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FOREWORD

This report describes the work performed by the Pratt & Whitney Aircraft Group,
Government Products Division of United Technologies Corporation, West Palm Beach, Florida
33402 under U.S. Navy Contract N00140-77-C-0974 which incorporates U.S. Army MIPR No. RN
719-77. This is a final report covering work conducted from 1 August 1977 through 1 December
1978.

The Government technical manager for this program was Raymond Valori of the Naval Air
Propulsion Center, Trenton, New Jersey 08628 (telephone (609) 882-1414). Walt Thompson of the
U.S. Army Ballistic Research Laboratory, Aberdeen Proving Ground, Maryland 21006 was the
technical representative for the U.S. Army.

The program was conducted at Pratt and Whitney Aircraft under the direction of John
Miner, Component Technology Manager and William Grace, Program Manager.

Appreciation is extended to the following Pratt and Whitney Aircraft personnel for their
assistance on this program. Jorge Alcorta and Edward Kichura assisted in the analytical effort.
The experimental bearing tests were conducted by James Mohn.
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; 2 - INTRODUCTION
‘ ; L
v ' : Previous ceramic bearing development work sponsored at F&WA by the Naval Air
E % l Propulsion Center under Contract N00140-76-C-0382 (Reference 1) was primarily aimed at 4
; § 5 evaluating silicon nitride as a low mass ball material to offset the detrimental effect of high
2 l centrifugal ball loads expected of high speed bearings in future gas turbine engines. The results
h § of tests with bearings with hot pressed silicon nitride rolling elements compared to an all-metal
] t | bearing showed 10 to 20% lower heat generation, 30% less axial load at the inception of ball skid,

and an apparent reduction in ball temperature. These characteristics suggested a longer survival
time for the ceramic bearing in situations where the lubricant flow had stopped. Should an

g ‘. aircraft lose lubricant flow, the bearing survival time becomes crucial to finding a suitable
I landing site. It is in this situation that the ceramic bearing is believed to offer a survivability
| L. advantage over an all metal bearing.

: g l The objective of the present program is to determine the survivability characteristics of

bearings containing silicon nitride balls compared to those of an all metal bearing.

; SECTION I

' { SUMMARY

i . An oil shutoff test was conducted on a 35 mm bearing with silicon nitride balls. The time
; L to bearing failure was 90 sec compared to 45 sec for an M-50 steel bearing which was similarly

tested. This reault compares favorably with the 1.74 factor as predicted by an analytical model.
Post-test inspection found the silicon nitride balls with minor surface distress compared to the

extreme spalling of the M-50 balls.

SECTION Il
CONCLUSIONS

1. A bearing with silicon nitride elements will survive longer under conditions of lubricant

i starvation than an all M.50 s*==’ bearing.
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SECTIONM IV . s
RECOMMENDATIONS 1
3
a 1. Anoptimized ball bearing with silicon nitride elements should be designed and tested in the ;
100-165 mm range to assess the characteristics of a bearing more suited for an engine main -
i{ shaft application. ]
SECTION V &
TEST HARDWARE
3
| TEST RIG
|
A croes section of the bearing test rig with the drive turbine is shown in Figure 1. A roller
? g bearing inner race was installed as a spacer to locate the silicon nitride bearing at the proper axial

position in the rig. A bearing preload of approximately 90 tb was obtained by recording critical
bearing and assembly dimensions and by machining the shaft spacers to a dimension that was
shorter than the distance between the housing shoulders. Additional axial load was applied to the
bearings by pressuring the diaphragm (load to the left).

Oil was supplied to the test bearing from a probe that jetted oil into the shaft bore under the
bearing. Channels in the shaft pumped oil to the annuli that fed the ball contact and cage land
lubrication holes in the bearing inner race. Oil was supplied to the steel slave bearing by a jet (not
I shown) directed into the axial scoop on the rig drive shaft. Channels in the shaft pumped the oil

from the scoop to annuli under the bearing inner race, which were similar to those for the test o
bearing. Slinger-type seals on the shaft inboard of each bearing separated the ball bearing

compartments from the central compartment. The bearing discharge oil flows of each

compartment were scavenged separately.

