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I. Abstract

Cage to roller force measurements, cage to shaft forces, and cage
to sha®™ speed ratics are reported for 115 and 118mm bore roller bearings

operating at speeds of 4,000, 8,000, and 12,00C rpm under loads ranging

frox 00 to 6670 X {80 to 1500 1b).
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Il Introduction

Current developments in jet engine technology are placing more
stringent demands on gas turbine design. There is a constantly in-
creasing requirement for engines to develop greater thrust outputs.

In addition to this increased loading the need to raise the thrust/weight
ratio of engines and to improve the fuel consumption has led to higher
rotor speeds and operating temperatures, lighter components and corres-
pondingly increased structural flexibility. In anticipation of to-
morrow's requirements, further advanced knowledge of engine component
technology must be obtained.{1)%

In the case of rolling contact tearings there is a need for a
better understanding of cage and rolling element dynmarics, particularly
in ultra-high speed applications.(2,3,4,5)

Recently developed, advanced bearing theories have resulteé in
conputerized optimization of rolling element bearing designs and in
sore cases accurate prediction of bearing performance. These develop-
ments and advances by no means substitute for testing of rolling elerernt
bearings wvhich for many years was the basis for bearing development.

To the contrary, the need for more refined data gathering methods has te-
come obvious. Tests are needed to verify the theories which form the
foundation of these computer programs. Also, performance tests and
studies will always be needed to refine bearing designs for critical

applications.

The interaction between the rolling elements of a bearing with

the raceways and separators is particularly difficult to measure due

#jumbers in parentheses desipgnate references at end of report.




to the rapidity of their motion. The kinematic behavior and the
resulting forces acting on a rolling element/separator/racevay assembly

could in the past be measured only by tests where the opersting condi-

tions vere drastically simplified.

II1 Separator Study Machine

An optical besring test rig has been comstructed to operate the -
tearing and make photographic records of the rolling elements and
separator behavior. Figure la shovs an overall viewv of the machine as
it is presently installed in the Dynamics Laboratory of the Engineering
Building at California State University, Northridge. The machirne was
originally assemtled by Industrial Tectonirs, Inc., Compton, Calif.,

and has been used in industrial bearing research, and in a ball motion

study reported in (6), and in a ball to cage force study (7).
l The bearing test rig is basically a shaft supported by a pair of

preloaded ball bearings at one end and the test bearing at the other

l end. One face of the test bearing is exposed to allow free view of thre
i rollers and the separator. Radial load is applied to the test beering
!

by & hydraulic actuator through a cable loop over the bearing housing.
i The shaft is driven by a T5 bp hydraulic motor through a geared belt

‘ drive, giving speeds infinitely variadle from 100 to 15,000 rpc.
J Figure 1b is & schematic of the shaft assexbly.

Lubricating oil for under race cooling and test bearing lubricstion

1s supplied through a series of orifices from the rear of the test

|
y beariag.

[} Due to the high tangential velocities present vhen a bearing is
. rotated at shaft speeds up to 12,000 rpm, conventional photograpb

{4 techniques are inadequate. The difficulty lies in obtaining photo-
il
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] graphs having sufficient resolution for analysis vhen very short ex- g
posures are required to freeze the motion of the dearing elements. ‘
This problex has been overcome by eliminating the gross rotational notioﬁ. :
using a derotation prism. The resulting image thus presents the differen-
L tial motion betwveen the separator and the rolling element, enabling odb-
servation and photographs to be made of an individual separator pocket.
Derotation is accomplished by synchronizing the rotation of a Pechar

prisz at half-speed with the rotation of the roller separator, thus

L e s

causing the apparent image rotation and the true separator rotation
_j to coincide. This results in the derotated image of the area of interest
being imaged on the film plane of a camera. Light rays froz the illumi-

pated bearing are collected through the front window of the instrumert. |

This window is optically coated to reject ultraviclet energy produced
by ultraviolet lamps, serving the circuit for the prism speed control.
ﬁ; Froz the windov, the rays travel through collimator lenses and the

1 Pechar prisc before they travel through the exit lenses. Their path

i= then deflected bv mirrors which fold the image in different directions.
Figure lc shovs light paths through the scanner.

