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ABSTRACT

Purpose

The main purpose of this program was to determine the actual static load dis-
tribution of the AN/FPS-24 main azimuth bearing and determine the effect of this dis-
tribution on the theoretical life of the bearing.

In addition to the above, the program required the design, fabrication, and
feasibility testing of a '"calipered' ball device which could possibly be used to obtain
actual dynamic (operating) load data.

Course of Action

The methods ‘o be utilized for obtaining the actual static load data were es-
tablished and the required materials obtained. These methods were respectively, a
strain gaged load cell and the measurement of contact ellipse. Concurrent with the
program for obtaining static lrad data, a "calipered' ball device was designed and

iabricated.

Static load data was obtained by both methods selected and feasibility tests
conducted on the "calipered' ball device.

The static load data was analyzed and computer computations made for bearing
life. Comparisons were made between theoretical life based on calculated loads and

theoretical life based on actual measured loads.

Resulits

. Static load data obtained by both methods selected was consistent and in close
agreement with theoretical calculated data.

Computations of bearing life show no significant differe.ace when computed on

the basis of calculated loads or measured loads.



Feasibility tests conducted on the ''calipered' ball device show the device to
be capable of obtaining dynamic data. Initial data obtained as part of the feasibility
tests appear to indicate that dynamic loads may be significantly different than cal-

culated dynamic loads.

Conclusions

Conclusions reached are as follows:

1. Since the calculated and measured loads are in close agreement there can

be no significant difference in the calculated bearing life.
2. Temperature changes do not appear to have a significant effect on load.
3. The "calipered" ball device is capable of obtaining dynamic data.

4. Dynamics of operation appear to be highly significant and the associated

Joads must be known in order to accurately calcuiate bearing life.

iv
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NOMENCLATURE
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capacity of ball race contact for 90 per cent probability
of survival to 106 revolutions of inner race
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Ball position from boom, degrees

inner race
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qth rolling element

.




INTRODUCTION

Historically, the life performance of large diameter rolling element bearings
has been significantly less than the theoretically calculated life based on "state of the
art" methods.

Over the past several years numerous studies and investigations have been
conducted and improvements made in the areas of lubrication, metallurgy, inspection
techniques, quality control, lubricant filtration, truing of bearing seats, and other

innovations such as rolling element load slots and nital etching of rolling elements.

While all these areas have contributed to improved operation they have not

resulted in the degree of performance desired.

Recognizing that actual rolling element loads could result in a more accurate

determination of bearing life the Air Force implemented this program to obtain actual

data.

This program was undertaken by the Heavy Military Electronics Department
with assistance from the Electronics Laboratorv and Advanced Technology Laboratory
all of the General Electric Company, in an effort to provide the Air Force with the

data for predicting bearing life more accurately.



CHAPTER 1
DETERMINATION OF ROLLING ELEMENT LOAD DISTRIBUTION
BY STATIC METHODS AND THE FEASIBILITY OF DYNAMIC
LOAD DETERMINATION BY CALIPERED METHOD
SECTION A. STATIC LOAD CELL MEASUREMENT DISCUSSION

) Static Measurement Concept. To obtain a better understanding of life predicting

data for the FPS-24 azimuth bearing, a static ball distribution load measuring method
was developed. This measurement technique uses a section of a normal ball bearing
ball functioning as a static load cell. This ball bearing section load cell is then adapted
to placement within the bearing without significant modification from normal operation.
The slight modification consists of either removing one ball through the load slot or the
possibility of respacing bal'c to create an empty ball slot through the use of the flame
gap for a movement area. In general, the empty ball slot is advanced to each location
where it is possible to remove the separator and static load measurements obtained for
that position.

A second method to support the load cell technique was also used at the Oakdale
Site. This method consisted of a special adaptation of brush plating a few microinches
of soft, dull-finish tin on the inner and outer races in the ball path area. The antenna
was then advanced to a position bringing the ball in contact with the tin plate and then
backed off to its original position. Load information then was determined by a measure-
ment of the length of the major a;cis of the ball contact load ellipse.

p Load Cell Design. To obtain the best possible load-matching characteristics for

the load cell, it was decided to obtain the '2ad cell from a section directly through the
middle of a bearing ball of diameter equal to that used at Oakdale. The size of this load
cell was dictated by strength, sensitivity, and stiffness. Strain gages were affixed to the

load cell in such a way that positioning of the cell within the races was not critical.




Two additional gages were fastened to the load cell to supply information as to load
angle of contact of the load applied to the load cell. The reading from these two strain
gages having a sensitivity of approximately one-quarter of a degree, indicated when the
load cell was directly in linc; with the load angle.

3. Use of Load Cell. In order to use the static load cell, one ball was removed from

the bearing and the keeper was left off of that particular separator. This permitted rota-
tion of the antenna to progress the empty ball slot to the desired location. At the desired
location the separator was removed, the load cell inserted in the empty ball slot and jock-
eyed into place as nearly in line as possible. With the load cell held in this position, the
antenna was rotated slightly to move the load cell in direct line with the axis of the maxi-
mum load. With the load cell in this position, two strain gages indicating angle of load
were checked to determine if the correct load angle had been set. In the event that the
load angle was incorrect, the antenna was moved in the reverse direction and the cell
removed. The load angle was adjusted in the correct direction. Then the cell was
re-inserted and the above procedure repeated until the correct angle was obtained. (See
Figure 1 ). At *his point, the strain gage amplifier was attached to the load cell to deter-
mine actual load applied to the load cell itself.

Using this procedure, loads at various azimuth positions were obtained for four
different conditions of boom position and boom load. This data is shown in Tabulations
1, 2, 3, and 4 and plotted on Curves 1, 2, 3, and 4.