The test rig was driven by a radial inflow steam turbine through a small diameter quill
shaft. The shaft is capable of absorbing small misalignments without adding load to the test
i bearing.

The drive turbine assembly is self-contained with an independent lubrication system.
Figure 2 shows a photograph of the assembled bearing rig and drive turbine. The bearing rig is
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Figure 2. Assembled Bearing Test Rig and Drive Turbine
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hard mounted to a baseplate and the drive turbine is supported from three pins which extend
from the bearing rig. Three bushings on the drive turbine allow the turbine assembly to slide on
the pins preventing the transfer of axial load from the drive turbine to the bearing test rig.

TEST BEARINGS

A 35 mm bore angular contact ball bearing having M-50 tool steel races and Norton NC132
hot pressed silicon nitride balls, and a comparable bearing with M-50 steel balls were used in the
program. The silicon nitride bearing is identical to the steel bearing, which was designed for a 2.5
million DN operation.

The design of the silicon nitride bearing is shown in Figure 3. The bearing inner race is split
and contains grooves in the unloaded half for ball contact lubrication. Holes are provided in the
lands for lubrication of the cage journals. The cage which rides on the inner land, was machined
from one piece of AMS 6414 and silver plated. Design details for the silicon nitride bearing, and
for the steel bearing, are presented in Table I.

TEST FACILITY

A schematic of the test facility is shown in Figure 4. Oil was pumped from a 25 gal reservoir
through a 10u filter and distributed to both test and slave rig bearings as well as to the drive
turbine bearings. Oil for pressurization of the bearing load piston was also pumped from the tank
and supplied to the rig through individual control valves. The test, slave, and turbine bearings
had individual flow control valves and flow meters. In addition, the test bearing oil supply line
had an electrically operated on-off solenoid valve for stopping the oil flow to the test bearing. The
oil from each bearing compartment was scavenged with individual pumps and returned to the

tank through a water-oil cooler. A steam coil was immersed in the oil reservoir for heating the oil.

Steam was sup;;lied to the drive turbine from an area system through a large control valve
and a parallel vernier valve for precise control of speed. The steam supply had a manually
operated abort system to prevent a turbine overspeed in the event of a drive shaft failure when
bearing seizure occurred after oil stoppage.

INSTRUMENTATION

Bearing instrumentation, listed in Table II, was identical for each bearing in both the silicon
nitride and steel bearing tests. Outer race temperature was measured with four thermocouples

installed in each bearing housing so that they were in coi*act with the outer races. Axial load was

5
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I Table I. Bearing Design
F | Silicon Nitride __M-50
: Bore Diameter, in. (mm) 1.3780 (36) 1.3780 (35)
1 Outer Diameter, in. (mm) 2.4409 (62) 2.4408 (62)
: : Width, in. (mm) 0.6690 (17) 0.6679 (17)
i Ball Diameter, in. 0.3119 0.3127
Number of Balls 16 15
Inner Raceway Radius, in. 0.176 0.176
Outer Raceway Radius, in. 0.16256 0.1626
Contact Angle, deg 25 25
Diametral Clearance, in. 0.0036 0.0036
Raceway Roughness, in. AA 4-6 45
Ball Roughness, in. AA 2.6-3.3 2330
3 Tolerance Specification ABECT ABEC7
Raceway Materia: AMS 8490 AMS 6490
Cage Material AMS 6414 AMS 6414
Ball Material NC 132* AMS 6490
*Norton Company designation for hot pressed silic  nitride.
Table II. Instrumentation List
Parameter Sensor Type Quantity
Speeds
Rig Shaft Magnetic Transducer 1
Turbine Shaft Magnetic Transducer 1
Bearing Cage Strain Gage on Outer Race 1
Temperatures
3 *Test Bearing Outer Race CA Thermocouple 4
Slave Bearing Outer Race CA Thermocouple 4
*Test Bearing Oil Supply CA Thermocouple 1
*Slave Bearing Oil Supply CA Thermocouple {
*Test Bearing Oil Sump CA Thermocouple 2
*Siave Bearing Oil Sump CA Thermocouple 2
*Test Bearing Oil Scavenge CA Thermocouple 1
*Slave Bearing Oil Scavenge CA Thermocouple 1
*Test Bearing Air Temp Puller Groove CA Thermocouple 2
: *Test Bearing Air Temp Nonpuller Groove CA Thermocouple 2
*Internal Rig Metal Temp. CA Thermocouple 14
0il Tank CA Thermocouple 1
Middle Bearing Scavenge CA Thermocouple 1
Turbine Bearing No. 1 Outer Race CA Thermocouple 2
| Turbine Bearing No. 2 Outer Race CA Thermocouple 2
9 Turbine Oil Supply CA Thermocouple 2
Turbine Oil Scavenge CA Thermocouple 2
Turbine Steam Inlet CA Thermocouple 1
Turbine Steam Exit CA Thermocouple 1
§ Pressures
i Axial Load Gage i
. Test Bearing Oil Supply Gage 1
g Slave Bearing Oil Supply Gage 1
' Turbine Oil Supply Gage 1
‘ Test Bearing Scavenge Gage 1
! Slave Bearing Scavenge Gage 1
| Turbine Oil Scavenge Gage 1
! Turbine Steam Supply Gage 1
!' Turbine Steam Exit Gege 1
[ Turbine Seal Air Dam Gage 2
Flows
*Test Bearing Oil Turbine Flow Meter 1
| Slave Bearing Oil Turbine Flow Meter 1
' Turbine Bearing Oil Turbine Flow Meter 1
ﬁ Vibrations
| *Rig Horizontal Accelerometer 2
| *Rig Vertical Accelerometer 2
Turbine Horizontal Accelerometer 1
Turbine Vertical Accelerometer 1

