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this bearing concept, with its through-shaft lubrication and magnetic shaft seal, is feasible
for use in such an application and will aid in improving reliability and system weight in
future transmissions. The limited oil-off survivability testing conducted did not produce
expected results; however, it showed that this type of testing requires a more realistic
test rig environment, to include mounting system. A follow-on report (to be published in
FY 81) evaluates a composite material helicopter engine transmission housing.
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with the conclusions and recommendations contained herein.
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PREFACE

This report summarizes the results of Task 1§ and 11 of the “Advanced Transmission Components luvestigation
Program.” Task 1l covers work done on bearing development and Task 11 covers work on scal development.
The report describes the work accomplished during the 42-month period from June 28, 1976, to December

1979, Task | involves the advanced-compuosite engine transmission housing.*

The work outlined here has been performed under U.S. Army contract DAAJ02-76-C-0045 and under the
technical cognizance of James Gomez, Applied Technology Laboratory, U.S. Army Rescarch and Technology
Laboratorics, Fort Eustis, Virginia.

This program was conducted at the Boeing Vertol Company under the technical direction of Joseph W. Lenski,
Jr. (Program Manager), of the Advanced Power Train Technology Department. Principal investigators for this
program were john Mack (Project Engincer) and Fred Brown {Analysis).

Acknowledgment is made to Arthur Irwin and Harold Munson of TRW, Marlin Rockwell Division, Jamestown,
New York, far their technical assistance in the fabrication and testing of VASCO-X2 ball bearings.

Acknowledgment is also made to Pete Orvos and Gary Dressler of the Timken Company, Canton, Ohio, for
their technical assistance in the design, fabrication, and test of the tapercd-roller bearings reported in this
program.
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INIRODUCTION

In 1975 4 proposal was submitted to the Applied Technology Laboratory (ATL) entitied, "Helicopter Trans-
mission Components Development and Test Program,” by the Boeing Vertol Company’s Advanced Power Train
Technology and Drive System Design organizations pursuant to ATL contract DAAJ02-75-C-0022. The major
abpective of this proposed program was to provide improved helicopter transmission component technology

tor integtation into an advanced-technology demonstrator helicopter drive system in the 1980-90 time frame.

The purpose of this work was 1o conduct development testing on selected critical components for a helicopter
advanced transmission which could enter enginecring development in the 1980-901ime frame. The design goals
tor the complete transmission system were established as follows:

o Weight  20-percent decrease

o Rcliability and maintainabitity 3,000 hours MTBR minimum for scheduted and unscheduled

removal

e Vuinerability  Withstand 12.7-mm APl impacts at 200 yards and tragments emanating from a
tunctioned 23-mm HLE! hit; decreased vulnerable area of the transmission shall also be a design target

e Survivability  Operate a1 the gearbox torgue limit without main gearbox tubricant for not less than
30 minutes and to design the transmission to MIL-STD-1290 (AV), paragraph 5.1.7.2

o Producibilny  20-percent improvement in recurring production cost over contempordry transmissions

The individual iransmission component design goals for the development work to be accomplished are as

tollows:

Housing  tO-percent reduction in weight, 25-percent reduction in vulnerable area, 10-percent reduction
N acquisition cost, and ability to provide improvements in MTBR and survivability

Beanings (input pinion)  5-percent reduction in weight, 65-percent improvement in MTBR, 4-percent
teduction in vulnerable area, S-percent reduction inacquisition cost, and ability to provide improvement

i survivabibin
Seal  S-pereent improvement in MTBR.

The Boeing Vertol Company's approdch to the improvement of helicopter component technology included
considerations ol advanced design analysis, design, and fabrication techniques; advanced gear and bearing
materials, new-concept composite housime muaterials and design, planet catrier totor shaft, ring gear, rotor sup-
pott bearing design; advanced tibbed-cup taperedaoller bearings tor support of bevel pinion gears and shaft
magnetic seals to achieve decreased weight and vuinerabifity, better integration characteristics, and increased
cthiaency, reliabifity, maintainability, and service lite. Caretul considerdation wds also given 1o the assessment
of production and life-cycle costs tor the component improvement approaches taken which will maximize the
retabality, maintamability, weight,and performance in an integrated sy stem.
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In June of 1976 a 40-month contract (DAAJ02-76-C-0045) was awarded to Boeing Vertol entitled, *Ad-
vanced Transmission Components Investigation Program.”™ At the same time, two additiondl contracts were
awarded to the Bell Helicopter Company and Sikorsky Aircraft to conduct similar work.

To improve upon recently designed, highly cfficient main helicopter transmissions, it was determined that
minor improvements in component design would not meet the established design goals. Therefore, a review
of the major transmission/rotor/airframe interfaces as well as the design of the internal components was con-
ducted to ascertain their impact on achiceving the desired goals. Based upon detailed trade studices, it was de-
cided that the best way to reduce weight and cost and improve reliability would be to integrate parts, reduce
interfaces, rearrange for maximum structural efficiency, use new materials, and shorten critical load paths.

Additional concept and design trade-off investigations were conducted to determine the best approach to attain
the desired goals and objectives and to determine specific drive train technology improvements required to
meet these goals.

The conceptual design was to be sized for a medium-power, twin-engine, single-rotor helicopter (approximately
15,000 pounds gross weight) with approximately 70: 1 overall reduction ratio between engine speed and rotor
speed. The Boeing Vertol YUH-61A main transmission and drive system design was used as the baseline
contemporary helicopter drive system technology for all comparative assessments of the components relative
to the design goals.,

The overall reduction ratio of the YUH-61A main rotor transmission was 25.1 to 1. The engine bevel drive
which is external to the main transmission accounts for the balance of the reduction ratio of 67.6 to 1. Power
inputs to the main transmission are at the 90- and 270-degree positions. The main transmission also had pro-
visions for a4 forward AGB drive at 0 degrees, and for a tail rotor and aft AGB drive at 180 degrees.

The loads criteria to which this main rotor transmission was designed are as follows:

Maximum single-engine input horsepower 1,521

Input rpm 7,419

Output horsepower 2,655

Qutput rpm 295

Output torque 562,730 ¥ 67,530 in.-b
Lift load 17,004 £ 567 Ib

The initial studies resulted in a redesign of the main rotor transmission of the YUH-61A helicopter as shown
in Figure 1.

Bascd on this advanced conceptual design, a component development and test program was structured for cach
transmission component that must be considered to attain the goals set forth. The selection and nonselection
rationale and the priority of cach proposed component work task were defined in the proposal submitted to
ATL.

To provide the needed technology to accomplish the proposed advanced design, a three-task program was
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ADVANCED-CONCEPT

YUH-61A MAIN TRANSMISSION
MAIN ROTOR TRANSMISSION

Figure 1. Main Transmission Configuration Comparison.
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undertaken under Contract DAAJ02-76-C-0045, to investigate the high-risk, high-pavolt areas. These Lasks

were classified as tollows:
Task | Advanced-Composite Housing
Tash 1l Bearing Development
Evatuation of Hot-Hardness-Carburized Bearing Material
Advanced Analysis of Complex Bearing Structures
Advanced Ribbed-Cup Tapered-Roller Bearings
Task 11 Oil Scal Development

Work was initiated in these areas in mid-1976. In 1978 the development effort on the composite transmission
housing was modified and the overall completion date of the contract was extended to December 1980, The
effort on Tasks I and 11 remained unchanged and proceeded on schedule. All bearing and seal work was
completed in December 1979, It was therefore established that two technical reports would be issued.
This report covers work completed on Tasks 11 and 1 and another report which will be released at a
later dute will cover work under Tausk 1. A preliminary summary of the total work was presented in
Reterence 1.

This report is divided into three sections representing the three major development programs of Tasks 1
and 1. The three programs are briefly summarized below.

e Evaluation of a high-hot-hardness carburizing bearing material
The results of evaluation of VASCO-X2 steel as a bearing material are presented. The design, fabri-
cation, and test of a 2075 ball bearing demonstrated that this material can be used tor integrated
gear and bearing components. A Weibull plot of fatigue data indicates that a material lite-improve-
ment factor of more than S can be used for bearings fabricated from VASCO- X2 steel.

o Advanced ribbed-cup tapered-roller bearing and magnetic seal test program

The results of seven development tests and one limited endurance test of aribbed-cup tapered-roller
bearing and magnetic scal are presented. All test objectives were achieved, including operation at
loads equivalent to 1,500 hp at speeds as high as 14,000 rpm. The program was extended to conduct
six oil-off survivability tests. The tests did not achieve the goal of 30-minute operation after loss of
oil, but they did provide insight into critical operating parameters during oil-off operations.

o Advanced analysis of complex bearing structures

The use of finite-clement modeling (FEM) of complex bearing structures, such as rotor shaft support
bearings, was investigated. The development of a spring-gap model of cach bearing clement node
provided a means of achieving an accurate bearing internal foad distribution due to structural stiffness,
The effect on bearing life and performance can be evaluated in order to obtain an efficient structure
to support relatively large bearings.

Complete details of cach of these programs are discussed in the following sections.

1. Lenski, Joseph W., Jr., and Mack, John C.,, DRIVE SYSTEM DEVELOPMENT FOR THL. 1980°S,
Paper No. HPS-9, Presented at the Helicopter Propulsion System Specialists’ Meeting of the American
Helicopter Society, Williamsburg, Virginia, November 1979,
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EVALUATION OF A HIGH-HOT-HARDNLSS
CARBURIZING BEARING MATERIAL

BACKGROUND

As pait o1 the development ot an advanced bedring concept, a test program was conducted to evaluate the
pertormance of VASCO-X2 steel ay a carburizing material suitable for high-temperature bearing applications.
This material has been developed by Boeing Vertol tor use as a gear material for improving the Toad capacity

ot highly stressed spur and spiral bevel gears. Performance as a gear material has been good and the steel shows
patential as a good bearing material. The majority of rolling-element bearings presently manufactured tor
helicopter transmissions are made from through-hardened steels such as 52100 and M50. Only tapered-rotler
bearings or g tew special bearings are manufactured from standard carburizing grades of steel.

To achicve the design godls of an advanced-concept transmission, there is a requirement that rolling-clement-
ty pe bearings possess the following characteristics:

o Increased tatigue lite and reliabiliny

e Material stability during reduced-oil-flow operation
® Slow crack propagation

o Material compatible for both gears and bearings

e Economical to produce

e High hardness at elevated temperature {>300°F).

The above items have a common tactor, which is the sefection of an optimum bearing material that possesses all
of these qualities. Present through-hardened bearing materials such as 32100 and M50 steel do not possess all

the desired teatures mentioned.

In the majority of carly helicopter applications, consumable-clectiode vactum-melted AISE32100-1y pe steels
have satisticd bearing fatigue lite requirements tor normal operation up to 300YF. Above this temper ature
range, AISI 32100ty pe steels exhibit a loss of Toad-carryving capacity associated with a reduction in hot hard-
ness at the higher temperatures. For applications requiring operation 4t temperatures exceeding 300°F or for
increased tatigue-lite regquirements, consumable-clectrode vacuum-melted M30 tool steel is used. While this
material has shown excellent load-carrying capacity and stability for operation up to 650°F (Figure 2), the
raw material procurement and manufacturing operations are considerably more expensive and the rate of
crack propagation is such that MSO steel bearings may result in vapid failures due to race cracking from either
tatigue or ballistic impact damage. In addition, M50 is not a suitable gear steel. Therefore M350 meets only

some of the requirements of the advanced-concept transmission.

When comparing various case-cdarburized and through-hardened bearing materials, one must evaluate the
muaterial’s ability to resist tracture durmyg operation, Ina failure due to fracture, a crack can occur either trom
aspatl or tfrom some other high-stress point ina bearing component and rapidlv traverse the section by un-
stable crack extension. This type ot tailure in through-hardened steels can occur without warning and result in
the loss ot the structural integrity of the bearing (e, loss of fitand internal geometny ), possible tragmentation ot

the bearing, and probable damage to the bearing and related transmission componenits. Experience has shown

1]
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that bearings fabricated trom high-carbon through-hardenced steels such as 52100 and M50 are susceptible to

tracture failures.*

Boeing Vertol has used AISI9310 case-carburized steel as o bedring mdterial for special applications where the
bedring races are integral with a gear with exceptionally good success. Both inner- and outer-race applications
have been used successtully. Boeing Vertol has never experienced a fracture of any bearing race fabricated
from this steel. 1t therefore appears that the VASCO- X2 material properties which improved the performance
of helicopter gears at high temperatures should also provide similar improvements if used as a bearing material,

In addition to VASCO-X2 steel, there are other high-hot-hardness carburizing steels available which could
provide high-temperature operation similar to that of VASCO-X2. These materials are CBS600 and CBST000M.
Table 1 provides the chemical composition of these materials.

CBS600 stect has been used by the Timhen Company in bearing applications operating up 1o 600°F, while
CBS!1000M can be used up to 1,000°F and still retain the desired surface hardness required for good fatigue
life properties at these higher operating temperatures. Timken has made and operated bearings of CBS600 and
CBST1000M with good success. No bearings have been fabricated from VASCO-X2 and only limited test ex-
petience s available for race surfaces made from VASCO-X2.

To evaluate the use of VASCO-X2 steel as a bearing material, TRW's Marlin Rockwell Division was sub-
contracted to fabricate a Jot of bearings meeting the dimensions of a standard 207S ball bearing, except that
the inner races were fabricated from carburized VASCO-X2 steel and all other clements were made from M50
steel, These bearings were then subjected to fatigue endurance testing under an accelerated load schedule.

TEST BEARING DESIGN

TRW’s Marlin Rockwell Division of Jamestown, New York, has conducted many bearing tests to evaluate new
materials or improved processing methods  This test data has been accumulated using a standard 207S-size
deep-groove ball bearing as the test specimen. This bearing has been accepted as a good test specimen and
therefore alf future data is compared to this size bearing.

The design used in this program is based upon the standard MRC 207S deep-groove ball bearing; its basic
dimensions are shown in Figure 3. The outer ring and balls were fabricated from consumable-clectrode vacuum-
melt M50 steet (AMS649) and the inner rings were made from a bar of consumable-clectrode vacuum-melt
VASCO-X2 (XBMS7-223) case-carburizing steel. This configuration was selected in order to minimize costs
and to expedite the test program. The use of the inner rings as the test specimen is not a new concept. Be-
cause of the high contact stresses on the inner rings, most fatigue failures will occur on this ring. Therefore,

to evdaluate the material’s rolling-contact fatigue propertics, onty the inner ring is fabricated from the material
being evaluated and the remaining elements (balls, outer ring) are fabricated from a more readily available
bearing material other than the test material.

Until this test program, the 207S ball bearing has been exclusively fabricated from a through-hardened bearing
steef. Therefure, prior to the fabrication of these bearings from a case-carburizing grade of steel, a study was
conducted to determine the case depth requirements for the test load conditions. In order to minimize the
time to conduct fatigue testing of the material, an accelerated load condition was used. The load established

*Bearings tabricated from case-carburized steel are not susceptible 1o this type of failure because a crack in the
cdase progresses until it reaches the relatively soft core and then stops.
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by previous testing was a 1,900-pound radial Toad at 5,500 rpm. Under this condition, an AFBMA B-10 life of

approximiately 38 hours is achieved without any material factors included.

Bocing Vertol's experience with case-carburizing grades ot steel used as bearing races has established a criterion
that the case depth to Rockwell hardness (Re) 58 should be three to five times the depth of the maximum
shear stress. A computer analysis study was conducted tor various foad fevels for a 2078 ball bearing and the
results ot this study are shown in Table 20 For the test condition of 1,900 pounds, the depth to maximum
shear is 0.0076 inch and this results ina case depth requirement of 0.023 10 0.038 inch. Based upon this infor-
mation, the ettective case depth ol 0.070 10 0.100 imch (Re 50) was specitied with a requitement of an Re 58
depth of 0.030 inch minimum. Under normal loading, the case depth requirements would be much Jess.

BEARING FABRICATION

Because ot the relatively thin bearing section and high case-depth requirements, a special hedt-treatment pro-
cedure tor these test bearings was specificd to eliminate any problem ot through-hardening the thin section
under the taceway.  The VASCO-X2 steel innet rings were initially turned to an oversize contigurdtion as shown
in Figure <L Additional material remained on the bore of the inner ring 1o alfow for ample section size to
achicve an adeguate case core ratio. These rings were fabricated by TRW and then sent to American

Lohmann Corporation, Little Ferry, New fersey, to be case-carburized 1o the specitication showrn in Table 3.
Upon completion of the heat treatment, the inner rings were returned to TRW where they were finish-ground.

The material for the fabrication of the inner 1ings was obtained from Teledyne Vasco, Latrobe, Pennsy Ivania,
per Boeing Vertol Specitication BMS7-223 (VASCO-X2). A 3-inch-diameter har was obtained; the analvsis ot
the heat lot tor this bar is shown in Table 4. Forty inner rings were machined in an oversized configuration
from this stock and the inner rings were saint to American Lohmann Corporation for case-carburizing and heat-
teatment. The inner rings in the as-received condition were carburized to the depth shown in Table 3. One
ring wdas removed and sectioned to determine the case depth and microstructure of the inner ring. The results
ol this tirst check are shown in Figure S and indicated that an acceptable case/core was achieved; the remdining
rings were then approved for tempering for 3 hours at approximately 1,200°F, After tempering, the bore of
the inner rings was machined to a farger diameter in order 1o eliminate the case on the bore. I the bearing
section was thicker or the case depth not as deep, this operation would not be required. A general rule is that a
core of approximately 13 of the section thickness should be maintained to achieve the desired material propet -
ties of a case-carburized steel. For this test specimen, the bore would be at core hardness. After machining,
the rings were hardened and heat-treatment was completed.

TABLE 3. HEAT-TREATMENT OF VASCO-X2 TEST SPECIMEN
INNER (BALL-BEARING) RINGS

I Heat-treater shall carburize the inner rings all over o requirements. The effective
case depth shatl be 0,070 to 0.100 inch (Re 50 depth). An Re 58 depyh of 0.030-
inch minimum is required. Refer to Figure 5. Core hardness Re 36-44.

2. Temper all inner rings within S hours a1 1,100 to 1,25071 tor 3 hours minimum.

+0.000
3 Machine inner-ting bore to 1.368 inche M lempe
¢ inne £ ¢ i} 0.005 inches after temper,
4, Nickel strike, copper plate, harden, and temper per requirements,
5. Package and ship completed inner rings to Mardin-Rockwell Division of TRW, Jamestown,

New York (zip code 13701).
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Figure 5. Case Depth and Microstructure of Bearing Inner Race.




TABLE 4. ANALYSIS OF BEARING STEEL

Brand: CVM VASCO-X2 Mod Boeing Spec XBMS 7-223
Size Pieces Weight Heat No. Date Shipped 1
3in.rd | 1221b 3432-A 10 26 76 -

Macrostructure  Satisfactory

Grain Size 2T -6 .

1B 6-1/2 -
Magnetic-Particle Inspection: 2T F/S 0/0
1B F/S 0/0

Jominy Hardenability:

i1 j4 |8 §12 116 24 132
2T  37.8 40.9 40.3 39.8 39.3 38.2 379
1B 39.0 39.4 39.0 38.5 37.8 37.0 36
J-K Rating
A B ¢ 2}
Thin Heavy Thin Hcavy Thin Heavy Thin Heavy
T 0 0 b 0 0 0 [
B Yoo 0 ' 0 0 0 1
3
Heat Analysis
No. C Si Mn S P w Cr v Mo
3432-A 0.15 1.00 0.20 0.009 0.015 1.33 4.98 0.40 1.33
Middle  0.15 _ !
B 0.15 1.00 020 0007 0.015 135 498 040 133 J
The inner rings, upon return to TRW, were finish-ground and matched with the outer ting and balls fabwicated }

fram M5S0 steel. The material used for the outer ring and balfs was supplicd by Marlin Rochwell per specifiva- i
tion AMS6490 and is typical of material used for aircraft-type bearings. -

Upon completion of all operations, 33 bearing assemblies were available. During the inspection of the bearings
after final grinding, several inner rings showed evidence of surface cracks on the side faces of the inner ring,
All cracks appeared to be on the face or on the outside diameter, but none were recorded in the raceway ot the

bedring.

Prior to the start of testing, a destructive metallurgical examination of one bearing was scheduled. 1t was there-
tore determined that a bearing should be selected that appeared to have the Largest suniace indication tor this
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examination. This bearing was returned to Boeing Vertol for a detailed destructive metallurgical examination
to determine the cause of the surface cracks, to evaluate the microstructure, and to determine if the bearings

were acceptable tor fatigue testing.

The bearing selected tor examinationis shownin Figure 6 in the as-received condition, and Figuie 7 shows the [
surbdace indications as they appeared on the inner ring side face. This inner ring contained twe indications ap

proximately 0.9 and 1.1 inches long. Metallographic sections through the bearing inner ring revealed o unitorm

carburized case as shown in Figure 8. Also shown in this figure was the indication of a case-core crack. An

enlarged view of this arca is shown in Figure 9, which shows a crescent-shaped case-core sepdration bisecting

the outer-diameter corner of the bearing inner ring. Additiona! work was conducted 1o determine the origin

of the cracks, and Figures 10, 11, and 12 show that the origin of the crack propagated from the intergranular

sones centrally Tocated within cach tracture. Fhese tesults indicated that the cracks observed on the faces ot

the inner rings were the result of case-core separation and that the most probable cause of this was the result 4
of excessive case penetration from two sides of the face/outside-diameter intersection. This type ot case-core %
separation has been experienced on case-carburizing thin-section gear teeth. After a complete review of this '

datd, it was determined that the cracks were not in an area that would affect the fatigue life ot the ball, raceway . :a
contact and that it was abso very unlikely that the cracks would propagate during endurance testing, hased upon .j

Bocing Vertol experience with this type of cracking.

