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INTRODUCTION

Solid lubricated bearings offer potential for use in a wide range of
applications where reduced maintenance is desired or operating and
environmental conditions are such that conventional lubricants cannot be
used satisfactorily. Both of these major considerations are pertinent where
aerospace applications are concerned. Self lubricating bearings are of a
sacrificial nature in that the lubricant is gradually depleted durina
usage. Their greatest potential is seen to be in those applications which
have limited operating 1ife requirements. These would include such things
as small expendable engines, alternators, drones, missiles, remotely
piloted vehicles etc. However, most of these applications involve high
operating speeds and/or high temperature conditions. These represent severe
conditions under which the bearings must perform, and are also conducive to
excessive bearing heat generation during operation. It is to this problem
that this investigation was directed.

The primary intent of this investigation was to determine if grooves
in the bearing inner race would reduce bearing operating temperatures and
heat generation by pumping relatively cool air into the bearing between the
bearing retainer and inner race. A series of tests were conducted over a
range of speed and load conditions to determine bearing stabilized operating
temperatures. Bearing torque was monitored continuously. Other variables
included in this study were bearing internal clearance, cage to land clearance,
ball hole clearance, and groove depth. Bearing retainers made from silver-
mercury-Teflon-molybdenum diselenide, and gallium-indium-tungsten diselenide

composites were used to provide lubrication. Duration tests at a speed of



40,000 RPM were also attempted with grooved and ungrooved bearings. It
was hoped at this speed that any beneficial effects of the grooves would be
more apparent than previous data indicated. The duration test approach was

taken since virtually no bearing performance information was available above

30,000 RPM,




DESCRIPTION OF TEST RIG

1. General

The basic test facility, which was designed and built by Southwest
Research Inst. consisted of an air turbine to drive the test bearing, a
bearing chamber, an o0il system (which obviously was not required for the
solid lube tests), bearing loading system, bearing heater (which also wasn't
utilized for these tests), and the necessary instrumentation and controls.
Photographs of the test facility are shown in Figures1 and 2.

2. Basic Design

A detailed schematic of the rolling element bearing test rig is shown in
Figure 3. The test bearing, A, is driven by the main shaft, B, which is
powered by an air turbine, C. Air to the turbine is supplied by an auxiliary
compressor via the nozzle ring, D. Externally-pressurized, orifice-compensated
air bearings, having low friction characteristics at high speeds, are shown
as E and F, and are employed to support the main shaft during operation.

The outer race of the test bearing is supported in the test bearing holder, G,
which is held in the test chamber, H. Thrust load is applied to the test
bearing by the axial load piston, I, and radial load by the radial load pad, J.
The test chamber is externally supported by two hydrostatic air bearings:

the axial support pad, K, and the radial load pad, J, which serves a dual
purpose in that it supports the test chamber in the radial direction on a
hydrostatic air film and also applies a radial load through the air film to
the test bearing. A shaft extension, L, extends through the test chamber 1id
and serves as the driver for the rotary transformer, M. The shaft extension,
L, is hollow and provides a path for the electrical conductors from the

inner race (test bearing) temperature transducer to the rotary transformer.

A magnetic pickup, N, monitors the speed of the main shaft, B.
3




Figure 1. Solid Lube Bearing Test Facility Console



Solid Lube Bearing Test Facility Rig

Figure 2,
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Figure 3. Schematic of Rolling Element Bearing Test Rig
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3. Loading and Support System

The test rig was designed to allow the application of independently
controlled thrust and radial loads on the test bearing. The thrust load,
applied by means of the axial load piston, I, and the radial load applied by
the radial load pad, J, are controlled with hand operated pressure regulators
mounted in the instrument console. The amount of radial or thrust load is
determined by the known piston size and the applied pressure which is indi-
cated on the gauges in the instrument console.

Filtered air is supplied to the two support air bearings, E and F, through
an air manifold. These bearings are orifice compensated and were designed
to operate at 200 to 250 psig on clean dry air. Practical operating
experience has shown that if the supply air is contaminated with either
water or oil the high speed capability of the rig is severely reduced
due to the deleterious effects of these contaminants on the solid lubricant
coating which is applied to the journal surfaces of the air bearings.

4. Bearing Torque Measurement

Torque due to test bearing friction, which tends to rotate the test
chamber, H, is measured with strain gages which are attached to a metal
leaf spring. The leaf spring deflects when torsional load is applied
and produces a resistance change in the strain gage bridge, which in turn
gives an electrical output that is calibrated and employed as a measure of
bearing torque. Since the radial and axial hydrostatic air pads offer negli-
gible torsional resistance, the indicated torque is an accurate measure of
test bearing torque. The torque is indicated directly on a Sanborn Model
311A transducer amplifier, and recorded simultaneously on a Honeywell

recorder.




5. Inner Race Temperature Measurement

Test bearing inner race temperature is measured with a sub miniature
size surface type temperature transducer which is 0.25 in. x 0.20 in. x
0.04 in. thick. It is a lTow mass, platinum sensor with 100 ohms resistance
at the ice point. The sensor is located in a machined cavity directly
beneath the test bearing inner race. Centrifugal forces due to rotation
of the main shaft force the sensor against the bore of the inner race and
provide an inner race temperature measurement. Qutput from the transducer
is coupled from the rotating shaft to a stationary location by employing
a rotary transformer. From the transformer the temperature is indicated
directly on a Himmelstein meter located in the instrument console.