*Indicates parameter is recorded on magnetic tape.

8
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determined as the sum of the estimated preload and the product of the pressure and the load area
of the diaphragm. Thermocouples were immersed in the oil supply lines and rig sump to measure
bearing supply and exit oil temperature. Cage speed was measured with strain gages on the

bearing outer race, which sensed the dynamic strain resulting from ball passage. Shaft speed was

R P

measured with a magnetic transducer that sensed the passing of a 12-tooth cog on the shaft. Oil

e

flows were measured with turbine-type flowmeters in the supply lines; rig vibrations were

measured with accelerometers on the rig housing. A complete list of all instrumentation is

| presented in Table II; the parameters noted were also iecorded on magnetic tape during the

transient period when the oil flow was shut off to the test bearing.

Standards traceable to the National Bureau of Standards were used for the calibration of all

instrumentation,

-
3

- -

SECTION VI i

TEST PROCEDURE

The test rig with the M-50 steel bearing was installed in the test facility. The oil system was 3

serviced with approximately 25 gal of oil qualified under the MIL-1.-23699B specification. Rig ‘.

’ conditions as specified in Table III were set. After steady-state operation was achieved, a é
v complete set of stand and rig data was recorded. The oil to the test bearing was then shut off. The ;
| time to bearing failure was recorded by a stopwatch and on magnetic tape along with other ‘
transient rig parameters. i

- After the test, the rig was disassembled and photographs were taken of the M-50 steel ‘

bearing. The rig was then reassembled with the silicon nitride bearing and the test program was

.

. repeated.
i l Table IlIl. Test Conditions
1 Oil Inlet Temperature 150°F
Environment Air
& Bearing Bore Size 35 mm
; Rig Speed 62,000 rpm
: Thrust 135 N
£ DN (Bearing bore mm X rpm) 2.2 x 10* 15
I Lubricant MIL-L-23699B 1
'l |
§ I3
1 9
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SECTION Vil

DISCUSSION

The silicon nitride program was conducted in three tasks. Task I consisted of developing an
analytical mode! of the high-speed bearing rig to predict the time to bearing seizure (loss of {
internal clearance) for the M-50 and the silicon nitride bearings. Task II was an oil shutoff test ¥
1 on an M-50 ball bearing. Task III was a repeat of Task Il with a bearing containing silicon nitride
balls.

Task | Analytical Model

A thermal model of the high-speed bearing rig was used to simulate conditions of oil
starvation in both 36 mm bore high-speed bearings. Two different test conditions were used with
‘ the eilicon nitride ball bearing. The first set of test conditions assumed a bearing heat generation
based on the results of previous testing (Reference 1) which showed that the heat generation from

gilicon nitride balls was 89.5% of the value with M-50 balls. The second set of test conditions

assumed a heat generation equal to the M-60 bearing. The theoretical criteria for bearing
malfunction used in these analyses is the loss of internal running clearance. Transient
temperatures from the analyses and the P&WA Bearing Analysis Deck were used to determine

f clearance loss vs time.