4. Load Ellipse Method. With the antenna correctly placed (slightly CCW from the test

location) the bearing race ball paths were brush plated using a dull-finish tin coating a few
microinches thick. This tin plating was applied by a brush-plating technique using cotton
swabs and observing with two mirrors. Following this plating, the antenna was advanced
to the zero boom position and returned to its position slightly CCW. This movement
advanced each of the balls into the area previously tin plated, with the resultant ball path

brightening the dull-tin finish the exact width of the area of contact of the ball with the
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Boom Position

0 (+5°)

N

Condition No lL.oad Dave __1-13-65
Remarks
Wind Wind Load Load Contact
Position Velocity Direction Angle Major Minor Ellipse
Ball No. lbs. _ 1lbs. Major Minor
2 20 SwW 35 4220 0
2 14 Sw - 34 4150 0
4 12 SwW 35 4220 0
5 9 SW 35 3520 0
8 5 SW 34. 25 4450 0
10 13 _SW 35 4980 _ 0
13 10 __WSW 34 4850 0
)L 9 wWSw 35 4190 0
18 3' WSW 34. 25 3920 0
20 12 WSW 35 4150 0
24 11 SW 34 3620 0 -
26 11 SwW 34 4100 0
30 2m _ N 34 3820 0 -
33 22 SwW 36 3920 0
39 12 wWSwW ] 35 1[_ 3300 0 - -
44 10 WSW 35 _1]1.3420 0
47 10 SW 35 4100 0 i )
50 10 SwW 33.5 | _4980 0
50 15 SwW 33.75 5010 0 -
52 11 Sw 34. 50 4840 | Trace -
54 14 SwW 33.50 4920 0 .
58 11 WwWSwW 35 | 3920 0 ————
60 5 WSwW 34. 5 3880 0
63 10 wWSsSw 35 3720 0
67 13 SW 35 3720 0
69 15 SwW 34.5 4220 0 .
71 25 NWwW 36.0 4190 0
71 15 NW 36.0 4100 0
76 18 w 31515 4400 0
78 J4 SW 34.5 4450 0 .
82 13 WSWwW 35 4400 0
,_64-65 Flame Gap
14-75 Load Slot Ti\bUIPtion Ng. 1
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Boom Position

0 (£5°)

Date _1-17-65
Condition 3000 # Load
Remarks
Wind Wind Lecad Load Contact
Position Velocity Direction Angle Major Minor Ellipse
___Ball No. 1bs. lbs. Major Minor
. 1 11 SwW 35 4200 0
4 7 SwW 34.75 5060 0
i 6 15 Sw 33.15 5450 0
6 10 SwW 33.5 5400 0
e 10 15 SW 33.25 5530 0
i5 5 SW 34 4710 0
18 14 SwW 34 4200 0
20 14 WSW 34 3780 0
22 19 SW 38.5 3590 0
o 26 10 Sw 33.5 3730 0
o 9 SwW 33.5 4290 [Trace -
. 38 6 SW 34 __ 3630 (0]
43 - _SW 33.5 3790 |SL. Ti3 _—
i 48 5 SwW 33.5 5005 |Trace
e O 4 SwW ____ 34 3680 0 N
57 5 SwW 34 || 3630 0
- 69 20 | Sw 34.5 3680 0 i
72 10 W SW 34 4890 0
L 15 9 SW Ba 45130 0 -
e g 16 SWw 34.5 3490 0 R
83 15 SW 34.5 4405 0 e
~ 64-65 Flame Gap
74-75 Load_ Slot
TaQulation|No. 2
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Boom Pesition

315 {x 5 ©)

Condition No Load Date _1-13-63
Remgriks
Wind Wing Load Load Contact
Povizion Velocity Direction Angle Major Minori; Ellipse
r __Ball No ibe. ibs, Major Minor
| P 13 SwW 34 4540 0
A 12 WSW 34.75 4890 0
. b WSwW 33 4060 0
S 13 WSW 35 4100 o)
12 8 WSW 35 4200 0
RN I 9 WSW 35 31420 0
i b0 15 N 34 4680 0
— 24 10 N 34 47460 0
2T 20 SW 138 47101 0
it 13 SOW. 335 4220 0
A 15 SSW 33,5 4800 0
N 12 SW- 33.5 37807 o0
42 15 SW 34 3820 0 .
43 7 SW 34 4630 0
+h 12 SW 35 4800 |Trace
50 il WSW kY 3480
52 11 WSW kY 31570 0 .
58 10 wWSW 34.5 15820 (]
80 13 SwW 4.5 4010 ]
/5 2 12 SwW 34 3820 Q
&6 15 NwW 34 4400 § O -
70 . 15 W 36.5 4540 | O ——
70 10 SSw 36.5 4460 0
To 14 _SW 35 4890 0
B 5O 15 Sw k%3 4405 Q
o #l 10 SwW 34 5070 Y
- WM“.’:»SS Flame Gap r
74275 Load Slot
Tabu*aticn Ng. 3
9 BEST AVAILABLE COPY
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Boom Position

315 (+ 5 ©)

Date 1-17-65

11

Condition ~3000# l.oad
Remarks
Wind Wind Load Load Contact
Position Velocity Direction Angle Major Minor Ellipse
Ball No. lhs. Major Minor
3 6 SW 34.5 4890 0
8 b SW 33._8§ 41-0 0
15 17 WSw 34 3200 (0]
29 8 Sw 385 4450 Q
36 7 Sw 34.5 4700 0
41 5 SwW 34 4380 | Trace
45 + SwW 34 4150 | Trace
50 4 Sw 34 3620 0
56 5 Sw 383515 4190 0
59 19 SW 33.5 | 4400 o
62 17 SW 14. 5 3680 0
66 11 SW 33.75 3910 0 _
i 68 L5 SW 34 4540 0 —
72 14 _ S 34.5 4890 0
78 17 SwW 34.25 1. 4370 0 -
83 155 SW 34 | 4540 0 —
52-%3 Flame Gap
74-75  [[Load Slot -l
Tablilation [No. 4
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outer or inner race. Following the reading of the major axis at this contact area, 3000
pounds was added to the boom and the next test taken. This time the movement of the
balls into the tin-plated area was approximately one-quarter of an inch beyond the first
test. The antenna was then moved back CCW and this data recorded as before. This data
is shown in Tabulations 5 and 6 and is plotted on Curves 5 and 6.