6. Drive System

The drive system consists of an air driven turbine, C, located
approximately at the mid length of the main shaft, B. Air is supplied
to the turbine by an auxiliary compressor via a nozzle ring, D. To
obtain maximum speed, which is approximately 60,000 rpm, approximately
125 scfm of air at 100 psig is needed. Main shaft speed is monitored
with an electronic tachometer mounted in the instrument console. Input
to the tachometer is from a magnetic pickup whose interrupted signal is pro-
vided by 6 recesses located at the bottom most section of the main shaft.

7. Test Bearings and Retainers

The basic ball bearing geometry, a 204 size bearing with a 20 mm bore,
used to conduct the solid lubricated bearing tests is shown in Figure 4.
This geometry does not contain bearing internal clearance information

since this parameter was varied from test to test. All of the test
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Figure 4. Basic 204 Size Test Bearing Geometry

bearings were fabricated from M-2 tool steel and had ABEC-5 precision rat-
ings. Each bearing utilized eight balls which were 9/32 in. in diameter.

Some of the bearings utilized in these tests had inner races with
machined grooves located around the circumference on the lands at either
side of the ball groove. Figure 5 shows a detailed drawing of the
grooves. Two different groove depths, 1 and 3 mils, were utilized. The
intent of the grooves was to pump cooling air into the bearing by

virtue of self-rotation of the inner race during operation.

X | {x}x = 0.145£0.005
1

E;;—o.osz:o.ooz
X

--30°+0.5 1.162+0.001

A

24 grooves equally spaced within 0.005 around circumference;
groove depth: 1) 0.001£0.0002; 2) 0.003+0.0002

Figure 5. Detailed Drawing of Grooved Bearing
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The cages used with the above described bearings were developed by
Westinghouse Research Laboratories (Ref 1 & 2). They were comprised of a
self-Tubricating composite contained within a 303 stainless steel,
reinforcing shroud assembly. Two different self-lubricating composite
materials were utilized. One was a silver amalgam matrix in which was
distributed a mixture of MoSep and PTFE (Teflon) particles. Its
theoretical volume-percent composition is: 70 AgHg-20 WTFE-10 MoSes.

The Teflon component of this composite material is designated WTFE

(waxy Teflon) because it has been chemically modified to exhibit a sharp
melting point at approximately 590°F and, upon resolidification, has a waxy
appearance, The second composite material was also an amalgam with the
following theoretical weight-percent composition: 80WSep - 20 Galn,

Further details on these materials, which in later sections will be referred
to as AgHg and WGI, can be found in Ref 1. The basic geometry of the solid

lubricant composite plus metal shroud (retainer) is shown in Figure 6.
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Figure 6. Solid Lubricant Retainer Geometry
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Figure 7. Photograph of Grooved Bearing

The retainer inside diameter and ball hole diameters are not indicated
on this drawing because they were varied from test to test in order to
get the desired retainer-bearing inner race and ball hole clearances. A

photograph of a new, unused bearing (with grooves) and retainer is presented

in Figure 7.
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TEST PROCEDURE

The test procedure used to conduct the solid Tubricated bearing tests
is described below.

1. Test Bearing Preparation

The test bearings were prepared in the following manner prior to
installation in the test rig:

a. Initial degreasing in Stoddard solvent.

b. Rinse in fresh methylene chloride.

c. Final wash in ethyl alcohol.

d. Composite cage installation and storage in dessicator until ready
for test.

2. Test Start-up and Running Sequence

a. After the bearing is assembled in the test rig, rotation is
initiated with full axial load and zero radial load.

b. Bearing speed is then increased to the desired value and the
radial load, if any, is applied.

c. The bearing is then allowed to operate at a given speed and load
condition until a stabilized bearing temperature is obtained. While
waiting for the temperature to stabilize, intermediate values of torque and
temperature were recorded every 15 minutes. Stabilized temperature opera-
tion was considered to have been reached when any two successive recordings
of torque and temperature were identical. In general, stabilized temperatures
were usually reached within 30 minutes after application of a new load or

speed condition.

12



For the first several tests both inner and outer race temperatures
were measured. However, it was found that oil used to cool and lubricate
the rotary transformer (which is used in conjunction with the inner race
temperature sensor) was leaking into the test chamber and contaminating the
test bearing. Attempts were made to correct the problem but none of them
were entirely satisfactory. As a result, it was decided to eliminate the
transformer and discontinue the inner race temperature measurement.

d. The sequence of running each test was to cover the entire speed
range at each level of thrust load to be investigated. No radial load was
applied for these tests. Once the range of thrust loads was covered, radial
Joad was applied at a given level of thrust Toad and then successively

increased until the entire range of radial load was covered.
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DISCUSSION OF RESULTS

1. General Comments

An overall summary of the test series conducted is presented in Table I.
Series 20 through 24 are not included as they were conducted in a different
manner. Several facts are readily apparent. Of the 19 test series conducted
only 4 were not stopped prematurely for one reason or another. All of these
had bearings with silver-mercury-molybdenum diselenide retainers. It should
be noted that bearing cage unbalance problems played a predominant role in
contributing to curtailed test series runs. Figures 8 and 9 show the effect
of the unbalance on bearing operation. As can be seen, rub on both the
retainer I.D. and 0.D. resulted. This unbalance prevented the acquisition of
sufficient data on both grooved and ungrooved bearings to make a valid
assessment of their effectiveness. The effects of such variables as speed,
radial load and axial load upon bearing heat generation and operating temper-
ature were consistent, however, and similar to those observed by other inves-
tigators (see Refs. 1-6).

2. Bearing Retainer Material Effects

Figures 10 through 14 present the test data by series test number. These
included measured bearing outer and inner race temperature data and bearing
torque. The average data values for each test series are shown as well as
the average value for all test series. In general, both inner and outer race
temperatures were lower for bearings with AgHg cages than those with WGI
retainers. A similar trend for bearing torque values is not nearly as evident

from figure 14.