Use of the thermal model and the originally specified oil inlet temperature of 260°F resulted
in a loss of internal clearance of both the M-50 and silicon nitride ball bearings in less than
5 5 sec. Based on the results of this study, the test program was changed to reduce the oil inlet

temperature to 150°F.

Using the thermal model and reducing the oil inlet temperature to 150°F prior to oil shutoff,
the predicted time to bearing seizure due to loss of internal clearance was 43 sec for the silicon
nitride bearing and 26 sec for the M-50 bearing (Figure 5). In addition to the time until loss of
internal clearance, two other points are worthy of mention on this curve. One, the lower heat
generation of the silicon nitride bearing did not significantly improve survivability. Two, the
major contributor to the improvement in survivability was the difference in thermal expansion of
the two materials. Although both bearings have the same internal clearance when cold, at steady-
state operating conditions the silicon nitride bearing has nearly twice the internal clearance of the
M-50 bearing. If both bearings had been designed to have the same operating clearance (see
Figure 6), the silicon nitride, because of its lower coefficient of expansion, would still provide a

benefit (36% improvement) in survivability over the M-50 steel ball.

10
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In addition to using the P&WA Bearing Analysis Deck, an attempt was made to use a
computer program (SHABERTH) developed by SKF under contract to the Air Force (Reference
2) to analytically simulate the combined effects of bearing kinematics and thermal behavior of an
oil-starved bearing in the high-speed bearing rig. Separate analyses were conducted for bearings
with rolling elements of M-60 steel and silicon nitride. The analytical predictions showed that
failure would occur faster for the M-50 bearing than with the silicon nitride, but the difference

was slight.

A steady-state thermal analysis was undertaken using test data obtained in a previous test
(Reference 1). The thermal response corresponded well with the test data. The M-50 or Si,N, test
steady-state temperature map was used for the initial conditions for the oil starvation runs. The

results of the oil starvation analyses exhibited excessive heat generation and temperature rise for
the starvation factors used (Reference 2), when compared to the current test data. Subsequent
modifications to the model created convergence problems in the starvation region of interest.

i Problems with the SHABERTH computer program were noted upon installation of the deck
at P&WA, as well as in various variations in the model. It is recommended that further work in
correlating this data with SHABERTH be done to reduce the convergence problems experienced.

Task Il

The high-speed bearing rig was assembled with an M-50 slave and test bearing. An enlarged
view of the test section showing internal instrumentation is shown in Figure 7. A 5-minute steady-
state condition was established at the test conditions of 62,000 rpm and an oil inlet temperature
of 150°F. The oil was shut off with a solenoid valve located in the test bearing oil supply line.
Immediately after oil stoppage, the rig speed climbed to 72,000 rpm and the bearing outer race
temperature increased at a rate of approximately 2.4°F per sec. After 45 sec, the rig speed

dropped instantly from 72,000 to 30,000 rpm and all vibration meters showed maximum full scale
readings. At this point the test was terminated by activating the steam abort system. The results
of this test, as taken from the magnetic tape system, are shown in Figure 8. .".t the point the test
was terminated, the bearing outer race temperature started to increase at a rate of
35°F per sec and reached a maximum of 4256°F. The test rig was then removed from the test stand

and disassembled for inspection.

Upon disassembly of the rig, severe distress of the M-50 test bearing was noticed. The inner
race halves were welded together. In trying to pull one half of the inner race off the shaft, the other
came with it (Figure 9). The balls exhibited severe spalling (Figure 10). (The dark spots on the
photographs are shadows of adjacent balls.) The cage and outer race showed much metal transfer
(Figures 11 and 12).
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Figure 12, Outer Race of M-50 Bearing After Oil Shutoff Test

o3

Task Il

F The high-speed bearing rig was reassembled with a silicon nitride ball bearing in the test

position and returned to the test facility. A 5-min steady-state condition was established

identical to the M-50 bearing prior to oil stoppage. After oil shutoff, the silicon nitride bearing
produced similar speed and vibration indications as the M-50, but time to failure was increased
to 90 sec. The data from the magnetic tape (Figure 13) show almost identical trends except that

the outer race temperature increased at a rate of only 1.8 deg per sec to a maximum of 420°F.