5. Difficulty in Obtaining loads. Several difficulties were encountered in advancing

the antenna to the correct position with one or all of the keepers removed as required
during the tests. The first problem was the bunching of the separators, causing them to
push up whenever the antenna was rotated with the keepers removed: To resolve this it
was necessary to cut two-by-eight lumber to go between the gussets and slide along on top
of the separators. Following the load ellipse test, all but one of the keepers were then
reassembled. Even under this condition the one separator had a strong tendency to ride
up.

There were two types of separator tightness problems; the first was a tendency
for separators in a large arc to bunch up and become very tightly wedged together. In
the event that the vall slot was contained in this grouping, it was impossible for the
separator to be removed to make load cell measurements. The only solution was to
continually move the antenna back and forth until this condition was worked loose; at
times this took several hours.

Tl’me second condition of tightening resulted when two adjacent balls advanced at
different speeds. This held the separator in place and prevented its being removed for
measurements. This was also the condition which bothered the tests most of all, since
it had a tendency to squirt the separator out of the bearing. Therefore, any movemert
of the antenna required 100 peroent observation to stop this condition the instant that the
separators started to ride up. The separator could be pushed back down by applying

force on top of the s >parator-and moving the antenna back and forth.
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Boom Position 0 Date _1-12-65
Condition No L.oad
Remarks
Wind Wind Load Load Contact
Posicion Veloctty Direction Angle Major Minor Ellipse
Major Minor
9 13 N 3700
15 13 N 5150
17 13 N 3700 0
61 13 N 3700
65 13 N 2300 o
69 13 N 3000 0
74 13 N 3000
9s 13 N 4400
98 13 N 5450
104 13 N 5150 Trace
108 13 N 3700
128.5 13 N 4400 o
134 13 N 5150 -
138 13 1 N 3000 0
142.5 13 N 3600
181 13 N - 4400
186 13 N 4400 Sl. Trace
189 13 N 3700 :
194 13 N 49050
215 13 N 4050
219 13 N 4400
224 13 N 4400 0
228 13 N 4050
268 13 N 4400
272 13 N 4400 (o}
280 13 N 4400
302 13 N 3700
337 13 N 5150
339 13 N 4400
344 13 N 5150 0
348 13 N 5150
52-53 Flame Gap
4-75 Load Slot Tapulatiog|No. 5
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Date _1-12-65
Condition 3000 # Load
Remarks
Wind Wind Load Load Contect
Position Velocity Direction Angle Major Minor Ellipse
Major Minor
9 0 4400
15 0 3700
17 (o} 5150 Trace
61 o 4050
65 0 4400 -
69 o 4400 .
74 o 4400
9% o 4400 o
98 0 4050 .
104 0 _ 4050 0 -
108 0 3700 .
128 0 4400
134 0 _ 4400 4§ = _
138 0 4400 Trace
142 0 3500
181 0 |- 4050
186 0 4050 0
189 0 5150
194 0 4400
215 0 4400 .
219 0 3700 .
224 0 4400 0
228 ] 4400
268 0 4400
272 0 4400 0
280 0 4400
302 0 3700
337 0 3790
339 0 4400
344 0 5180
348 o 5150
52-53 Flame G 74-75 Loaqd|Slot
Tapulatiofy No. 6
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Another type of difficulty encountered was the possibility of a gusset coming over
the antenna ball slot separator with the antenna in the correct position. There was no
solution for this unless a new ball and separator were selected with the probability that
the condition might not repeat the next time.

6. Load Ellipse Calibration. Two methods were used to calibrate the loads as obtained

with load ellipse technique. The first method consisted of a theoretical calculation of the
length of the major axis versus the applied load between the ball and the race. The second
method consisted of obtaining actual load ellipse data versus applied load under simulated
operating conditions. For this method a section of an FPS-24 bearing and one of the balls
was used. The race sections were further modified by machining a 35-degree angle in
such a way that a load could be applied by a tensile machine to give proper load angle contact
data. With this laboratory setup, the tin plate on both inner and outer races was used and
loads were applied to the azimuth bearing section. From this test it was possible to
obtain load ellipse major axis length versus load for ...l loads over the range anticipated
for possible operating conditions. This data is plotted on Curve 7.

Both methods for obtaining this calibration data correlated quite closely. The results
are based on the actual tests made in the laboratory.

s Load Cell Calibration. To calibrate the static load cells, strain measurements were

obtained versus tensile machine applied load for a range irom 0 to 10,000 pounds. With
this information, a known load was applied to a section of the azimuth bearing races with
two balls and the load cell in place. This data is plotted on Curve 8. From this informa-
tion of load readout versus applied load and the known ratio of load shared by the load cell
itself, the calibration Curve 9 was obtained.