In addition to the investigation of the surface cracks, ¢ detailed metallurgical examination was conducted 1o
determine the case depth and microstructure. The carburized-case-hardness gradient is shown in Figure 13
Fhis shows that the surface hardness in the race track is Re 63 and a hardness of Rc 60 is maintained toa
depth of 0.035 inch atter final grind. An effective case depth of Re 50 was maintained to approximately
0.070 inch as required by specification. A core hardness of Re 41 was achieved with a discontinuous carbide
network and retdined austinite of less than 20 percent.

A case-carbon gradient was also recorded on this inner ring and is shown in Figure 14. The gradient is typical
for VASCO-X2 and was acceptable. A metallographic section was prepared of the case and core section of the
inner ring. The carburized-case microstructure showed an acceptable discontinuous carbide distribution as
illustrated in Figure 1S, An acceptable hardened and tempered core microstructure is also shown in Figure 16

and is considered typical of VASCO-X2 steel.

Based upon these findings, it was determined that these bearings could be used for fatigue testing, Except for
the case-core separation which was considered due to an exceptionally high case depth requirement, all other

tactors indicated that the bearings were properly heat-treated and met all the requirements of proparly heat-

treated VASCO-X2 steel

Upon completion of dll inspections, 32 bearings were assembled and dall met specifications except for three
inner rings which were slightly oversized on bore and two bearings which had slightly larger internal clearances.
Measurements of bore, outside diameter, internd clearance, and resultant shalt fit are shown in Table 5.

In addition to the test bearings, TRW provided 22 <lave bearings which were tabricated from a single heat of
vacuum-degassed 52100 steel torged ings. These beadings remained trom three lots of bearings which were
tested several years ago (see Appendix A} under the same load and speed but with mineral oil lubrication at
somewhat lower oil inlet temperatues. These bearings met the same specitications as the test bearings except

tor material,
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UNIFORM CARBURIZED CASE ALONG BALL TRACK.,
PROFILE OF CASE.-CORE CRACK SHOWN IN CENTER
SECTION (ARRQOW)

Figure 8. Metallographic Sections Through
Bearing Inner Ring.
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Figure 9. Eunlarged View of Case-Core
Separation at Outer-Thameter
Corner of Bearing Inner Ring.
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Figure 10
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Figure 11

Both Cracks Propagated From
Interaranular Zones Centrally
Located Within Fach Fracture,

Entarged View of Intergranulin

Origin \reas
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Figure 13. Carburized-Case-Hardness Gradient of VASCO-X2 Steel Inner Ring Specimens.
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Figure 14, Carburized-Case-Carbon Gradient of VASCO-X2 Steel Inner Ring Specimens.
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Acceptable Discontinuous Carbide Distribution Exhibited in Carburized-Case

Figure 15.
Microstructure by VASCO-X2 Steel Bearing Ring.
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Figure 16, Acceptable Hardened and Tempered Core Micro-
structure Exhibited by VASCO-X2 Steel Bearing Ring.
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FABLE 50 BEARING MEASUREMENT DATA
Press Fit Outside Radial Rockweiis
Inner Ring Bore on Shaf1 Diameter Clearanee Hardness
serial Nov, {in.) {in.) (in.) {in.} Inne Quite
I 1.3780 0.0007 2.8345 0.0010
2 1.3780 0.0008 2.8345 0.0011
3 1.3780 0.000+ 2.8345 0.0010
} 1.3780 0.0005 2.8346 0.0010
S 1.37805 0.0007 2.8345 0.0008
O 1.3779 0.0005 2.8346 0.0010 3
7 1.3780 0.0007 2.8340 U.0009
8 1.3780 0.0009 2.8346 0.0010 !
9 1.3780 0.0008 28345 0.0011 62.5 L3
10 1.3780 0.0008 2.8345 0.0012 *
N 1.37802 0.0007 2.8346 0.0008 4
12 1.3780 0.0009 2.8340 0.0010
13 1.3779 0.0008 2.8340 0.0009 1
] 1.3780 0.0007 2.8340 0.000Y 02 63 1
IS 1.3780 0.0009 28345 0.0009 i
o 1.3780 0.0008 28340 V.00
i 1.3780 0.0009 2.83406 0.0010 60 03
N 1.37802 0.00006 2.8340 0.0009 vl 03
19 13779 0.0006 28343 0.0008
20 1.3779 0.0010 2.8340 0.0012
21 1.3779 0.0009 28345 0.0013 1
22 1.3780 0.0008 28345 Q.0012 ol N
23 .3779 0.0010 28345 0.0011
24 13779 0.0005 28346 0.001V |
25 1.3779 0.0000 28345 0.0009 62 03
26 1.3780 0.0007 28348 0.0010
27 1.3780 0.0007 28340 0.0004
28 1.3779 0.0005 28346 0.0009
29 1.3780 0.0007 28340 0.0009
30 1.3779 0.0008 2.8346 Q.0010
3 1.3779 0.0009 28346 0.0014
32 1.3780 0.0009 28345 0.0010
“AI bearings checked tor hardness betore tinal grind; hardness range Re 60 1o Re 64 Readings
shown are atter tinish-gringd.
L_ : — - _
TS PROGRAM
\ batteny of cightsdentical MRC Model A bearing test machines was used tosubiect the Deanmas to fatioue
crdurance renning ander an aceelenated toad schedule: A schematic ofa iy pical test machine is shown an
Frotre 17 and several of the test machines used in this progeam are shown m Fsure IS Fach machme hud
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Figure 18. Part of Battery of Test Machines Used in Program.




individual controls, but lubrication and hydraulic pressure (for radial load) were supplied by a single pumping
system. The test spindie allowed four bearings to be tested at a time. The radial load was applied to the two
inboard positions and redacted upon by the two outboard bearings. Because of the symmetrical location of the
bearings on the arbor, cach bearing experienced the same load. Test conditions were as follows:

o Speed 5,500 rpm

o Load 1,900 pounds radial, per bearing (¢c/p = 2.3)
e Lubricant Mobil Jet 11 {(MIL-L-23699)

e Temperature 190°F + 59 outer ring

e Duration failure or 1,000 hours

e B-10 Life - 38.7 hours (AFBMA)

Testrigs ran 24 hours a day, 7 days a week until automatic shutdown or completion of test. In case of a bear-
ing failure, a printed-circuit grid under the bearings was shorted by metallic chips produced by the fatigue

tailure and the machine was shut down. Testing was also interrupted if hydraulic pressure deviated more than :
two percent from the preset level. Thermocouples were used to record the temperature of the outer races. A

cheek of bearing temperatures showed that the outboard bearings ran in the 185 to 190°F range while the

inboard bearings ran at 190° to 195°F.

Thirty test bearings were started initially, with one machine running with two test bearings and two slave
bearings. As da bearing failed, it was replaced by one of the two remaining test bearings or by a slave bearing.
In addition to the 32 test bearings, 22 slave bearings fabricated from a baseline 52100 steel were tested. The
slave bearings replaced the test bearings at failure and were also used to compare the life-improvement factor
to VASCO-X2 steel.

TEST RESULTS

The fatigue endurance lives of the test bearings are shown in Table 6. Twelve of the 32 bearings achieved
endurance lives in excess of 1,000 hours. Four bearings were removed from test due to outer-race failures;
the remaining 16 bearings were removed from test due 1o fatigue damage on the inner race. Also shown in
Table 6 is the serial number of the test rig on which cach bearing was tested.

Table 7 provides a summary of the 22 slave bearing test times. Three bearings were removed due to inner-tdace
tailures, one with an outer-race failure, and one with a ball failure. Three bearings were suspended with more
than 1,000 hours of testing without failure.

Twenty bearings out of the 32 test bearings experienced fatigue spalling, but four ot these failures involved
only the outer rings which were not made of the VASCO-X2 test material. In addition, a review of the test
data indicated that five of the inner-ring failures may have been influenced by previous adjacent failures. Al-
though ail the bearings were visually inspected after a failure of one bedring on a test spindle, a detail inspec-
tion of the inner and outer raceways was not possible due to the tiveted-cage-type construction of the test
bearings. The tive bearings which are suspected of being influenced by previous adjacent failures are as follows:
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TABLE 6. FATIGUL ENDURANCE OF MRC 2075513 BALL BLARINGS

—
Inner Ring Test Machine
Serial No. Hours Serial No. Status
L
8 438 10 Spalled inner
[7% 65.7 10 Spalled inner
12 76.9 10 Spalled inner
i 87.5 5 Spalied inner
6 2353 8 Spalled inner
14 246.0 5 Spalled inner
Rl 264.2 8 Spalled outer
29 2829 6 Spalled inner
27 314.5 6 Spalled inner
13+ 474.0 6 Spalled outer
19 532.7 7 Spalled inner
7 623.2 5 Spalled inner
§* 628.7 5 Spaiffed inner
15* 669.0 6 Spalled innes
18 690.1 7 Spatfed inner
30** 715.2 Sand 7 Spalled outer
24 759.8 7 Spalled innci
25% 768.3 7 Spdlled inner
20 769.4 i1 Spalled inner
2%+ 973.3 1} Spalled outer
16 1,000.3 B Suspended
9 1,000.3 il Suspended
f0 1,007.1 12 Suspended
31 1,007.1 12 Suspended
2?2 1,007.1 12 Suspended
21 1,007.1 12 Suspended
32 1,008.8 10 Suspended
! 1,011.7 9 Suspended
26 1,011.7 9 Suspended
4 1,032.8 8 Suspended
28 1,032.8 8 Suspended
23 1,074.5 10 Suspended
- — S .

Flhese failures have been considered as suspended data points. These failures

influenced by previous adiacent failures due 1o debris damage.

YHOuter tace Tailures treated as suspended data, Material of outer races was
CEVM M5S0 stecl
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Inner Ring

Serial No, Hours Remarks
17 65.7 A spatl covering about 45 degrees ol arc occurred on adjacent
12 76.9 inner ring serial no. 8 at 43.8 hours.
5 628.7 A spall covering about 45 degrees ot arc occurred on adjacent

inner ring seridl no. 7 at 623.2 hours.

15 669.0 A spall covering about 90 degrees of arc vccurred on adjacent
slave bearing serial no. 1-34 at 658.7 hours.

to
=4

768.3 Aspall covering about 25 degrees ot arc occurred on adjacent
inner ring serial no. 24 at 759.8 hours.

Visible evidence that the tive failures cited were initiated by debris from adjacent failures is lacking because,
once started, failures progressed by a flaking process until shutdown was effected. When slave bearing no.
1-34 faited at 658.7 hours in machine 6, dents could be obscerved in test bedring no. 15, (An adjacent slave
bearing which was more severely dented was suspended from test at the time.) The eriteria for omitting the
five failures were based upon the following conditions:

1. The size of the preceding adjacent tailure

2. The time relationship between adjacent tailures. .

A Weibull plot was made based on this test data. Bearings removed due to outer-race failure, suspect inner-
race failure, or nonfailure were considered as suspended data points; therefore the Weibull plot shown in
Figure 19 was based upon 11 inner-race failures and 21 suspended failures. The plot shows that the B-10 lite
of the inner races fabricated from the VASCO-X2 test material was approximately 200 hours. The B-10 lite
of the complete bearing based upon an AFBMA caleulated life is 38 hours. This shows a lite-improvement
factor of approximately 5.4 for the VASCO-X2 material.

A Weibull plot was also made for the stave-bearing failures (Figure 20). Five tailures out of the 22 slave bear-
ings were used 1o generate this plot. All the slave bearings in this test program were made from a single heat

of vacuum-degassed 52100 steel and forged rings. Normally these bearings are fabricated from vacuum-
degassed 52100 steel tubing, The only variation in these bearings is that they were heat-treated in three lots
designated as 1+, 2-, and 3-. Ten 1- bearings, seven 2- bearings, and five 3- bearings were used to make up the
22 ulave bearings. The endurance lives of these bearings when tested several years ago by TRW under the same
load and speed but with mineral oil lubrication at somewhat lower operating temperatures were appreciably
higher than that achieved in this test program. Test data from these previous tests is presented in Appendix A,
Initial evaluation of these results would indicate that oil-film thickness due to different oils and temperatures
may have caused the life reduction.

Photographs of the inner rings ot the test bearings after test are shown in Figures 21 through 28 grouped as
the bearings were assembled in each individual test machine. If a spall occurred on an innet ring, the spall

was oriented so as 1o appear in the photograph. An initial review of the spalls indicates that all faitures appear
to be typical bearing fatigue failures. The ball path on each bearing also indicates that the load was distributed
cqually between cach set of four bearings and that all loads were radial.
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Figure 21. lnner Rings Serial No. 5.7, 14, 11 and 30 After Test From Machine No.

Figure 22,

Inner Rings Serial No. 15,27, 29, and 13 After Test From Machine No. 6.
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Figure 23. Inner Rings Serial No. 24, 2519 and 18 After Test From Machine No. 7.

Figure 24. Inner Rings Serial No. 28, 6. 3. and 4 After Test From Machine No. 8.




Figure 25. Inner Rings Serial No. 1 and 26 After Test From Machine No. 9. Rings
Overheated in Test.

Inner Rings Serial No. 32, 12, and 23 After Test From Machine No. 10 Serial

Figure 26.
No. 8 and 17 Were Also Tested in Machine No. 10 But Are Not Shown.
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Figure 27. Inner Rings Serial No. 16. 9. 2. and 20 After Test From Machine No. 11

Figure 28. Inner Rings Serial No. 21,10, 23, and 31 Atter Test From Machine No 12
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PABLE 70 FATIGUE ENDURANCE OF MRC 2075 SLAVE BEARINGS

Test Machine
| BewneNe | fs sl S
224 S8 5 Suspended
220 10.3 6 Suspended
RERA 10.3 6 Suspended
219 331 T Suspended
1-19 0.8 8 Spalled outer
113 1285 7 Suspended
317 1373 7 Suspended
120 17401 6 Spalled ball
213 100.4 v Spualled inna
200 195.0 6 Suspended
10 2010 B Suspended
23 2017 O Suspended
322 2307 I Suspended
328 2835 b Suspended
134 3342 6 Spalled inne
1-23 N2 S Suspended
1.29 RERNV b Spatled innar
133 e . Suspendded
127 vaT G I Susponded
[ Lo~ R Suspended
Y INURN 4 Suspended
RS [NERISAN Ty Suspended

| " Botograph o) two shanve bearnme mne v which taded in this test program. Tt appears that
(IS LS. (AN ',‘h‘lv)J(’]H Mo s e et | Ht!YIH,\ Wi aled 1 In oS (814 { Ppedrs i
shnve bearae s D 3 e tor some ume atter the mital spall taduce, resulting in substantial damuage over o
wide area ot the st ace Stave bearime nos 12908 g tvpical cathy spadl tadure and its appearance s essentially

the wome asthe caehy etures obsesved i the 1est bearings,

Protre 20 honss Tawe MSO St el aater cnas whech spatled mothe test beanines, Both talures appear 1o be

topecab it coe tepe spathng taioe e

There was nocotrelitnon between the observed sutbace cracks on the mner ning taee and outside diameter and

Location of the tatieue spat!s The tarct wncinnes pg ttures aof Tost beanines occurred in bearmes which had

o Manattuy adecations Beanmos which were ccconded with cracks diud oot Lol due to propagation ot the

vk Mawnatiay chiechs ot the mmer g ser o 29 petore and atter test shoswn e Freure 3T imdicate veny
Bithe e o o tensione ot e soebace coack s Tnne case ahd carack mtiuence the poertormance ct the bearing
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Figure 29. Slave Bearing Inner Rings Serial No. 1-34 and 1-29.
.
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; Figure 30. Outer Rings Run With Inner Rings Serial Noo 13 and 3 Showing Fatigue Spalls.
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BEFORE TEST

AFTER TEST

Figure 31. Face of Inner Ring Serial No. 29 Showing Surface Crack.




bearings indicated that the surtace temperature ot the bearings appatently reached 200YF or higher during

this short petiod. Although the bearings were discolored, they were found to be operable and thus were e
trned to test. The cause of the overheating could not be ascertained, but itis befieved that a spark was pro-
duced which ignited the oil and then, due to a shortage ol available oxygen, the flames were extinguished. Both
bearings continued testing and were suspended with more than 1,011 hours without failure. Theretore it ap-
puedrs that the short overheated condition did not atfect the fatigue life of these bearings.

Faitures of the case-aarburized VASCO-X2 inner rings appeared 1o be typical in appearance of fatigue spalls in
comentional through-hardened steel ball bearings. Two of the failed test bearing inner rings (no. 8 and no. 17)
were teturned to Bocing Vertol for evaluation of the cause of failure and condition of the material in the
spalied areas. The condition of the two inner rings as received is shown in Figures 32, 33, and 34, Bearing no.
8 exhibited a greatly advanced surface spall, while bearing no. 17 contained a4 much smaller spall approximately
0.1 inch in fength and 0.15 inch wide. A detdiled metatlurgical evaluation was conducted which indicated that
the failures were due Lo subsurface fatigue with crack penetration to a depth of 0.007 inch as shown in

Figure 35, This corresponds closely ta the point of maximum shear which was used to establish case depth
requirements. Figure 36 shows a closeup of the spall of bearing 17, and Figure 37 shows a 150X view of the
ball track which indicates only light surface wear and debris dents. The wear has been light enough as to not
remove the machined-surface finish marks. In addition, the micrestructure of the case and core was examined
to determine it heat treatment may have influenced the test results. Figure 38 shows an acceptable carburiced-
case microstructure in the spall area and also acceptable core microstructure. The checks of the initial heat-
teated ring and the failed rings indicated that the VASCO-X2 material was properly heat-treated and that the
materidl properties achieved during this test are based upon good material qualitics.

CONCLUSIONS

The results of this initial 32-bearing lot test indicate that VASCO-X2 <tee) can be used as 4 bearing material
for tuture applications. These results also indicate that a material factor of 5 or greater can be used  Thisis
within the range of tactors used for CEVM M30 steel. The testing did show that proper design of the bearing
geometry and adequadte case depth are required to eliminate the possibility of case-core separation. [tis

anticipated that most conventiondl designs will not encounter this problem.

Based upon these results, VASCO-X2 steel is recommended as a bearing material. The use ot VASCO-X2 steel
as dmatertal for the inner races of an advanced tapered-rolier-bearing pinion concept is discussed in the neat
section. This combination allows tfor the use of a material that is suitable tor both gears and bearings and also

allows for an integration of components to simplify design and reduce parts count and fretting surfaces,

[
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BEARING SERIAL NO.8 BEARING SERIAL NO. 1/

Figure 32, 2078 Ball-Bearing Inner-Ring Fatigue-Test Specimens No. 8 and No. 17 Fabri-
cated From VASCO-X2 (BMS 7-223) Alloy.

Figure 33. Test Bearing No. 8 Inner Ring Exhibiting Greatly Advanced Surface Spall
0.90 Inch in Length With 0.25-Inch Width.

Figure 34. Test Bearing No. 17 Inner Ring Exhibiting Advanced Surface Spall 0.10 Inch
in Length With 0.15-Inch Width.
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Figure 38. Acceptable Carburized-Case Microstructure and Core Microstructure in Spalled
Area of VASCO-X2 Steel Bearing Ring.




ADVANCED RIBBED-CUP TAPERED-ROLLER BEARING AND

MAGNETIC SEAL TEST PROGRAM

BACKGROUND

In 1968 Bocing Vertol sponsored the first industry high-speed tapered-roller bearing research program with the
Timken Company. The objective of this initial program was to develop tapered-roller bearings to support spirdl
bevel gearing in an advanced helicopter transmission and drive system. Tapered-roller bearings were selected

in place of conventional ball and roller bearings because they offer the greatest potential for increased toad
capacity, increased fatigue life, and an appreciable reduction in bearing size and weight.

This development work on high-speed tapered-roller bearings was continued with a contract from the Eustis
Directorate (ATL) in March of 1971 (DAA]J02-71-C-0025) to design, fabricate, test, and evaluate spirdl-bevel-
support tapered-roller bearings. This program consisted of a generalized analytical investigation and an ex-
perimental investigation. The results of this contract have been published in USAAMRDL Technical Report
73-16°. The knowledge obtained from this test program established that tapered-roller bearings provided a
cost-cffective means for supporting spiral bevel gears.

As a direct result of this program tapered-roller bearings were designed for the Heavy-Lift Helicopter drive
system. Studies showed significant weight reduction and life improvement. Additional rig testing was con-
ducted and was documented in USAAMRDL Technical Report 74-33%. In addition to rig testing, full-scale
transmission tests were conducted on the HLH aft and combiner transmissions. These tests have shown that
tapered-roller bearings can be used successfully to support spiral bevel gears in the actual transmission environ-
ment. These tests also provided insight into areas which could turther improve the operating charactetistios ot
tapered-rotler bearings.

Several other contracts have been implemented by other organizations which have investigated higher speeds
for gas turbine application (42,000 fpm), the use of high-temperature steels (M50, CBST000M), and various
bearing designs (cone rib, cup rib). Although significant advancements have been made in high-speed 1apered
roller bearing technology, other areas of development needed to be pursued to achieve the desited design
godls of the advanced-concept transmission.

In order to achieve the design goals of this program, several additional advanced design features in rolling-
contact bearings were required. Weight reduction for bearings can be achieved in two ways: First, reduction
in the number of components to achieve the same performance and life, such as making two bearings do the
work of three. Second, by the integration of components 1o reduce the total parts count, such as making the
bearing inner race an integral part of the shatt.