One light trace travels to a bean splitter vhere approximately
15 £ of the light is reflected to the eyepiece optics to provide an

image observadle to the operator. The dbalance of light enters the

? aperture of the pulse camera. ;
7 Alignment and positioning of the optical elements ensure that s
i the eyepiece observes the same image quality and format as that vhich !
] the film sees. g
; Another image is folded and demagnified in the transfer lens %
L assemdbly before {t enters & high speed camera when one is used.

{] A derotated image of the luminous painted segment of the test

a

dearing separator is optically folded out and directed tovard an
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image splitting mirror surface vedge vhich proportions the light entering
tvo photomultiplier tube photocatbodes. The electronic signals from
these tubes are used by the tracking system to control the prism speed.

A tracking system holds the image of a selected point at the test
bearing separator in the field of view., It will accommodate a variation of
1 up to 10% of a fixed ratio of separator-to-shaft speed without loss of
the ability to lock onto the proper position within one revolution of

the dbearing retainer.

It is pecessary to sense the tracking error in angular position

S

of the derotation prisr to provide an input for the servo systex. This

H error signal is provided in the forx of the differenée in output of the
twc multiplier phototubes.

'! A sector or the bearing retainer is coated with fluorescent peinpt

| and illuminated with ultraviolet light. An image of the sector of arc .

! is formed in a plane containing the apex of a mirror surface vedge.

. The light striking the two surfaces of the vedge is reflected and illu-

minates the photocathode of the photomultiplier tudes. Rotation of

the prisc results in a displacement of the image and & consequent in-

crease in the output of one tudbe and decrease in the output of the other.

Electronic filtering is provided to discriminate detveen the

e i kim ww el

steady signal due to the ultraviolet excitation of the phosphor and
any iotermittent excitation due to strobe lamps to reduce any interaction

i betveen the level of light striking the phosphor and the error sigonal

T e .t e

produced by the photomultipliers.
!
'} ! Four Chadvick-Belmuth Strobex lamps are flashed at tbe 16-frame-
J per-second camera rate to illuminate the separator and to stop the

images of the protractors on the inner and outer races of the bearing ‘

] 80 that angular position information is recorded on the photographs.
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Four mercury vapor spot lamps with ultraviolet filters illuminate the
flourescent patch for the tracking system.

The camera used was a Neyhart Enterprises model G-k, The camera
filr magazine accepts 100 or 200 foot reels of 3Smr film., %The camera

has a data box, the image of which is projected onto each film frame.

' o ORIGINAL PAGE IS
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Three bearings were used in the roller to separator corntact force

investigation. They were mainsha®t roller bearinfs rerresentative of

these used in aircraft gas turbine enrines. Two o the bearings were 118
bore, part numder PWA SL10L3I, with cylindrical outer racewars. The third
wes 1152z bore, part nuwber P SCLF11E with an out-of-rounl outer racewsa) .
lnensions and other characteristics of these bearings are given in Tetle 1,

YV Sevarsator Force Transiucer

A roller contact ferce transiucer was constructec on the beerin-
sepcratcyr b introducin, & czntilever bear between twe of the beariny
rollers., The centilever tea revlaced a rigic serarating elerent sc the:

cantilever benrr deflection woull five ar indication of the roller controt

Torce. A hole was drilled throuch one of the side reils of the sevarail:

tc hold the fixed end of the cantilever bea-. A notch to fra~e the de“lecte’

er.l of the cantilever was cut in the other side rail orrosite the hcle.
Various bean cross-sections were used depending on contact forces and
deflections encounterec. A plastic rubbing dblock was cemented to the center

portion of the bear to make up the normal roller spacing dimension of the

rigid separator element replaced by the roller force indicating bear. '

A i,
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durlicate modification was installed at 180° to the first to maintain
separator balance.

