s remain at each roller location.

Active DOF’s
v R RANSYS 24n (X,Y, 2)
8 ! 8 FEREBA  8n(R)
: Active Nodes (DOR)

X: None

3 5
1 2 RI R:1,23/4,5,6,7,8
! 1

(2,5, 8, 11, 14, 17, 20, 23)

Reduced DO
1,3,4,6,7,9, 10, 12, 13, 15, 16, 18, 19, 21,
22,24

25






F A d
REPORT DOCUMENTATION PAGE OMB N o 0188

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 Operation 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

1. AGENCY USE ONLY (Leave Blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
March 1997 Technica Memorandum
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

Modeling of Rolling Element Bearing Mechanics—
Computer Program Updates

6. AUTHORS

S.G. Ryan

7. PERFORMING ORGANIZATION NAMES(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION

REPORT NUMBER
George C. Marshall Space Flight Center
Marshall Space Flight Center, Alabama 35812

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING

. . L . AGENCY REPORT NUMBER
National Aeronautics and Space Administration
Washington, DC 205460001 NASA TM-108532

11. SUPPLEMENTARY NOTES

Prepared by Structures and Dynamics Laboratory, Science and Engineering Directorate

12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Unclassified—Unlimited

13. ABSTRACT (Maximum 200 words)

The Rolling Element Bearing Analysis System (REBANS) extends the capability available with traditional
quasi-static bearing analysis programs by including the effects of bearing race and support flexibility. This
tool was developed under contract for NASA-MSFC. Theinitial version delivered at the close of the
contract contained several errors and exhibited numerous convergence difficulties. The program has been
modified in-house at MSFC to correct the errors and greatly improve the convergence. The modifications
consist of significant changes in the problem formulation and nonlinear convergence procedures. The
original approach utilized sequential convergence for nested loops to achieve final convergence. This
approach proved to be seriously deficient in robustness. Convergence was more the exception than the rule.
The approach was changed to iterate all variables simultaneoudly. This approach has the advantage of
using knowledge of the effect of each variable on each other variable (via the system Jacobian) when
determining the incremental changes. This method has proved to be quite robust in its convergence. This
technical memorandum documents the changes required for the original Theoretical Manual and User’s
Manual due to the new approach.

14. SUBJECT TERMS 15. NUMBER OF PAGES
rolling element, bearing, stiffness, deadband, flexible race, quasi-static 32
16. PRICE CODE
NTIS
17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT
Unclassified Unclassified Unclassified Unlimited
NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. 239-18
298-102