The advanced-concept transmission design proposed tor this program illustrates how these design features can
be incorpotated. The input pinion design (Figure 39) shows that two tapered-roller bearings cperating directhy

2. Lemanshki, AL, Lenski, J.W., Ji., and Drago, R.J., DESIGN, FABRICATION, TEST, AND | VAL UATION
OF SPIRAL BLVEL SUPPORT BEARINGS (TAPLRED ROLLER), Bocing Vertol Company, USAAMRDI
TR 73-16, Lustis Directorate, U.S. Army Air Mobility Rescarch and Development Laboratory, Fort Tustis,
Virginid, june 1973, AD769064,

3. Lenski, Joseph Wo, Jr., TEST RESULTS REPORT AND DESIGN TLCHNOLOGY DI VELOPMI N
REPORT  HLH/ATC HIGH-SPUED TAPLRED ROLLER BEARING DEVETOPMENT PROGRAM, Bociny
Vertol Company, USAAMRDL TR 74-33, Lustis Directorate, U.S, Army Air Mobility Rescarch and
Development Laboratory, Fort Eustis, Virginia, June 1974, AD786561.
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CURRENT BASELINE

NUMBER OF PARTS =13
TOTAL WEIGHT =217 LB

ADVANCED CONCEPT

NUMBER OF PARTS =7
TOTAL WEIGHT =148 LB

Figure 390 Design Comparisons ot Input Pinion Beariag Support
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on the pinion shatt can be used to react the gear loads, Conventional desian Lalso shown i Fiaare 391 5¢
quired two rofter bearines and 4 ball thrust bearning to perform the same tunction, o addition to the reduction
ol one bearing, the design also atfows tor simplicity ot contiauration, resultinge i total of sex fewer mutor
components, Prefiminany weight calculations indicate w 6.9 pound werdht saving 1ar cach pinonassembly g
dreduction moshatt leneth of 3inches. The producibihity of the preon assembly also mmproved because ot the
reduced number ot components and simplicity ot desian,

Athough the basic design concept appears simple, the concept bad to be tested toevaluate severa! aritead
features that have not prestoushy been mvestieated. The desien used aosprme foaded set ot ribhed cap taperad
roller beings which operate directhv on the pinion shatt, The sprne-loaded beanme tloats in the housing, The

proposcd test proweim was intended o evaluate the toliownie dessen fearares

o Spring Preloading  The spring is used to maintiasn constant predoad on the set of tapared roller
bearings and allows for thermal adjustment durmye aperation. The desipn and establishment of the
spring load were o be evaluated under simubated operating conditions to insure that proper bearing
prefodad is maintained during all phases o operation. Thespring teature shoutd allow tor increased
operation atter Toss aof oil because it will gsecommuodate aeal expansion due to heat buihdup without
adding to the internal prefoad. The bubdup ot mternad preload rosults i rapad detenionat-on o

Liperederoller bearing

e Hloating Bearmng  Toinsure that the spring foad tunctions properh | one bearine s the sct must be
tree to Hoat axiathv . The advanced-concept desien proposes the use of a pressarized ol annuatus 1o
maintain an oil film between the bearing cup owtside diameter and the Bousimg Tiner instde dameter
This oif tiimis intended to reduce the sliding friction and insure that the beanme cup witl move trechy
i the avial direction under the spring foad totve. Proper desien and operation ot this taature are

criticdd to the success of the spong-toaded taperedroller bearines,

e Ribhed-Cup Fapered-Raoller Bearing  Although nibbed-cup tapered rotles bearmas Buve been pro
duced, there existsvery fintle experience eoncerning ther performnce under selatively e speed
opetation (greater than 7,000 tpm). Work conducted by SKE under contract DAANOY 0 aod ™
and documented in USAAMRDI Technical Report TR 73463 imdicated that this type o desin
teasible tor hivh-speed applications. These tests were conducted on tour smadl beasines under the

limited Toading condition of thrust only .

Fo provide adequate Tubrication coverage of a cone rib designed taperedsroller bearma, muany ol
holes are required: the number of holes is a Tunction ot specd and beatme size Acmuany as -3 holes
were required tor Ry pe beanmaes, This results i increased costs and dithicalty i manutacturing
the bearmu as anintegial part of the shatt - The caperib destgn does not requine o barge number ot ail
supply holes because it provedes aonadaral tap for all oit passimg through the beanmny trom the smaldl
crd thigure 0L Teas anticipated that only tour oil holes widl be reguned ta adeauatels Tabricate this
tpe of bearing. Inaddition, this desten eliminates the need fora cotical Hanee 1o be machined as
part of the shatt and reduces the posabihing of damuaging the shattwcear component Jue toa scutted
rihe N additionad teature of this tope of beacmye desien s that the natoead tap tor oal b guee don
the cup shoutd provide extended o ot aperational Capabdiny and albwavs provede anond thoaded

condition tar reb roller contadt

o Conners, TEand Moroson, FORPEASIBILITY OF TAPERED ROFTER BEARINGS T ORATAIN
SHAE T ENGINE APPLICNTTONS, SKE Industies, Ioe, USNAMRDE PR 330, Eosts Divedion e, U S

Ay Ao Mobaliy Research and Development Laboratoey, Fort Fasts, Vs, Auvasy 19073,
AD S TT98 Y

[




ROLLER

CAGE

Cup CONE

OF HOLES
REQUIRED

CURRENT TECHNOLOGY ADVANCED TECHNOLOGY"

e SPEED BREAKTHROUGH, OVER 42,000 FPM
(PREVIOUS LIMIT 6,000 FPM)

e IMPROVED DESIGN AND LUBRICATION

"THIS DESIGN REQUIRES MANY SECONDARY LUBRICATION HOLES TO THE
CONE RIB'RACEWAY CONTACT TO SUPPLY THE NECESSARY OIL TO PREVENT
RIB SCUFFING. THISSYSTEM DOES NOT TAKE ADVANTAGE OF THE OIL
FLOW PATH NOR DOES IT TRAP OIL FOR EMERGENCY QiL.-OFF OPERATION.

PROPOSED RIBBED-CUP DESIGN

TRAPPED OIL FOR

CRITICAL RIB'ROLLER
CONTACT ALWAYS
FLOODED WITH OiL

NO EXTERNAL
JET LUBRICATION
REQUIRED T

NO SLIDING CONTACT
ON INNER RACE TO
PRODUCE SCUFFING

ROLLER

O1L SUPPLY THROUGH
SHAFT. MAXIMUM OF
4 HOLES REQUIRED

Figure 40, High-Capacity. High-Speed Tapered-Roller Bearings.

|__ LARGE NUMBER

EMERGENCY OPERATION,




e Lubrication  Initial plans call tor the lubrication of these bearings by oil supplicd 10 the shatt bore
and distributed by holes in the shatt to the bearings. No external jet tubrication is planned tor these
bedrings. This methad of lubrication should eliminate the risk of blocked jets due 1o foreign material
contamingtion. Tests will be conducted to establish required oil flow and optimum location ot the
fubrication holes in the shalt. In addition, the failsafe operation of these bearings will be investigated
using an auxiliary oil supply and loss ot vil. Minimum oil flow to maintain satistactory operation will

he determined.

e High-Hot-Hardness Carburizing Steel To enable the integration of components such as bearing races
and gear shafts, a material which is suitable for both gears and bearings must be considered. Boveing
Vertol has used VASCO as a gear material for many years with good success. To evaluate the use
of VASCO-X2 steel as a bearing material, ball bearings were tabricated and tested to establish the
rolling-contact fatigue properties ot VASCO steel. This program was conducted betore the start
ot the tapered-roller bearing program and the results are reported in the preceding section of this
document. This test confirmed that a common steel can be used inan integrated gear and bearing
svatem to achieve good pertormance for both the bearing and gear. The fina) evaluation of the

integrated design was to be conducted under this test program.

o Muagnctic Shaft Seal  The magnetic input shaft seal incorporates g face seal of carbon wrged into con-
tact with a fapped-stee! runner by magnetic force. The expected benefitin this application is extended
lite compared to a lip seal, mechanical simplicity, and hence reliability compared o a spring-loaded
Lace seab. The shatt spead is not considered excessive for standard seals: however, tield and test ox-
perience indicated that seal leakage and wear are still a major problem. The use of a magnetic shatt
sedl should provide the needed improvement to achieve the objectives of this program. The seal will
be evatuated tor wear and leakage rates under the simulated environment ot an input pinion. The ¢t-
teet ol the pumping action of the tapered-toller bearing will be one of the determining factors for

good performance.

Although the advanced transmission components investigation contrdct was awarded in June of 1970, the
evaluation ot the tapered-roller bearing phase was not initiated until August of 1977, This delay was sequired
to complete the evaluation of the high-hot-hardness carburizing steel as o bearing material. The results ot this
program provided the contidence that the integration of bearing and gear components would result in the ex-
pected pertormance, as mentioned carlier. In August of 1977 the Timken Company of Canton, Ohio, con-
acted to tabricate and test an advanced-concept ribbed-cup tapered-roller bearing. This program duration
wids [rom August 1977 1o September 1979,

The objective of this subcontract was to design, fabricate, and demonstrate a ribbed-cup tapered-roller bearing
on g simplitied input bevel pinjon design. Nonstandard features ot this high-speed tapered-toller bearing were
aribbed cup, the inner race or cone integral to the shatt, full through-shatt lubrication, and a completely
machined outer-land-tiding C-1y pe cage.

Specific items for investigdtion were beasing performance, heat generation, lubrication requirements, mount-
ing (spring preload, Hoating-cup fooseness, and antitotation devices), and endurance. At the conclusion ot
this cttort and considering the excelfent condition of afl test components, an extension of the program was
awarded to the Timken Company in September of 1979, This add-on phase consisted ot sinail-off sutvivabili
Uy tests. These tests were incorporated into the inttial ettort and were completed by December of 19749, The

complete results of this ettort are documented in this section of this report,
P
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BEARING DESIGN CRITERIA

Inital tade studices condudted to develop the adsanced transmission tesulted i the prebimimany desizn ot
ribbed-cup tapered-toller bearings to support the bevel input pinion as shown in Fure 390 Thoese desien

studies were conducted based upon the tollowing design criteria.

e Manimum input pinion power 13,513 in-1b (1,543 hp)
o I[nput pinion speed 7,096 rpm
o Bearine B-10 tite 900 hr>

* The 900hour Lite is based upon no material factor and at a cubic mean load which is approximately 67 per-

cent obf manimum load.

During this preliminary design phase, both the inboard bearing (toe) and the outhboard bearing (heel) were con-
ligured as shown in Figure 39, To minimize the cost of this test program, only the heel position w.as considered
tor tull development. This approach enabled the Timhen Company 1o tool up tor one size bearing and did not
areathy influence the intended results of this program. The main influence of this change in design was that

the toe bearing was oversized tor the imposed foads and the applied test Toads had to be moditicd 1o maintain
the desited toads on the heel bearing. The end results were that the heel bearing position expetienced the same
fodads as expected in the actudd advanced-concept transmission and the toe bearing toads varied as required to

maintain this approach. The initial size of the heel bearing is shown in Table 8.

Buased upon this initial design and the specitied Toads, an iterative technigue was used to arrive at the tinal

optimum design of the test bearing,
This approach consisted of the tollowing steps:

1. Capacity and emvelope dimensions supplied to the Timhen beating design croup.

2. Bearing design wroup produced geometry details and sketehes.

JABLE 8. VARIATIONS OF BEARING DESIGN

Initial Final
I e
Outside Diameter (inl) 4.9606 5.0000
Cup Width (in)) 1.3780 |
Roller LED Inside Diameter [ing) 32000 34704
Cone Angle {deg, min) 18 16, 26
Fatigue Live (h) at 7077 rpm under cubic
mean loading* 900 780
Rotler Spherical End Radius (pereent) S0 8U
Cage Machined steel, Machined steel,
sifver plated silhver plated
r - e - - - - - - E— S —
*Final design hours were calcutated based on catalog approach with na material tactor. Adjust-
ments tor positive Tubrication and load 7zone etfects produced an 1-10 lite ot 1,693 hours, The
results of the evaluation of VASCO-X2 steel indicate that a matenial factor ot 5 could be used
This would result i an L-10 lite ot 8,365 hours,
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Yoo we v od Yo criduranee e, normed ‘u)‘(dlll}.'“ Hertzan stresses, EHD timis . and heat

Vivas
ottt alice .

FONew e was sapphied Goonce e dosten eraup, and steps 2 amd 3 osenc repeated untl the tingl

dostdn s oas approned

Son e atons were teguned detore the test beanine stze was tinalized

Phe et desienand final desien speaibications tor beanina envelope dimensions and tatcue bte capaaty are 1
2ivertan able s
Based upon this tial desien, the remamimy compenents oshave bearimgs, test shatt, and nsanetic sealt were de
sizned to srmutate the mput prvan bovel gear as chosciv s possible i order to properhy evaluate this concept
-
MATERIAL SELECTHON AND COMPONENT FABRICATION
Livht complete test assemblios were tabricated during this program. Lach testassembly consinted of twao
test bearings, vne test shatt, one magnetic scal, and two shave bearings, For cach assembly, new componenis .
were tsed exeept tor the shave bearmuos Table 9 provides asummuary of all the components tabncated during :
]

this provram. Further details concermng design, material selection, and tabrication of cach component are

proveded i the |\\||U\HI1\; secbions,

Tost Bearines
Sinteen test bearinegs were manutactured 1o the Boeing Vertol drawing requitements shown in Figure 41, Lach
test bearing consists ot an £X239260 ribbed cup, an £EX23926A cage, and a set ot 17 EX239268 rollers.

The material selected tor the tabnication of these components was CEVM CBS600 high-temperature steel. The
CBSO600 steed was selected because of TimRen's experience with this steel as o beating material. s properties
are absovery similar to the VASCO-X2 steel which was used as the material tor the innes race which is an

integral part ot the gear shatt. The chemical composition ot CBS600 steel s shown in Table 10.

TABLE 10, CHEMICAL COMPOSITION RANGLS OF CUPS AND 3
ROLLERS OF TLST BEARINGS

Material - CEVM CBS600
C Mn P S Si Cr Mo

0.16°0.22 0.40 0.70 0.025 max 0.025 max 0.90 1.25 1.2571.65 0.90 1.10

The bearing cage is an outer-tand-guided, C-type cage completely machined from A1S14320 steel. Prior to
silver plating, the cages were dynamic-balance tested. All cages exeept serial no. 78-27 had a total imbalance
ob Less than 3 grams per centimeter as measuied at both pilots; number 27 had g total imbalance of 3.29
grams per centimeter. The bench diametricat clearances tar the cage piloting surtaces were 0.006 10 0.016
inch atter silver plating, The silver plating contormed 1o Federal Specification QQ-5-365h, Type I, Grade B,

and was applicd to a thickness of 0,001 1o 0.002 inch,

Betore assembly and test, cach beating component was closely inspected tainsute unitorm quality . The

integral race of cadh test shatt was traced to dheck angle, contour, and surtace tinish. The inspections ot the
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4.908IN RAD _____———
(80°% APEX MAX]

Iy g

/

ROLLER DETAIL (EX23926B)

SMALL END ROLLER DIA 0.4505 IN.

LARGE END ROLLER D!A 0.5602 IN.

ROLLER MAX OVERALL LENGTH 1.2096 IN.

BODY LENGTH 1.2000 IN.

MIN EFFECTIVE LENGTH 1.1283 IN.

NO. OF ROLLERS 17

CROWN RADIUS 1,000 IN.

CAGE DETAIL (EX23926A)
g CacocTaL
N( — CUP AND ROLLERS TO BE MADE

FROM CEVM CBS600 STEEL

BRR 8,450 LB
BTR 6,400 LB

32%52'

|

5.0000 + 0.0010
—-0.0000

IN. DIA

i/ | @
> <

| ;

o (EX23926D) | i

!

1

Figure 41. Design of Tapered-Roller Bearing tor Test Series.
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ribbed cups and rolfers included anale checks, protife traces toller size and sphetical end geomety surtace
tinsh measurements, etes The cups, rolicrs, and cages were prodessed according to the Timken Company s
COnticad Part” manutactuemy and taceabiiing elans Ty pical protile taces of the roller spherical ond tadius
(Piure 420, coller body (Figure 433, cup raceway (Fiwure 0, and cup rib face thigure 4351 e shown for

bodaring o 79s which was used in assembiv number S,

Shive Bearinus

[he test shatt desien for this program had provisions for worows of slave bearinzs which were tsed toapply
the cquivatent zear reaction Toads (radial, thrust and moment) to the test bearinas, The bearines selected fo
tie slave bearmy focation were chosen trom previowsh designed hish-speed tapered-roller bearings with Tube
holes to the cone nib tace. The bearing selected was substantially Lager than the test bearings and theretore
tewer bearines were requited to complete this test program. Five EX2456CC-EX2456DD bearing assemblices
stmilas to the HMO23470000ries bearing were tabricated to be used as slave bearines, Figure 46 s an assembly

Jrawong of the shive bearine.

The shive bearing cone, cup, and roilers were also made from CLVM CBS600 steel. The bearing cave is an L-
nopes complotel stamped cage made trom AISTTOTO hotaalled steel. The cages were sibver-plated acconding
tor boderal speditication QQ-S-363b, Type HL Grade Botoa thickness of 0.001 10 0.002 indh.

Tost Shan

Phe tostshatt with itegral bearing inner 1aces was tabnicated through ajoint eitort of the American Lohmann
Corporation and the Fimken Company. The Boeing Vertol Company supplicd the VASCO-N 2 el 1o the
Anenican Lohmann Corporation to heat-treat and perform the tinish-machining of the shatts except tor the
Prsbearindors ot the bearing races, The bearing taces were tinish-ground by the TimAen Company . Tiis s

auence b aperation s simifar to what would be expected in g production tun ot cear shatls,

Ihe muterd selected tor tabrication of the test shatt is VASCO-N 2 singlevacuum-melt steel por Boving Vertal
specicatm BMS T 2230 This s the same material used in the carlien testing of MRC 2075 ball bearings and is
Alse e gter sl wsed tor aear application at Boemg Vertol, The chemical and physical proper tes of the heat

o asad to fabricate the test shatts are shownin Table 11,

The test shart was designed by Timkenand is shown in Figure 470 The shatt was then madhined and heat-
teated by the American Lohmann Corporation. The only areas not completed were the tinish-grind of the
Twe tace jourials tor the test bearings, The heat treatment was conducted per Boeing Vertol manufacturing
redurements and s the same procedure used tor standard transmission gears tabricated from VASCO «teel.
Fhe toflowime speditications were to be met on the cone surfaces of the shatt atter carburizing and final heat

freatment.

4o ROSE mimimuny at 0,035 inch atter g arind allowance of 0018 indh minimum
b RSO mmimum at 0.070 mch atter g erind alfowance of 0 018 inch minimum

CooSurtace hardness of Re 60 miaimum atter arind

Nine shuatt spedimens were processed inorder to achieve the required eight test shatts, Poior to final test heat

vedatment, a sample stug ot VASCO-X2 steel was cheched toverity the heat-treated microstiacture, hardness,

dand carbueized-case depths,
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Figure 45. Typical Profile Trace of Cup Rib Face Before Test.
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TABLE 11. ANALYSIS OF MATERIAL FOR TEST SHAF1S

Brand: CVM VASCO-X2 MOD 0.13/0.16C BOEING SPEC BMS-7223
Size Bars Weight Heat No.
6-1/8 in. rd 6 3,488 Ib 3191-A

Macrostructure  Satisfactory
Grain Size- T --51/2
1B 6

Magnetic Particle Inspection:  Top  F/S 0/0
Bottom F/S 0/0

Jominy Hardenability:

)1 J4 ]8 J12 J16 ]24 ]32
Top 38.0 38.5 38.5 38.0 37.8 36.8 36.4
Bottom 41.5 42.0 41.8 41.2 41.2 41.2 40.8
J-K Rating:
A 8 ¢ D

Thin Heavy Thin Heavy Thin Heavy Thin Heavy
Top 1 0 Y 0 0 0 1% 0
Bottom 1 0 0 0 0 0 1% e
Heat Analysis
No. C Si Mn S P w Cr \Y Mo
3191-A
Top 0.15 0.94 0.26 0.005 0.017 1.3 4.85 0.43 1.35

Middle 0.16
Bottom 0.15 0.94 0.26 0.006 0.015 1.32 4.84 0.46 1.35

A 1/2-inch-thick slug was cut from a larger test specimen and polished to metallographic surface quatity. The
patished specimen contained two opposing carburized surfaces and two others containing essentially core
carbon; that is, no carburized case.

Mictohdardness measurements were made at 0.005-inch intervals from the surface with a Tukon hardness tester
usiiuz . SO0-ram load and a Knoop diamond penctrator to assess case and core hardness along with hardness
gradient i depth on both carburized surtaces. The results are listed in Table 12,

The spoamen was then etched to establish case and core microstructures. A 4-percent nital solution was used
fooreve d the Case minceestructure {especidlly retained austenite) and a 10-percent Fe CL solution to better define
the v octore which would not eteh in nital. Microstructures were then rated visually at S00X and the

[t U TR BT 2Y PO BT IV

| ISV prowere tiken o show the essential features of the case structures at the surface after grind
oo Bcures B8 and 9,




|
4
4
, TABLE 12. CASE DEPTH, HARDNESS, AND MICROSTRUCTURE TEST DATA
FOR TEST SHAFT :
A, Case Depth and Hardness 4
Rc¢ Hardness, by Conversion from Knoop
As Heat Treated After 0.018-in. Grind Allowance
Case Hardness 61/62 61/62
Core Hardness 43 43
Case Depth to Re 60 0.045 in. 0.027 in.
Case Depth to Re 58 0.057 in. 0.039 in.
Case Depth to Re 50 0.097 in. 0.079 in. .
B.  Microstructure in Depth (observed visually at 500X) J
Depth Microstructure *
Surface to 0.010 in. Full-grain boundary carbide network, along with large A
spheroidized carbides in martensite plus 15% austenite i
0.010t0 0.015in. Broken carbide network, with finer spheroidized carbides »’
in martensite plus 15% austenite q
0.01510 0.060 in. Fine spheroidized carbide in martensite with austenite C
decreasing from 15% to essentially sero at 0.060 in.
0.060 to 0.120 in. Martensite with some fine carbides
0.120 in. on Low-carbon martensite with 15 10 20% territe
C. X-Ray Retained-Austenite Results, Gr Radiation
Depth (in.) Percent Other Constituents
0.005 19.9 M23 Cg carbides
0.020 17.5 My3 C¢ carbides
Finally, X-ray retained-austenite measurements were made on both carburized surfaces at the 0.005- and
0.020-inch depths; the resulting data is also given in Table 12.
The data in Table 12 confirms that both the case depth aims noted carlier, as well as the desired case hardness
and icrostructure specifications, would be met in the cone shafts after the 0.018inch grind allowance was
applied. All undesirable case microstructure components, such as network carbides, would be removed at a
depth of approximately 0.013 to 0.015 inch, which is within grinding stock fimits.
All nine test shafts were completed by the American Lohmann Company pet the requitements of Figure 41
The nine shafts were then shipped to the Timken Company for the final grind operation on the two cone
journals. After tinal grinding, the integral race of cach test shatt was traced to check angle, contour, and
surface tinish, An example of the traces from shatt no. 784, which was used in test setup S, 0s shown in
Firgure 50,
|
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0.010 INCH + DEPTH — 0 020 INCH

Figure 48, Case Microstructure of VASCO-X2 Specimen Showing Ty pical Carbide
Distribution at What May Be Working Surface of the Cone Shate Atter Grind,
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Figure 49 Core Microstructure of VASCO-X2 Specimen at Depths Greater Than 0,120
Inch From the Sartaces
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Magnetic Seal

The magnetic seals used in this test program were turnished by the Bocing Vertol Company to the Timken
Company for test. The magnetic seal design wds conducted by the Boeing Vertol Company and the Magnetic

Seal Corporation of West Barrington, Rhode Istand. The seal design was based upon the requirements of the
advanced-concept npuat pinion asembly which s shown in Figaie 39,0 The design configuration ot the
magnetic seal is shown in Figure 510 The only ditference between this magnetic seat and that of o pro-
duction seal is the use of an adaptor hetween the seal and the test rig end cap. This adapter is an
insulator which is required if the seal is phiced in a magnetic housing. tn production. tansmission housings
will be cither magnesium or an advanced-compesite: material, neither of which will require this aduptar.

