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I.  SUMMARY

An experimental stress analysis was undertaken to evaluate stresses
within cylindrically hollow (drilled) bearing balls proportioned for 40,
50, and 60% mass reductions. Strain gage rosettes were used to determine
principal strains and stresses in the steel ball models statically loaded
in various orientations.

Results are reported for 127 mm (5 in) OD balls under 44,500 N (10,000
1b) loads. Similitude considerations permit these results to be applied to
calculate stresses in actual size drilied bearing balls proportioned to these

mass reductions.




IT. INTRODUCTION

Aircraft gas turbine engines currently operate in a speed range of
1.5 to 2 million DN (bearing bore in mm times shaft speed in rpm). It
is estimated that engine designs of the next decade will require bearings
to operate at DN values of 3 to 4 million. In this DN range, the reduction
in bearing fatigue 1ife due to the high centrifugal forces developed
between the rolling elements and outer race becomes prohibitive.

To solve the problem of reduced fatigue 1ife in high-speed ball
bearings various methods of reducing centrifugal force have been proposed.
One of these is to reduce the ball mass by "drilling" a cylindrical hole
through them using electrolytic machining techniques. Full-scale bearing
tests with cylindrically hollow (drilled) balls have demonstrated that
operation at speeds to 3 million DN is possible (1).] Fracture of the
drilled balls has also been experienced during the operation of the full-
scale bearings.

Analysis of these failures and of the effect of changes in ball
geometry on high speed bearing operation has been handicapped by the
difficulty of application of theory to predict stresses existing in the
balls under bearing loads and centrifugal forces.

Strain gage techniques were used to determine the surface stress
distribution in drilled balls proportioned for mass reductions of 40, 50,

and 60 per cent.

] Numbers in parentheses designate references at end of report.




IITI. MODELS

Actual bearing balls dynamically loaded in a full scale ball bearing
would be difficult to instrument for experimental stress analysis. The ball
models used in this study were selected for ease of fabrication and instrumen-
tation. They were turned from mild steel bar stock with a radius cutting
tool to a 127 mm (5 in OD) spherical contour, bored to an ID calculated to
provide the desired mass reduction of 40, 50, and 60 per cent, and then
chamfered as actual bearing balls. Figure 1 gives model dimensions. The
mild steel material simplified metal cutting. Its lack of hardness and
low value of yield stress were not problems as care was taken to insure that
strains were always within the elastic range. The 127 mm (5 in) model size
seemed to be compatible with available 1 mm gage length strain gage rosettes and
proved easy to position and load in a universal testing machine. TML ZFRA-1
(1 mm gage length) 45% strain gage rosettes were mounted on the models in
locations shown in Figure 2.

The rosettes were mounted with one strain gage of each rosette aligned
parallel to the axis of the hole or bore of the model. Other strain gages
on the rosette backing were then automatically aligned at 459 and 90° to the
axis of the hole. A line of rosettes was thus established parallel to the
bore axis on the interior and exterior of the model. As the models were
symmetric about the ball mid plane perpendicular to the bore only one half
of the model was strain gaged. The strain gaged half was repositioned to
replace the ungaged half and reloaded to obtain a complete strain distribution.
Table 1 gives actual gage Tocations.

Tne location of the rosettes relative to the vertically downward com-

pression loads applied to the model is defined by two angles, 6 and ¢.




Theta was taken as an angle of rotation about the axis of the bore of the
model from an initial orientation with the 1ine of rosettes directly under
the Toad (8 = 0° case). Data was taken at 6 = 0°, 30°, 60° and 90° orien-
tations with the load. Phi was taken as an angle of inclination of the
axis of the bore of the model with a horizontal plane imagined through the
center of the model. Phi = 0% is the symmetrically loaded case, while

¢ = 40° resulted in the load being applied close to the edge of the hole
as may be seen in Figure 4. Data was taken at ¢ = O°, 20°, and 40° orien-
tations with the Toad.

A 44,500 N (10,000 1b) load was usually required to obtain a response
sufficient for accurate measurement in the 40 and 50% mass reduction models.
This load was reduced for some of the more highly stressed cases and for
the 60% reduction model to maintain model strains within the elastic range.
In these cases the applied load was set at a simple fraction of the 44,500 N
(10,000 1b) load, for example, 8,900 N (2,000 1b) on the 60% mass reduction
model, and the measured strain corrected by this factor in order to have a
constant basis for comparison of the response of all three models.