14



TEST SERIES SUMMARY

TABLE 1

BEARING BALL CAGE BEARING TOTAL
TEST INTERNAL  HOLE LAND GROOVE  OPERATING
SERIES RETAINER CLEARANCE CLEARANCE CLEARANCE DEPTH TIME
NO. MATERIAL INCHES INCHES INCHES INCHES  HOURS REMARKS
1 AgHg 0.005 0.010 0.015 0.003 721 ball-shroud contact,
unbalance, oil
2 WGI 0.005 0.010 0.015 NONE 20.5 ball shroud contact,oil
3 AgHg 0.005 0.010 0.015 NONE 37.8 test series completed
w/o problems
4 AgHg 0.005 0.010 0.015 NONE 20.7 to check 0.R. temp,
torque w/o IR sensor
5 AgHg 0.005 0.010 0.015 0.003 34.2 test series completed,
oil
6 WGI 0.010 0.017 0.022 NONE 7.0 unbalance
7 WGI 0.010 0.017 0.022 NONE 2.5 unbalance
8 WGI 0.010 0.017 0.022 NONE 1.8 unbalance
9 WGI 0.010 0.017 0.022 NONE 2:3 ball shroud contact
10 WGI 0.010 0.017 0.022 NONE 2.5 unbalance
1 AgHg 0.010 0.017 0.022 NONE 34.4 Test series completed
w/o problems
12 AgHg 0.010 0.017 0.022 0.001 2.0 unbalance
13 AgHg 0.010 0.017 0.022 0.001 155 unbalance
14 AgHg 0.010 0.017 0.036 0.001 19.0
15 WGI 0.005 0.017 0.022 0.003 6.9 unbalance
16 WGI 0.005 0.017 0.022 0.003 0.0 defective bearing
17 AgHg 0.010 0.010 0.015 0.001 3.7 unbalance
18 WGI 0.005 0.010 0.015 NONE 9.2 unbalance
19 WGI 0.005 0.010 0.015 NONE 2.9 unbalance

15
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However, when average bearing outer race temperatures and torque
values are related as a function of shaft rotational speed and bearing
retainer cage material, a distinct difference is apparent. These rela-
tionships are shown in Figures 15 and 16. In both cases the AgHg com-
posites cages operated cooler and with less torque at any given speed.
The differences below 10,000 RPM are probably indistinguishable and may
be considered the same for both materials.

3. Bearing Load Effects

It was not anticipated that bearing loads would have an overriding
effect on temperature levels or torque values. This was verified as shown
in Figures 17 through 20. Here the effects of both radial and axial loads
upon average bearing outer race temperature and torque for both materials
are presented. Both materials are included since the same results were
seen for both materials. In the radial load range of 0-75 pounds and the
axial load range of 50 to 150 pounds the load effects were minimal.

4. Speed Effects

The overriding parameter affecting bearing operating temperature and
torque was shaft rotational speed. For this reason it was necessary to
include speed as a separate variable for all of the relationships shown.
This is directly translatable into an effect on bearing heat generation rate as
well, since, that too, is a function of speed and torque. The effect of speed
on bearing outer race temperature and torque is shown in figure 21 and 22.
These parameters increase significantly with increasing shaft rotational

speed.

25




peadg juejsuo) 3B pEOT [BIXY
Suraeag yitm oinjeaadwal 23oevy 193InQ SBuraesaqg °3Ay jo uorleraep /] 21314

26

ns . + i H 1 2 1 T
HEF } = . e | 1 T inmans 158
HH =" H 1 H t H 1 HerH ssanas:
== man Py T ———
T H I au 0 - = A I HH HH
H H H HH 8= HE R 2 T ! HHH H }
£35S ¥ T : TIEEIsIaE a I3 IRIITII : : o ]
< + -+ t 11t - TIT Sl T 1
T T 11 - 1 - - | & 4 4
1 T b — 1 I
8 Sebee: _ “ M“
1 1 T 1 1
4 4 4 g
1 ¢ H
e ye % Isana 3
o T H SSSiiImaEEii:
e . I
H 1 maaanzn
i 1 1 1 o
| il 1 1 1
ssgnEEnm I I i H } 1 S bas:
TH + 1
t
T '
{ hd e Sh
I t b t t HiH
HHH | Tt 1 I = . i 1 |
bEa Hd B 1 ¥ 15 85 Buse
- T -+ T
¥ 1 I ) 1
Hu— ﬁ - m et . -
H 5 . e
2 : : : i
11111 - H11 v T - t ; i
1 T a4 a4 ! 21 { .
asa
1 : zes ﬂlx-ﬁlrl anns - STy v -
tmi-llngu . aau e, oY X
v = : {85 31 $R8EEC R RRR SR
1 ' g et
- - :
-4 - < -
t
ST - - - maam T I
sas . ' 1 Snmas ' ¥ a1 H 1 I
BEEEEEEEEEE tH HH m - SRS 1 3 “? L as;
TEImanie T i i . = : : i S
N I T T 11 =
T T 1 T - - i H $ -
amaan I 1 1 I 1 Iﬁ
B EEEI 1 L 11 - - .- ‘e
HH T 1S58 SEEeasses i 101 H
HHHH = . .ﬁx}_ 11T R SEBESEEEE NN RSN N e 0
- . Ll - 1 T T o mE 1
BT sagasy iR g HEg i s fem s e £ 3 G
jos " ' ISEEE Su st Faenf T 1 =t - 1 1
T T sEEERE yus b EeTH H < - S T
1 3 bbd oy $ » 2 TS R + foe s s B 1‘11 +
1 I 1 | 1
1 2 mas w1it] s = 1 --f ' S
EESEESEE BREEL L 1 - - } +
mEEEaL P - - T
o | i 1
1 maan 1 ; 1 HH
Ha T : . + -
: : By g : T SEISSSESISEssEss: pusssent
L I 1 4 1 1 4
: 1 . T 1 I T
T s Hit T H + H t
T AREAREE 1 18 I L i e - .
1T L..[..Hﬂ( b - 1 I B ua H —-H
2ea: : Hi T a2 Ei 1 ! ey 1 I T
cemeeend HHHH T 1 ] T
t 1 T I T 8| inu N E H i) EmLE :
H Rt e [EHHH S858 888 808d I8 £t
o R n mei] HH T 1 > 1 I
rwm . A mm EEE T I : Saes
i in ma HH S EatEs b HY T T HH 1]
| 1 L i b - .._ﬂ. Lol
HHH T H+ 1 imans 1 H HH
I I . EEEEEEEEE REE 1 b | I SRR NN RS
HH t I 1 HH T . T
Ll
- e i b 1 T aai B Siasamraenss in
SEEREREEEEERESEfum 0 3
- § I I Suta s Seaai bisas Sotbs
t 1 o | 12 M T
b : H 1 . : T SREaiiiazasiais
L R a - - h_ 1L 1 - 1 Isan e
T I t
- T 1 1T
' § b 8 + + m *|1
2 aai 1 1 1 .
1 . - I 1
1 t H
i
HH 1 ¢ T a I 1 }
HHHHH HH } 1 } H : 1
sasmssE e » I A - T+ T T I 1
Ht T 1 H T HH 1 1 1 n B
e ESREER At A e A B Rny AaRA SRR a RS 43352:223882822 2822 SSSSESERS SR, SESSETERRES