Provisions were made on the drive end (Figure 52) of the test shatt to evaluate the magnetic seal under con-
ditions simulating an input pinion application. The magnetic seal assembly consists of two basic components:

1. A magnetized ring having an optically flat sealing surface fixed in a housing

2. Arotating ring with a carbon insert scaling surface.

The rotating member is fabricated from a magnetic stainless steel and floats axially along the shaft. The sealing
surtaces of the stationary and rotating components are held together by a unitorm magnetic force, creating a
positive seal with minimum friction between sealing faces and proper alignment of surfaces through cqgual
distribution of pressure.

Magnetic seals have the potential of operating for thousands of hours without excessive wear. The wear tate

can vary widely with difterent operating conditions. The performance of a magnetic scal is largely dependent
upon tace foad, surtace speed, temperature at the seal interface, and the coefticient of friction; scal perform-

ance will be evaluated as part of the tapered-roller bearing test program.

In order to keep the two lapped sealing surfaces of a magnetic seal closed during the absence of hy draulic
pressure, it is necessary to provide some form of mechanical load. Magnetic force is used which provides a
reliable and uniform method of providing the specific face load necessary to insure a positive seal.

Unlike spring-loaded seals, magnetic seals operate at the specific face load for which they are designed with no
variables under normal operating conditions. Manufacturing tolerances and stackup which cause variations in
spring detlection and load no tonger have to be considered. The magnetic seal is self-positioning on the shatt
and its face toad is unattected by the shaft-housing relationship. For this teason the sedl can be designed with
the minimum amount of face load, usually about 0.5 10 0.75 of the value of spring-loaded seals,

The single most eritical dimension of a face-type magnetic scal is the degree of flatness of its sealing surtaces

or faces. Flatness is defined as the” distance between two parallel planes which entirely contain the surtace of
aseaf face. Magnetic Seal Corporation’s standard manufacturing tolerances cafl tor seaf taces to be lapped tat
within two helium tight bands (23.2 miftionths of aninch). This measurement is made by the use of
monachromatic light and an optical flat. Monochromatic light is Tight in which one wave leneth predominates.
A opuical Hat is a tlat, transparent test surface having no magnity ing power.

When i serres of bands occurs between two nearly flat surfaces, there is aowedee of i between theme The
slope of the wedge is at right angles to the bands, The bands locate steps of 1o milionths of aninch vertical

distance trom the surtace being tested to the optical tlat when a helium monochromatic hieht s used.
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Figure 51, Bearing Test Rig Magnetic Seal.
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Figure 52 Magnetic Seal Tested in Conjunction With Advanced-Concept Transmission
Tapered-Roller Bearings .




Bands occur because light retlections from the two surfaces which form the ain wedue eithor interfere with o
reinforce each other, according to the thickiess of the air wedge, Interterence of twao retledt ons Catises dark
ness dand occurs where the air wedge thickness is exactly ane-halt the wave length for muttplesy o the e

usedd. Pacattel dark Bands thus torms ap and down the stope of the air wedge at zones whore the wedue i

ness changes by one-halt wave length, Haltway between cach pair of dark bands areinforcenient peoe
bright band. When viewed perpendicularly inhefium light, the dark bands are Tocated where thie vt

thickness chanpes by cqual intersals of Q000016 Hach,

Beaause of this high degree ot Hatness maintained in the sedl faces, magnetic seals will create aeoriectng
positive sedl upon installation cither statically or rotating, No run-in time is needed 1o e the sealing su
faces, [ shoutd also be pointed out that @ magnetic seal is freely mounted on clastomers aned s ot sib ediod
toany external torces, such as pross tits or clamping, These external torces can distors st destron the breh

degree of Hatness mentioned previousdy.

The magnetic ring used in this seal is fabricated trom cast Alnico Vo Alnico Vs a hard, crystalline, preciping:
tion-hardencd allov which is made by conventional foundry techniques and specialized heat treatments. The
heat teatment consists of heating the alfoy 1o 1,3009C and holding that temperature until s homouaenized
structure is achioved. This s toflowed by a controtled cooling where a submicroscopic phase s precipitaied.
The alloy is then reheated 1o 6008C and held tor a period of time. This stage is called agine aind focreases the

coercive force and energy product by Torming aosecond submicroscopic phase.

High magnetic energy is obtained by applving a magnetic ficld to the magnet vine dwnme cooting. This Causes
the precipitate to align in the divection of the applied field, resulting in stronger magncetic propertios in that
direction. Al Alnico V magnet rings are directionalized or magneticalty oriented in this manner 1o obtain

MANEMUIM unitorm magnetic enerey .

The success of any magnetic seal depends on the ability of the magnet to supply a constant amount of pull
or thax through the air gap in any envitonment to which the scal is subjected. Once magnetized, the Hus
produced by the magnet will remain constant uniess external energy s applicd to chanue the halance of the

internal energies.

Eight muagnetic seal assemblics were muanuiactured by the Magnetic Seal Corporation to the specitication detined
in Figure ST A new magnetic sedl was used for cach of the cight testsetups, A passage was provided 1o the
outside ot the test housing to collectany tubricating ol leakage that might accur during test. Alo, cach seal

was docurdately weighed and dimensioned before and after test to determine wear rates.
Lubticant

The lubricant used throughout this test program was a qualitied MTL-1-23699 specification. s the testing
was being conducted, samples were monttored for changes in properties. Primary emphasis was gisen to the
neutrdlization number Gicid number). The tate of increase mthe neutralization is an indication of the deteriog

tion {oxidation) of the oil Table 13 shows the properties of new oil,

The initial tost rig ol B was used for test numbers 1 throush 60 The oil pump hour metor reaistored appmosg
mutehy 460 heurs during this time. At the condusion ot test number 6, the entite Tubrication system was
thoroughly cleaned and retilled in prepasation tor test number 8, the endurance test. This second il ol o was

used for test number 7 oand the endurance test tor a total of 500 hours on the pump fron: mere
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FTABLE T3, LUBRICANT PROPLRTIES

Viscosity (oSt Viscosity Acid
Lubricant A 40Y¢ AR Index pH No. Colur
L\\IL-L-BD‘N 25.38 1.99 124 3.1 0.08 3.5

The components requised 1o make up each test assembly are shown in Figure 530 Luch assembly requires two
test bearings, one tost shatt, one magnetic seal, and two slave bearings. Each of cight test assemblies used new

components except tor the slave bearings, which were veplaced only as reguired.
TEST RIG DESIGN

To conduct these tests under simulated aperating conditions in vrder to evaluate the pertormance of the
ribbed-cup tapered-roller bearings and magnetic seal, a teat rig was designed around a rig which was originally
developed tor the HLH ATC high-speed tapered-roller bearings. This work was originally conducted under
USAAMRDI. Contract DANJOL-71-C-0840(P40} and documented in Reference 3.

Figure 340y an overall view ol the test rig and control panel. The test vig was driven by a 100-hp de variable-
speed electric motor belied to a 901 speed increaser. This svstem provided the capability of running the test

bearings to 4 maximum speed of 14,000 rpm.

A new test head was designed which allowed the testing of two bearings o a simulated spiral bevel input
pinion gedr, A cross-sectional view ot the test head is shown in Figure 350 The artangement shown in the

figure was used tor most of the development tests and tor the endurance test.

Bearing loading was applicd hydrautically to the pins on the stave bearing cup housing as shown in Figuie 50,
The pins were located below the shatt centerline and the ey linder was inclined at an angle ot 22 degrees 1o

produce radial, thrust, and moment loading on the test shatt simulating loads produced by a bevel gear mesh.
The 25,000-pound svstem included aspool-ty pe toad cell Tor monitoring applicd loads. Figure 37 shows the

test housing and hy draulic foading system.

Forone of the development tests (number 6) and ali of the oil-off survivability testing, & modified test head
arrangement was used. This new arrangement involved the removal ot the slave bearings and hy draulic loading
device and installation ¢ various Bellevitie springs tor applying only thrust loads. This test arrangement is shown
in Figure 58, This change was made in order to reduce the etfects of the slave bearing heat generation on the

final test results,

Lubricant tor all tests was supplicd to the test bearings entively thiough the shatt center The flow was
metered by astationary tube projecting into the shattinside diameter. This tube also provided the slave beas-
ing cone rib oil supply. The oritice diameters were sized anahy tictlly ) then veritied exporimenually prior to
assembive The smuall-diameter endds of the shave bearings were lubticated by jets located between the bearing
tows. The How rates to both sources were monitored by turbine-ty pe How meters. The lube system was

cquipped with a heat exchanger and <ump heater to contiol wil inlet temperatures.

Post parameters recorded included tost bearing cup od, seal case od, ol inlet, oil outlet, and housimyg tempera-

tures: oil tlow rates: shatt speed; and by draudic oy lind2r Toad.
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Figure 54 Overall View of Bocing Vertol Test Rig and Control Panel.
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Figure 57 Lapered Raoller-Bearing Test Rig
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151 PROCLDURE

[he tollowing test procedure was used during most of this program. As testing progressed, severdl changes
were made 1o the test procedure in order to ubtain desired information or to evaluate other parameters. These
changes are discussed in more detail in the next section concerning tests results. A test matrix indicating the
various parameters to be investigated during the initial cight tests is shown in Table 14, The first seven tests
were conducted to evaluate and optimize the operating parameters to be used in test number 8, which was a
limited endutance test. The parameters investigated were oil flow rates, oil infet temperature, speed, load,
prefoad requirements and tHoating cup fits, and tlow rate requirements.

A test assembly consisted of two new test bearings, two slave bearings, one new inner-race test shaft, and a
new magnetic seal. The shave bearings were replaced only as needed. For test number 6 and all oil-ot tests,
shave bearings were not installed.

Priot to assembling and testing, cach bearing component was closely inspected to insure uniform quality. The
obledctive was to minimize bearing component intluences on operating characteristics.

Betore installation and test, both the magnetic ring and the seal case/carbon insert were ultrasonically cleaned
and weighed, Tor the first two test setups the seal parts were weighed and measured cach Ume the setup was
disassembled Tor inspection. Since no appreciable weight or widih loss was measured, the seal parts were
weighed only at the beginning and end of tests 3 through 8.

The test bearings were designed tor an L-TO dite criterion of 900 hours catalog rating at 7,196 rpm at cubic
medan loading with no material factors indluded. The cubic mean load tor this application represented approvt-
muately 73,5 percent ot the twinqengine (TE] tating ot 1,401 hp pey input pinion of an advanced-concept
tansmission. Because the input pinion arrangement ol an advanced-concept transmission could not be
exnactly duplicated in this test program, it was decided that the parameters tor the most critical bearing (heel
location) should be maintained and the loads on the toe bedring would vary as required to maintain the proper
loading on the heel bearing, Given the bearing spacing in the test rig application and given that both the heel
and toe position would use identical size bearings, a foad schedule was developed to achicve a radial toad ot
3,587 pounds on the heel bearing. This Toad was rounded off 1o 3,600 pounds and identificd as the cubic
mean load. By simplitying the radial loads, the tollowing test scheme was used: 75 pereent or 3,600 pounds
(cubic mean = 1,050 hp), 100 percent o 4,800 pounds (twin engine = 1,400 bp), and 112.5 percent or 5,400
pounds (single engine = 1,375 hp). A summuary ot loading conditions tor the heel and toe bearings is shown in
Lable 1S, The slave bearings had similar foads.

AL the start of cdach test, the speed and load ey cle shown in Table 16 was used; therefore all bearnmg assemblies
were subjected to the same initial load cycle. Upon completion of this oydle, Toads and speeds were varied as
required to complete the planned test matrix shown in Table 14

The First two tests were started .t 1,000 ipm and 2,000 pounds cylinder Toad as a shakedown procedure. The
tests that were tun at higher speeds were mcreased in 2,200-rpmoancrements (9,600; 11,500; 14,000 tpm) with
the same tour Toad levels as shown in Fable 11

Test number 6 was conducted under thrast loading without the shave beanmgs. The two Taad levels used were
cquivdlent axial thrust loads: that s, 2,964 pounds thrust would produce cqunalent heat generation as SO

pereent of twin engine loadimg and 6,418 pounds thrust would simulate 100 percent sinele-cmine foadimyg
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TABLL 15, LOADING CONDITIONS

Shafi A Heel B Toe
Lngine Gy linder Moment | Radial Thrust Radial Prefoad:
Opueration Pereent (1) (in.-1b) (Ib) (1} (Ib) {Ib)
Cubic mean load 7S 7,807 4,830 3,600 3,019 3,600 2,115
Twin vngine 100 10,410 6,442 4,800 4,026 4,800 2,115
Single engine 1125 1,710 7.246 5,400 4,529 5,400 2115
*Preload equals TOO percent of induced thrust due to radial load at single enyine.

TABLE 16. SPEEDS AND LOADS

Shaft Speed Cylinder Load Approvimate Duration
(rpm) (1) {hr)

3,700 5,205 1.5
3,700 7810 1.5
3,700 10,410 .5
3,700 11,710 1.5
3,550 5,208 1.5
5,550 7,810 1.5
5,550 10,410 1.5
5,550 1,710 1.5
7,100 5,205 .5
7,400 7.810 1.5
7400 10,110 1.5
7,100 11,710 1.5

Following cach test all bearing components were traced and photowiaphed.
FEST RESUL TS

Asumnuary of test parameters tor the development tests (number T theough Thand endurance test {number 81
shown in Table 17, Appendin B includes a compilation of test data consisting of buitdup sheets tor cach test
assembhy,a list ol data paoints at cach speed and Toad level at thermal stabitity , and photozraphs showing the

atter-test condition of each bearing component.

A summany of the results and test parameters of the siv oil oft tests conducted with components trom the
deselopment tests mentioned above is shown i Table T8 Data sets consisting of buildup sheets, computa
prntouts of measused and calculated testresutts, vraphic presentations of results, and posttest photographs

ot Deaning components used in this test provram are mdduded mo Appendin C

Folowmeas a boet description of cach ot the tests conducted
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Development Test No. |

Test 1 owas initially started at 1,000 rpmand 2,000 pounds ¢y linder Toad to chedk the iy and operation of al
components. Atter several hours of operation at these conditions, the test head was disassembled and all
components were inspected. Al components were satistactory and they were teassembled and the test was

continued.

The Belleville spring for this first test was set to provide 2,115 pounds preload on the opposite-diive-end Hoat-

ing cup. The oil flow rate to each test bedring was four pints per minute. The oil tlow rate to cach shave

bedaring was eight pints per minute, equally divided to both ends of the bearing. The opposite-dirive-end toating

cup od tit was 8.0035 inch foose and the oil flow rate to the floating cup od ranged trom 3.9 10 6.8 pints por

minute, increasing as the oil infet temperature increased. The stave bearings were assembled with a 000017 inch

end play setting, Data points were recorded at tour shaft speeds from 1,000 10 7,400 rpm and five boads trom Co
2,000 1o 11,700 pounds.

Atter 14 hours of testing, inspection of test components revedled that one of the rollees trom the drive-ond

test bearing developed o circumterential groove on the roller body toward the large end as shown in Figure 39,
The groove was approximately 0.004-inch deep by 0.012-inch wide. Further inspection tound a chip missing
trom the carbon insert of the magnetic seal as shown in Figure 60. The hardness of the catbon insett material
was reported to be 38 to 65 Re. 1t was thought that the chip became imbedded in the cage bridee and pro-
duced the groove, All components completed a total of 37.6 hours vt testing with no additional damage o
distress. Al test data and photographs of components are contained in Appendix B.

Development Test No, 2

Test 2 was run at speeds of 1,000 rpm to 11,800 rpm and aactiioe ¢y tinder loads trom 2,000 1o 1,700
pounds, The apposite-drive-end tloating cup od clearance was 0.0031 inch foose. The oil How rate to the
floating cup was from zero to 6.4 pints per minute. The slave bearings were assembled with 0.0023 inch end

plav. The Toad-up ¢y cle was repeated for two oil flow rates.

There wete three teardowns for inspection during the 58-hour test. The final run was to achieve manimum
speed (1:5000 rpm) operation in order to check the rig. The test was finadiy terminated duwring a run 4t 1,800
rpm due to slight scutting damage on one slave bearing.  Inspection of the slave bearings indicared that Toss ot
shattbore interference fit of the bearing due to inertial toading and temperature alfowed the slave bearing 4
cone to move axially and break the capscrews that secure the cone clamping ring as shown in Figure 61, 1o
cotrect this condition for the remainder of the tests, the bores of the slave bearings were chrome-plated 1o give
ativhter interterence fit. The opposite-drive-end slave bearing which was damuageed was replaced. All other

test components completed this series of tests without damage or distress,

Development Test Number 3

Test 3 was also started at 1,000 rpmand 2,000 pounds machine aviinder Toad. Within two hours, test condi

tions were increased to THEO0 rpm and 7,810 pounds oviinder Toad. Atter 15 minutes of operation it this

condition, a noise indicated bearme damage and the test was terminated. Inspection revealed that the

oppostte-drive-end shave bearme acam sustamed skiddme damage. The load zone an the damaged bearing cup
wids not continuous as shown in Drogee 620 10 was apparent that the two-paint foadimg on the slave bearing cup
adapter was detorming the outer tace. The remaimder ot test 3 ocused on solving the problems encountered

with the shive bearings.
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Figure 59

Roller From Test Setup Noo 1 Showing Circumierential Groove
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Figure 60. Magnetic Seal Ring From Test Setup No. I Showing Chipped Area.
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OPPOSITE-DRIVE-END SLAVE BEARING SEAT ON SHAFT

END CAP AND BROKEN BOLTS FROM SLAVE BEARING

HIGHEST SPEED
HIGHEST LOAD

i

11,800 RPM
7,800 LB

i

Figure 61. Results of Test Setup No. 2 With All Eight Bolts Brcaking and Bearing Backing
Off 0.125 Inch.
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Figure 62. Load Zone of Opposite-Drive-End Slave Bearing Cup After Start of Test ;
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Several tests were conducted to determine the effect of housing deformation on slave bearing load zones. The
cups of the two slave bearings were blued and installed into the test rig. These bearings were operated for three
hours under load. After running, the cups were inspected to determine their load zones as shown in Figure 63.
These inspections revealed that local distortions at the load pin locations and partial loading have contributed

to the slave bearing problems.

The proposed solutions consisted of fabricating a new center cup housing with smaller O-ring grooves and ad-
ditional material and changing the bearing settings to zero to 0.0005-inch preload. These fixes were confirmed
by a series of analytical, bench, and rig tests (Figure 64). The analytical study showed that at operating
temperatures, bearing setting was the same as initial bench setting. This was experimentally confirmed by
heating the shaft subassembly in an oven. The total test time accumulated under all conditions was 82.25
hours.

Inspection of all test components after test revealed no damage or distress.  All objectives of the first three
tests were achieved despite several problems experienced with the slave bearings. The modifications incorporated

at the end of test number three resulted in an end to all slave bearing-originated problems.

Development Test Number 4

This test was conducted to evaluate the bearing operating characteristics under reduced oil flows. The test was
run through two speed and load cycles. Oil flow rates were reduced to 1.0 and 0.5 pint per minute. Ad-
ditionally, the slave bearing cups were nital-etched to confirm the fixes adopted in the previous test. Posttest
inspection showed significant improvement in the contact patterns. Total elapsced time of this series of tests
was 54.75 hours.

This test was successfully completed without any problems with the slave bearings. This test verified that the
corrections made during test 3 eliminated scuffing damage to the slave bearings. All components inspected

after test revealed no damage or distress.

Development Test Number S

Test 5 was the first successful run through the maximum speed and load. The first phasc was run to single-
engine load at 7,400 rpm. The test components and sfave bearings were inspected and found to be in excellent
condition. Slave bearing setting had changed from zero to 0.0006-inch end play after this test. The cone
spacer was reground to yicld 0.0004-inch preload. Subsequent inspections were made after reaching maximum
foad and speeds of 9,600, 11,800, and 14,000 rpm; all components were in excellent condition. Total 1est
time was 61.5 hours.

After completion of cach test, the test shaft races, cup races, and cup rib face were traced and the results
compared to traces recorded prior to testing. Figures 44, 45, and 50 showed the traces of the shaft and test
bearings uscd in test 5 before test. Figures 65 and 66 show the traces of the cup race and rib face of both test
bearings after test and Figure 67 shows the traces of both races of the test shaft after test. Review of the
before-and-after traces shows very little change on the operating surfaces of the test components.

