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" demonstrated the high-speed capability of tapered roller bear-
ings, additional experimental testing appeared necessary to
evaluate the tapered roller bearings selected for the HLH/ATC
drive system.

The bearings designed to support various HLH transmission
spiral bevel gears exceeded some of the design parameters
tested on previous programs, Some of the parameters not
tested were increased bearing size, increased loading, higher
cone rib tangential velocity, higher contact angles and higher
cone rib stresses. Additional testing and development was,
therefore, considered necessary to evaluate the effects of
these parameters on the performance of the HL!! tapered roller
bearings.

This report presents the results of efforts, conducted between
September 1971 and August 1973, to define the design criteria
and to design, fabricate, and test high-speed tapered roller
bearings for the HLH/ATC combining transmission engine input
pinion gear in accordance with Contract DAAJO01-71-C-0840(P40).
Tests were performed on two sizes of tapered roller bearingss
operating at 11,500 rpm and 14,000 rpm and loads equivalent
to 8310 horsepower. Technical inspection and evaluation of
the test results were used for selecting the initial end-play
setting, oil-flow rates, and internal geometry of tapered
roller bearings to be used in the HLH/ATC drive system.

Testing conducted during this development program has provided
information necessary to successfully operate high-speed
tapered roller bearings in the HLH/ATC applications. A lim-
ited endurance test of 150 hours was completed at the end of
this program.
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PREFACE

The high-speed tapered roller bearing development work
presented in this report has been completed in partial ful-
fillment of Contract DAAJO01-71-C-0840(P40). This effort was
primarily a development program to define design criteria and
to design, fabricate, and test HLH tapered roller bearings at
the loads and speed of the HLH/ATC combining transmission
input pinion gear.

This program was conducted at the Timken Company, Canton,
Ohio, under the technical direction of Robert F. Cornish,
Application Development Engineer, with Gary Dressler as prin-
cipal investigator. Liaison with regard to program status

and test results was maintained by Joseph W. Lenski, Jr.,
senior design engineer of the Boeing Vertol Company. Techni-
cal direction was provided by Wayne Hudgins, Project Engineer,
Eustis Directorate, U.S. Army Air Mobility Research and
Development Laboratory, Fort Eustis, Virginia.
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INTRODUCTION

This bearing program was directed toward the development of
tapered roller bearings for the HLH/ATC aft and combining
transmission by testing and evaluating an HM926700-series
ctapered roller bearing at the loads and speed of the HLH/ATC
combining transmission engine input pinion gear.* The bearing
was chosen for testing based on preliminary design of the com-
bining transmission input pinion and its severe operating con-
ditions. The operating conditions of this test program which
simulated the HLH/ATC combining transmission input pinion

were
Shaft speed 11,500 rpm (normal)
14,000 rpm (autorotation)
Bearing mounting Duplex indirect mounting
Applied load to thrust- Thrust 4394 1b
carrying bearing Radial 15,619 1b

(equivalent to 8310 hp)
Lubricant MIL-L-23699
Lubricant inlet temperature 195°F

Tests were conducted under these conditions to evaluate and
establish criteria for the basic tavered roller design param-
eters for high-speed operation, oil-flow requirements, initial
end-play settings, and emergency self-lubrication requirements.
Upon completion of the development testing, a final verifica-
tion (endurance) test of 150 hours was conducted on the final
design of the HLH/ATC combining transmission input pinion
bearing, P/N 301-10676-1.

To accomplish the previously mentioned objectives, a new high-
speed test machine was designed and fabricated which closely
simulated a transmission spiral bevel gear support bearing ar-
rangement. In addition, several other test rigs were designed
and fabricated during this program to provide needed data on
oil distribution to the cone rib flange and to evaluate vari-
ous fail-safe, wear-resistant materials. Forty individual
tests were conducted on 67 HM926700-series and 301-10676~-1
bearings. The results of these development tests are summar-
ized in this test report.