poeds juejsuo) e peo] Jerpey Buraeeqg
y3arm eanjeaadwa] o9dey 123InQ Suraeeqg °*3ay Jo uorjeriep Q] 2In3td

IBag snase o

- .  Eee s o8 T Tt 13T
i=e T enasse A 1 $ESSaTEaRS srard b pes HH =
b aas Seansenssas: s S fesaasnans sasns ga: 288 se0s; I DL
[S1sasesssas tass saast jesees: P :
peosved Sas e IOROB0EOEE & o 1 I 289 by B8 be b ¥4 ou:
— B8 8Se! 1 s ae 2
22220TR00280 pasne sl T b SESUNDBUG Y  gedasny s
= pERasss ot ¥ BUnssssy Bus [EERS2RTES PRSI SRS aones 29 1888 88884 T
1 sasgEoangs FTaN0 s00ss sunasnaind 508 eY 1 Co0 e » i34 1209200 1208208 804!
isgdasidannsd yeans L.: TR Tt govsesseas sosagseasgdastn snasd sashacasas
1oy b L 1
jed asgsoassss sass 38820 50004 peasssss: jg8ees pe st 38028080 901 s
SO HH T T Esaiats| T RHIEas IEIRIIT) SRR iRt 182,
ISepeeagpspat 88 ssaes posse s S e e
jeghoseg spins soessse 12299998 1594 podesss: P T T T
e +1 B PISEE Sass et PSSR 224 * 1822S
[ T o et Feeas R a hasanaesns IBCsa apaRLes:
£ 2280880048 38000 sua pase seae fesesses: B s Toessasass sORSE BOSSS Bee -
Lok shpédanuds b 11 20uR 959957088 1798r2men T3NL T papEasunen anmay knsmo R a sy fons
bS8 e - + pESSSssad e 7 e nvws oo
e ee s e eess pesasasess fasoassses Sosad bassoscekbnassosasaasains basas santaateey buent isssd
03 S8 Sosssss: 33T RN R R T R Tt e
Seosest TR T nanprr i 1083 55000804 §500¢ -
DRSSS RORS! — . trretee Spen s Poctrgrrsedeoee 1
T e e T e aaiso0es soasy H
I I jesgested o THIT : jacs 88 H
ssess c BT os jrzaendad ne T a8 smwe fie
jeegessttIase <4+ h —r )OS DEnSs pRseS
Besssposas sesssass esadnpns 12838 fa00d o e T 1 b
Ses haes anes aest 3 joast . a0 aasbs renas dopss
888 HHE Tt LT bas das T 1+ ]
v + - T
113 8 £ ey Yuns I1t T 2t
juse nanes & Mm’; eERs Agag 1y L E3S!
1 208 8§ L i i e SREdE 5 3
1 18 g w i e e Insuy B T }
jetstasastesse i rrerpeii Tarr it : .s !
SS23E08 ases HLL.r g bpuae B 13 I 26
8 99¢ ipat g dgw e T tereefa i 100 § BE DT s
HHT Hah e e e E «
198588 pesan s IBSSsSpss posessnant sada IS Ssobonnncy Josas: 1 y
13 wu b pe + i T
TR R SRR ~H
SLTRETINS ;! T ; $Sas 3oass 8t oo =
sps0geras 131 TR basns Sasbadas T nee: t Ja
1231 Ssausbeees pug: " T TS Y v 2 -
Seolasss yamadoanss | abedve: 1 1 §Pg 8 Benat B¢ 26" (353 e
1+ e M ik
3 198 08¢ T . 1 + 13
o9 3 1 ¢ T
s t 208 aag8s sass: e 1
ag e {
sgSese ) 1 ) T
! BE55E b 328 ot L :
i Y " 3
K 06 wa 8 e 1 1
wabos T 111 ar HHion
o 1 1ad suseg 1 e
e e L 1 ) - T + et )t
TR Jge 1 ae 1 1 by *ﬂﬂm jeoe T T
-+ - “eeby -+ +
8 3 1 T
et sS85t St SSiFs SEPIS o0l ssese FRses PEiRSls : ;
pm paey oY T IR "Ene AL : Caeaida —— T
T ass 2 Eoar: T 18 sees: tesd:
3T 1 ! e 1888 0t
s 1T 3 l i< ; b ¥ 1
1 e T } HEHH H e F
T = T e T : 18534 T I
)4 1
T ) ) T 1 ) e 1
H Iy T 1 T
be : H
el e . I
jegenganse pennePp 3 28 ege agsapasy’ 308588 88!
e
e - — el 2
- - i
{ e
b T o
1 b
I )u ses T4 T
1 171 b ¥ e b e
D 1 1T H +
. 18 B8 1537 poss2sse:
i T r !
1 1 - e 1 _“ )8 B
1 T 2 1 o828t 8 ve
b e 1 1 ” )¢
- ¥ ) t )88y W I
m 1 T T T T ! H
aane 1 sagasTgass: : t e m———— 2 :
28 T y ;7 T i b s ms 17
3800 888 I 1 T e joaet iy B .
F- 4 1 + t ) § 1
r9Ca0 boo T 1 T t T HH 3 5
E 1t + T t + 1 T I T
e T 188804 ) Ba jo B 1 1 T T i 1 e I T
8 t T T - - I 1
T e X n e - jan P
as I 1808t BOC 1 ) 1 T T o] e J S,
_~ 1 “ X W FnH + —W —_ m M— 1
1 S S t o ? : e
T 1 18y T ) so e 13T T ¥
I 0 DO g S804 169 S008e S0t T 11 joED sadws 114
1 o 188 8¢ T g 1§ gEEasBEN: 188 T jans sugiat I
1t fgeangs Ha B gge s 1 jes Agapnsegns Sus $HAA L BARAAL IEA Bphas tl an £ g peam