Because of the difficulty in the difference of length of the two load cells, it was
necessary to modify one of the load cells and make additional rechecks at Oakdale. This
modification consisted of adding 0.002 inch to the length of one of the cells and recali-
brating. Calibration data for three load cells is shown. Field data was obtained with

each of the three load cells and is shown plotted on Curves 1 and 2.
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Date March 29, 1965
March 30, 1965
March 31, 1965
Boomp Position 0 Degrees
Condition No Load
Remarks Temperature Differential Tests
Wind Wind Load Load Contact
Position Velocity Direction Angle Major Minor Ellipse
Rel. to Boorpy lbs. Ma jor Minor
189 10 E 35 3500 -
March 29
Outside temppfrature 47.5°[F )
Inside tempetature 61.5017‘ ) 4:30 PM AT = 14° F
189 10 E-SE 35 3250 -
March 30 .
Outside temppfature 25° F| )
Inside tempetdture 48° F|| ) 8:00 AM AT = |23°F
AL = | 250 lbs.
AL = 250 lbs.
al, -4aT, 9Y F
166 9 E-SE 36 3600 -
March 30 .
Outside templerature 34. s?F )
Inside tempefature 56° F ) 6:40 PN AT= 21.5° F
166 11 S 36 3510
March 31
Outside temupejrature 20.5 lF )
Inside tempefhture 48.0°|F ) 8:00 AN ATF | 27.5
AL = 90 1bs.
AT, -AT, 6- F
P4 i §
\
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Tabulation No.
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Date March 29, 1965
March 30, 1965
March 31, 1965
Boom Position 0 Degrees
Condition _No Load
Remarks Recheck of original data
Wind Wind Load Load Contact
Position Velocity Direction Angle Major Minor Ellipse
Ball Number Rel. to Boof 1bs. 1bs. Ma jor Minor
45 10 E 35 Major]] 3410 0 Lo3d Cell #2
Makch 29
45 10 E 35 Major | 3500 0 Logd Cell #3
Mafch 30
43 10 E-SE 35 Majori| 3600 0 " "
49 8 E-SE 34 Major{| 3880 0 ' '
54 15 E-SE 33.5 Majd 5300 0 " -
™
50 11 E-SE 33.5 237 5300 0 " D
49 12 E-SE _34Majoqd| 4050 0 " "
40 9 E-SE 36 Majog| 3700 0 " "
56 10 E 35 Minog| - 1240 Malrch 31
57 8 S 35 Mino% c 1400 " "

21

Tabulation No. 8
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Boom Position

0 Degrees

Date March 31 1965

Condition 2600 1b. on Boom
Remarks Recheck of original data
wind Wind Load Load Contact
Position Velocity Directicn Angle Major Minor Ellipse
Ball Number Rel. to Boomy - 1bs. Ibs. Ma jor Minor _
MAJoT Loaug
40 10 S 35.5 3500 1400 Cell #3
41 10 S 35.Minor 1110 " o
45 10 S-SE 35.Minor 1240 " '
51 9 S 35 Minor 1400 " il
52 8 S 35 Minor 2350 U '
56 10 S 35 Minor 1720 " '
Tabulation No. 9
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8. Wind Effect. In general, the winds encountered for the full duration of the tests

were in the range of 10 to 15 miles per hour from the third quandrant direction. There-
fore, little information as to change in wind conditions or effect was obtained. However
during the very early stages of the test, information was obtained for one azimuth loca-
tion with winds varying from 15 to 40 miles per hour. This azimuth location was at 138
degrees relative to the boom and 180 degrees to the direction of the wind. An attempt
was made to record data only when the wind velocity had persisted for sufficient length
of time to give a uniform effect for the whole antenna. All data obtained represents the
direct change in load because the load cell remained in place for all the data taken.

Unfortunately, however, at no time was it possible to obtain any data for a zero
wind velocity. Therefore, it was difficult to assign an absolute value to the effect of
wind under these wind velocity variations. Only the differences between the conditions
are factual.

Some indication of the effect of wind or over- tipping moment can be obtained from
the recheck data where one condition at Ball Position 40 data was obtained as the load
changed where 2600 pounds were added to the boom.

SECTION B. DYNAMIC LOAD CELL DISCUSSION

9. Introduction. In that the true objective on the FPS-24 bearing overall problem can

best be attained by knowing actual dynamic loading conditions within the bearing, consid-
crable thought has been given to a technique permitting this type of measurement. It
appeared that it might be possible to use the actual operating ball itself as a load cell.

By previously determining the characteristics of deformation of the ball, and then meas-
uring this deformation under operating conditions, it would be possible to actually indicate
loading within the bearing.

10. Design. The space permitted for using a dynamic "piggy-back' ball caliper consisted
of 1-1/2 inches between the inner and outer race and part of the 13/16-inch separator
between each of the balls. Within this Space, a gage containing four LVDT's was located.

The four LVDT's were located within the gage frame with as much wheel base as possible.

25



FPS-24 AZIMUTH BEARING

BAlL.L DIAMETER CHANGE

WITH 7000-POUND LOAD

Cage Pickup Pickup Division
Angle Angle Number Change p inches
39 39 2-4 24.0 52.8
49 1-3 5.% + 12.1
.42 32 2-4 16.5 - 36.3
52 1-3 9 B 20.9
47 - 4 2-4 9. 25 - 20.3
57 1-3 12.0 + 26.4
52 42 2-4 1.0 - 2.2
62 1-3 14.0 + 30.8
57 47 2-4 4.0 + 8.8
67 1-3 15. 8 + 34.1
65 55 2-4 10.5 + 23.1
e 1-3 16.0 + 35.2
78 65 2-4 16.0 4+ 35.2
85 1-3 12.0 + 37.4
80 70 2-4 18.2 + 40.0
90 1-3 16. 25 + 35.7
90 80 2-4 17.0 + 37.4
100 1-3 18.0 + 39.6
Tabulation No. 10
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Electrically the LVDT's were connected in pairs to measure ball diameter while cancelling
any relative movement of the caliper gage containing the measuring elements. Two sepa-
rators and keepers were modified to permit this gage caliper to be fitted around the ball.
The modification in no way aitered their basic function as Separators and ball space
maintainers. These two Separators were further supported by a 1-1/4-inch by 3/4-inch
curved steel bar connecting the complete two-separator assembly into one rigid structure.