¥Boeing Vertol Report D301-10027-1, Rev. A., Test Plan - HLH/
ATC Combining Transmission High Speed Tapered Roller Bearing
Selection Test.




After completion of this program, additional testing of the
301-10676~1 bearing was authorized by Contract DAAJO0l-73-A-
0017 to establish fatigue or endurance data on high-speed
tapered roller bearings. An additional 891 hours of testing
was conducted on four bearings. The results of that program
are reported in Boeing Vertol Report T301-10249-1 and are
presented in Appendix IX of this report.

e oY EIREPIERSTRRTRICORYSIY NIMRPZaAses RELT N ——.

et LRI AIAR L I )



St et S

o R L L Y Ot e VTR TN AL ¥ & A pae

TECHNICAL APPROACH

BACKGROUND

In 1968, the Boeing Company's Vertol Division sponsored a
tapered roller bearing research program with the Timker Com-
pany as subcontractor. The objective of this initial program
was to develop high-speed tapered roller bearings to support
spiral bevel gearing in advanced helicopter transmissions and
drive systems. To provide a test specimen size for this de-
velopment program, design studies were conducted using the
CH-47C engine transmission. This transmission provided for a
high-speed and high-load application with a potential growth
from 2200 horsepower to 4500 hLorsepower within the same en-
velope size. The results of this study indicated that a 6500-
series (3.50-inch bore) tapered roller bearing could be used
to support the spiral bevel input pinion and provide improved
operating characteristics over the present ball/roller bearing
configuration.

Prior to this initial program, designers were aware that tap-
ered roller bearings had the potential to carry heavier radial
and thrust loads per pound of weight than any other bearing;
however, the tapered roller bearings were restricted to rela-
tively low speeds (less than 10,000 fpm cone rib velocity).

The bearing proposed for the test program was to be operated at

16,000 rpm and have a cone rib velocity of 20,000 fpm. Under
the Boeing Vertol/Timken IR&D program, a total of 134 test
bearings of the 6500 series ware tested and evaluated. The
test program covered modifications to the bearing geometry,
cage design, and lubrication concepts and provided assurance
that the bearing could be operated at high speeds and loads.
The test results also identified the need to optimize various
design parameters and develop an understanding of the interac-
tions of these parameters on bearing performance.

To continue this effort, the Boeing Company's Vertol Division
was awarded a contract (DAAJ02-71-C-0025) from the Eustis
Directorate in March of 1971 to design, fabricate, test, and
evaluate spiral bevel support tapered roller bearings. The
program consisted of a generalized analytical investigation
and an experimental investigation which was based on the in-
formation attained in the analytical investigation. The
experimental investigation was conducted on 53 tapered roller
bearings of the 6500 series operating at 16,000 rpm with 5500
pounds of thrust and 7500 pounds of radial load. The results
of this contract have been published in USAAMRDL Technical
Report 73-16. The knowledge obtained from these various test
programs indicated that tapered roller bearings could be used
to support spiral bevel gears on the HLH/ATC aft and combining
transmissions.
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The preliminary designs of the HLH aft and combining trans-
missions showed that the tapered roller bearings selected for
various locations resulted in design parameters that exceeded

those tested on the 6500-series bearing.

Some of the param-

eters which were not tested under the previous program are:

Cone rib velocity

Contact angle
Rib stress
Lubricant

Cage design

0il inlet temperature
Equivalent loading

Maximum cone rib load

HLH Condition

6500-Series
Test Condition

25,000 fpm
(Autorotation)

26.2°

64,147 psi
MIL--L-23699
Z-type race
guided center-
line cage
195°F

8310 hp

915 1b

20,000 fpm

15°

36,133 psi
MIL-L-7808
Pressed-steel
roller-riding
cage

165°F

3600 hp

236 1b

Because of the variations in the design parameters of the
proposed HLH tapered roller bearings and those previously
tested (6500-series), the need for additional testing was con-
sidered necessary to properly evaluate the performance and to
establish adequate design criteria for the HLH transmission

high-speed tapered roller bearings.