Figure 3 shows the models used, and Figure 4 shows a model positioned in
the testing machine. The models were positioned by protractor to lines
scribed on the models with a dividing head and height gage. Strains measured

were very sensitive to load orientation.




IV. INSTRUMENTATION

A Baldwin-Lima-Hamilton Model 120 strain indicator was used to power
a Wheatstone strain gage bridge incorporating a temperature compensating
strain gage as one of the bridge arms. The strain indicator scope output
jack was used to drive a Mosely 7000 A XY plotter to amplify and record
the strain indicator signal. The recorder pen deflection was found to be
linear with strain indicator unbalance, and the recorder could be calibrated
so that 25.4 mm (1 in) of pen deflection corresponded to 100 micro mm/mm
(100 micro in/in) of strain indicator unbalance. With this calibration,
the recorder could provide a £ 190.5 mm (¥ 7.5 in) pen deflection. Standard
commercial Baldwin-Lima-Hamilton and Budd switch and balance units were used
to switch individual gages of the rosettes to the strain indicator and to
provide initial zero adjustment for each gage. As each gage was switched
to the strain indicator and the gage unbalance deflected the pen in the "X"
direction a record was made by deflecting the pen 2.54 mm (.1 in) in the
"Y" direction.

These records could later be read to .25 mm (.01 in) so that the re-
solution of the recording system was 1 micro mm/mm (1 micro in/in). Suc-
cessive records of the gage readings while the model was undisturbed in the
testing machine at constant load indicated an overall repeatability of tg
micro mm/mm (f 5 micro in/in) for the overall instrumentation system under

this condition.

When a supposedly identical series of data records were taken on different

days discrepancies of T 20 micro mm/mm (ir 20 micro in/in) could occasionally

be detected. These were attributed to difficulty in obtaining identical




model-Toad orientation, and strain gage and adnesive hysteresis effects
superimposed on the above switch contact-strain indicator-recorder
variations.

Figure 5 is a circuit diagram of the instrumentation. Figure 6 is an

overall view of the physical arrangement of the apparatus.




V. RESULTS AND DISCUSSION

Strains read from the recorder charts were used to compute principal
strains, stresses and angles, for each rosette. These are given in Tables
2, 3 and 4.

In these tables epsilon A is the axial strain, read from the output of
a strain gage mounted parallel to the axis of the nole (bore) in the model.
Epsilon B is the strain 45° to epsilon A, and epsilon C is the hoop strain,
read from the strain gage mounted at 90° to epsilon A. The data reads from
the top down from the outermost rosette, closest to the point of load appli-
cation inward past the ball center line and on out to the outermost rosette on
the other side of the ball, away from the loaded point.

Epsilon 1 and epsilon 2 are the computed principal strains. A1l strains
are given in micro mm/mm (micro in/in) with 3 always veing the algebraically
lTarger (most positive) of the principal strains. op and g, are the computed
principal stresses in mega Newtons per square meter and kilo pounds per square
incn, with op always the algebraically larger of the principal stresses.

Alpna is the angle between €a and €y-

The stresses of Tables 2, 3 and 4 are plotted in Figures 7, 8 and 9 on
an outline of the model with an indication of the Tocation and direction of the
load giving rise to these stresses. Exterior strains for theo = 09, 4 = Q°
could not be obtained without disturbing the exterior gages by loading over
them. This also prevented measurement of strains over half of the ball in
tne 8 = 00, ¢ = 20°, and 40° cases.

The principal stresses were calculated from the measured strains using

(2)

equations from Dally and Riley.




_ E (52 + vel) (3)

with values for modulus of elasticity, E, of 207 X 10° N/m2 (30 X 10° ]b/inz)
and a Poisson's ratio v of 0.3. A test recalculation of the data with values
of 200 X 109 N/m2 (29 X 106 ]b/inz) and a 0.28 showed that maximum stresses
are reduced by 2 to 5% when these smaller values are used.