With the shaft and test bearing operating at s speed and load condition
to be investigated, the derotation prism was synchronized with the separator
to produce & stationary image of the deflecting end of the cantilever bear
as the roller and separator repeatediy moved throush loaded and unloaded
recions cf the bearing. The 1€ frame per secord 35 mr irstrumentation
carera vhetograrhed the motions of the cantilever tear deflections relative
tC the notch in the separator. As roller contact forces may be exvected
te be & reretitive event from revolution to mveolution the relatively slow
fracing rate cen be extended to & very high effective fraring rate by takinrs
e large rnutter of photograrhc cver many revolutiocns of the bearing. This
gives fra—es coveri.. 0 tc 360° +<c the aprrlied loai. The angcie to tre
arriliel loul wes indicated by the pesition of the cantilever bear relative
1o & fixel yrotractor on the bearing outer race. FPadial loads were aprrlied
verzicelly at the 2{ (0) desree mark on the protractor.

X s -
3
.

The fovce transducing cantilever bear was assertled intc the separ-oicr
with eroxy resin vith the plestic spacing element alsc epoxied ir rlece.
Tre separator was held in a small vise ané loaded with a wire hook rosi-
tioned over the plastic rub block. A small weight pan and weights were used
to loacd the cantilever beam. Cantilever deflections were photographedl.

Figure 2 shows a representative force-deflection relation.

VII Exverimental Procedure

The lubricating oil used throughout the tests was a S-—centistoke

necpentylpolyol (tetra) ester. This is a type II oil which conforms

3 DR ey
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to specification MIL-1~23699. Test bearing inlet oil was heated and
controlled to 4859 K (150°F).

The Separator Study Machine bearing rig was started vwith a load applied
aud brought up to speed, the desired load condition applied, the prisx
synchronized with the separator and 100 to 200 photographs taken. Film
used vas Kodak 2L75 Recording Film. It was cut into lengths ritting
stainless steel reels and ceveloped in a small tank with HC 110 developer,
dilution A, for 30 minutes at laboratory roam temperature. This seemed
te give images of adequate contrast, with background fog just beginning

tc Ye noticeadble on fresh film.

VIZII Data Analvsis

After cherical processing of the film was completed the film was
respliced and read with a Benson-lLehner model N-2 filr reader capable of
indicating L digits with the least digit representing 0.005 mx (0.0002 im.)
in the film image. The filr images, however, varied in density and sharp-
ness froc frame to frame due to variation in Xenon flash intensity, auratien,
and Jitter ir flash initiation among the four Xenon flash tubes.

Realings were taker by aligning a cross-hair ontc the lowest edce
¢ the notch for Rl, the bottox of the bear end for R2, the tor of the
bear end for R3, and the top of the notch for Ri. A computer progra-
was used to calcuiate differences R2-Rl, R3-Rl, RL-Rl, R3-R2, RL-E3, and
RL-RZ. From RL-Rl and R3-R2 a consistency check wvas available to pull
out or correct obviously defective readings as the notch dimension and beax
height should alwvays be of constant value, After subtraction of un-
deflected (zero) readings, the differences give indications of the bear

deflection in that film frare.

. g T 10t S 1 W 11 N I NI G
i . . N . - -
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j The computer program also calculated average values of notch
size for the photo set and normalized the deflection indications on the
j average notch size to compensate for image size variation with focus
: . Tke E'
setting. scaled the deflections to the lineal msasured notch
..71
= dimension. The deflection indications were then multiplied by the (14
Eg .spring constant determined in the force transducer calidration, sqs‘nre []
; ) ) ;

éﬁsted and plotted by a Calcomp plotter.
It wvas possidle to deterxine cage to shaft speed ratio with some

accuracy over 10 successive photographs of multiple shaft revolutions
B

5 frar the folloving considerations.

I
Lol

Hs stuaded \"’“"'""l}ﬁe derotating prisrc is synchronized to rotate at half the separator

g

speed tbus producing a stationary imaze of the separator to be photo-
graphed. Protractors vhich are mounted on the stationary outer race

and on the rotating inner race are visidle in tbhe photographs. Four

c— = L

Xenon flash tubes with a flash duration of 50 microseconds permit

clear instantanecus photographs of the stationary separator and

1
. !