Additional testing was conducted on an HM926700-series tapered
roller bearing which was originally selected to support the

HLH combining transmission engine input pinion.

This bearing,

readily available with only minor modification, provided a
means of evaluating all the untested parameters mentioned
earlier. Prior to the completion of the program, tests were
conducted on the actual transmission bearings, P/N 301-10676,
which will be used in the HLH/ATC combiner transmission. The
testing and fabrication of hardware was subcontracted to the
Timken Company in September of 1971 and was completed in
August 1973. The results of this effort are documented in

this report.
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STATEMENT OF PROBLEMS

An initial high-speed tapered roller bearing development pro-
gr .1, undertaken by Boeing Vertol Company and Timken Company,
indicated the feasibility of the use of tapered roller bear-
ings in a high-speed helicopter transmission. This program
proved that a 3.5-inch bore modified tapered roller bearing
can be operated at approximately 20,000 fpm cone rib velocity
(16,000 rpm). At the conclusion of this initial development
program, it was determined that additional work was needed to
optimize the bearing design and lubricant and lubrication sys-
tem parameters. A government contract was obtained to further
evaluate the performance of tapered roller bearings analyti-
cally and experimentally. This work was reported in USAAMRDL
Technical Report 73-16.

Although the high-speed and load capability of tapered roller
bearings has been demonstrated, additional test work was
necessary to evaluate larger tapered roller bearings for ap-
plication in the HLH drive system. The increase in bearing
sizes, increase in loads, higher speeds, and the steep-angled,
HM926700-series bearing were to be evaluated under HLH operat-
ing conditions.

The objective of this program was to develop a tapered roller
bearing for an HLH application by testing and evaluating the
HM926700-series tapered roller bearing at the loads and speed
of the HLH combining transmission input pinion gear. The

basic tapered roller bearing design parameters, oil-flow rates,
initial test machine bearing adjustment, and emergency self-
lubrication feasibility were to be determined.

The test program was organized to investigate and evaluate the
following objectives:

e Design and build a high-speed tapered roller bearing test
machine capable of testing 9-inch to 20-inch OD bearings
at speeds up to 14,000 rpm with a maximum applied radial
load of 25,000 pounds and a maximum applied thrust load of
10,000 pounds.

® Determine the number and size of radial lubrication oil
holes required in the HM926700-series bearing.

e Develop the HM926700-series steep-angle (26° 9') bearing
to run at 14,000 rpm. The 14,000-rpm speed is an overspeed
condition and was changed during the program to 11,500 rpm,
corresponding to the in-flight cruising speed.

e Evaluate selected materials that could be used in a fail-
safe bearing design. The evaluation of these materials is to
be performed in a Timken lubricant and wear test machine.

5




N e

e Evaluate two fail-safe bearing designs and determine the
wear characteristics of the better of these two designs
when operating in oil.

® Run a repeat fail-safe test on four previously tested fail-
safe bearings.

® Test additional modified HM926700-series bearings to deter-
mine an optimum bearing setting (end-play adjustment) and
an optimum oil- flow rate both to the large and small end of
the bearing.

® Conduct a tapered roller bearing cone-flange oil distribu-
tion spin test to evaluate the effect of the angle and
length of the radial lube holes in the cone which will,
in turn, provide adequate 0il distribution at the cone rib/
roller end contact area.

e Manufacture and test the XCll439-series bearing (Boeing
vertol P/N 301-10576) in the high-speed test machine. This
bearing represented the actual bearing used in the HLH/ATC
combining transmission.

® Test four XCll439-series bearings (Boeing Vertol P/N 301-
10676) for 150 hours or until damage occurs.