The caliper gage was designed to ride "piggy-back' on the ball itself and register
with fixed referenced points against the inner roce. Refer to Figure 2 for a pictorial
representation of this device.

11. Calibration Data. By loading a standard FPS-24 ball bearing ball in the tensile

machine with the caliper and ball placed in the correct relative position, data was obtained

ol deformation versus applied load. This data is plotted on Curve 10.

152, Ball Deformation Data. To further determine data on deformation of the ball, a

bearing ball diameter was measured at many angles relative to the load position. This
data is plotted on Curve 11. Examination of this information indicate best location of
the LVDT's for diameter measurement. As noted from this curve, the diameter of the
ball at an angle of 43 degrees relative to the application of the load showed no change
in diameter regardless of the load applied. This made it possible to separate minor
axis and major axis loads when aoplied to the ball under operating conditions. Both
transducers were located approximately 43 degrees and 67 degrees with respect to the
position of load application for either the major or minor axis of load. In other words,
one diameter-measuring set of LVDT's will measure the major axis load and indicate
zero for any minor axis load that may be present. The second set of transducers will
indicate minor axis load with zero irdication of any possible major axis load.

13. Predicted Information. Because of Space requirements, the transducers are not

mounted radially to the ball; thus, it is possible that any relative movement of the gage
with respect to the ball will have some effect. By fixing the face of the measuring

transducer normally to the ball surface, some movement will be permitted without
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significant indication from the transducer. It is also possible that there will be some
slight chatter in the trace of the recording because of the stubbing action of the trans-
ducer contact on the ball surface. Laboratory tests have indicated some of this effect,
but, in general, the basic curve contains the true and desired information. Therefore,
it will be possible to obtain two simultaneous traces with one trace indicating only major
axis load and the second trace indicating only minor axis load.

14. Operation Calibration Data. Calibration data was obtained in the laboratory on a

tensile machine, as noted in Curves 10 and 11. This calibration will hold for dynamic
operating conditions, except that it will be difficult to recheck after leaving the labora-
tory. However, because of the construction of the FPS-24 bearing, a check calibration
can be obtaincd for every revolution of the bearing. This calibration data will evolve
from two sources of information; 1) integration of load for a revolution will equal the

total load of the antenna itself, and 2) each time that the ball in use as a load cell passes
through the flame gap, both transducers will indicate a zero load. From these two values,
the dynamic calibration of the system may be ascertained.

15. Angle of Ioad Contact Data. The information as to the angle of load contact of either

the major or minor axis will become quite difficult to observe in the presence of major
and minor axis load indication. It may be possible, after some experience in the field,
to obtain some indication of the dynamic contact angle under a condition where only
major 4xis load is known to be present. The sensitivity of the nonindicating transducer
to change in load angle is approximately 800 pounds per degree of load angle change.
Therefore, wher. it is assured that no minor axis load is present, it will be possible to
define some dynamic load angle indication information.

16. Ball Uniformity. A dynamic measuring system depends upon uniformity of the dia-

meter of the ball itself. In laboratory tests good repeated measurements were taken at
varied diameters around the ball, thus indicating there should be no difficulty with a

false readout resulting from nonuniform ball diameter.
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17. Feasibility. From the laboratory tests performed to date, all indications are that

it will be possible to obtain good continuous dynamic data using the dynamic measuring
system. With the present instrumentation sensitivity and stability, there should be no
difficulty in reading loads as light as 100 pounds. The information on load angle and
smqothness of trace will not have as high a quality as desired. Using a cable about 40
feet long will permit us to obtain dynamic data for approximately three revolutions of

the antenna at the 5 rpm speed, assuming that the rotary joint is in place. With the rotary
joint dismantled (during bearing change) it should be possible to obtain 10 or 15 revolu-
tions at 5 rpm per continuous trace.

18. Mechanical Difficulties at Oakdale. During the original tests at Oakdale, it was

determined that it was impossible to use the calipered gage because of lack of clearance
with the gussets directly below the bearing. During the second recheck period, sufficient
down time would not permit field test of this equipment. At present, the equipment itself
has been modified, permitting clearance greater than that required at Oakdale, and it
should give no trouble at either Malmstrom or Baudette.
SECTION C. RESULTS
All load distribution measurements for the four conditions of tests are shown on the

attached curves and tabulations. A list of this data is shown below:

Curves

1 FPS-24 Bearing Load Distribution
Boom Position 0 Degrees
No Load on Boom

2 FPS-24 Bearing Load Distribution
Boom Position 0 Degrees
3000-Pound Load on Boom

3 FPS-24 Bearing Load Distribution
Boom Position 315 Degrees
No Load on Boom

4 FPS-24 Bearing Load Distribution

Boom Position 315 D_grees
3000-Pound Load on Boom
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9}

10

11

Tabulati.ons

1

3

[91]

FPS-24 Bearing Load Distribution
Boom Position 0 Degrees

No Load on Boom

Load Ellipse Method

FPS-24 Bearing Load Distribution
Load Ellipse Method

Boom Position 0 Degrees
3000-Pound Load on Boom

Ball - Race Load Ellipse Calibration
Stiffness of Ball and Races and Cell
Load Cell Reading (u in/in)