In the course of Toading the models, strain was observed to be pro-
portional to Toad. From equations (1), (2), and (3) above, the calculated
principal stresses are then proportional to load. As stress = force/(]ength)2
and all dimensions of a model of specified mass reduction are proportional to
model outer diameter, the data in tables 1, 2, and 3 may be used to calculate

stresses for similar balls as

2
Stress; _ Force; <99§> (4)
Stress2 Force2

Examination of the data shows that the models can be very highly stressed
by loads applied close to the edge of the hole. While this is not unexpected,
the magnitudes of the principal stresses and their signs would seem to indicate
that full scale bearings incorporating drilled balls should be designed with
special attention to the prevention of edge loading.

The data suggest that the 40% mass reduction ball while having a mass

and expected centrifugal loading of .6/.5 = 1.2 times that of the 50% mass




reduction ball, might actually experience lower stresses than the 50% mass
reduction ball. At load angles ofp = 20° and OO, the 40% mass reduction
model indicated maximum stresses only 58% and 62.5% as high as those of the
50% mass reduction model. The net effect of substituting a 40% mass re-
duction ball for a 50% mass reduction ball in a bearing then might be to
reduce maximum stresses to 69.6% and 75% of the stresses previously existing
in the bearing balls.

A similar comparison of the 60% mass reduction model indicates an ex-
pected centrifugal force of .4/.5 = .8 times that of the 50% mass reduction
ball, but maximum stresses that are 152% and 158% of those in the 50% mass
reduction ball with loads at¢$ = 20% and 0°. The net effect of substituting
a 60% mass reduction ball for a 50% mass reduction ball might be to increase
maximum stresses to 122% and 127% of the stresses previously existing.

Contact stresses will still be greatest for the 40% mass reduction ball
in a high-speed bearing as these stresses are determined largely by the

centrifugal force.




VI. CONCLUSION

The stress distribution in cylindrically hollow balls proportioned
for mass reductions of 40, 50, and 60 per cent has been determined.
Stresses are largest when loads are applied close to the edge of the hole.
If cylindrically nollow balls are used in ball bearings it seems advisable
to Timit load applications to less than 20° from the ball center line.
When load applications are held to angles less than 20° a 40% mass re-
duction ball should experience bending stresses due to centrifugal loading

that are 75% of those experienced by a 50% mass reduction ball.

10
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FIG1b
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FIG2a
STRAIN GAGE LOCATIONS
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FIG2b
STRAIN GAGE LOCATION
50% MASS REDUCTIONS
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FIG2c
STRAIN GAGE LOCATIONS
60% MASS REDUCTION
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TABLE I

STRAIN GAGE LOCATIONS

DISTANCE FROM BALL MIDPLANE TO GAGES

40% MASS REDUCTION MODEL

Inﬁerior o

Axial & 45
Gages

mm IN

- 6.9 -.27

2.3 .09

11.4 .45
20.6 .81
29.8 1.17
38.8 1.53

Hoop
Gages

mm

-4.

4.
13.
22.
32.
40.

W O©C W N O O

50% MASS REDUCTION MODEL

Interior o

Axial & 45

Gages

min IN
0.0 0.00
9.7 .38
19.3 .76
29.0 1.14

Hoop
Gages

mm

2.3
11.9
17.0
26.7

60% MASS REDUCTION MODEL

Interior o

Axial & 45

Gages

mm IN

- .8 -.03
8.1 .32
17.0 .67
25.9 1.02
34.8 1.37

Hoop
Gages

mm

1.5
10.4
19.3
28.3
37.1

IN

-.18
.18
.54
.90

.09
.47
.67

.06
A
.76
1.11
1.46

91

Exterior o
Axial & 45
Gages
mm IN
0.0 0.0
11.4 45
22.9 90
34.3 1.35
45.7 1.80
Exterior o
Axial & 45
Gages
mm IN
0.0 0.00

9.9 .39
19.6 77
28.7 1.13
36.8 1.45
Exterior o
Axial & 45
Gages
mm IN

.8 .03

15.0 .5hg
38.7 1.13
40.2 1.58

Hoop
Gages

mm

2.3
13.7
25.1
36.6
48.0

Hoop

Gages

2.3
12.2
21.6
30.8
39.2

Hoop
Gages

mm

3.1
17.0
31.0
42.4

IN

—_—

IN

.09
.54
.99
.44
.89

.09
.48
.85
21
.54

.12
.68
.22
.67
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APPENDIX A  Evaluation of Rectangular Cross Section Ring

A cylindrical steel ring was fabricated and strain gaged with two
Micro-Measurements type EA 06-125 BB-120 gages (0.125 inch gage length)
mounted with Eastman 910 cement along and perpendicular to the ring axis.
Diametrically opposite to these gages a TML ZFRA-1 strain gage rosette
(1 mm gage length) was mounted with a polyester cement. Ring dimensions
are shown in figure A-1.