The results of these tests were used to establish the final
design and installation requirements to be used in the high-
speed tapered roller bearings in the HLH/ATC aft and combining
transmissions.
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TEST METHOD

DESCRIPTION OF TEST SPECIMENS

Modified HM926700-Series Bearing

Forty-four bearings similar to the HM926700-series bearings
were fabricated to Timken modified code 436. Table I gives
some pertinent details of modified code 436. The basic di-
mensions of the HM926700-series tapered roller bearing are

Cone bore - 5.00 inches
Cup outside diameter - 9.00 inches
Overall width - 2.125 inches

These 44 bearings were modified as described below:

Eleven bearings were tested with cones having seventeen 0.052-
inch-diameter holes through the large rib undercut to the back-
face chamfer-type o0il manifold plus four holes to lubricate the
large end flange of the cage (see Figure 1l). Four of these
cones had an additional seventeen 0.052-inch-diameter holes
Electrical Discharge Machined (EDM) between and in the same
plane as the original 17 holes. This was necessary to provide
a better distribution of oil to the cone rib/roller end contact
area. These bearings were tested with machined Z-type race-
guided, silver-plated centerline cage.

Eighteen of the 44 bearings were tested with cones having forty
0.040-inch~diameter holes through the large rib undercut to

the backface chamfer oil manifold plus four holes to lubricate
the large end flange of a Z-type silver-plated cage (see

Figure 2).

Eleven of the 44 bearings were manufactured and tested with a
modified oil manifold as shown in Figure 3. These cones have
forty 0.040-inch-diameter radial lubrication oil holes. Stand-
ard stamped-steel, silver-plated cages were used in these
bearings.

Four more bearings were manufactured and tested similar to the
bearing in Figure 3, except the large rib undercut was reduced
to allow more available contact between the rib face and

b roller spherical end radius. Standard stamped-steel silver-
plated cages were used in these bearings.

The cages were silver-plated, according to Federal Specifica-
tion QQ-S-365a. The plating was a type II, grade B with a
matte finish. The cages were processed with a nickel strike
and a silver strike before silver-plating to 0.001-inch to
0.002-inch thickness.




TABLE I. SUMMARY OF TIMKEN MODIFIED CODE 436

| ————— — —=£

Ccones

Material is standard air melt SAE 4320-steel.

Roller contact surface hardness 58 to 63 Rockwell "C".
100-pct standard double-etched to detect grinding burns.
The cone OD must be tape-honed to 8 microinches maximum.
Class and code to be etched on the part.

All cones checked for minimum hardness on either face.

The cone rib radius must be wrapped around ground; ground
or polished tangent to the rib face.

The cone radii, both frontface and backface, must be polished.
These radii must be blended into the cone bore.

Cone contacting surfaces must be free from nicks.

Cups
Material is standard air melt SAE 4320-steel.

Rolling contact surface hardness 58 to 63 Rockwell "C".
100-pct standard double-etched to detect grinding burns.
The cup ID must be tape-honed to 8 microinches maximum.
Class and code to be etched on the part.

All cups checked for minimum hardness on either face.

The cup radii, both frontface and backface, must be polished.
These radii must blend into the cup OD.

Cup contacting surfaces must be free from nicks.

Rollers
Material is standard air melt SAE 4320-steel.

Rolling contact surface hardness 58 to 63 Rockwell "C".




I TABLE I. Continued I

The roller body must be honed to 8 microinches maximum.

The roller spherical end must be ground to 6 microinches
maximum (not honed).

Sample lots to be standard double etched to detect grinding
burns. Samples to be scrapped.

Roller contacting surfaces must be free from nicks.

Cages, Machine Z-Type Race-Guide Centerline

Material is SAE 4319-steel.
inches maximum.
Special handling to prevent distortion or nicking damage to

the cage.

Cages, Standard Stamped Steel

Material is HRLC-steel deep drawing quality P and O.

Cage must not be shot-blasted or tumbled.