Devetopment Test Number 6

All testing prior to this test was conducted with both the test bearings and stave bearings. Duc 1o the mining
of the outlet oil, it was impossible to determine the exact heat generation of the test bearings. A review ol
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DRIVE END

284 DEGREES

NOTES: 1. TEST RUN AT 1,000 RPM
2. 7,810-LB LOAD FOR 3 HOURS
3. CUPS WERE PLUG-BLUED WITH AND WITHOUT
LOAD PINS WITH NO SIGNIFICANT DIFFERENCE

OPPOSITE DRIVE END

DEGREES
88 | 91

T e
e

45

90 DEGREES

Figure 63. Load Zone Test on Slave Bearings With Initi
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207 DEGREES i 4

‘
NOTES: 1. HEAVIER CUP ADAPTER i
2. TEST RUN AT 1,000 RPM i ]

t

3. 7,810-LB LOAD FOR 4 HOURS

TOP

OPPOSITE DRIVE END
\DEGREFQ’

) !
. 87 L 87 :
15 DEGREES 3 vl 15 DEGREES !

Figure 64. Load Zone Test on Slave Bearings After Housing Modification.
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Figure 65. Profile Trace of Drive-End Cup Race After Test Setup No. §.
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2 SEE FIGURE 45 FOR DATA BEFORE TEST.
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Figure 66. Profile Trace of Cup Rib Face After Test Setup No. §.

102




Law
iy ihhﬂ“\mw. Luvd
s 566 UYQ

LY WRAY T

L IOVHIAY 3
. art. SSINHONOY .
= ELY - R

. Pvairy
LSS IMmMNGn
1. 10w

3

12 S TRERRTTLS

sftereacieg

DOV OPPPPOE

103




the test ariangement indicated that the slave bearings could be removed from the system and the test bearings
operated under thrust load only. In order to achieve similar heat-generation characteristics, the combined load
conditions were converted to an equivalent thrust load as shown in Table 19. A thrust of 6,418 pounds would
be equivalent to single-engine loads. Therefore a new set of Belleville springs was fabricated 1o achieve equiva-
lent single-engine and 50-percent twin-engine loads. After fabrication, a calibration check was made on the new
set of springs to verify the applied loads. The load/deflection data for these springs is shown in Table 20.

TABLE 19. EQUIVALENT THRUST LOAD ON DRIVE-END TEST BEARING

Normal Loads
Prefoad
Load Thrust Radiat Spring Equivalent Thrust Load,*
Condition {Ib) {Ib) (Ib) FEQ (b}
Cubic Mean 3,019 3,600 2,115 4,993
(CM)
Twin-Engine 4,026 4,800 2,115 5,938
Rating
(TE)
Single-Engine 4,529 5,400 2,115 6,418
Rating
(SE)
*Equivalent thrust load obtained to produce the same heat generation as the combined thrust
L. and radial foad; method used defined in Reference 5
5. TIMKEN ENGINEERING JOURNAL, Section 1, Timken Company, Canton, Ohio, 1973,

Test 6 was assembled to run under thrust load only, i.c., the slave bearings were removed for this test. The
operating characteristics were monitored under three oil flow rates: 8, 4, and 1 pint per minute per bearing.
The test was run at six speeds from 3,700 to 14,000 rpm under thrust loads of 2,964 and 6,418 pounds. At
an oil flow rate of 1 pint per minute per bearing, the oil outlet temperature was 367°F. At this time, portions
of the lubrication system were piped with copper tubing. Due to the possibility that the lubricant would
react with it, no additional testing was attempted beyond this data point at 11,800 rpm.

The results of the test at 6,418 pounds of thrust load are summarized in Figure 68. This curve provides infor-
mation concerning the amount of heat removed from the bearing at various speed and oil flow rates. All
components successfully completed this test program which accumulated a total of 101.25 hours.

The magnetic seals used in this and previous tests have not experienced any significant leakage, wear, or weight
foss. For this test at an oil flow rate of 1 pint per minute per bearing, the maximum temperature of the seal
reached 323°F at 11,800 rpm. Even at this condition, no weight loss or wear was noted upon completion of
the test,

Development Test Number 7
This test wis conducted to evaluate the effects of a 3009F oil inlet temperature. This test was operated for

one speed and load cycle through 14,000 rpm. At speeds below 5,550 rpm and test loads below 10,410
pounds, the 300°F inlet oil temperature could not be generated. A totaf of 67,5 hours was accumulated on
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TABLE 20. BELLEVILLE SPRING CALIBRATION

LOAD, P
] :
SPRING A FREE HEIGHT
(NO LOADI i
SPRINGE | o
~ L
SPRING SET1 FREE HEIGHT 0.5171 INCH
SPRING SET 2 FREE HEIGHT 0.504 INCH
Load, P
(1b) Spring Avg Deflection (in.)
Set 1 Set 2
500 A 0.014 0.008
B 0.014 0.008
1,000 A 0.019 0.013
B 0.019 0.013
1,500 A 0.024 0.018
8 0.024 0.018
2,000 A 0.029 0.024
B 0.029 0.024
2,500 A 0.034 0.030
B 0.034 0.030
3,000 A 0.040 0.036
B 0.040 0.036
3,500 A 0.047 0.043
B 0.047 0.043
4,000 A 0.053 0.050
B 0.053 0.050
4,500 A 0.060 0.057
B 0.060 0.057
5,000 A 0.067 0.065
B 0.067 0.065
5,500 A 0.075 0.073
B 0.075 0.073
6,000 A 0.083 0.081
B 0.083 0.081
6,500 A 0.090 0.089
B 0.090 0.089
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Figure 68. Results of Test Setup No. 6 With Thrust Load Only.
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this test. All posttest components were in excellent condition, with the only notable difference being the
lubricant staining on the test components.

Endurance Test Number 8

Upon completion of the scheduled seven development tests, an endurance test was planned in order to evaluate
bearing and seal performance under extended operating conditions. This test was conducted under single-engine
loading at 7,400 rpm and optimized parameters of oil flow and preload settings.

After operating a total of 24.75 hours through three load and speed cycles, the test components were inspected
and found to be in excellent condition. After this initial inspection, the test was continued, stopping only for
machine maintenance as required. Atthe end of 15 additional hours of testing, the test components were removed
and visually inspected. All components were in satisfactory condition. Although this was the end of alf scheduled
testing for this program, the test rig was reassembled and operated at the endurance load condition for additional
times until modifications were completed for conducting a series of oil-off tests. When testing was finally
terminated, the accumulated test times were 379.0 hours under single-engine loading, 7,400 rpm, and 389.25
hours for all conditions. The calculated unadjusted catalog lives for this condition were 202 hours L-10 for the ¢
heel (DE) and 2,434 hours L-10 for the toe (ODE) positions. All components completed this test in excellent

condition. No damage or distress was noted on the components.

Oil-Off Survivability Tests

Six oil-off tests were conducted with tested components from the original program. A summuary of results and
test parameters was presented in Table 18, A description of component preparation, test procedure, results,
and briet discussion of cach oil-off test follows. Details of test data and photographs of components after test
are included in Appendix C.

Oil-Off Test No. |

The test was conducted with the bearing components from development test 6. The slave bearings were not
used in any oil-off tests. New Belleville springs were designed and fabricated to apply an anial load of 3,209
pounds {S0-percent single-engine equivalent load). The assembly of the thrust spring is shown in Figure 69.
) The instrumentation used for this test was nearly the same as used in the primary program. Thermocouples
were located on the cup and seal case outside diameters and were monitored by a multipoint strip chart
i recorder. The shaft speed sensor output was recorded by a continuous strip recorder.,

The test was conducted in the following manner:

. 1. Bearing and test components were installed in the test rig, then run through a single 8-hout
shakedown run. Speed and load were at test levels and oil was supplied at 4 pints per minute
per bearing.

2. The rig was disassembled and components were visually inspected.
3. The rig was reassembled, then run until temperatures stabilized at the above-mentioned conditions.
4. The oil pump was shut off (flow meter output verified zero flow). j

S. The test was terminated when either the drive belts between the de motor and speed increaser slipped
or audible noises were emitted from the test housing.
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Oil-Ott Test No. 2

This tirst test ran for 1.4 minutes. After teardown, inspection of components revealed that scoring occurred

at both rib-roller end conjunctions. Due to the unexpectedly short duration and slow recorder response, only

three data points were recorded. During the fingl instrument ¢ycle of 24 seconds, the temperature of the )
opposite-drive-end cup rose 80°F. At the completion of this test the cup temperature was recorded as 3149T .

From this timited data, computer analysis was used to formulate a thermal model. Textbook heat-transter
coetficients, considering the bearing as a semi-intinite slab and bearing geometry, produced the appended re-
sults. Assumptions were that the rollers were the heat source, cup and cone temperatures would be equal, and
the housing temperature would tag cup temperatures as measured in the previous lubricated tests. Subsequent
tests would show this Last assumption to be completely in crror. Regardless, this study as shown in Table 21 did
show two significant facts. First, the floating cup (ODE) was tight prior to oil-off (0.0002 inch loose at
assembly versus 0.0039 inch tight at oil-otf}, and even it the ODE cup floated, Belleville spring stiffness and

axidl thermal growth would apply bearing loads approximately 200 percent greater than intended (6,621
pounds versus 3,530 pounds thrust).

Based upon this thermal analysis, a change in the design of the Belleville springs was initiated in order to pro-
duce a spring assembly with a flat spring rate over the expected detlection change. The redesigned Belleville
spring is shown in Figure 70. The Joad versus deflection for the spring used in test 1 and the springs to be used
in all future oil-off tests is shown in Figure 71. This new spring design would prevent the buildup of excessive
axial loads due to axial expansion of components during oil-off operation.

Components from development test 2 were used. Revisions to the test hardware and instrumentation as a result
of the first oil-off test included:

1. The Belleville springs and their mounting arrangement were redesigned and fabricated to produce a
flat-spring-rate curve at the test toads (plotted on graph with data from spring set of test 1 as shown
in Figure 71).

2. Three additional thermocouples were Tocated on the test housing. These plus the cup od sensors were
monitored by a rapid data logger capablc of reading and printing within a 5-sccond interval.

3. The opposite-drive-end cup housing fit was increased to 0.0031 inch loosc.

The same test procedure was followed as in the first test. The bearings operated for 7.8 minutes after loss of
all oil supply.

Included in Appendix C for oil-off test 2 and subsequent are the buildup sheets and printout of a revised
computer program that presents both measurcd and calculated test parameters. Table 22 provides a sample
of the computer output for test 2.

Experimental data shown on this printout is “Sec”, time in scconds with 0 being oil-off; “"Hsg™ temperature,
the average housing od temperature measured at three locations; temperatures of “DE™ and “"ODE" cups.
“Cup’" is the measured cup temperature and “RIr™” and “C/S™ were calculated roller and cone shaft tempera-
tures. Fits “DE' and "ODE" were computed cup fits at measured temperatures. " Ax!" displayed the
thermal and inertial expansions across the cup backfaces and 'Lb" presented this in terms of pounds preload.
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Figure 70. Revised Thrust Load Subassembly for Oil-Off Test.
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Figure 71. Deflection Curves for Springs Used in Oil-Off Tests.
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The results of the axial spring displacement and ODE cup fit for test 2 are plotted and shown in Figure 72.
This plot shows that as the fit of the floating cup became tight, its ability to float axially diminished and the
buildup of axial preload increased, resulting in bearing failure. This test appeared to verify the mechanism of
failure and showed that the changes made in test 2 did increase the oil-off life of the test assembly.

The least-expected result of this test was that the housing temperatures actually cooled slightly at oil-off, then
remained constant tor the remainder of the run. This stable housing temperature with increasing cup tempera-
ture removed the floating capability of the ODE cup. This event coincided with a rapid increase in tempera-
ture at this po:ition. This effect was not included in the initial thermal model. Therefore a review of the
thermal model indicated that additional fooseness of the floating cup fit would be required in order to prevent
the cup fit from becoming tight under higher operating temperatures.

Oil-Oft Test No. 3

Comnonents from development test | were used. Speed and load levels were the same as the first two runs,
The cup fit of the opposite-drive-end cup was ground tor 0.007 inch looseness.

The test ran for 2.48 minutes. Posttest component inspection revealed the redson for this premature termina-
tion. The cage pilot-cup land at the large end of the drive end position had interfered, then welded. The weld-
ing broke at coastdown; however, it could be seen that the bearing had run with zero cage speed, imbedding

the rollers into both inner and outer races. Posttest measurement of this pilot showed 0.014-inch wear on the
pilot od. The ODL bearing sustained no damage. The test data showed that this position was cooling down at
termination. The results ot this test indicated that additional clearance would be required for the cage pilot-cup
land in order to prevent this mode of tailure.

Oil-O1t Test Nu,_;l

The initial plan tor this test was to use the test parts from development test number 3; however, it was noted
at assembly that the opposite-drive-end cup rib had sustained handling damage. The damaged cup was re-
placed by the undamaged cup from oil-off test 3, serial no. 78-1. To climinate conditions that had terminated
the eartier tests, the following modifications were performed:

I. New preload springs.
2. Both cup outside diameters ground for looser fits.
3. Assembled cage pilot clearances increased by grinding inside diameters of cups.

The load, speed, and procedure were repeated as before and the bearing survived for 8.88 minutes of oil-oft
ovperation.

Appendix C contains the buitdup sheet, computer printouts of test data, graphs of same, and posttest component
photographs.

In addition to the cup rib-rotler spherical end damage, it appeared that the cage pilot also interfered at the ODE
position. The condition was not as severe as in oil-ott test no. 3, but the pilot at the large end had 0.005-inch
wedr.
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QOil-Off Test No. 5

This test was run with the components tested under development buildup no. 4. The work statement pertain-
ing to the oil-off contract extension had specified that a series of tests at speeds from 3,700 rpm to 14,000

i rpm be conducted. Because of the unexpected problems, all the previous trials had been run at 3,700 rpm in
{ order 10 understand the effects of each modification on life. To investigate the influence of speed, this test
was performed at 7,400 rpm. This is the normal operating speed of the advanced-concept input pinion.

The three revisions specified for oil-off test no. 4 were incorporated. In addition, the cup lands at all positions
were zinc-phosphate-coated. This was accomplished by chemically masking ail bearing surfaces except the
cup lands. ,

The test ran for 4.37 minutes. The buitdup sheets, test data, graphs, and posttest component photographs are

shown in Appendix C. The results of this test indicated that a longer operating life was achieved than expected
with increased speed. 11 was speculated that the zinc-phosphate coating may have extended the life and e
therefore a sixth test was conducted at the lower speed (3,700 rpm) in order to verify this factor.

Qil-Off Test No. 6

The bearing parts for this test had been used in development test no. 5. All modifications developed in the .
previous five oil-off tests were incorpoated. The speed and load levels were 3,700 rpm at an equivalent thrust
of 3,205 pounds (50 percent of single-engine loading).

The test ran for only 3.67 minutes. Appendix Cincludes buildup and data sheets, a graph of the cup and
housing temperatures, and posttest component photographs.

As in the preceding tests, the origin of damage was the cup rib-roller spherical end. It was also apparent that
the cage pilot-cup land contributed a significant amount of heat. Based on the results of these six oil-off

tests, it was apparent that operating clearances under transient thermal conditions play an important part in
the performance of these bearings during oil-off operation. A summary of the various housing cup fits and
cup/cage clearances used in these six tests is shown in Table 23. These tests provided evidence that the modifi-
cations of increased clearance did extend life but were not sufficient to achieve our goal of 30 minutes opera-
tion without oil.

DISCUSSION OF TEST RESULTS

All test data presented in Appendixes B and C of this report was accumulated and stored in computer data
files of the Timken Company's Physical Laboratory. Speed, load, temperatures, and oil flow rates were
measured datd, while the two columns under *HEAT' (generation) were calculated. The heat gencration of
the test and slave bearings (column headed “BRG™} was computed considering the following:

1. Rolling torque equation as developed by Witte®,

6. Witte, D.C., OPERATING TORQUE OF TAPERED ROLLER BEARINGS, presented at ASME-ASLE
International Lubrication Conference, New York, New York, October 1972,

116




s
£

el VR Ry - NIy

¢0100 5100 01000 yS10°0 3500| 8/00°0 95001 6,00°0 00L'€ 9
™~
10100 St10°0 90100 s100 3500] 8600°0 3500 8OO0 00t'L < =
S0L0°0 8600°0 £600°0 £010°0 25004 000 9%00| 08000 n0L'e t
0L00°0 §900°0 $900°0 0900°n 9500] 000 411 91000 00.'¢€ t
0L00°0 $900°0 9000 £L00°0 500] 1£00°0 1481 £100°0 00L'E {
{8000 £900°0 9900°0 £900°0 35001 0000 1431 $100°0 000’ !
pugz ws pu3 237 pu3z ws puj a3 3300 3q (wdy) 183
pu3j aauq asoddQ pu3 aau( ("w) 114 dno Buisnoy paads HO 110
- ; uonIpuo)
‘utj 29URIPI 3 10414 dn
(funy) > 1D 40 28°D/Q1 1w4id dn) 13O0

S1S3L 440-TIO NI A3SN SIDNVUVITD ADVYD ANV SL14 ONISNOH 40 AYVIWNS €7 318Vl




2. Viscous torque (required to develop boundary layer and propel lubrication through cup id) as
derived by Leibensperger”.

3. Hydrodynamic losses at test cage pilots computed using the equations of Fuller and Smith, with
conditions given in Reference 8.

4. Lubricant dynamics  Torque to accelerate lubricant to cage speed in slave bearings and centrifugal

pumping losses in both test and slave bearings.

The heat removed by the lubricant {column labeled “OIL"') was computed using measured temperatures and
flow rates. The mean specific heat of the lubricant was computed using the fluid properties from Reference 8
and integrated over the temperature range,

Qi1 =M Cp AT,

o

where M = mass flow rate
G N [ 2Cp (T) dT
P !
T T
AT =T, T
and T2 = oil outlet temperature
T = oil inlet temperature.

The temperatures used for the torque equations were outlet oil conditions. When lubricant was supplied to the
floating cup scat at the ODE position, the measured oil outlet temperatures were compensated to consider this
thermal dilution effect.

tf we apply a generalized rule that 10 percent of the heat generated will be transferred through the housing by
conduction and radiation, then cxcellent correlation is achicved between heat generated and heat carried away
by the oil. Under high speed and temperature conditions, the somewhat greater than 10 percent value was
likely as a result of the following:

1. Rib-roller spherical end effects neglected

2. Assumed constant spring preload (neglected axial thermal expansions) over all conditions.

The elastohydrodynamic film thicknesses were also computed for the test bearings using the equation of
Dowson and Higginson for the roller body-race conjunctions and the Archard and Cowking formula for the
roller spherical end-rib conjunctions. The application of these equations o tapered-roller bearings and assump-
tions are given in Reference 8.

7. Leibensperger, R.L.,, AN ANALYSIS OF FLOW OF OIL THROUGH A TAPERED ROLLER BEARING,
Journal of Lubrication Technology, American Society of Mechanical Engineers, New York, New York,
April 1972.

8. Cornish, R.F., Orvos, P.S., and Dressler, G.J., DESIGN, DEVELOPMENT AND TESTING OF HIGH-SPEED
TAPERED ROLLER BEARINGS FOR TURBINE ENGINES, Timken Company, Technical Report AFAPL-
TR75-26, U.S. Air Force Aero Propulsion Laboratory, Wright-Patterson Air Force Base, Ohio, July 1975,
ADA026908.
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The results of these calculations are shown in Figure 73. The lower curves show the temperatures used for the

calculations. The upper series of curves presents the film thickness at speeds and temperatures identified. The

190°F inlet oil conditions developed elastohydrodynamic film separations approximately twice those of 300°F
oil {12-14 microinches versus 6-8, respectively).

Both of these conditions would be considered boundary lubrication and it was expected that visual evidence

of surface contact would be recorded on tested components. Figures 74, 75, and 76 are scanning-electron-
microscope photographs of inverted replicas of the outer races from a new bearing and those tested at 190°
and 300°F oil infet. The sofid bars are refercnce scales for 100 micrometers (approximately 0.004 inch). The
biased lines are honing scratches that are apparent on the new races. Comparison of the two tested races shows
that almost all honing marks were worn from the 300°F tested cups. Although the bearing performed success-
fully under these conditions, it is apparent that the reduced elastohydrodynamic film thickness has resulted in
a change to the surface condition of the tested bearings.

The magnetic seals used in this test program performed very satisfactorily. Eight different scals were used and
tested under various conditions as previously noted. None of the seals had to be replaced or modified during
this test program. A summary of the measured wear and weight losses recorded from measurements taken
before and after test is shown in Table 24. The largest amount of wear recorded was during test 3 and measured
0.0003 inch. Weight losses were generally less than 0.033 gram. During the cight tests conducted, only two
recorded any evidence of oil lcakage. The largest amount of oil leakage occurred during test 8 and was re-
corded as only 5.2 grams of oil.

In addition, the seal case temperature at various speeds was plotted as shown in Figure 77. The temperatures
shown on this plot were taken at stabilized conditions under maximum single-cngine loads. As shown, seal
temperature increased with speed and reduced oil flow rates to the test bearings. The highest seal temperature
recorded with 190°F oil inlet temperature occurred during test 6; a temperature of 313°F occurred at full
load and 11,800 rpm. When the oil inlet temperature was increased 1o 300°F, seal temperatures in excess of
330°F were measured and no distress was noted.