The cylindrical ring model was subjected to 7,000 1b. compressive
loads with the gages vertically under the load, and oriented at 30°, 60°,
and 90° to the line of the load. Strain measurements were made in a
succession of these tests. A Budd model P-350 strain indicator and a
Baldwin model 120-B strain indicator were used in tests on successive
days. The average of the MM and TML strain measureménts are plotted in
figure A-2. The TML and MM gages gave substantially identical results,
The strain indicators differed significantly only in the 30° measurement,
which might be accounted for by a 2-1/4 degree difference in alignment of the
ring in the two tests. Data values measured are given in Table A-1.

Ripperger and Davids in "Critical Stresses in a Circular Ring" Trans
ASCE Vol. 112 pp 619-628, 1947, give a theory of elasticity solution for a
ring of these proportions. Strains calculated from their result for a
modulus of 203.5 x 109 N/m2 (29.5 x 106 1b/in2) are +992 x 10'6 M/M at
B8 = 0°, and -776 x 107 M/M at 8 = 90°.
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TABLE A-1

STRAIN MEASUREMENTS ON RING

MICRO M/M

Maximum Strain

MM Strain Gage
Budd  Baldwin
-785 -772
-539 -535
+191 +134
+982 +986

19

Maximum Strain

TML Strain Gage

Budd Baldwin
-793 -786
-556 -532
+187 +138
+998 +992




APPENDIX A-2 CURVED BEAM STRESS CALCULATIONS FOR CYLINDRICALLY HOLLOW BALLS

It may be convenient to consider a closed form solution to estimate
stresses in a wide range of ball hollowness proportions. Using the
formulations and notations of Timoshenho, "Strength of Materials," Part I,
3rd edition, Van Nostrand, New York, 1956.

Bending stresses are given by:

M(h] - e) -M(h, + e)

°An T ——— > Op
Aer] Aer2

1t
—
>
—
S

where

Ops Oy = stress at inner and outer surfaces
M = bending moment

h], h2 = distance from centroid of cross section
to inner and outer surfaces

A = cross section area

r],rz = radii of curvature of inner and outer surfaces
m
m+]

r = radius of curvature of centroidal axis

e=r

m = cross section area constant

For each cross section the quantity m must be evaluated by performing

an integration _[ydA (A2)
mA = ?_y
A
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From Figure A3 this integral may be written

wme [

v
' "

r

~_ N

r
? —
Fdh =7 [ 2o\ - (A3)
\)

and
)
— r
_r _2)2
n=1T 2'[\/(\, R I (A4)
i

for the cross section of a cylindrically hollow ball. The integral form

indicated may be found in a table of integrals and evaluated at g and r

to obtain

———

- | r{y2 / 2
m=£— ZrZ{.ln 1+\/] - (r—]) - V1 - " R
l 2 ry (A5)
| 0
"2

Timoshenho gives the bending moment in a ring due to a vertical

point load as

M = %: ( cos B - % ) (A6)

where B is the angle from the horizontal, so that the angle beta is 90° -3

as used in the report body. P is the vertical load. In addition to the bending

stresses given by equation Al, direct stress P/A also acts on the3d = 90° cross

section.
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These equations have been programmed to calculate the stresses in

the drilled balls. Results are shown in Table A2. The calculated values

may be compared witn measured values from Tables 2, 3 and 4 of this report.

Comparison of measured values with calculated values indicates that
values measured with strain gage rosettes may be 24 to 41% higher than
values calculated from curved beam theory for models proportioned for
mass reductions of 40 to 60%. It would seem that the above theory is
not an accurate predictor of measured stress values. It may still be

useful for comparative studies.
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