Inspection of the bearing revealed that the silicon nitride bearing suffered much less distress

than the M-50 bearing. Figures 14 through 18 show the conditions of the bearings.

The results of these tests show that the silicon nitride bearing survived twice as long as the
M-50 bearing. Although the absolute time is different than the analytical model, this ratio

compares favorably (1.74 vs 2.0).

A complete list of all data, and graphs of all transient data taken during Task Il and
Task III are in the Appendix.
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Figure 16, Silicon Nitride Ralls After Oil Shutoff Test

Figure 17 Cage of Silicon Nitride Bearing :
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| Figure 18. Outer Race of Silicon Nitride Bearing After Oil Shutoff Test

SECTION Vil
REFERENCES

1. Report FR-6995 “Silicon Nitride Ball Bearing Demonstration Test,” NAPTC Contract
N00140-75-C-0382, J. M. Reddcliff, 10 May 1975.

2. AFAPL-TR-76-90 “Computer Program Operation Manual on SHABERTH: A Computer

Program for the Analyses of the Steady State and Transient Thermal Performance on Shaft

Bearing Systems."”




Pratt & Whitney Aircraft Group
FR-11012

APPENDIX




S ——

Pratt & Whitney Aircraft Group

FR-11012

v/0 J0001-quy ‘dway, “Awdg ueduio]) “31g PP
adey, gy ¥/0 J0001-970Y “dway yury 10
ade 1, Jogy v/ J.0001-{WY ‘dway nwyg varg
adr, e v -Gy
adv, dopy Y/Q 4o 15y
At day V)
E . ¥l
¥
VI
AV
AY/e)
sduy depy v/
adey, duiy VO
A1}
Y/
¥
A 1 ade] Bwp Y/0 30020 [1Q “dwey, iy 70N Aig WL
0] adey Fopy ¥/0 aao01n) 110 "dway, 1y 7o
Mo ade, uj V/0 A 1n 1a)ng “dway, 3ty Z°
dus(g alu] dupy A7) o35 12)ng “dwa], By 7'0)
due adej Supy Y¥/0 01049 duay Lddng 10 7
auo( adey, Jeojy v/0 21004 ‘dw? 1 a¥usardg 7
RIS X/0 Z-al ‘dwag diung [1() FON
{isnonunuo) paIcjtuo Juog adey Sepy ¥/ ] d0001-quUy ‘dwa ], dung 10 2
g v 000Gy ‘dwa [, 9wy J9InQ ZoN Mg s,
duoq ads ] ey Y/ 4.0001-quy ‘duway 20y @INQ ZoN B2y 0L
uo ¥/0 d.0001-quy ‘dway acey inQ 7oy Higg Wy,
Asnonunuo] paionuoly ~ dueg : ade, Se : ¥/J 4.0001-4WyY  TaLud dwag, sy g ZeN i 19y
uoQq adey, ey ¥/0 J.0001-quy 11108 dwd ) Ajddng 1'() [ON Ty L
duoq ade ], Seiy v/ Jo0001 -Gy 1LOOH ‘dwia ) aMuIANIG [ON Pigf 1w
auoq ade ], duy v 0016wy Z-1is0d ‘dwa ], dung 1Q 10N g 1]
auoQq ade], Zepy ¥/ d-0001-qWY  T-LLROH dwa ], dwing 1) ToN Mg Wi,
duoQq ¥/ d-0001-4qwy P iJUH dui ], ey N ToN g L
duog v/ ! J.0001-qUWY £ 1LHY ‘dwa ] ey 1NN 0N Fig w9
Juoqy VO 1o d0M1-qY - 1INH “duia ], >y a0n() |1 . .
U] Y 110 J.0001-quy Ly .n::.h AIWMY LN TuN L
surgniadwz] iy
Syoway suoyy dizg 4a12)y  YdoiD-Q ya a 280y 3GA] ) Iudwuosauyg Ad0inny asuoy dapuagy uondLOSA(] wal)
pasinbay nopvay puv Fuipioday
o N T e e KM St ady ¢ 20 und it i
TOW 7 199uI3uy 1891 9 oy pung ©a puvig
3 TILF 01T
g TIve Nisuoneamig 10 0L Sy 3ig pavag yeiH AL LUeRtL-d ON Br/putug