27




pa@adg juelsuo) Je prRO]
1eIXYy Sutaeeg yirm onbio] Buraesg °BAy Jo uorieraep 61 2In3Td

28

- Y * Y rem e ™ T o TT me » - n o TT » T T T =
aaei M% o8 8os T 1 1 jasan e M 8 T 38 Jupt e iSEasasatagt
i8¢ 1 3 + 1 - neug Pas T FHH s iapudavsnn T n e 14 1 T
T wse B “g8san pe: " "
joe: )b hoosessssy pases & 3 E 2880 b saaede b8 hanaags o8
1+ T Joep 1 1 o o 1 Beos H e
T s 3855 Bot
~ T -
8w s =288 3 soss T T
888 888 be L,“L o8 ¥ ] 3 1 fos H H T 1 +H 3
o oy & 1 j8gaue 1 + H I
(8588 sas Tt HH H MY 1 s t 111 g 18 6 308 Bat P EOpoE pu
h - T H Vesh T P =4 r s be e ALD‘ HHLA T
THHT sels 1 ) 1 ST avasdfei t 38 pasasarapaeans
13338 s 51 5 H -t > w« ¥ ”“ 23 T T ~1rt] * _* ”:«I»'WIATJ +
m T 2088 28088 8 1 T o 1 1 rugoas 1 3.6 8¢ E;
o : .
T T e as 3 + e 8 28sepes TS T 3 4
T 1 228 | s ] s8¢t isanspasy ssssassaslssujse 7 23 H oo
seas 7 ges: e 1 H 1
jaas8 s H b 5E Pt == * T 1 b 85, T 18884 81
+ -
s2g0 isgsstionn geans 3 13 oo 1 eysessguagyps: o > pany pus: el
ugessgaas 1 3 & ) ac T THEE poss I
asgisess s o 353 e 1 1 R ga: 3 1 o Sestes
+ oo H e T T 3 C®
1 ne 1 111 + 1 1 pn e bs: t
3 3 TH sss 1 1T 33 1 s
[ 1 o 8 S8 POS0E P o1 1 1 (o1 ¥ ) s ot
i« ++ T t+ " $+
r iyt 5 + 1 11 -+ Alxx‘T 1 .L 111 0 T T T I T o 1t Alquﬂ mv 1
H 31 gesspaasy sggsase e e 1 Hi 1 Semiiien’ HIn
canasdaanasds <imim S i 1 i
a8 raos bi, 4 T g sgesescanss Sgoppos T 8ss e g 5e9ne: i
you § 08 at T seds 1 T T T 111 aws - 3
11 T 1T 1 T T 18 aunaj pa 8 b4 T ! 1B pohad x 1
- +4p4ised bo - e H
L.J 31 " ana) 11 11 be 1 13
: HEH : Tt s Bigasasss H 8 b =
T . ges sgess: eoagsgaeype 8! : 1 Bas ge
jd8adgs ] asangs £ 2y 1 T Tt SE!
jaysaplasasadays : : i th
e ¥ e » Iy pEss S =4 18-} s
T {Esspzaasy et 1, ZecspRecasses e R T ST
Fasac3anhas: ﬁmm&,ﬂg 8 1 masL e : 3 T bt o seasisssssdant
T pe +4 t I 1 poy A 3% be .
pe gt + 1
208881 ot jSpegenaneprassynes 1 T 1H =85 hsssasesns genncanpat bi g
jecgabsasayes 1 Jasssisss : HEH t : H jagsssassaapsfes: 3 HHET
T 2 oeps 1ny pus 4 3
2 eETl Leee ees I2T, HEHE HHE e foecagsss e ] 1A
gasap pal Jets sasls e Se)ceeatseast pase B9 TTHE et . ST H e
1R e s a 11T cEsaw L e 1 1 e I 2808 T
T e e = = T
e - T SE: ¥ By Teasbols
pasaiab sSesy ok busabdy ot 1 89380 0¢ 114 1
1988 B T " 1 Ie8ee 58888 5nst 1 pe: 3 ot :
el + e e + + 4 e drereferre DS SUPEE S0 T+t + pe-urt