{

stop the motion of the protractor images. Typiecally 100 to 200 photo-

'l graphs vere taken at a cine frame rate of 16 per second for each case
L

investigated.

In these photographs the angle turned through by the separator (cage)
can de determined fromthe difference in angle on the stationary outer
race protractor betveen tvo consecutive frames. Thus, J

Ye (1)
2A8p-A9c-ABO-(§;-)w.M

vhere:
ABP = true prism angle turned through
Aec = true cage angle turned through

Ae = ‘nele urrerence '.‘360.1 n\mber of revol“‘ion. 3
betveen photographs :

VU

F
-
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= X

:g = geparator to shaft speed ratio in the operating dbearing
W
s

w‘ = ghaft speed

4t = time between photographs

The protractors sre engraved with angle increasing in the direction
of shaft rotation. The shaft turns through & greater angle than does
the separator; consequently, the cage photographs centered on the

transducer in the cage shov the inner race angles decreasing. The

true angle that the shaft has turned through in the 1/16 second
between successive frames may be determined from the protractor

angles photographed by

W |
Ae5 Aeo-Ae’;( w_c )wsAt-wsAt (2)

where:

46 = angle difference on inner race protractor
betwveen photographs

(es - es with i being the frame nucmber)
i+l i

Aest- true angle turned through by the shaft in time £t

From equation 2, then Ae.t = Aeo - AB', and HEAt = Aeo.
WAt = A8 . so:
5 st

Yo . 8% (3)
wl

AGO - ABs

vhere AS' is a negetive pumber.
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Care must be taken in calculating angle differences Aeo and
46, betveen photographs and in using equation (3). Multiple revolutions
of shaft and separator occur without this being apparent in the photo-
grarhs. At 16 frames per second vith an appropriate epicyclic speed for
HC/WS the ranges of angle differences given in Tatle 3 may de anticipated.

Tc obtain the true angle of rotation of the cage between successive

frames, it ie necessarv to:

1. Subdbtract the angle read from the reference point
of the seprarator in the photograrh from that reald
in the i-1 frame.

<+ Determinre the number of full rotations between frames using
Tabtle L.

3. Add the npumber of full rotations to the difference found

in steyr 1.

-

Critically examine the value calculated if the test speed irs
close to a speed at vhich & different number of revolutions
icht be possitle or if speeds much different from ericyclic

right ocour.

These considerations led to the cage/shaft speed ratios thet arpeer

on the care force figure captions and in the cage/shaft speed ratic

versus load firfures.

I). Results end Discussion

This investigation was undertaken to experimentally evaluaste roller
to cage contact forces. It was subsequently noted that information on cage
to inner race land contact force, and cage to shaft speed ratios vas also

availadble in the data obtained.

ORIGINAL PAGE }S
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A. Roller to Cage Contact Forces

The principal results of this investigation are the roller to cage
contact forces shown in Figures 3-5. These figures show the roller force on the
cage as a function of roller locaetion in the bearing. Roller location
is measured clockwise from the centerline of the radial load at O°
(360°). Table 2 summarizes the data obtained.

Different spring constants were necessary as the investigation
progressed and as larger forces were encountered. The investigation
began with a spring constant of 22.8 N/mm (130 1b/in). These transduccrs
apreared to function adequately in the 501511B beering with the out-of-
round outer raceway, and were initially installed in the 5410L3D-1 bearing
with the 0.18 mr (0.0073 in) clearance. Failures inbending fatifue
occurred ir teams with 22.8 N/mm (130 1b/in) and 29.3 N/mr (160 1b/in)
spring constants.

Transducers of spring constant 75.9 N/mm.(hsh 1b/in) were fabricazted
and used in the S5L10L3D bearings to obtain the data of Figures 3a-i and
La-i.

Pocitive forces in the fipfures are those exerted by rollers tendin-
to eccelerate the ca~e. MNerative forces are those exerted by rollers
terding to reterd or decelerate the cage. In general stiffer canti-
lever bear deflecting elements indicate greater forces, with more scatter
in the film readings.