-3INJIHIS WOLLVINIWNYLSNI s : |

8L6T I8\ L (] pasiaay
L6 PO €1 e [eutduQ S

b e e S W N




Pratt & Whitney Aircraft Group

FR-11012

e X0 = 01 0 AAL SN Moy Fuigin ]
X P& 010 AHL SGIA LI} Furgin ]
X wdl GBI 0 WAL pawdy suiqan g
BMINOAn <hind 9 - O g inuie ) wdd 1-1 A0J. Y 1 e
EEE1D - NS wno) 24 (00 ZVUSL TON Iy wie() weg qan ]
iy el oo IYOsL ToN sty W] ren e g
(189 2sd (£ dioL R R R
©o »ed (g . dOS et R CIES T
cin ®ed 410 dis aan R RS
29 BasTws a4y suiyami |
Y/O weng 4.9% A1y Los Gy 19eisy vy
auo(] Y/ weag .57 A1 Gy LS Gua] dnu] ey
Jpog v/J 0 4.57 4.0001 49Y  ZI00L ToN Owa] SHusiia g qanl
agog v/ ‘o 4.5% 400019 1001 PON Cui) sueneog ) qang
g R /] 10 d.5% d0001 4%y 2 LI0) o duay gy Nl
003 Y/3 o 4.5% 400019y 1-JJ0L 1oy ‘Guay W] 1 gin)
g v/D 1o d.5F 40014y 77LARL Graaj 3omy sopny 7 o8y Lo wanj
auo(y v/ I'o .97 d.00199Y 1 LIHHL duwiay 35w sang 7 oN &g gl
auoQ Y/o ro d.5% 4000145y Z11NEL ‘Cuis], 35 som() | oN Mg wany
uo(] v/ ‘o 4.3 40001 9%V 1 lAZEL Amay Fomy deing TON Tapp Gan)
U0 Bo.mnirdiig ] ou1qin Y
wdi o'y g8 prdgaten g oy Ty &
U0 0AFY sFEng C1 unoy) e Fupy wdi o'l 0 (4N perds peus
BOUNOAR s g 71 - s207] 7] imunog adej vy spaidy By
= 1o TAAH 1ON % sqip was 2y
X B ol0 1AAH ZON “g] Sq1p U3y Ty
X ey By 1= 61 6 TAHH 1ON ‘2ot wiia 2 2
X v glg 1AH4 TON L sy ey 2y
X e Fop SUonAIg A By
3sd g JsoH “walg Adlng [ Ry
90 el 13 sy W3 dwng i g ey iy
€5 f Bd o1 2004 ‘®mag fddng pg zon Ay
z9 Bed 1 ¥ 1Sy weaig duing [ Tox By
Ly hed 510 1dsOR g Ajddng 1o TN Ty
1£9] Bed 010 v WAl pry (esy
9 Basrwias 1 ¥iy
- wdd g1 2408 mOLd N0 TN Pig 3]
LBGL1D": N/S snuno)y ade] Fe wdd g1 1404 mold 110 19N g 9L,
L9TC1DY: NS . ‘L) smong ey ¥y
Sginisy oy diog Jaialy  wloif)() ¥aaq sfny adi] 5] iuewusnituy Aotdnisy aFury i2pnefy vy diisiaq) wai

panmbay jripn g pun Fuiprieg

(penupuod) 3INTIHIS NOILVLINSINULSNI




a
3
]
B
o
e
(4
B
£
<
e
©
€
=
£
3
3
£
©
il
a

=
=
s
£

6.2 wz ol 961 vsl 1z 14 L) - et 5. H S8l obl N uz ci*i
£~ i 1 6! ¥zl L n B! el vel i 0z 54 48 24 L1V
2z P74 191 ! 161 (R4 il 6.l Sl el w1 w. Iz =z =zl
& = L % €. ”® ot € o 24 Z sz Z 52 1z 