pens Sun H { e: 8¢ B o 3 oS Sesegeasts besos sants soesast e s
[es8s raasaonealseant o s T = SR ! " B3¢ pegeq gesssseasss
{Tuan goeas sue s 2 »as T pucs puny tay } T =% sEwwe +
1L 1 10881 SERNE 8 bot .
st 2 o §ossacaassindaasadas R 7 ] e Beast 1
883 Jaong 1ie Sgasse: 1 S gacss soopaoeses oo gasssagss: L 1 pous padge e § "
[eows B ¥ NSRS SSSS ans M 4 rderdseasre - IS ~
ismag payay o roe T HEa Hi s be! i3
SSSSS gUa S - - jons soeny H IS aeERy D 44
jasssgussiss Jeveges 1 b 1980885508000 page: e .‘ T
3528 Ee: 1 t negg9e ‘L g8 Juuny SEDES T 1 } w3y TEoa
as hossy It e sena
jasssissadinna: L 28 ws va: raassnypans B! =t e e
Bazzsmaat et Sgastasganinnas pas i3580 BESETEsSIEaERasana] AiH1sRasT gRaa Hes o
Hh F efaeesstpaseaNnas ot b s e e Tas: i
1 Ieus 0 awe 8 bugna ssase huss 1 08 Hoamy RESH A Fi TN E 3EEIL ISSNS o £ L1
T bou! Jude o 19 e 1 yoseg b : it
jua s peave pasey >2 30059 Fruws e Hoie R ae e st rug e
bwt His 1 + b 84 IREY PESDE GDEEY SERSS DOEEE PESHE MBS 1 It
HHT ! HIHRTY bos B o e e e fe s e oest frsensenad fasansees) govsea
23 PuSmg $ESRY B! 13 ass fatsarzazese 11 1893 88: rT i prgseassp! rus :
resas susasss S s 309 094 28 ac os T T %3 o T ;7cI00E3:
joost Regssas0ns & e assassel It jesaasd basasaade e 100wy pe 1 His ;: pogenpas
#us pesssas padasnsasi bted soung oo maaga; 3 sssas T Sat
jesss Seessssess fussesas]ssspssensy fopeg sonsy & 258 5esse0888s tass: Ea waaghna:
T <ﬁ4 IBES pORRS S8 IS e et es on: ot deed Foi PEReY 299 oRg P! jpene py = i O 7 <~
Saoal inuse caand o 008 31 - ~r
ndart i9é ghasnoaans -~ rzze. .o pass cozanny ovuwis bh Jod 7 b9
i 324 ot saapaREy Eas RNl e e T T Tt R e T B 2y TR
BEwL1gvEs oo 02T dwe 3 T s 1T T 28 sosewnotug pasa) 2o o
jedai puanananus nanas 585 insonanain o rasnbunat HHT 3t eunedolnyinaas aas: me Réapend =
BE 50 TI00000UT CnazD 501 1 seSsaaggnsna: 1 jeSeaens: 1983 ausd o pbt Saeg o
s 38 L EmanEE jwad pucespuEs, 1 T )9 Sewus saet s H s ! e
T I e e B eSeasas23e5585s 1oa0) o HH H S ]
e e IS pRae: S aaat o8t Sesas s Pigeotiflaed rieias sefed +4 G s Sanas aa: + I
e T T n: ¥ 9 et T 308, T3y o i
1 Hit e 5 i3asastsas 1 pesgstas seas: t it i5eE" HHIRTIRIERT
S s8s: u. } T 1 e 8¢ + 13 ° T 18 baa oo nans:
o8 - : 281 - 10 BSSSS S S80¢ v 5 -1 - 1 "8 2t o




paadg juelsuod 3B pEOT
1e1pey Suraeeg yiim onbiao] Buraesg o8eisAY JO UOIIBTIBA Q7 2In3Td