The force indicated by a cantilever deflection is created by & roller
advancing into the cantilever located on the cage. A roller's advance
relative to the cage, which moves with average roller speed, is deterr.ined
by roller kinematics such as roller location on the racevay path, def-
lections, etc. The motion of the roller relative to the average roller

ORIGINAL PAGE 18
OF POOR QUALITY
12




e

e

PAAF TS

o —————
A

will deflect the cantilever until the roller begins to recede from
the cantilever due to roller kinematics, provided limiting traction
forces are not exceeded. Thus the cantilever is deflected as much as
necessary to accomodate the roller advance relative to the eage. For
a given roller advance, the stiffer cantilever's deflection indicates
larger force. The stiffer cantilever deflecting elements will also
have smaller deflections. Errors in measuring the stiffer canti-
levers' deflections will produce larger variations in the force mea-
surenents. All of the variation in the figures mav not be due to
errors in cantilever deflection, however. It is possible that there
is some variation in the rollers' motion as they traverse various por-

ticns of racewvay surfaces with possible cage motions of oscillation,

rocking and impecting on rollers anc inner race land surfaces,
Loads of 360, 67C, 1330, anc kL50 X (50, 159, 300, and 1000 1t)
were applied to the 501511 B bearing without indication of skidding.
Wher these same loads were applied to the 541043 D-1 bearing the cage
to shaft speed ratios were 0.39¢, 0.409, 0.436, and 0.453 at 4,000 rp=
as ccmpared to the 0.L4562 epicvclic speed ratio. Loads of 6670, LLsO,
axé 222¢ I {1500, 1000, ané 500 1b) were used in the rest of the in-
vestigation to reduce the likelihood of skidding damace tc the test
bearings.
Figures 3 and 4 show the magnitude and distribution of roller to care

forces in the 0.18 mm (0.0073 in) and 0.2)1 mm(0.0083 in) clearance bearings as

indicated by a 79.5 li/mm (454 1b/in) spring constant transducer. The |

0.18 mm clearance bearing seems to experience a rather pnarrov but vell

defined force peak of 40 N (9 1b) in lightly loaded high speed cases which

is not apparent in the 0.21 mm clearance bearing data, though other
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general characteristics of the twc bearings are similar {in that positive
and negative forces of 25 N (5 1b) are not uncommon at 8,000 and 12,000 rpm
speeds.

Figure 5 seems to indicate that the cage of the out-of-round
outer race bearing experiences forces of 5 to 10 N (1 to 2 1b) that
are more nearly constant throughout the bearing. These data were
obtained with a 22.8 N/mm (130 1b/in) transducer. Testing with this
bearing was terminated after severe fretting was discovered. This was
apparently due to centrifugal force loosening the fit between the
bearing, sleeve spacer, and shaft of the test rig. The sleeve for the
116 mm bearings was manufactured to provide a 0.025 mm (0.001 in)
interference at the shaft diameter after the sleeve was assembled in the

bearing bore, and has seemed to function adequately.

t. Cace to Inner Race Land Contac: Force

Fror. the data of Figures 3,L, and 5 it was poscidble to derive the
fcrce between the care and its guiding contact with the inner race lanc.
™is force was obtained by taking horizontal and vertical components of each
force poirt as pleotted in Figures 3,4, and 5. Adding vertical and hori-
zontal forces in & 12.9 degree sector, and dividing by the number of
forces ir the sector gave the averag. force one of the 28 rollers wouwld
exert on the caze. The sw. of the 28 roller forces should equal the
resultant force that the inner race must exert on the cage. The angular
location of the resultant force was obtained by taking the arc tanrent
of the ratio of horizontal to vertical force comvonents. Figure 6 sum-
marizes the magnitude and direction of the care to inner race land force
due to ball contact forces for various sveeds and loads. It should be
noted the. this claculation did not incluae the weight of the care