TABLE 24. SUMMARY OF MAGNETIC SEAL LEAKAGE AND WEAR

Measured Weight Loss
Magnetic Seal Case/ Total Recorded
Test Time Measured Wear | Ring Carbon Insert Leakage

Test No.  (hr) (in.) (gm) (gm) (gm)

1 37.6 0 0.012 - 0.0126 0

2 58.0 0.0002 --0.006 0.0123 0

3 39.5 0.0003 +0.0012 0.0068 0

4 54.8 0 +0.002 +0.001 0

5 61.0 0.0001 0.008 +0.022 0

6 101.3 0 0.001 0.0004 0

7 67.5 0.0002 0.014 0.0327 3.017

8 379 0.0002 +0.001 0.023 5.20

J
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EHD FILM THICKNESS — MICROINCHES

OIL OUTLET TEMPERATURE — °F

125
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Figure 73. Elastohydrodynamic Film Thicknesses During Oil-Off Tests.
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Figure 76. Scanning-Electron-Microscope Photographs of Inverted Replica of Bearing Outer
Rice From Test No. 7 at Oil Inlet Temperature of 300°F.
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Figure 77. Temperatures at Qutside Diameter of Magnetic Seal Case.
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CONCLUSIONS

This program successfully demonstrated that a ribbed-cup, integral-inner-race shaft, tapered-roller bearing sys-
tem and magnetic seal could be designed and fabricated to meet all requirements for an advanced helicopter
input spiral bevel pinion application. All performance goals specified in the program statement of work were
met or exceeded. These were the following:

1. Operate under single-engine loading (1,500 hp) at nearly twice design speed (14,000 rpm).
2. Demonstrate the feasibility of complete through-shaft lubrication.

3. Operate at minimum lubricant supply conditions.

4. Establish floating bearing requirements with regard to spring preload and lubrication.

5. Integrate bearing inner race with test shaft.

6. Fabricate test components from a high-hot-hardness carburizing steel (VASCO-X2 and CBS600).

Beyond the original scope of the program, it was shown that elevating the inlet oif temperature from 190°F to
300°F had no adverse impact on the bearings, and a single endurance test of 1.88 L-10 units duration did not
produce bearing fatigue.

During the initial two tests, abrasive wear and debris denting were observed on the test components. At the
conclusion of test number 6 an examination of the oil sump revealed heavy contamination with metallic
debris. The source of this contamination appeareud to be the new test rig; however, it was thought that initial
flushing had cleaned the system. |t was also postulated that a chip from the magnetic seal insert had become
wedged in the cage pocket, producing the heavy roller grooving during test number 1. In any case, this did not
adversely influence bearing performance and was eliminated prior to the endurance test.

The only bearing problems encountered were those relating to the slave bearings. These were solved by fitting
and setting changes which occurred during tests number 2 and 3.

The magnetic seals were used in all tests and performed very satisfactorily, with no indications of leakage or
wear.

The five oil-off survivability tests conducted at 3,600 rpm ran from 1.4 to 8.88 minutes. The single test at
7,400 rpm survived for 4.37 minutes. This latter test is within the range of thrust ball bearing designs.

The success of this program indicates that ribbed-cup tapered-roller bearings as tested and reported herein are
ready for full-scale transmission tests.

The oil-off survivability tests did not reach the military goal of 30 minutes operation at maximum rated power.
However, a significant advancement was achieved. It is possible that longer times could be achieved if testing
were performed in an environment and mounting similar to those of a helicopter transmission. Additional
work should be done on material development and cage design in order to extend the oil-off survivability of a
ribbed-cup tapered-roller bearing.
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ADVANCED ANALYSIS OF COMPLE X BEARING STRUCTURLS

BACKGROUND

To achieve the major objectives of an advanced transmission, studies have shown that significant changes in the
design of a planetary system are required. These initial design studics were based upon the Boeing Vertol
UTTAS-class helicopter which used a single-stage planetary system with conventional spur gears supported by
spherical roller bearings  An advanced main rotor transmission developed under Contract DAAJ02-75-C-0022
incorporated many new features such as composite housing material, advanced ribbed-cup tapered-roller
bearings, and a new concept planetary and rotor shaft support system. The selected design of the advanced-
concept transmission is shown in Figure 78,

Some of the basic details used in this design study were as follows:

The overall reduction ratio is 25.1 to 1; the engine bevel drive accounts for the balance (67.6 to 1). Power
inputs arc at the 90- and 270-degree positions. Provision for a forward AGB drive is made at 0 degrees and for
a tail rotor and aft AGB drive at 180 degrees.

The loads criteria to which this transmission has been designed are shown in Table 25.

TABLE 25. DESIGN LOADS OF THE ADVANCED-CONCEPT TRANSMISSION

Maximum Single-Engine Input Horsepower 1,52)

Input RPM 7,419

Output Horsepower 2,655

Output RPM 295

Output Torque 562,730 £ 67,530 in.-lb
Lift Load 17,004 £ 567 Ib

Drag Load 609 t 586 ib

Rotor Hub Moment 262,000 in.-lb

These are the same as the Boeing Vertol YUH-61A criteria.

In the proposed advanced design (Figure 78), the planetary gear reduction and the rotor support functions
are an integral design. Conscquently, the development of a detailed analysis of the interrefationship of load
and deflections is required to design the system. The planet gears used in this planctary system are high-
contact-ratio noninvolute form (HCR/NIF), designed to approximately the same stresses as the conventionaf
tecth of the bascline design. This advanced tooth form allows a 20-percent reduction in planetary volume.

The planet gears are supported on a carrier plate that runs between the upper and lower tier of planet gears
{Figure 79). This effect is to balance the load on the plate and eliminate bending in this member. 1t also
shortens the planet post to about half of the conventionally required length as shown in Figure 80. The cumu-
lative effect is to significantly reduce the tendency of post deflection to end-load the gears and the bearings.

In consequence of this reduced deflection, cylindrical roller bearings are used in place of self-aligning sphericals.

Because of this planet carrier/bearing design, the life shows a marked improvement over conventional designs
despite the reduction in planctary sizc.
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Figure 79. Advanced-Concept Planet Carrier.
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Figure 80. Balanced Planetary Post Loads.
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At its periphery, the balanced planetary carrier connects to the rotor hub through a short tubular extension.
On the outside of the carrier, the rotor foads are reacted through a set of large-diameter tapered-roller bearings.
These, in turn, are retained in the planct ring gear which transfers the rotor loads to the housing and ultimately
to the airtrame. The design also incorporates the bearing outer races above and below as an integral part of the
ring gear. Except for this, the bearing design itself does not represent a change in the state of the art, being
similar to the YUH-61A.

The notable task in this area is the evaluation of the combined effects of gear, rotor, and bearing foads and de-
flections. Provisions were made in the ring gear to increase stiffness at low weight penalty by the addition of
high-modulus material wound circumferentially on the outside.

To summarize the expected benetits of this planctary system, they are:

o Reduced diameter, height, and volume
e Increased gear and bearing life

e Minimum-weight and minimum-length rotor toad path.

DESCRIPTION OF DESIGN

In a conventional main rotor transmission, the rotor loads are transferred to the airframe through mounting
legs on the upper cover. Hence, the ring gear which is supported under the upper cover is not required to
transmit these loads. Conversely, in the advanced-concept transmission design, as described earlier, the rotor
loaus are transmitted by the rotor shaft support bearings through the ring gear structure and transmission case
and then into the helicopter frame. Since both the rotor loads and torque paths are through the ring gear
structure, it is important to determine the deflections and stresses imposed upon the ring gear and rotor shaft
support bearings due to the combined loads (rotor and gear) and to assess the effect of the deflections on the
performance of the planetary gear/bearing system. Because of the complex nature of the foads, the develop-
ment of a finite-clement model (FEM) was required to determine the stress/deflection characteristics of the
ring gear/rotor shaft support bearing system. A cross section of the bearing support/ring gear assembly is
shown in Figure 81.

ANALYTICAL PROCEDURE AND FINITE-ELEMENT MODELING

Upon completion of the preliminary design analysis, two finite-clement models were required in order to
adequately develop an understanding of the interactions of all components and their resultant deflections

and stresses. This information would be essential in the final design and development of the advanced-concept
transmission,

The planctary ring gear was first analyzed using the NASTRAN finite-clement analysis computer program. This
finite-element model was designed 1o use a feature in NASTRAN Level 16.0 known as cyclic symmetry. The
cyclic symmetry technique allows the NASTRAN user to model a small segment of an axisymmetric structure,
with the remainder of the structure being mathematically simulated within the NASTRAN program. The
benefits of using the cyclic symmetry approach are reduced modeling time and a4 reduction in computer run
time. Figure 82 shows the single-segment model from which the entire ring gear model was simulated; Figure
83 shows the simulated full-configuration model. The model was analy zed for loading conditions, shown in
Table 25, which were representative of operating conditions of the YUH-61A helicopter. For cach toading
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condition, rotor loads were applied in the form of calculated rotor shaft bearing internal foad distributions ob-
tained from Boveing Vertol bearing computer programs. Rotor torque was applied in the torm of planet gear
contact loads at the planet gear azimuth locations.

Results from this preliminary computer run suggested that certain areas of the model would benetit from ad-
ditional refinement. These refinements were aimed at selecting section thicknesses which would be ctficient
from a strength-to-weight standpoint, while maintaining the rigidity necessary for proper bearing support. These
refinements also included modeling a more precise representation of the actual gear tooth configuration in order
1o assess the effect of the gear teeth on the bending stiffness of the ring gear wall.

Evaluation of results for the initial rotor shatt/carrier support bearing and ring gear NASTRAN finite-clement
analy sis follows. A plot showing the final configuration of the finite-clement model is shown in Figures 84
and 85. The ring gear/bearing support structure was analyzed for loadings representative of flight loading for
both ultimate and fatigue conditions. Stress and deflection data was obtained for each element in the model
structure. The results indicated that the bearing support/ring gear structure was deflection-critical rather than
stress-critical. This was due to the rigidity requirements for the rotor shaft bearing races which were an inte-
gral part ot the ring gear. Maximum deflections and stresses for the fatigue and ultimate conditions are shown
i Figure 86. A skeich showing clement and grid point locations is also included for reference.

The relative bearing race flexibility noted in the NASTRAN analysis led to efforts aimed at developing an ac-
curate model of the rolling-element bearing foad distribution behavior in the presence of bearing inner- and
outer-race bending deformations. Conventional bearing computer analyses generally assume that the bearing
races e rigid in bending and consider only contact deformations in their load distribution formulations. The
initial NASTRAN finite-element analysis of the bearing supportring gear was based on the bearing loads de-
rived in this manner. This approdch yiclds reasonable results provided there is adequate stiffness in the ma-
terial surrounding the bearing races o prevent bending detlections of the race. However, in large-diameter
beariys with relatively compliant outer and inner raceway backup material, bending detormation of the races
can signiticantly intluence the load distribution wround the bearing. A change in the bearing rolling-clement
foad distribution can attect bearing lite and alter the state of stress in the supporting structure.

MODEL MODIFICATIONS

Toinvestigate the eftects of support structure compliance on bearing load distribution by the finite-clement |
muthaod, the analy sis must consider both contact and structural stiffnesses. Structural stittness is inherent in
the finite-element mesh of the support structure. However, it was necessary to develop a somewhat simplificed
tinite-clement model ot the rolling-clement raceway contact detormation as a function of load. Modeling this
behavior s turther comphicated by the nonlinear dependence ot contact deformation on load and the fact that
bearmy clements are capable of acting only in compression. Tension loads cannot be reacted at a rolling- h
clement node pomnt. To accomplish this feature in the rotor shaft bearing support analysis, the contact stitt-

ness of cach bearmg roller was approximated by an assemblage ot spring-gap tinite elements connected in

parabiel as shawn i bigure 87, With proper selection ot speine stittness and gap lengeth on each element, o close T
approximation of the beanng roller raceway stitfness curve can be abtained from the tinite-clement assemblage.
Fraure 88 shows the calculated toad-detlection cutse tor a bearing roller and the piccewise linear approxima- j
ton of this cunve obtaimed trom the sprng-gap timte-clement assemblage. These springgap elements are

avolable i the ANSYS proveam a commercaily available gencral purpose tinte-clement program.

Tovdemonstrate the applicabitiny ot thisapproach tor calautating bearme stittness, onanalvsis of g oradial toller

beatmg was pertormed  Thisanah sis conadered contact detormations only and theretore negledted race
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Figure 84. Final Finite-Element Model of Single Segment of Advanced-Concept Transmission
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GRID POINT LOCATIONS

ELEMENT LOCATIONS

MAXIMUM RADIAL

MAXIMUM STRESS

LOADING DISPLACEMENT
CONDITION |DISPLACEMENT |GRID POINT| NORMAL |ELEMENT
(IN.) NUMBER |STRESS (PSI)| NUMBER
ULTIMATE 0.0171 11 36.990 6
FATIGUE 0.0067 11 20,890 7

Figure 86. Element and Grid Point Locations on Single Segment of Ring Gear.
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Figure 87. Model of a Bearing Rolling Element.
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Figure 88. Approximation of the Stiffness Characteristics of a Bearing Rolling Element.
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bending stiftness. The contact stiftness of cach roller was modeled with an assemblage of four spring-gap
clements as shown in Figure 87. Note that the spring stiffness does not become effective until the connecting
nodes have displaced a distance toward each other equal to the specitied gap distance. This model also has
provisions to account for initial radial clearances in a bearing. Duce to the stepwise engagement of the springs,
an iterative solution is necessdary to solve for an answer.

A sketch showing the roller bearing model is shown in Figure 89. Notice that the races do not deform, al-
though due to contact deflections they displace relative to each other. Table 26 contains a comparison of
contact load and contact deflection computed from the finite-element analysis and from a conventional bear-
ing analysis computer program which calculates rigid-race contact forces and deflections using conventional

techniques.

The results of the radial bearing analysis agree closely with contact loads and deformations calculated by the
bearing computer program. This indicates that the spring-gap assembly is capable of modeling the contact be-
havior of rolling-clement bearings to a degree of accuracy equal to that of more conventional rigid-race

techniquus.

TABLE 26.  BEARING LOAD AND CONTACT DEFLECTION COMPARISON
OF ANALYTICAL METHODS

Roller Contact Force Comparison

Finite-Element Method Bearing Program Difference
Rolier Location {ib) (1b) (%)
| 5119 5,108 0.2
2 4,841 4,830 0.2
3 4,033 4,032 0.02
4 2,800 2,826 0.9
5 1,385 1,388 0.02

Contuact Deflection Comparison

Finite-Element Method Bearing Program Ditterence
Roller Location (in.) (in.) (%)

3 3
1 3.93x10 393810 0
2 374v10 F RN 0
3 TR Liga 1o ? 0
4 230810 3 ARTENRTII 0
- 3 3
h) 121N 10 21N 10 0

oo
14




RADIAL LOAD

BEFORE /

DEFORMATION

AFTER CONTACT
DEFORMATION

Figure 89. Finite-Element Model of a Roller Bearing.
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FINPLE-ELEMENT MODE L OF BEARING SUPPORT ASSEMBLY

Having veritied an acceptable model tor bedaring roller/race contact stittness, the rotor shatt/planet carrier and
stationany ring gear assembly were modeled using the ANSYS finite-clement program. The bearing support
structure consisting ot the stationdry ring gedar and rotor shatt/planct carrier components was modeled with
quadrilaterad plate elements. These elements are capable of both bending and in-plane detormation. The
individual bearing rollers were modeled with an assemblage of spring-gap interface clements. The stittness of
the spring-gap element assemblages was chosen such that it closely approximated the nonlinear contact stiff-
ness of the bearing rollers sized for this application. The rotor shaft bearing/support assembly model was then
used to evdluate the distribution of load on the rotor shaft support bearing rollers. The internal roller load
distribution calculated in this manner incorporated the effects of raceway/support structure compliance on the
overall bearing load distribution.

To facilitate an efficient computer solution, a half-symmetry model was employed. This technigue requires
that only one half of a symmetrical structure need be modeled when the appropriate boundary conditions are
input for the plane of symmetry. This feature considerably reduced computing time, especially since an itera-
tive solution was required. A computer plot of the complete finite-element maodel is contained in Figure 90.
The model geometry may be further clarified by referring to Figure 91, which shows a conceptual view of the
finite-clement idealization of a cross-section of this model. A sketch of the actual cross-sectional view of the
rotor shaft bearing/bearing support structure is contained in Figure 92.

SUMMARY OF RESULTS

The finite-clement model was analyzed for the loading conditions shown in Figure 93. These loads, applicd
at the rotor hub mounting flange, are representative of thrust and overturning moment ultimate condition
foads of the YUH-61A main rotor. Calculated values of individual bearing roller loads and relative raceway
displacement were output by the analysis. Roller foads and relative race displacements as a function of roller
location azimuth are tabulated in Table 27 for both the upper and lower rotor shaft bearings. Negative rela-
tive displacement values indicate that the roller is in contact when at this azimuth location and conversely a
positive relative displacement indicates that a gap exists between roller and race at that azimuth position,
hence o value of zero load.

To ascertain the effect of raceway flexibility on bearing internal load distribution, the rigid-race internal toad
distribution was calculated by conventional analytical techniques. The rigid-race distribution along with the
tlexible-race distribution are plotted versus azimuth location and are shown in Figure 94, Notice that both
the rigid- and flexible-race internal load distributions for the lower bearings are similar in shape, with the
flexible-race loads slightly larger in magnitude than the rigid-race foads. The upper bearing internal load dis-
tributions show quite pronounced differences, however, The rigid-race internal foad distribution is of greater
maximum magnitude and is spread over a shorter arc than the calculated flexible-race bearing internal load
distribution. From these results it appears as though the flexibility, or compliance, of the bearing raceways
and supporting structure tend to altow the totat foad to distribute over more rollers, effectively reducing the
maximum loading any one roller would experience.

The results of the Hexible-race andlysis can be used to modify the bearing internal load distribution and obtain
an estimate ot the B-10 life of the bearing. Using a conventional bearing analysis program and the modified
internal foad distribution showed that the fite of the lower bedring decreased by approximately 13 percent
while the life of the upper bearing increased by more than 50 percent. Additional work would be required to
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ROTOR SHAFT/
PLANET CARRIER

STATIONARY
RING GEAR

ROTOR SHAFT/PLANET CARRILR

BEARING ROLLERS

STATIONARY RING

GEAR

BEARING ROLLERS ASSEMBLED PLANETARY
CARRIER,STATIONARY
RING GEAR

ASSEMBLY CROSS
SECTION

Figure 90. Finite-Element Model of a Planctary Carrier/Stationary Ring Gear.
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ROTOR LOADS

CENTERLINE OF

ROTOR SHAFT,
t

0|

ROTOR SHAFT,/PLANET CARRIER MODEL

SPRING-GAP ELEMENT ASSEMBLAGE
(BEARING ROLLER MODEL
UPPER ROW)

—-STATIONARY RING GEAR MODEL

-

Vs SPRING-GAP ELEMENT ASSEMBLAGE
(BEARING ROLLER MODEL
LOWER ROW)

Figure 91. Finite-Element ldealization of Rotor Shaft Bearing and Bearing Support

Structure.
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Figure 92. Cross-Sectional View of Rotor Shaft Bearing and Bearing Support Structure.
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PROGRAM CONCLUSIONS r

The overall objectives of the work conducted under this program were achieved. The elements of the bearing
and scal development program: high-speed ribbed-cup tapered-roller bedrings; magnetic seal; high-hot-hardness
VASCO-X2 steel inner races; and improved methods ot analysis of complex bearing structures can be combined
to provide an advanced-concept drive system with signiticant advantages to the operator. The advantages will
result in lighter weight, fess complexity and cost, fewer components and faying surtaces, and potentially longer
component life tor an advanced drive system gearbox.

To illustrate the application of the advanced-component technology developed during this program, a design
study was conducted by Boeing Vertol using the CH-47 helicopter engine transmission as a baseline specimen.
The transmission was redesigned to incorporate the ribbed-cup tapered-rofler bearings, magnetic seal, high-hot-

hardness carburizing steel, and a composite housing which is being developed under a separate work task of °
this contract. The results of this design study are shown in Figure 95 which reveals that four ribbed-cup tapered- ]
roller bedarings support the input pinion and output gear, three of which operate with integral inner races, and E
that these replace siv ball and cylindrical roller bearings in the conventional design. In addition, a reduction in .

the number of bearing-associated hardware such as locknuts, retainers, and lubrication rings further simplifies
the new assembly and reduces tabrication costs. The calculated bearing fatigue life is increased and the spring
rates of the tapered-roller bearings are also increased compared 1o conventional, which should decrease gear
dettections under fodd.

The sum ot the improvements of the advanced-concept transmission is shown in Table 28. This table compares
the salient features of a current design and the same design incorporating the advanced-technology components

in terms of weight, parts count, and design lite. The only feature included in this summuary which is not
discussed in this report is the weight reduction due to an advanced-composite housing. The evaluation of the
composite houstmy will be discussed i toliow-on report. The reduced weight contigmation of the composite
housing was $ pounds. Onc of the significant features of this design is the reduction in the number of bearings,
which has a direct impact on oil flow and cooling requirements. The improvements shown in Table 28 mect o
exceed dlf of the design goals initially established for this program.

Based on this comparison, it is apparent that the design goals established for cach component and for 4 total
transmission design can be achieved through the use of the component technology developed during this
program. Nao significant problems were experienced during this program which could affect the direct use ot
these components in an advanced-concept transmission which would enter the design phase in the 1930

TABLE 28. ADVANTAGES OF ADVANCED COMPONENT ASSEMBLY

Bascline Advanced Improvement (%)
Weight (Ib) 125 100.5 20
Main Bearings 6 4 33
Major Components 28 16 28
Faying Surtaces 18 9 S0
B-10 Lite (hr) 9i2 1.600 + 68
L()il flow (1'min) 227 B 18.0 7 20
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Figure 95. The Advanced Gearbox Assembly Is Lighter. More Reliable. and Quicter.
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RECOMMENDATIONS

Although a significant amount of rig testing was conducted during this program, testing of each component in

a complete transmission assembly was not planned or accomplished. [t is recommended that the component
technology developed under this program be incorporated into an existing helicopter transmission system and
tested. One such proposed system was shown in Figure 95. This continuation of testing would permit a direct
comparison of performance and life ot the existing system versus the system modified with advanced-technology
components. Testing would initially be conducted in a test rig which would eventually lead to a flight-test
program. This 1y pe of program would provide additional confidence and verification of the advanced concept

betore its ncorporation into a tuture advanced-concept helicopter drive system.