29

=mncmmzsszzas=s: T iesssssssseassaassisessases s335isEEsE SBEassas sessssates sEBEEceEl bas == —mmaa man I
Ty ; 335558 GissdsaEEis . p——— — - . - _ ™ e
H He: + | T T + Hr HH t 1 + 3 -
'’ T I L 1 e I o 1 n e T T 1 '
- 1 e i 1 i 1 1 . |
1 1 T 1 I 11 T
1 Tt . . aRe
> - + X 3 1 2 - el
- H 1 as o
’ It 1T T 1T ‘&
4.-,1:. H isammans t
T 1 5 B s 1 1 b
R R v ¥ . . b
HHT Tt Mu RiaEain HHE :
1 o aam 3 : 3
——r— s - sa: smmamseass e
e 1 3 h i i i -
IE R i ' 8 1
T T 1T T T 1 8. 1
)| - | + + -=d
e E e osts. .ssasshsss sacSsssasSSEeSsRBES
1 1 8 -t
-e Ll - e -
i } 1
{ i Hd
Ll i
1 .
HH H
e i + ‘e
4 ) § 1 Il
- 1 1 Il 1
SECHETEETUS =t
- e - ssseesaaseazes
Ll i -4 < I e
4 EBEE 1T i
_- ' - 1 -
1 T T 1
1 ! &
1 T -
4 1 3 1 1
1§ 1 L1 T
T T 1 1T
" 1
T BT 1 } t
3 b < 1 1 1
HH I HH T T £
I =am
T }
s + I s 1
FHHHH e e e e e e e e e e o I 1
e ' ' §
} t t 1 . T t
H HHH 1 1 H 1
a, H
b | 1 1 i 1 1 oy
= o ERESEaREE s : ‘ : = asaas s = i
HH T ana ! .= et P = o
8 I + 1 b 1 I 1 ' 8 b i 2
.- 1 4 3 1 1 i T 1 - 1 -
= $ i _ 1 t I }
t 5 v i Il *
HHHH T H 1 1 1 + 1 1
T I 51 1 :
I b 3 e “ 1 1 1 1 .« I § u“ - 1 4 - -
paas 1 H T T T T T T 1 . it
t HH { " I HHH 1 1 I  nat . 1 H
HH H rH 1
mS2ais: - EREfESIsanes -5s SE5 - =
s sEEEE m T i | E o 4 I
m s nEEEE T T 1 H HE ob! I 2 1 . 4
- 1 . i 1 1 LT 1 1 1
HH HHH Tt aaa; H HIH
+HHHH T 1 mme 1 18 T T ]
Iua ' ' 1l L
H HH + H HHHT H
. T T T X » T T 3
T In s 1 b 1 .| 1 - - e
T T T ' | A T ym1
. 1 1 8 4 1 I 1 el
e BHHH : T } H :
. = freY - -1
e } o 3 SeEEEEEREEE i
I ' s s mes oo ot -
1 i .. 1 ' g 1 1 ' 1 3 1 1 H
H HHH : } , } e :
HHH HHHHHHHTHH t T } t 4
I 1 - . 1 1 1 1 i 1L 1 1 | § LIl L) i '
T T T 1 11 1 ANEREESBERRBEEES]
I : H } 1 } HHHHHH
1 Ll 1 4 i
. - i g
4Ll L1 1 1 1
1 e 1 FEEE
1 e e 1 I .
'S ' g
+ T 1 I
s
s + i .
} t HiH T "
t : t s -
1 o
HH : ¥ : ine
Inne 4. 1 e L
1 1 - L 8
8 1 : 1 -
I 1 1 | e 1ot
'y . T e T L L il 1
5 1 i 1 1 3 Ll 1
I 1 L i i ' 8 | Ll 3
' 8 . I i - 155 11
H 1 i ? i S
I T T I T T T ma 1 i I I T T
HHHH HHE L . - i Hit HHH Foaess!




paadg yatm
aanjexadwo] 9oy 193nQ Suraeag 98eI9AYV JO UOTIIBTIIBA

*1Z 2an314

T o
i T
mans
i1 T
i T
T} T
1t 1
. 1
H 1 ]
it 1
H
. - = I
i
1 . n s ]
r . b + = & 1
I 1 I
X lniﬂlnﬂ = - e e
T
1
T m__
1
 ims
. 0
 Sant
1
} T
1 t 1
1 * T
EE g 1 HiH 3 1 1 .
] . § 2% " I .
1 immman: 1 H H
T n s I b - +11
HHHHH H -
T . -
1
H
1
I 1 ]
1 T i
i u T T m HH
1 I 1 1 -
fi. 1 1 T ¥ A e »
- SIS DI 1 poy . . -4
T I 1 =5 : mam -
w T T i inanr - nmma
I 8 I 1 ]
- : - —
i 1
T :
1 1
.
; T I sas
- : =
1 Tt 1 i '
: E 1 SR
1 T 1T I BB N =1
T 1 T e
me s - 25 ..:E\ I 4
. == H - - ]
i H H i TH H
= I - =
L T
1 T
T H - I : H -+
B H H H 1
i =8 pmunssuEs t e
I 1
S !
H H I EE! T s
1T T sy u 1 .
1T 1 T 5 H
I H T 3
1 1
muagn) ' T
1 1 1 i T I
i N ! 1 1 1 t
1 1 1 1 iEadn : ! HHH
HHHHTH I ¥ i’ imas
L T HH s ma
=g Eum 3 1
-
T 1 v = H
I e T e :
+ T I
}
H
5 a=zm I T 1 an
u : t .
T T T T .
I ] 1 1 s
I t : 1 1
] 1
: 1 } =Emaseasams
=S Sne = b i IS ESSuE RESSS SANEE AN NG B O e S S a S e IR
i : R e PR R ESE S i H
I 1 X I I
I .t it
1 1 1 1 T
1 i 1 1 5 1 aa T T 1
H HHHHH 1 t HH It H B } } 1t
H S 3 L i es 28t 1 1 1 I Bt i