(1.63 and 2.24 N (0.37 and 0.50 1b) for the 118 and 115 mn bearings).
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C. Cage to Shaft Speed Ratios

Figure 7 shows the cage to shaft speed ratios calculated by the method
described in Section VIII, Data Analysis. The epicyclic cage speed for the
115 mn may be calculated from the data in Tabl~ 1 to be 0.4565 and that
for the 118 mm bearing to be 0.4562. Figure 7 and Table 2 seem to indicate
that the out-of-round outer raceway bearing had little tendency to skic,
(0.2% cage slip) even at very low loads, while the cylindrical outer
raceway bearings did skid appreciably at very low loads, and had a maxi-
mum value of cage to shaft speed ratio of 0.4539 (0.5% cage slip) for
the larger clearance bearing at a 6670 N (1500 1b) load, the maximum

used, at the 4,000 rpm speed.

X _Summary of Results

foller to caire contect forces were evalueted exverimentally. The meximur
rcller-case force otserved was L3 I (9.5 1b) and occurred at lifht loecd
and high svpeed. 3Fesultent cage to sheft forces were csalculated fror roller
tc cace contact forces. The raxirw. care-sheft force was 60 !' (13.€ 1)
and also occurrec at li ht loau ané hi:h speed. The out-of-round outer
raceve;’ was effective in ypreventin- skidéinr even &t very lirht loads.

Skidding was observed, however, in the cylindrical outer race bearings.
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Table 1
Test Bearing Opecifications
PWA SL10h3 D PWA 501511 B
4 mm inches mm inches
Inner Race
Bore Dia. 118 L.6h5T 115 L.5276 3
Raceway Dia. 131.€66  5.183h 125.79 h.9525 -
Flange Dia. 137.47  5.h122 130.33 5.131 b
Width 26.92 1.960 26.95 1.061 .
Groove Width 1k4.59 SThG - 11.85  .L66T7 ﬂ
Flange Angle 0 der. 0 deg. i1
N
Outer Race 7
Outer Dia. 16h. k0 6.4T60 179.97 6.8884 Max*® =
Raceway Dia. mm (in) 157.0"  6.1842  Mominal 174.9n 6.8858 Min®**
157.14  €.1865 Ser. AP284* 1k9.67 5.8925 Max**
157.16 A.187Th  Ser. AP2TO* 149,96 5.9038 Min®* :
width 23,0 .ahp 23.98 .9l ;,_.1
Rollers
OO
Diameter 12.65 .4979 11.99  .h722 *aig
Length - overall 1L.56 .5733 11.7%  .L63R o 1o)
- effective 13.04  .5133 10.72  .L22 S5 #
- flat 8.50  .3307 o » e
Crown Radius 622.3 245 é?ﬂ, e
End Radius inf. inf. a
Number 28 28 E?g?
e
Cage & i
Land Dia. 137.95 5.%312 131.11 5.162 N
Axial Pocket Clearance .28 .011 L6 .018
Tangential Pocket Clearance .221 .0087 .23 .009
Single Rail Width h.6 .18 5.8 .23

9

*Bearing Serial liumber A2284 has clearance .18 mm {.0073 in), is designated PWA 541043 D-1 in figures.
Bearing Serial Number A2279 has clearance .21 mm (.0083 in), is designated PWA 541043 D-2 in figures.

Clearance is outer race inner diameter minus 2 roller dia. minus inner race outer diameter.
*#PWA SO01511 I has out-of-round outer racewny.

B AREIIAR S 2% R BT o MR
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Table 2