FPS-24 Azimuth Bearing Ball Used
As Loacf Cell

FPS-24 Ball Diameter Change With
7000-Pound Load

FPS-24 Load Distrilution
Load Cell Method

No Load

0 Boom Position

FPS-24 Load Distribxition
Load Cell Method
3000-Pound Load

0 Boom Position

FPS-24 Load Listribution
Load Cell Method
215-Degree Boom Position
No Load

FPS-24 Load Distribution
Load Cell Method
315-Degree Boom Position
3000-Pound Load

FPS-24 l.oad Distribution
Load Ellipse Method

0 Boom Position

No Load

FPS-24 load Distribution
Load Ellipse Method

0 Boom Position
3000-Pound Load

FPS-24 Load Distribution
0 Boom Position

Temperature Effect Tests
No Load
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8 FPS-24 Load Distril ‘tion
Load Cell Method
0 Boom Position

No Load
Recheck of Zinal Data
9 FPS-24 Load Distribution

Load Cell Method
0 Boom Position
2600-Pound Load
Recheck of Original Data
10 FPS-24 Azimuth Bearing
Ball Diameter Change
With 7000-Pound Load
LL Static Data Summary
During the recheck of the minor axis load, it was possible to obtain some apprecia-
tion for the effect of exact boom position on the variation in loads. There are two points
plotted for Ball Position 49 on Curve 1, which indicates that it is possible to obtain a
significant variation in indicated load when the boom position varies three to four degrees.
The accuracy criteria for location of the boom for the test data vras plus or minus five
degrees. This tolerance was permitted in order to increase the possible volume. A
movement of five degrees in one direction or another would permit removing a separator
and allow an additional data point.
A comparison of the loads obtained by the lcad ellipse method versus the load cell
technique shows good correlation. The static load recheck data is shown on Talulations

8 and 9.

19. Summary and Comments. A summary of the data contained in Tabulations 1, 2, 3,

4, 5, and 6 is shown in Tabulation 11. This tabulation shows the high, low, and average
ball load based on the aforementioned tabulations. It can be seen that close correlation
exists between the '"Load Cell" method and ''Contact Ellipse'' method. Average ball load
for the no load condition is approximately 4220 pounds. Using this average ball load and
a contact angle of 35 degrees, the total load on the bearing is approximately 203,448
pounds. It should be noted that this figure is approximate and that a more accurate figure

is presented in the data contained in the life estimate analysis section of this report.
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Refinement of the data will take into account actual distribution, actual contact angle,
and minor load.

Tabulatior: 7 presents the data obtained under different ambient temperature
conditions. This data indicates that while a minor change in load occurs, due to a
temperature differential, it is not significant enough to effect any substantial change in
loading calculations.

SECTION D. FIELD TEST OF DYNAMIC BALL CALIPER

20. Field Installation. Some difficulties were encountered in the installation of our

required separators and ball caliper cage.
a. In general, they were as follows:

1. The separator teeth were machined about 1/16 inch on the face of each
tooth. This modification, in effect, permi‘ted greater random spacing between balls.
As a result, the two separators with normal size tecth would not fit between all balls
without the considerable work of moving the balls to the proper spacing.

a. Closely rclated to the first difficulty, the two separators had to be
exactly spaced with respect to each other to permit freedom of the calipered-ball cage

and the installation of the support connecting the two separators.

3. Because of the installation of the bearing immediately preceding the
field test, it was possible to grind any necessary obstructions that might cause trouble
thro{xgh lack of clearance with the LVDT's. There was one slight additional difficulty,
noted later in our tests, as a result of the clearance problem, showing up as a magnetic
proximity and having the effect of putting pulses in the readout system each time a trans-

ducer was directly over a gusset.

b. Several other anticipated difficulties \vere greatly reduced in magnitude from

our laboratory estimates. These were as follows:

e Since it was necessary to adjust the mechanical position of the LVDT's

on the bottom of the cage from outside of the turret, with the readout system inside the
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turret, it was anticipated that this would create somc¢ problems. In actual field tests,
however, with only voice signaling between two personnel, it was fairly easy to adjust
the bottom two transducers within microinches of the correct location.

2. The rotary joint was not assembled in this installation; hence it was
very easy to obtain 20 to 30 revolutions of 5-rpm data. No special sacrifice wire tech-
nique was necessery, and, in the event that additional data should be required, it would
only be necessary to disconnect leads from the amplifier and untwist the leads to their
original position.

21. Operation. The first data was taken at 1/4 rpm-CW until the transducers passed
the flame gap on the outer race. The antenna was then returned to its original position
where the transducers could be visually inspected. No damage was noted and traces indi-
cated excellent results. In fact, the traces themselves were mirror images between CW
and CCW movements.

The second data obtained was for one full revolution of 1/4 rpm. Following this run,
inspection indicated that the transducers had come in contact with a gusset resulting in
broken leads and sevcre damage to the main installation on the bottom of the transducer.
A quick electrical check indicated that the only damage was external and could be repaired
by reconnecting the broken leads. The repairs were performed and, in the process, the

remainder of the damaged installation was removed and approximately another 1/8 inch

clearance was obtained. With this modification, 360 degrees rotation was obtained without
further interference or damage to the transducers. With the transducer returned to the
caliper cage, data was obtained both at 1/4 rpm and approximately 30 revolutions at 5 rpm,
including slowdown and static data with only the wind gusting between 15 and 20 miles per hour.
A review of this data indicated little stubbing or chattering between the transducer
tip and the ball. It showed the predicted separation between major and minor axis loads.
The 5-rpm data indicated only a low percentage of minor axis load per revolution with a
slight indication that a few light loads were present for the greater portion of a revolution.

the angle of contact is a doubtful piece of information from the data. It may be possible

after some significant testing and analysis of daia to correlate some indication of contact
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angle with the very small minor axis loads that were noted in the data. It should be
pointed out at this time that two obstacles to good data analysis can be corrected.
They are: 1) an indication of hang-up in the follow-up of the transducer, and 2) the
false readout as a result of the magnetic proximity of the transducers with magnetic
material such as the gussets.