In addition, the oil-otf survivability tests conducted on the ribbed-cup tapered-roller bearing design did not
achieve the military goal of 30 minutes of operation at gearbox torque limit without lubrication. These tests
did provide information concerning areas of additional testing and design modifications which could result in
obtaining this goal. Theretore it is recommended that additional work be conducted on advanced material
development for the cage and cup rib and modifications to the bearing geometry and cage design in order to
extend or achieve the 30-minute oil-off requirement. The final evaluation of the optimum design should be
pertormed in an environment and mounting arrangement similar to those of an actual helicopter transmission.

The marked advantages that can accrue from compaonent development are evident in the results of this program.
Continuing programs leading to integrated assembly and testing of improved components will provide these
advantages for drive systems of the 1980’s. Results to date indicate that the continuation of these component
developments will provide significant and fruitful results.
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APPENDIX A

REFERENCE TEST DATA FOR AN
MRC 207S BEARING IN A MODEL
A TEST MACHINE

The test data and Weibull plots presented in Appendix A were obtained by MRC on a previous test program
using the Model A test machines. This reference test data for an MRC 207S ball bearing fabricated from
52100 steet can be used to compare the results of the slave bearings. The slave bearings used in this program
were obtained trom the original three lots of bearings and were tested under the same conditions except for
lubricant and operating temperatures.
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APPENDIX B

RIBBED-CUP TAPERED-ROLLER BEARING AND
MAGNETIC SEAL TEST DATA

Appendix B contains the ribbed-cup tapered-roller bearing and magnetic seal test data. Included are the build-
up sheets for each test, test data recorded at each data point, and photographs of the condition of the bearings
after completion of test.
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TABLE B~1. TEST NO. 141.1-U - BUILDUP SHEET,
SETUP NO. 1 )
TEST_BEARLIGS
[ DRIVE ED OPPOSITE DRIVE END_
- SUAFT SERLAL J0. - zsB 78 &
" cAGT JERIAL NO o | 78- 2g 1 8-/6
_ CUP SERIAL JO. R 728-2/ B 73, “’1
" ROLLER SIZE I - 2 S~ |
_CUP 0.D. Y T T Tyeees L _a’o""—?._—:]
qousne I.D. _ s . 9% 8 9 o . - 5. ooiS8 !
_CL2/30USING PIT o, L gerETeyr . oosslocie
R LARGE EXD | SIUALL END , LARGE ND | SMALL END |
_Cu2 P1LOT X.D. 42777 |\ 3.6/986 | 92779 . 3 6/9
. GaGL 0.D. ¢ R705_ . 3 6/23 | 2705 | L6 |
CL?/' TACT ClzavicT . Lov?A | . oo?% oo Tg | o073 I
T RADIAL CAGE GRCWTH A )
JUE TO RJTATION ‘ ! I (
;o0 R ¥y 2 coc s occoRR - Boc o5 ooC 072 .
‘%mm S et e o T T
_buyz TO FIT XA ., _.ocrX ESRY-S7) T er - !
TRETDG CUP/CACE CLLARAKS . 06 | ooés | 74 | .73 ]
3TLICVILLE LOADLG SPRINGS USCD - SET MO. 2
7RIE UTIGET o
SPRING DEFLECTION >

PRELOAD 2075 TOLIDS

SLAVE BEARLNGS

| 0PPOSTIT DRIVE I'D CLNTSR

CONE SERIAL vo N A T =2 } ._-]
cur SZRIAL 0. B A 2 T ,
"ROLLER smA o 7T Tt T2 ) -
_SWAFT 0.D. ] 523 _ ; EI25AF .
- CONE 1.D. L g0 47507 _ .
_ CONT/SHAFT FIT | 2V G 77 R - = V) S - 2
" CLP C.D. G- 7. 500/ o B} 2302
WOUSLG I.D. T T 7g97¢ e . 2992¢ .
. CUP/HOUSLNG ZIT 00 A5 - = >
JeAGE shaiz ,ﬁ,L Tt R D=7/~
JBARTG ADJUSTENT AT w; .x‘.?"e./; ACTUAL . 00/7 ( Vet J
MAGNETIC SEAL NO. / MAGNET RING STAL CASE/CARBON I)ISEF_
P?5.9,9 &7 G5 3%9a Y
WEIGHT S5 907 ¢ I3/ F
s coss 026 ST Louss
- T 336/
WISTH S ac 3resn
o =4

Torge TE&sm ToigeE 376 AHooks
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TABLE

RPH

1000
1000
1000
1000
1000
3700
3700
3700
3700
3700
3550
5850
$550
5550
3350
7400
7400
7400
7400

T 400

B-2.

SPRING PREL3AD
SHAFT FLOW DISTRIBUTION

FLOATING CUP DIAMETRIGCAL FIT

ADVANCEFD=-TRANSMISSTON COMPONENTS
BEARING

SRS

[,

2115 LBF

ST

SLAVE BEARING SETTING

LIAD
2000
5200
7800

10400

11650
2000
5200
7750

10400

11700
2000
5200
7810

10400

11700
2000
S200
7800

10400

11700

144
143
143
143
190
192
191

190
191
191
191
191
188
190
191

193
192
193

192

TEMPERATURES
CuP @D eoIL
DE 9DE DE
144 144 143
145 145 145
145 144 144
147 144 146
146 143 144
206 198 203
211 202 209
208 200 210
210 199 210
212 200 211
220 210 221
224 210 226
226 210 230
226 207 229
227 208 2231
235 220 237
241 221 244
243 221 246
246 220 249
246 219 248

TEST 4.00

«00

ouT
d0E

1493

144
145
144
202
205
205
202
204
215
214
214
211
213
223
227
226
225

224

162

17

167
170
167
230
237
232
236
238
229
230
231
229
232
230
236
237
24)

240

SLAVE 4

« 0033 LOBSE

-=-@IL FLOWS--~

SLV

8.2

8.0
8.0

8.0

PT/NMIN
9D SMFT

J.1 16.0
3.7 16.0
4.0 16.0

4.3 16.0

6+ 16.0
6.8 16.0
6.7 1640
Sed 162
6.0 16}
8.5 16.1
6.8 16.0
6.7 16.0
5.0 16.0
S¢8 16.0
6.2 16.0
6.7 16.0

6.7 16,0

INVESTIGAT TN,

~=-HEAT--
BTU/MIN
BRE JIL
44 -11
30 14
55 14
56 l4
S8 14
246 194
260 220
274 248
288 2317
288 246
453 403
481 425
499 4S8
521 470
519 469
710 5S57a
728 620
759 645
776 647
787 647




CUP 7821 VIEWED FROM SMALL END

CUP 78-21 VIEWED FROM LARGE END

Figure B 1. Cup. Rollers, and Cage Used at Drive Fnd of Shaft “8-8 in Yest Serup No. |
(Sheet 1 of 2),
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Figure B

ROLLERS

CAGE 78-24

1. Cup. Rollers, and Cage Used at Drive End of Shaft 78-8 in Test Setup No. 1
(Sheet 2 of 2),

1614




CUP 78-1 VIEWED FROM SMALL END

CUP 78-1 VIEWED FROM LARGE END

Figure B 2. Cup, Rollers, and Cage Used Opposite Drive End of Shaft 78-8 in Test Setup
No. | (Sheet 1 of 2).




{ Figure B2 Cup. Roflers. and Cage Used Opposite Drive fod of Sttt 78-S Test Setop
1 Noo L eSheet 2 ot 2y
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Figure B 4. Roller From Drive End of Cup 78-21 From Test Setup No. 1 With Groove
0.004 Inch Deep by 0.012 Inch Wide.
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Figure B 5. Scanning-Electron-Microscope Phatographs of Raoller From Drive End ot
Cup 78-21 From Test Setup No. 1.
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Figure B 6. Scanning Flectron Microscope Photocraphs Showing Bright Circomterential
Band on Roller From Cap 7521,
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TABLE B-3. THST NO. 141.1-U - BUILDUP sk,

\ SETUP NO. 2 :
TEST_BEARLNGS |
i
R !
- R _ DRIVE EXD _ . s
[SEAFT SERIAL %6~ P Fa-/ ,' |
CAGE SERIAL NO. 77 f L8 N6 : i
: CUP SERIAL NO. = A -t I e '
TROLLER SIZE  — "~ " 7% X
. CUP 0.D. e L STo0ps .
. Hoysiwe 1.D. B A £ 2 )
_CUP/BOUSING PIT o7 .
' | L]
o . LARGE EXD | SMALL END ;
_CUPPILOR ID. 42772 | 38,9/ i
_tap oo, . 42832 0 Fs/9 ] :
_CUP/CAGE CLEARANCE =~~~ oo%0  oo7p o
RADIAL CAGE GROWTH = wo Srecc ‘ : |
. DUR TO ROTATION E R SN ! i ; { g
O RPM) . 2 LO00O¥S | 1ol Yoy . O00O0Fs” - OV0D 3 T
37 v (o: L A R t . 2: N
DUETOFIT _ o T a . L !
_RUNNING CUP/CAGE CLEARANCL | _.05077 | _.oogr | .©096s | .0C7 _,
ZELLIVILLE LOADING SPRINGS USED - SET NOo. _ < i
FREE UEIGHT 927 ‘
SPRING DEFIECTION /= 1
PRELOAD ___ 2, 5 __ _ POLNDS i
SLAVE BEARINGS i
o N _ DRIVE END CEXMTER | OPPOSITE DRIVE E!D CENTER _ :
| CQME SIRIAL NO. ) = |
_CUPSERIAL NO. | A ! - S . :
(BOLLER SIZE . 7 SE . i
_SHAFT O.D. = . e o7TRL 4 7FA
CONZ I.D. et 4.75c & - 4987
_ CONE/SHAFT FIT ‘ oaia -7 . cotd -T
_CUP 0.0 1 7T Mool . 7. So0d _
JHOUSING ID. ! 7 43706 T oya9d . w
, CUP/HOUSING PIT . 0025 -7 003 o T
G sie 0 | pBi.e/o 0 feL00F* | £:. 00 A= . ~98
l DRARING ADJUSTMENT AIM __ 0= - oo i'e 2 ACTUAL 0023 |
MAGNETIC SEAL No. & MATNIT RING JEAL CASE/CARBUS TNCLET
9. /6. G/7 JS. TR EM ‘
WEIGHT r5./6 7/ dy. 16572
T god <! T A5 e
. 276 . P
WICTH A:7,~‘a< ;t:’::
~— TE—
E ool oSS 000, (s
oDE. ScAA &5 Chewer AHF . /25°
i Tora. RSy Tiae SE ks

l
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TABLE B-4.

RPM

3700
3700
3700
3700
5550
5550
5530
5550
7400
7400
T 400
7400
9600
9600
96 00
9600
11800

1800

SPRING PRELJAD 2115 LBF

SHAFT FLOW DISTRIBUTION TEST 8.00

FLIATING CUP DIAMETRICAL FIT

SLAVE BEARING SETTING

L@AD
5200
7800

10400

11700
5200
7800

10410

11700
5200

7800

10400

11700
5200
7800

10400

11700
5200

7800

~e~==TEMPERATURES

eIL
IN

189
191
189
189
187
187
187
190
192
186
187
189
187
187
190
191
191

191

Cupr
DE

197
201
200
201
207
209
210
214
222

220

gop

223
233
234
?40
242
251

255

[ 1]
éDE

197

199
198
198
204
205
207
207
220
215
217
216
229
229
231

232
249

248

oIL
DE

203
205
208
207
212
213
215
218
227

224

227

229
239
240
245
247
éS’

261

« 0023

SLAVE 8

«0031 LOOSE

(F)e-ve-e

auT
3DE

200
201
200
201
208
209
210
211
225
22¢
223

223

237

237

240

240
257

256

aD
SEAL

221
231
229
229
215
216
215
221
221
220
221
221
2es
22S
230
23
229

231

~=9IL FLOWS---
PT/MIN

SLV 0D SHFT
12.0 0.0 32.0
12.0 0.0 32.0
12.0 0.0 32.0
12.0 0.0 32.0
12.0 0.0 32.0
1é.o 0.0 32.0
12.0 0.0 32.0
12.0 0.0 32.0
12.0 0.0 32.0
12.0 0.0 32.0
12.0 0.0 32.0
12.0 0.0 32.0
12.0 0.0 32.0
12.0 0.0 32.0
12.0 0.0 32.0
12.0 0.0 32.0
12.0 0.0 32.0

12.0 0.0 32.0

ADVANCED-TRANSMISSTON COMPONENTS INVESTIGATION,
BEARING/SHAFT SET 2

~~<HEAT--
BTU/MIN
BRE 9IL
281 2771
295 266
307 299
306 333
547  S11
572 534
sS85 567
s81  S54S
834 759
891 826
905 849
906 8217
1263 1144
1312 1155
1315 1179
1316 1179
1691 1511

1738 1523
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TABLE B-5. ADVANCED-TRANSMISSION COMPONENTS INVESTIGATION,
‘ BEARING/SHAFT SET 21

SPRING PRELGAD 2115 LBF
SHAFT FL@W DISTRIBUTION TEST 4.00 SLAVE 4
FLOATING CUP DIAMETRICAL FIT .0031 LJOSE

SLAVE BEARING SETTING .0023

weew-TEMPERATURES (F)evese= ~=@IL FLIWS-w~> ~weHEAT-~
SIL CUP 0D 9IL SuT [ ]¢] PT/MIN BTU/MIN
RPN LOAD In DE QDE DE @DE SEAL SLV 9D SHFT BRE d1IL

1000 2000 IS8 159 155 159 157 174 8.0 3.1 16.0 38 -2
3700 5200 191 207 199 213 205 222 8.0 5.5 16.0 255 257 !
3550 7800 192 226 208 233 216 226 B0 6.0 16.0 491 469 *
S350 10410 191 227 207 233 213 229 8.0 6.4 16.0 S12 46} * 3

T400 11700 190 246 235 252 225 237 8.0 6.4 16.0 773 1708

3700 5205 191 205 203 211 209 225 8.0 0.0 16.0 2%9 230
3700 780Q 187 205 200 209 205 225 8.0 0.0 16.0 2381 2a2

3700 10400 189 207 201 213 209 225 Bs0 0.0 1640 283 267

3700 11700 190 209 201 214 29y 227 8.0 0.0 16.0 283 26}
5350 5200 188 221 215 226 520 223 8.0 0.0 16.0 489 426
538350 7800 191 2285 218 230 222 226 8.0 0.0 16.0 504 426
$350 10400 192 287 219 233 225 226 8.0 0.0 16.0 St1 a51
$S$SS0 11700 190 229 219 234 225 229 8.0 0.0 16.0 S14 a82
7400 Se00 187 239 231 243 237 232 8.0 0.0 16.0 743 649
7400 7800 192 246 236 251 241 238 8.0 0.0 16.0 752 662
7400 10400 193 246 237 252 242 239 8.0 0.0 16.0 770 662

7400 11700 190 247 233 251 240 239 8.0 0.0 16.0 782 680
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Figure B 7 Magnetic Seal Ring brom Test Setap ~No . 2
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CUP /83 VIEWED FROM SMALL END

CUP 78 3 VIEWHFD FROM LARGE FND

Figure B 9 Cup. Rollers. and Cage Used af Drive Ead of Shatt 78-1in Test Setup
No. 2tSheet 1 of 2)
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ROLLERS

CAGE 78-36

Figure B 9. Cup. Rollers, and Cage Used at Drive End of Shaft 78-1 in Test Setup
No. 2 (Sheet 2 of 2y,
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Clor 72 2 WIHEWED FROM SMALL END

CUP /8 2 VIEWED FROM LARGE END

Figure B 10. Cup. Rollers. and Cage Used Opposite Drive End of Shaft 78-1 in Test
Setup No. 2 (Sheet 1 of 2).
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Figure B 10. Cup. Rollers. and Cage Used Opposite Drive End of Shatt 7S-1 in Test
Sctup No. 2 (Sheet 2 of 2y,




Froore |

¥
)




BRI -

R A T N B T S A SV W U SR S R

[EES R A T WO s "

Figure B 12, Results of Test Setup No. 2 With All Fight Bolts Breaking and
Bearing Backing Off 0.1 25 Inch.




Figure B 13. End Cap for Opposite-Drive-End Slave Bearing Found After 7.5 Hours of
Test Setup No. 2: Bolt Believed to Have Broken After 3.75 Hours of Test.
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TALLE G-t Teel o NoL b o= IFIVIR FI R ERES B EO R
SrroNO, 3
TEST_BEARINGS
[ miEED fom@ém B
( SHAFT SERIAL 10. ! 8- 3 R 78-3 ]
ucz STHIAL NO B ! 8-/ 3 I 18- 30 e
| CUP SERIAL 3O, ' e ; L N
" ROLLER SIZE : ’«"’s'( . ] R
_CUP 0.3. . e £ ovod -
HOUSLG I.D. N o 7awd L0k N
_CUR/4OUSTNG PTT I P
o LARGE E SMALL EXN LARCE CND | SMALL END_|
CUP PILOT I.D. _ J 2753 26/, , 97782 ‘ ’
_ CAGE 0.D. o 2700 3692 L 9220
T CUP/CAGE CLEARANCE 208 3 .~ 2285 . ecg =
RADLaL CAGE GROWTH x 2 ;
DUE TO ROTATION ‘
! «7. 222> RPM) o ool Lo0e3?2?7 o/
__DUE TOQ FIT . ’ e B
__RUNNIIG CUP/CAGE cu.An.mc" . .8 | pory: | .oc®
BZLLIVILLE LOADING SFRIMGS USED - SET NO. =
FREE HZIGHT 7 e .
7 'y A .
SPRING DEFLECTION 5 s umrh NaM CP A
PRELOAD 2/40 POLDS
6 op Aas OB END wevEmewT

d&e Cvp ACRPTOR TR CH .. 18%

_ ; DRIVE EXD CENTZR 'OPPOSTTE DRIVE IND CINTER
. CRE SIRIAL NO. / ! 3
_ CUP SCRIAL KO, o P 4
_Rouzm stz _— SR G MY -
_SHAFT 0.D. I L . - 158
CONE 1.D. . v YU “TeTeo
~ CONE/SHAFT FIT ) Srauy o TR
CUP 0.D. ~ _ . VR . .
HOUSING 1.D. . . O R TPV
_'CUP/HOUSING FIT | , : B
, CAGE SHAR [.oc "zt —rowcl cmrtsoiT00 !~ Lonal
Lmn.c ADJUSTUENT AIM oot - o ACTUAL L 30 AT START oF TEST |
MAGNETI. GEAL 0. ,f:’» N :
W T HT
Sopese
. T g0y
WIlTH T
SPS Hewres




TABLE B-=7. ADVANCED-TRANSMTISSION COMPONUNTS INVESTIGATION,
BEARING/SHAFT SET 3

SPRING PRELOAD 2140 LBF
SHAFT FLOW DISTRIBUTION TEST 2.00 SLAVE 8

FLIATING CUP DIAMETRICAL FIT 0035 L@@SE

SLAVE BEARING SETTING 0.0000

~====TEMPERATURES (F)=-=v== ~=FIL FLOWS-== === HEAT=-=-
$IL CuP, @D @IL AuUT ao PT/MIN BTU/MIN
RPN LOAD IN DE @DE DE @DE SEAL SLV @D SHFT BRG JIL
3700 $200 187 207 193 207 197 2113 $.0 6.1 20.0 273 242

3700 7800 187 208 193 207 197 215 8.0 6.6 20.0 289 245
3700 10400 187 209 193 208 197 215 8.0 6.9 20.0 299 254
3700 11710 186 209 192 208 195 216 8.0 .7.0 20.0 304 251 ,
5550 $200 191 227 204 221 209 223 8.0 6.1 20.0 5S0?% 2396 .
5550 7810 191 230 205 225 209 225 B.0 6.7 20.0 527 430
5550 10410 191 232 206 227 209 231 8.0 7.0 20.0 540 447
5550 11710 190 231 206 227 209 234 8.0 Te.1 20.0 544 465
7400 5200 189 243 214 232 220 235 8.0 5.8 20.0 792 617
7400 7800 185 245 210 232 219 236 8.0 6.2 20.0 829 683
7400 10400 187 247 210 234 218 237 8.0 6.6 20.0 852 658
7400 11700 186 249 211 235 219 237 B-b 6.7 20.0 8S2 696
3700 5205 188 207 201 207 201 0 8.0 0.0 20.0 273 226
3700 7810 188 209 201 209 201 8.0 0.0 20.0 287 240
3700 10410 191 210 204 211 204 8.0 0.0 20.0 293 233

3700 11710 189 21t 204 211 203 8.0 0.0 20.0 297 254

@ o o o

5550 5205 190 227 219 222 216 8.0 0.0 20.0 5S08 4l

$550 7810 187 229 217 222 214 0 8.0 0.0 20.0 539 440

5550 10410 18¢ 232 220 226 217 0 8.0 0.0 20.0 544 461
$s550 11710 18T 230 217 225 215 0 8.0 0.0 20.0 554 468
7400 5205 190 246 236 234 221 0 8.0 0.0 20.0 791 605

7400 7810 189 249 237 236 232 0 8.0 0.0 20.0 821 641

T400 10410 190 251 23S 239 234 0 8.0 0.0 20.0 834 663

7400 11710 187 250 235 237 232 0 8.0 0.0 20.0 851 677
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TABLE B-8. TEST NO. 141.1-U - BUILDUP SHEET,
SETUP NO. 3A
TEST_BEARINGS
DRIVE END OPPOSITE DRIVE END
] HAFT SERTAL NO.
I"CAGE SERIAL_NO. “ShrdE TEST GRS . | SATE I{SZ Vif <90
| CUP SERIAL NO _AS*Z R B 7~ 1
, ROLLER SIZE e —
Tcur 0.D. iV menoz
L_HO(BIRG I D o - ; ,_,AL&OAL
m/iwsnn FIT _ e e @007 [QOSE

B ‘ LARGE END

_CUP PILOT I.D. D
“CAGE 0.D.