Sumnarv of Test Conditions and Data

Resultant Cage Force Cage/Shaft Cage
Speed Load Magnitude Locetion lpo'd/anio Blip
Fig. Beaz RPY N (1v) N (1b) Degreee '} ]
PWA 5L10L3 D-1 0.18 mm (0.0073 in) Clearance
3a A Looo 2200 500 T.29 1.6L 154 LLLoR 1.4
L A Lot LLso 1000 2.76 .62 L2 JLsoe T
c A 4000 6670 1500 9.73  2.19 150 k533 -6
| é A seee 2220 500 43,38  9.76 13¢ LSl 2.4
| e A R0ac LLSD 1000 17.06  L.ok 1° 4512 1.1
§ A 800¢ 6670 1500 2L.3€  S5.LF Q) JLsoL .8
r A 2002 2220 500 §9.0f 13.Lg 153 JLkal 1.5
o A 12057 LLso 1000 60.41 13.50 16L L5113 1.1
i A 6672 1500 L2.27 9.5 Ls .LsaL .8
% c 360 80 9.11 2.05 Ls .395¢9 13.2
b3 c 670 150 L.13 .93 27 .L09z 10.3
| 2 ¢ 1330 300 11.25 2.53 167 U378 L.o
i : 0 LLs0 1000 9.2¢  2.09 148 sz .8
" 2 ¢ 360 80 21.82 L.9 a3 . 3802 16.5
¢ B 222¢ 00 2L.85 5.5@ 1€7 L5009 1.2
T B Lise 1000 21.34  L.80 113 .Ls20 .9
l B €650 1502 20.18 L.sb 2 LLs3L .6
y B 2220  50¢C 10L.85 23.59 15¢ LLTE 1.8
E Lis0  100¢ 76.85 17.29 1LE .Ls1e .9
‘ B 6670 1500 80.72 18.1€ 162 U532 T
PWA 5L10L3 D-2 0.21 mm (.0083 in) Clearance
| La Leo? 2020 s0¢ 11.73 2.6 133 523 .8
i b Looe LLs0 1000 8.00 1.80 16¢ U537 <D
¢ Loo: 6670 1500 7:.69 1.73 8¢ k530 5
d erate 220 500 LL,3¢ 9.,0f 127 JLblos 1.5
e 800: LL52 1000 52.05 11.71 123 L525 .8
l b4 800¢ 6670 1500 35.03  T.8E 130 U531 -7
3 12007 2220 500 25.25 5.6 1k0 Jks0€ 1.2
2 12797 Lise 1000 52,10 11,72 167 526 £
l i 2 €670 1500 23.83  5.3¢ 14 L1527 £
PWA 501511 B Qut-0f-Round Outer Raceway
1

\ e Loce 360 80 6.62 1.k9 1L7 LLssl 2
b Lous 70 150 2.13 L8 b b LSSk .2
¢ L000 1330 300 2.19 49 32 .Lsss .2
a Looo LLso 1000 8.31 1.87 78 Lu55L .2
. 8000 360 80 13.20 2.97 55 RIS 1
< 8oce 670 150 B8.L0 1.89 118 U561 .1
€ 8000 1330 300 14,62 3.29 65 4561 .1
r 8000 LL50 1000 18.58 k.18 T4 k560 .
{ 12¢0¢ 360 80 2.67 .60 n .Ls61 .1
3 12000 670 150 2.0k RN 1L9 .Lséo .1
v 12000 1330 300 11.96  2.69 95 k560 -1

Beam A has K = 79.5 N/mm (LS4 1b/in) =

Besz B has K = 29.3 N/rm (160 1b/in) ORIGINAL PAGE IS

Bean C has K = 22.8 N/mx (130 1b/in) Ol" POOR QUALITY
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Table 3

Calculated Number of Shaft Revolutions Between Photographs
For Bearings with FEpicvclic Speed Patio of 0.456

88 rev ws'-(Aeo)l? ’5160 A8 rev v =(88) %f—,%% P’
Otol 0 to 2,234 rpm 0 to -1 0 to 1,877 rpm
lto?2 2,234 to h,u69 -1 to =2 1,877 to 3,753 :
2 to 3 4,469 to 6,703 =2 %o «3 3,753 to 5,630 i
3toh 6,703 to 8,938 -3 to -L 5,630 to 7,507 L
b to S 8,938 to 11,884 -5 to -6 7,507 to 9,383
S to 6 11,173 to 13,kLOT -6 to -7 9,383 %o 11,260

-7 to -8 11,260 tc 13,137

A

k]

—

Y

L9