Although determination of exact loads is not an objective here, it is possible to
get some indication of variation in load and magnitude based on the zero value obtained
at the time the ball rans through the flame gap in the outer race or the load slot in the
inner race. To get a good average load it would be necessary to obtain adequate com-
parison by integrating load for many revolutions to present all possible conditions of wind
and any dynamically or statically unbalanced conditions which the antenna must traverse
to present all possible conditions for average loading.
22. Results. Our results indicate that the use of such a ball calipered technique is
feasible and good dynamic data can be obtained. Both major and minor axis dynamic
data are possible with such a system. Also, it will be possible to obtain good indications
of load under zero rpm conditions and wind variations. Some load angle contact informa-
tion is also possible.

23. Recommendations. Good dynamic and static informat on can be obtained with slight

modifications of present equipment. Much better dynamic and static data could be obtained
by making a significant design change in the cage and separator. This redesign is moti-
vated by need for ease of assembly and use within the bearing. It is recommended that the
more extensive modification be performed and a complete program be established to obtain
dynamic, static, dynamic balance, and wind data. This data should then be analyzed and
supplied to knowledgeable personnel to make computer studies of bearing expected life
based on actual maximum load conditions during normal operation of an FPS-24 bearing.

24. Summary and Comments. The operation of the caliperedball device is satisfactory

and the data obtained proves feasibility of the device. A reviewofthisdata shows some in-
terestingtrends which may be expected from windload, weight location, and bearing
ridigity.
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This data is preliminary in nature. The assignment of any load values based
on a rough calibration would be speculation and possibly misleading. It should be
noted that calibration and assignment of absolute values was not part of the feasibility

program.

Figure 3 shows data taken at 1/4 rpm over 90° of ball rotation. As expected
there i8 an increase in both major and minor load from the unloaded position (flame
gap) to a peak approximately 45° advanced from the no Joad position and tapering

down to lower Jcadings.

Figure 4 shows data taken at 5 rpm over 360° of ball rotation. This data
shows very little minor axis load which is quite constant throughout 360°. The major
axis load appears to increase from some average load to a peak load over approximately
180° of ball rotation. The peak itself appears to extend over approximately 50° of

rotation.

One set of data was taken at zero rpm to observe the effect of wind only.
This is shown in Figure 5 and indicates variation in both major and minor axis loads.
The variations appear to be cyclic and occur at a rate of approximately two cycles

per second.

The variation in major and minor load from zero to five rpm may possibly be
due to a combination of bearing ridigity, weight location, and wind load. These con-
ditions probably have a more pronounced effect on minor axis load at zero rpm where
as at five rpm the effects are balanced out from the dynamics of operation. It might
be concluded that dynamic balancing would tend to minimize minor axis loads while
enhancing a more uniform major load distribution around the bearing. A complete
set of dynamic data taken before and after dynamic balancing would be most beneficial
and could result in achieving an optimum load distribution.
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STATIC DATA SUMMARY

Reading 0°-No Load 0°-3000# 315°-No Load 315°-3000#
Load Cell Cont. Ellipse load Cell Cont. Ellipse Load Cell Load Cell
High 5010# 5450# 5530# 5150# 5070# 4890#
Low 3300# 2300#* 3490# 3500# 3420# 3200#
Average 4183¢# 4180# 43174 4298 # 42914 4253#

Note: *Possible error in data taking. Figure believed
to be approximately 3000 pounds.

# Pounds
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CHAPTER 2

AN EVALUATION OF THE MEASURED LOAD DISTRIBU TION
FOR THE AN/FPS-24 ANTENNA BEARING

SECTION A. INTRODUCTION

25. General. The General Electric Electronics Laboratory under coniract to the Rome
Air Development Center measured the internal load distribution in the rolling clement
azimuth bearing of the Radar Set AN/FPS-24 Antenna Pedestal. This chapter constitutes

an evaluation of this measured load data.

A siatic equilibrium analysis of the antenna showed that the measurement system
did not have sufficient seusitivity to sense the test changes in simulated loading on the
boom or the magnitude or direction of the wind loading during test,. Within the accuracy
of the measurenients, there was no significant difference between the life computation
based on the measured load distribution and a life computation based on a calculated load

distribution for the same loading conditions.
SECTION B. BEARING EXTERNAL LOAD ANALYSIS

26, Bearing Geometry. The antenna bearing of the AN/FPS-24 bearing is a four-point

contact ball bearing. Each ball contacts the grooves in each race at two points (Figure 6).
Because it has four contact points, the bearing can handle radial, thrust and moment loads,

singly or in combinaticn,

2. Bearing Loads. The loads on the AN/FPS-24 antenna bearing are of three types.

a., Weight loads

(1) Static thrust
(2) Static unbalance

b. Wind loads
c. Dynamic unbalance

For this analysis the weight of the antenna is taken from the load cell weight measure-

ments reported in Reference 1. These are summarized in Table 1.
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TABLE 1

ESTIMATED ANTENNA WEIGHT

Net antenna weight 177,200

Estimated weight of
outer race 3,000

Estimated weight of side

panels removed under test 1,500
Total weight 181,700 lbs

The static unbalance was taken as 126,400 in-lbs in the direction of the feedhorn.