30



poads yatm enbxol Juiaeeg

23eI9AY JO UOTIJIBTIEA

g7 2314

T T
I 1 T
T 1
T T
1
T T
I 1 e B
: 1 FHEH
I
I -
3 1  gESTs sEREE
HHHHHH .#H..
T
I 11
e
a
RS2 RE S0
LT T
HHH
T T
B T
jEsannsins 7
IS <
saan T
Tkl[l‘!
T nesy
. T T
1 THHT e
' +
T Tt T T
T I 1 1
mmRE 1 sma
1 H
1 2s
¥ -y T
1
fassaisasisaay 3 !
t 1 1
¥ > 1 1 !
SEEER i : : SR
1 T I 1 I 8
mma ' e T T
T ah e R e :
1 1 I T 1 ' T
. 1 HHHH " 58 na SRS jsssss:
H 1 bnams abi anass " 1 jSEEEaES 1nsaenEsnL !
He + $ Mn SENE BN e 1 1 131
. i asmsnm) 1 1 sanamans
T T EEYmEEED Sass + 1 + $ HHH
“ R Ressi b aas : 1 1 1522 an:
1 SSEEREaas: bl 1t 1 t 1 T 1 )
. am T ' e TR el
S e - - IS B A S ﬂ.4
1 T rmgms ua; 3 1mBaE Bui
1 - “ T - Rass 32812 A beedaieedan :
+ T s A
e s 3 1T
- b 1 T Tt THT .
T 1 1 - I
T T T r T
= 11 T ' I T 1 I
} T
- i + 1 T I =]
t . H
T HHH 1 »as 1 =
T T
T t HH 1 t
- - i T I BB B I
pEE m 1 = H
T I 1 s
Tt "
e a s T T I H
+ 1 T
T
o T T T
: i : e
T . 1
1 T 1
1 m = 1 T +
[ =5 ami o +
- +r T
1 '’ T -
1 s
T
T
I
1
I : T
1 i 1 1
¥ '
1
S 1
1
. 1
1 -
- L
e —

31




5. Bearing Heat Generation

Translation of the data into bearing heat generation information is
based on the equation relating heat generation as a function of speed and
torque (Ref 4). Calculated results are shown in Table II. Heat generation
as a function of speed is shown in Figures 23 through 26 for each of the 19
series of tests. An attempt was made to include bearing geometry and bear-
ing cage material as variables. Al11 figures show the average heat gener-
ation value for the 19 test series, as well. This was used as a reference
to make comparisons of the data easier.

Since no grooved bearing data for the WGI retainers is available, no com-
parisons were made. From the data accumulated, it appears however, that the
larger clearance bearings, in general, ran cooler than the smaller clearance
ones when equipped with WGI cages.

The data on bearings using AgHg retainers was somewhat the opposite.

In general, small clearance bearings ran cooler than the larger clearance
ones. There was no consistency with respect to the presence of grooves or
groove depth. Some performed better and some performed worse than ungrooved
bearings. This was true for both groove depths of 0.001 and 0.003 inches.
For this reason it is not possible to determine if grooving the bearings was
beneficial, detrimental or had any effect at all on bearing heat generation
or operating temperature.

6. 40,000 RPM tests

It was hoped from this test series that at a high operating speed the
effects of bearing grooves would be more apparent. Since operating exper-
ience at this speed was almost non-existent, it was decided to eliminate
varying axial and radial load conditions and to monitor bearing performance in

a duration type test. It was intended to run comparable tests on bearings
32



with both retainer types with grooved and ungrooved bearings. Due to

bearing cage unbalance problems, however, the only successful runs were

made with ungrooved bearings with AgHg retainers. Tests 21, 22 and 23 were all
curtailed after about 15 minutes operation due to severe cage unbalance situa-
tions.

Figures 27 through 29 show the variation of bearing outer race temperature,
torque and heat generation with time for test no. 20. Bearing temperature
although fluctuating showed a gradual increase with time. The fourteen and a
half hour run is the longest time a solid lubricated bearing has operated
at 40,000 RPM. The torque and heat generation curves have the same shape
since one is calculated as a direct function of the other. After a fluctuating
start both remained steady for a number of hours and then increased steadily
until the end of the test.

Figure 30 shows similar data for test number 24. The bearing outer race
temperature rose sharply at the start, fell somewhat, then increased gradually
with time until the test was ended. Sharply rising temperatures at the end
along with a very high torque reading indicated a bearing proublem. Bearing
torque and heat generation rose slightly to a constant level and remained there
for a few hours. They then dropped steadily and somewhat sharply with time
until the sudden increase occurred. Torque levels ran throughout the test at
a level significantly higher than those in test 20. The only difference
between tests number 20 and 24 is that bearing and cage clearances were small
in test 20 and larger in 24. Why torque increased in one case and decreased
in the other is not known nor can it be conclusively stated that the torque
level variation was attributed to the variations in bearing geometry since

unbalance problems were encountered.
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CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

1. The attempt to determine the effectiveness of grooves in the bearing
inner race lands for pumping cooling air into the bearing was unsuccessful
due to bearing cage imbalance problems at the higher speed conditions.

2. Bearings with AgHg composite retainers ran cooler and with less torque
than those with WGl retainers.

3. Bearing radial and axial loads had 1ittle effect upon bearing operating
temperatures and torque. This is in agreement with the results of other
investigators.

4. Bearing operating speed had the most predominant effect on bearing
operating temperature levels and torque. This is also in agreement with
other investigators.

5. Inasmuch as heat generation is a function of both operating speed and
torque, the effects of speed and load upon heat generation are comparable
to conclusions 3 and 4 above. This has been verified most predominantly
in Ref. 1-3, 5 & 6.

6. The 14 hr, 40,000 rpm test demonstrates a potential ultra high speed
operating capability for solid lubricated ball bearings.

7. Cage imbalance due partly to machining inaccuracies and partly to the
relatively heavy weight of the cage materials, has been shown to be a

considerable problem at high speeds.




RECOMMENDATIONS

1. Due to the imbalance problems encountered, it is recommended that future
work be conducted to develop lighter weight solid Tubricated retainers for
use in ultra high speéd applications.

2. Bearings employing AgHg or WGI cages should be dynamically balanced

when their intended use involves operating speeds of 15,000 RPM or higher.
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