Cage must be vapor-blasted or glass-bead peened.

Special handling to prevent distortion or nicking damage to

the cage.

Assembled Bearing

Roller spherical end contact with the cone large rib face
flat must be as near as possible to the midway point of the
distance from the roller recess diameter to the rib face
undercut point.

The guiding land at cage ID and OD to be ground to 60 micro-

S 4
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Fail-Safe Wear-Resistant Materials

Various wear-resistant materials were evaluated in the Timken
lubricant and wear test machine. The machine requires test
cages as shown in Figure 4 and test blocks as shown in Figure
5 to conduct these tests. The following material specimens
were evaluated:

Sixty-three standard test cups for the Timken lubrlcant and
wear test machine.

Three standard test blocks for the Timken lubricant and wear
test machine.

Four test blocks made from DuPont Vespel SP-3 polyimide resin
with 15-pct MOS; by weight.

Two test blocks made from DuPont Vespel SP-21 polyimide resin
with 15-pct graphite by weight.

Two test blocks made from DuPont Vespel SP-22 polyimide resin
with 40-pct graphite by weight.

Two copper-impregnated Marlin-Rockwell blocks submitted by
Vertol.

One test block made from Kawecki Brylco No. 50 alloy beryllium
copper.

Two test blocks made from DuPont LP404A alloy* with 20-pct
nickel binder.

One test block made from DuPont LP404A alloy with 40-pct
nickel binder.

One test block made from DuPont LP404A alloy with 20-pct 4600
steel binder.

One test block made from DuPont LP404A alloy with 40-pct 4600
steel binder.

One test block made from DuPont LP404A alloy with 20-pct
binder composed of 80-pct nickel and 20-pct chrome.

*Metallurgically, LP alloys are hard grains of an inter-
metallic compound of a Laves Phase structure dispersed in
a softer matrix. Superior anti-friction and anti-wear
bearing performance is attributed to the combination of
hard Laves Phase particles and the softer matrix. All of
the DuPont LP alloy test blocks were processed by Wheeling-
Pittsburgh Steel Corporation, Principio Alloys Division,
Columbus, Ohio.
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Figure 4. Test Cup for Timken Lubricant and Wear
Test Machine.
0.485 IN,
%002 IN.

.760 IN. NORM \ 0.485 IN. +.002 IN.

)

THESE 4 SURFACES TO BE
CHECKED FOR SMOOTHNESS
ONE TEST BLOCK TO BE FROM 20 TO 30
USED FOR 4 TESTS MICRO-INCHES.

Figure 5. Test Block for Timken Lubricant and Wear
Test Machine.
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One test block made from DuPont LP404A alloy with 20-pct
S-monel binder.

One test block made from DuPont LP404A alloy with 20-pct
molybdenum.

Ten standard lubricant test blocks treated with Borkote*
diffused to various depths.

Nine standard test cups treated with Borkote* diffused to
various depths.

Eleven standard lubricant test blocks treated with Borkote*
diffused to various depths.

Eleven standard test cups treated with Borkote* diffused to
various depths.

Fail-Safe Bearing Designs

Twelve bearings, similar to the HM926700-series bearings, were
fitted with separable large end cone ribs with DuPont LP404 +
40-percent, 4600-steel applied to the rib face (see Figure 6).

Four bearings, similar to the HM926700-series bearings, were
fitted with separable large end ribs with Borkote applied to
the rib face (see Figure 7).

Both of the designs had 36 radial oil lubrication holes,

0.047 inch in diameter. Both were tested with silver-plated
Z-type cages.

Cone Flange 0Oil Distribution Specimens

One simulated cone, similar to Boeing-Vertol's HLH aft trans-
mission sun gear bearing 301-10443-1 and Timken cone number
XCl1437, was made according to Figure 8. After testing, this
cone was modified, as shown in Figure 9, and tested again.

*Borkote is a patented boronizin<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>