The wind load was calculated from the empirical equation F=, OO4V2. The results

are summarized in Figure 7. The wind Juad creates both a radial load and over turning
moment., In the calculations, it is assumed that the drag load on the antenna is inde-

pendent of wind direction.

The net dynamic unbalance was taken as 369,000 in-lbs in the direction of the

antenna,

Table 2 is a summary of the AN/FPS-24 bearing loading conditions at 5 rpm,

These figures include the net dynamic unbalance.

28, Static Equilibrium Evaluation. Load cell measurements were made for two

specific antenna positions.
a. Position (3150) was with the center line cf the horn boom positioned as nearly
as possible on a line that connects diametrically opposite corners of the
pedestal support points.

h. Position (00) was with 45° rotation from position (3150).

For each of these positions measurements were made with no load on the boom and with
3000 lbs on the boom. Only for the 0° position were complete four-point contact loads

taken,

These load conditions are illustrated in Table 3,
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TABLE 2

BFEARING LOADING CONDITIONS

Operating - Loads applied to outer race. Outer race rotates
at 5 rpm, Outer race rotates with respect to the load.

A, .25% of time

Thrust load 220,000¢#
Ovcerturning moment 20.8 X 10 in-lbs,
Radial load 63,000#

52 knots

60 mph B. .75% of time
Thrust load 178,000#
OverturningZ moment 20.8 X 10" in-lbs.
Radial load 63,000#

C. 4.75% of time

Thrust load 220,0004,
Overturning moment 5.5 %X 10 in-lbs.
Radial load 15,700#

26 knots

30 mph D. 14,25% of time
Thrust load 178,0004%,
Overturning moment 5.5 X 10" in-lbs,
Radial load 15,700#

E. 20% of time

Thrust load 220,000
Overturning moment 1.6 X 10 in-lbs,
Radial load 3,930#

13 knots

15 mph F. 60% of time
Thrust load 178,000#
Overturning moment 1.6 x 10"~ in-lbs.
Radial load 3,930#

Non-Operating - survival

Thrust load 178,000#
Radial load 180,000#
Overturning moment 59.5 X 10" in-lbs.
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TABLE 3

TEST LOAD CONDITIONS

Boom Boom Avg., Wind Avg. Wind Four Point
Case Position Load lbs Direction Velocity Loads
1 0° 0 WSW 12.9 Yes
2 0° 3000 SW 10, 7 Yes
3 315° 0 WSW i & No
4 315° 3000 SW 10, 4 No

If the antenna including the outer race of the antei.na is considered as a free

body diagram, the equations of static equilibrium must be satisfied, i.e.
= = = =
L F, b Fy ZFZ 0
s = 5 = =
_.Mx ) My P! Mz 0
Figure 8 shows a sketch of the bearing outer race and the coordinate system used,
By summing up the ball loads on the outer race, the resultant moment and force on the

anterna can be obtained. In order to satisfy static equilibrium, the resulianc of the ball

loads must equal the imposed loads on the antenna,

In particular, the net radial resultant should be equal and opposite in direction to
the wind load. The resultant force in the z direction must equal the antenna weight. The
resultant moment must be balanced out by the vector sum of the static unbalance and the
wind moment, These calculations serve as a check on the validity of the data. A computer
program was written to sum up all of the measured ball loads and to determine the com-
por.ents of their resultant moment and force. This program, called Bearing Data Evalua-
tion Program (BDEP) finds components of the resultant moment and force of the individual
ball loads and also calculates the bearing life for tHe measured ball loads.

Table 4 is a summary of the static equilibrium calculations, Cases 1 and 2 are
the two test conditions for which complete load data are available, The components of
the imposed loads are shown in comparison with components of the resultant ball loads.
In order to satisfy static equilibrium, these respective components should be equal and

opposite in direction,
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The most obvious check is to see that the summation of the ball loads in the
vertical direction equals the antenna weight including the outer race. In Case 1, the
resultant of the ball loads in the vertical direction is 7 percent higher than the antenna
weight. When an additional 3000 pounds is added to the boom (Case 2), the resultant of
the ball loads is one percent lower than the antenna weight plus the boom weight,

This apparent inconsistency can be explained by taking into account a more
complete minor load distribution. This is shown in Case 1a of Table #4. A comparison
of Case 1la with the antenna weight shows the ball loads in the vertical direction to be
only 4% higher. A comparison of Cases la and 2 indicates agreement within .experimental
error. Analyzing Cases 1a and 2 on an equivalent basis gives an average resultant total
load of 183,940 lbs. This is within + 2, 6% of the cited values.

The net radial load should be equal to the wind load and be opposite in direction
to the wind. If we consider Case 1, the wind was from WSW with respect to the boom,

Referring to Figure 6, R is the resultant of the wind (from Figure 7) R = 3000 lbs
Fy is R's projection on the z-axis:

F, = R x cos 67. 5° = 3000 x 0. 3827 = 1150 lbs
Likewise:

F, =R x sin 67. 5% = 3000 x 0. 9239 = 2770 lbs

M, is the moment created by the wind (from Figure 7) M =1,2 X 10° in/lb
Resolving Mw at the y and x-axis gives:

o - 6
M, =M, Xsin 67.5 = 1. 11 X 10 in/lb

N _ 6
M, =M, Xcos 67.5=0.46 x 10 in/1b

The static unbalance M8 =126400 in-1b and wa has the same direction and make
the total moment vector along the x-axis equal: Mx = -586400 in-lb with respect to the
coordinate system of Figure 5.

The radial resultant of the measured ball loads should give a force of components

Fx = -2770 1b
F_= -1150 lbs
y

and an angle of 247, 5°. The actual resultants for cases 1, 2, and 1b are summarized
in Table 5.
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