1 SHNALL END |  LARGE END | SMALL END

T e e ——— e ————

CUP/CAGE CLEARANCE o |

"RADIAL CAGE GROGWTH ~2 T oo - B ]
. DUE TO ROFATION ‘
‘—m‘ut%m e —+-

_DUE TO PIT _ - ;‘—*l_.w# R R __j
T RUNNING CUP/CAGE CLEARANCT | T

ZELLZVILLE LOADING SPRINGS USED - SET NO. _ -~

PREE UEIGHT .do
SPRING DEFLECTION ____ //3s5
PRELOAD ___=2/30 ___ PCUNDS
SLAVE BEARINGS

e [ DRIVE END CENTER |  OPPOSTTE DRIVE SID CENTER |
| Ca SERTAL No. R T T
| CUP_ SZRIAL NO L 3 -
"ROLLER SIZE T ! < i
T SHAFT 0.D 1 $262/5 R

CONE 1 D. e _ T 1‘7 42 6_ .

“CONE/SHAFT FIT - T — oowss T T

~COP 0.D. T T T3 fos3z T T

THOUSING 1.D. _- i T e e T )
LCUP/HOUSM FIT ] | , :E,Q,le‘A, ___i




s TABLE B~9. ADVANCED-TRANSMISSION COMPONENTS INVESTIGATION,
BEARING/SHAFT SET 31

SPRING PREL®ADP 2130 LBF
SHAFT FL3Ww DISTRIBUTION TEST 2.00 SLAVE 8
FLOATING CUP DIAMETRICAL FIT .0007 L33SE

SLAVE BEARING SETTING 0.0000

e=~-=TEMPERATURES (F)==~-~ --QIL FLIWS--=- =-=-- HEAT--
@IL CUP 2D JIL AUT (] PT/MIN BTU/MIN .
RPH L@AD IN DE QDE DE @DE SEAL SLV aD SHFT BRG OIL SN

dam oo

3700 5200 18y 209 203 207 202 234 8.0 0.0 20.0 272 219

3700 7810 190 213 203 2117203 237 8.0 0.0 20.0 283 240 .

s,

3700 10410 18 212 200 210 201 237 8.0 0.0 20.0 296 247
3700 11710 190 215 201 211 20¥% 237 8.0 0.0 20.0 297 240 -J
5550 5205 189 233 220 222 216 240 8.0 0.0 20.0 508 426 \é
5550 © 7810 190 234 221 225 218 241 8.0 0.0 20.0 526 447 ‘
5550 10410 191 238 221 227 218 242 8.0 0.0 20.0 540 447

5550 11710 191 238 221 228 219 242 8.0 0.0 20.0 Sa1 462

7400 5205 191 253 242 235 235 249 8.0 0.0 20.0 779 627
7400 7810 191 254 242 239 237 249 g.0 0.0 20.0 802 671
7400 10410 189 255 240 240 236 249 8.0 0.0 20.0 826 699
7400 11710 191 257 241 241 237 250 8.0 0.0 20.0 828 685
3700 5205 189 2310 204 207 202 236 8.0 0.0 20.0 272 219
3700 7800 190 214 205 210 205 239 8.0 0.0 20.0 282 247
3700 10410 189 216 205 212 204 239 8.0 0.0 20.0 291 269 3
3700 11710 189 215 204 212 204 239 8.0 0.0 20.0 295 269
5550 5205 190 234 223 225 218 243 8.0 0.0 20.0 S00 aa7
5550 7810 190 234 222 225 218 24t 8.0 0.0 20.0 524 454
5550 10410 190 237 221 227 21y 244 8.0 0.0 20.0 538 469

5550 11710 190 237 220 227 218 243 8.0 0.0 20.0 545 462

7400 5205 192 253 242 237 236 251 8.0 0.0 20.0 772 634
7400 7810 190 254 241 239 235 250 8.0 0.0 20.0 806 870
7400 10410 190 253 238 239 235 248 8.0 0.0 20.0 831 670 1

T400 11710 191 256 239 241 237 251 8.0 0.0 20.0 B8B2R 685
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CUP 78-11 VIEWED FROM SMALL END

CUP 7811 VIEWED FROM LARGE END

Figure B 14, Cup, Rollers, and Cage Used at Drive End of Shatt 78-3in Fest Setup No. 3
tSheet T of 2y, '
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Figore B 14 Cap. Roblers, and Cage Esed at Drise Ead of Shatt 7 3 Test Setup Noo 3
(Sheet 2 of 2. '
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CUP 78-14 VIEWED FROM SMALL END

CUP 78-14 VIEWED FROM LARGE END

Figure B -15. Cup. Rollers. and Cage Used Opposite Drive End of Shaft 78-3 in Test
Setup No. 3 (Sheet 1 of 2).




Figure B 15, Cup. Rallers, and Cage Used Opposite Drive Fad of Shatt 78-3 in Test
Setup No. 3 (Sheet 2 of 2).
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TARLE

. SHAFT

f"'” SERIAL Ny
CUP SERIAL XO.

' ROLLER SIZE®

G oD
UJOUSING I.D.
CUP/UOUSING PIT

T ¢L? PILOT I.D.
| CAGE 0.D.

JUZ TO RJOTATICN
RPY)

XD

_ DUE TO PIT

SCLIZVILLE LAWING

_ CQE SIRIAL YO,
CL? SZRIAL NO.
" ROLLER SIZE
" SHAFT 0.D.
{ “CoNE 1.D.
2 " CONE/SHAFT ?IT
' " CUP 0.D.
HOUSTIG 1.D.
CUP/HOUSING PIT
T CAGE 3ilua

SLARDNG ADJUSTIENT

AAGNET IO SEAL N

SERIAL 5O,

CUP/ 'AGE CLZARANCE
RADIaL CAGE GRUWTIH

TRASTL TUP DETCRIATICH

_RNING CUPUCAGE CLIARAXD IS

e — A RTINS, 7 R, Vi | AT OV Ty ¢ e RE TP T VI | AR TR VIR 7S

B=10.

TEST NOL 141.1-00 - BUTLDUD

SHPPT,

U e e
e __ . DRIVE END | OPPOSITE DRIVE END =
o A SO s 285 l
7577 . L -3/ .
79- 4 . 735
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TABLE B-11. ADVANCED~TRANSMISSION COMPONENTS INVESTIGATION,
BEARING/SHAFT SET 4

SPRING PRELSAD 2115 LBF
SHAPT FLOW DISTRIBUTION TEST 1.00 SLAVE 8
FLOATING CUP DIAMETRICAL FIT .0008 L@@SE

SLAVE BEARINGE SETTING 0.0000

----- TEMPERATURES (F)~==~-- -=dIL FLOWS~~-~ ~~cHEAT-~
dIL CUP @D QIL aUuT oD PT/MIN BTU/MIN
RPM LI2AD IN DE ODE DE @DE SEAL SLV 3D SHFT B8RG JIL

3700 5205 189 219 213 209 202 247 8.0 0.0 18.0 270 216
3700 7810 187 221 210 20‘ 201 249 $§.0 0.0 18.0 289 229
3700 10410 189 2825 210 211 203 252 8.0 0.0 18.0 294 236
3700 11710 189 226 209 212 204 253 8.0 0.0 18.0 295 249
5550 5205 187 240 233 221 237 251 8.0 0.0 18.0 S10 422
5550 7810 190 244 234 227 220 2%3 $.0 0.0 18.0 5S20 442
5550 10410 188 245 232 225 219 253 8.0 0.0 18,0 Sa1 455
5550 11710 189 247 231 228 219 255 8.0 0.0 18.0 Sa1 455
7400 5205 191 265 258 238 239 268 8.0 0.0 18.0 764 629
7400 7810 190 268 259 240 240 268 8.0 0.0 18.0 794 663
7400 10410 189 269 25i 241 240 268 $§.0 0.0 18.0 815 683

7400 11710 189 271 256 241 240 269 8.0 0.0 18.0 822 683
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TABLE B-12.

RPM
3700
3100
3700
3700
5550
5550
$550
$550
7400
7400
7400

7400

T -

ADVANCED-TRANSMISSION COMPONENTS INVESTIGATION,

BEARING/SHAFT SET 41

SPRING PRELOAD 2115 LBF

SHAFT FLOW DISTRIBUTION TEST .50

FLOATING CUP DIAMETRICAL FIT
SLAVE BEARING SETTINE 0.0000

LOAD
5205

7810

‘10410

11710
5208

7810

‘10410

11710
s20s

7810
10410

11710

===e=TEMPERATURES

Q1L
IN

191
190
190
189
190
. 189
189
19Q

190

191

191

190

cupP
BE

219
220
222
223
248
2514
248
251
270
2713
276
27

[ ]
@DE

2g0

219

217

2{6
244
254
240
240
264
264
265

269

oIL
DE

210
210

N

212

226
228
227
231

237

SLAVE 8

+»0008 LJ4SE

(Floomee

euT
@DE

20%
204
203
203
222
222
220
221

24)

243

244

242

193

@D
SEAL

241
243

244

243

265
267
264
269
286
285
291

290

SLV
8.0
8.0
€.0
8.0
8.0
8.0
8.0

8.0

8.0

8.0
8.0

8.0

ap

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
6.0

0.0

~=0IL FLOWS-~-
PT/MIN

SHFT
17.0
17.0
17.0
17.0
17.0
17.0
17.0
17.0
17.0
17.0
17.0

17.0

-==HEAT-~
BTU/MIN

BRE
266
283
292
295
493
S51S
537
532
762
787
804

oIL
208
214
221
234
431
457

438

- 4S87

624
644
663

657

P




CUP 791 VIEWED FROMSMALL END

CUP /791 VIEWED | ROM L ARGE £ND

Figure B -17. Cup. Rollers, and Cage Used at Drive End of Shaft 78-5 in Test Sctup No. 4
(Sheet | of 2),
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ROLLERS

CAGE 78-17
Figure B - 17. Cup, Rollers, and Cage Used at Drive End of Shaft 78-5 in Test Setup No. 4 o]
(Sheet 2 of 2).
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CUP 78-6 VIEWED FROM SMALL END

CUP 78-5 VIEWED FROM LARGE END

Figure B—18. Cup, Rollers, and Cage Used Opposite Drive End of Shaft 78-5 in Test
Setup No. 4 (Sheet 1 of 2),
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ROLLERS

CAGE 78-21

Figure B—t8. Cup, Rollers, and Cage Used Opposite Drive End of Shaft 78-5 in Test
Setup No. 4 (Sheet 2 of 2).




Figure B

19, Shatt No 785 From Test Setup Moo 4,
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TABLE B-13. TEST NO. 141.1-U - BUILDUP SHEET,
SETUP NO. 5

IEST_REARINGS
DRIVE END OPPOSITE DRIVE END
| SHAFT SERTAL VNo. 28-4 72&-
CAGE SERIAL NO. 15-23 7§-28
CUP SERIAL NO. 79-S 78-9
ROLLER SIZE 7 %% 7%
GUP 0.D. 2.0009 Sopoy
HoOUusSING I.D. PRLCY A I o N S, 00t 0
mm 7T Ondo =T ' 0068l =i
. LARGE EMD SMALL END LARGE END | SMALL END
CUP PILOT X.D. H4.227? £.0)8¢ « 279 % KANLE |
_CAGE 0.D. 43734 | 3.el22 %2708 3¢iio
__CUP/CAGE CLRARANCE . .opy3 .00 | ©0732 @073 |
RADIAL CAGE GROWTH ;
' DUE TO ROTATION : i |
: g 640a) RPM) | oo ol | 0000 7% oo/ 6 i Qow379
| |
, DUE TO FIT - o5 _opl¥ - —
RUNNING CUP/CAGE CLRARANCI op2é | .oas/ 202/ | _.oop2
BZLLIVILLE LOADING SPRINGS USED - SET NO. 2
FREE HEIGHT . o7 Y _
SPRING DEFLECTION __ /30  =cin.? /=S
PRELOAD S PCUIDS 2,3
SLAVE BEARINGS
) DRIVE END CEMTER | OPPOSITE DRIVE F:D CINTER |
| CRE SIRIAL No. / Y -
"CUP_SERIAL NO. 7 3 -
. ROLLER SIZE T - .
SHAPT O.D. Y3533 \ 47523
COME 1.D. _ Y2418 L o TIT
“CONE/SHAFT PIT i Y ! oo - ‘.
“CUP 0.0, I 75000 i 7. 5003 <
T HOUSING I1.D. ! 24808 ; 2437
| CUP/HOUSING FIT 0 9A2 T e 203D 1
w oo b’ . N ool o R
DEARING ADJUSTMENT AIM _ O ACTUAL O __J
MAGNETIC SEAL NO. 5 , / MAGNET RING SEAL CASE/CARBON INSERT
ol (S T2 7S 374

008 6m .03 G

WEIGHT q4.330 8% 5,302
wxc%&v,j??‘/ ) TE3F 5o
3773 I 2

&/ Houes ISmw TES

199
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TABLE B-14. ADVANCED-TRANSMISSION COMPONENTS INVESTIGATION,
BEARING/SHAFT SET 5

SPRING6 PRELJAD 2130 LBF
SHAFT FLOW DISTRIBUTIIN TEST 8.00 SLAVE 8
FLOATING CUP DIAMETRICAL FIT .0006 LOGSE
SLAVE BEARING SETTINE 0.0000
c====TEMPERATURES (F)=ec=== ==3IL FLJMWS~~~ -=-HEAT--
@IL CUP @D dIL AUT a PT/MIN BTU/MIN
RPM L3AD IN DE @DE DE ODE SEAL SLV 3D SHFT BR6 3JIL
3700 5208 189 206 199 207 200 224 8.0 0.0 32.0 276 292
3700 7810 190- 207 199 207 200 227 8.0 0.0 322.0 293 272
3700 10410‘ 189 209 198 209 200 225 8.0 0.0 32.0 2301 213
3700 11710 189 209 198 209 199 227 8.0 0.0 32.0 305 303
5550 5205 191 220 210 219 211 230 8.0 0.0 32.0 528 486
5550 7810 l9d 220 209 219 210 228 ;.O 0.0 32.0 557 496
$550 lOAiO 188 221 208 220 209 228 8.0 0.0 32.0 S7S5 536
$550 11710 189. 223 209 221 210 228 8.0 0.0 32.0 576 5237
7400 5205. 191 231 220 230 223 233 §.0 0.0 32.0 829 721
T400 7810 189 231 219 229 222 231 8.0 0.0 32.0 874 7al
7400 10410 . 190 232 220 232 222 232 8.0 0.0 32.0 891 752

7400 11710 188 231 219 231 222 230 8.0 0.0 32.0 901 782
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TABLE B-15. ADVANCED-TRANSMISSION COMPONENTS INVESTIGATION,
BEARING/SHAFT SET 51

SPRING PRELOAD 2130 LBF
SHAFT FLOW DISTRIBUTION TEST 8.00 SLAVE 8
FLIATING CUP DIAMETRICAL FIT .0006 LOASE

SLAVE BEARING SETTING -.0004

ee=~=TEMPERATURES (F)====- -=3IL FLAWS=== <-HEAT-~
dIL CcuP 9D OIL QUT D PT/MIN BTU/MIN
RPM LIAD IN DE QGDE DE dDE SEAL SLV 9D SHFT BRG JIL

92600 5205 189 241 232 241 238 245 8.0 0.0 32.0 1249 1030
9600 7810 191 245 232 245 2392 249 8.0 0.0 32.0 1281 1041
9600 10410 190 24S 231 245 238 248 8.0 0.0 32.0 1319 1051
9600 11710 189 245 234 245 239 246 g§.0 0.0 32.0 1325 1082
11800 5205 187 255 247 257 255 245 8.0 0.0 32.0 1700 1415
11800 7810 190 259 ?43 260 256 235 8.0 0.0 32.0 1734 1394
11800 10410 191 261 250 263 257 237 8.0 0-0'52.0 1755 1416
11800 11710 191 260 249V 262 256 239 8.0 0.0 32.0 1775 1395
1 4000 5205 189 272 2713 271 271 238 8.0 0.0 32.0 2203 175t .
1 4000 .7810 188 273 273 278 270 242 8.0 0.0 32.0 2229 1772
14000 10410 190 273 262 281 272 240 8.0 0.0 32.0 2239 1783

14000 11710 190 274 262 283 272 24l 8.0 0.0 32.0 2238 1804
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CUP 79-5 VIEWED FROM SMALL END

CUP 79-5 VIEWED FROM LARGE END

Figure B- 20. Cup. Rollers, and Cage Used at Drive End of Shaft 78-4 in Test Setup
No. 5 (Sheet t of 2). ]

202




Figure B 20. Cup. Rollers. and Cage Used at Drive Ead of Shaft 78-4 in Test Setup
No. 5 (Sheet 2 of 2,
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CUP 78-9 VIEWED FROM SMALL END

CUP 78-9 VIEWED FROM LARGE END

Figure B—21. Cup, Rollers, and Cage Used Opposite Drive End of Shaft 78-4 in Test
Setup No. 5 (Sheet 1 of 2),
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CAGE 78-25

Figure B-21. Cup, Rollers, and Cage Used Opposite Drive End of Shaft 78-4 in Test
Setup No. § (Sheet 2 of 2).
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TABLE B-16.

TEST NO. 141.1-U

- BUILDUP SHEET,

SETUP NO. 6

IEST_BRARINGS
DRIVE END OPPOSITE DRIVE END
SHAFT SERIAL NO. 2¢-7 757
CAGE SERIAL NO. 25~ R27 75-28
CUP SERIAL KO. 29- % 27- 2
ROLLER SIZX > 755
CUP 0.D. S oOL3 5. oo 2
HOUSING 1.D. 2.2989 S . oo/n
CUR/BOGSING FIT o0/ P T g wr .00 R LoosE
LARGX END SMALL, END LARGE END | SMALL END |
CUP PILOT I.D. L2774 3 6,92 L 776 | F £/90
CACR 0.D. 4 2700 Z. G/ F 678 | 3.£,08
CUP/CAGE CLEARANCE o7 e .ocsl | pog
RADIAL CACE GRONTH B
DUX TO ROTATION
oo RPM) LSOO/ 4 L2000 2 ==Y OO OO
| DUR TO PIY L D0/06 Loo08 S _ -
RUNNING CUP/CAGE CLEARANCE 7 006 S .026/ el=2 74
BELILEVILIZ LOADING SPRINGS USED - SEY B0. __/  A4- #3777
FRER BEICRY __ .5/ 7/
SPRING DEVLECTION _OF
PRELOAD 25@ & POUNDS

DRIVE EXD CENTER OPPOSITE DRIVE END CENTER
COMR SERIAL NO. A1~ e
CUP SERIAL NO. -
ROLIER SI1ZX ~ -
SHAFT O.D. Lo
COXE 1.D, o N \\>
CUP 0.D. ~
BOUSING I.D. ~
CUP/BHOUSING FIT
["CACK SHAXE ~N] -
BREARING ADJUSTMENT AIM ACTUAL
MAGNETIC SEAL NO. o MAGNET RING SEAL CASE/CARBON INSERT
Bepolc ML &y 25925 O
WEIGHT7F %" ,ﬁ_"j‘_l.c .. grvase
oo o4 sV
- 3789 0 L3582
WIDTH
. 85769 - 8564
Vo ime SR = ===
SO ppoMts DS IS
207




TABLE B-17. ADVANCED-TRANSMISSION COMPONENTS INVESTIGATION,
BEARING/SHAFT SET 6

SHAFT FLOW DISTRIBUTI@GN TEST 8.00 SLAVE O

FLOBATING CUP DIAMETRICAL FIT .0002 LQOOSE

vesesaTEMPERATURES (F)====- -=21L FLOWS=~== -=-HEAT-~-
SPRING @IL CUP @D QIL OUT 2D PT/MIN BTU/MIN
RPM L@AD IN DE QDE DE 3DE SEAL SLV 9D SHFT BRG dIL
3700 2964 184 196 196 196 196 220 16.0 84 97
5550 2964 189 211 211 211 211 237 16,0 145 178
7400 2964 189 221 221 221 223 227 16.0 216 268
9600 296 4 191 240 238 238 240 238 16.0 300 391
11800 2964 187 250 250 250 252 232 16.0 404 524
1 4000 2964 187 261 261 263 266 234 160 S05 637
3700 6418 190 207 203 201 205 235 16.0 100 97
§550 6418 190 223 213 215 214 233 160 177 198
7400 6418 190 233 224 228 223 237 16.0 263 288
9600 6418 190 250 240 244 239 247 16.0 367 420
11800 6418 190 263 251 258 253 240 16.0 486 537
1 4000 6418 188 280 266 274 269 243 16.0 598 688
208
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TABLE R-18, ADUVANCED=TRANSMISSTON COMPONENTS  INVIRTTTOATTON, 1
BEARING CHAT Spr 6] i

SHAFT FLAW DISTRIBUTIAN TEST 4.00 SLAVE 0 !

FLOATING CUP DIAMETRICAL FIT 0002 LJI3SE

-----TEMPERATURES (F)====-  =--3IL FLAWS--- --=HEAT-- ,

SPRINE QIL CUP @b @IL duT  @p PT/MIN BTU/MIN

RPM  LOAD IN DE 8DE DE 2DE SEAL SLV 3D SHFT BRG QIL

3700 2964 185 205 201 2C) 201 228 8.0 19 64
5550 2964 188 226 221 221 222 231 8.0 132 136 %
7400 2964 187 243 236 236 238 24l 8.0 192 204 ¥
9600 2964 189 267 258 258 259 2SS 8.0 264 285 f{
11800 2964 188 287 275 275 275 258 8.0 347 359 ':
14000 2964 190 312 298 298 294 253 8.0 421 439 ¥
3700 6418 189 211 209 209 208 234 8.0 94 719 ‘!
5550 6418 189 234 225 228 226 245 8.0 160 154 1i
7400 6418 189 250 242 245 243 254 8.0 230 225 ‘j
9600 6418 189 275 265 266 265 265 8.0 1317 314 !

11800 6418 190 294 285 285 284 258 8.0 409 390

1 4000 6418 191 319 307 307 305 262 8.0 496 a78
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TABLE B-19. ADVANCED~TRANSMISSION COMPONENTS INVESTIGATION,
BEARING/SHAFT SET 62

———— -

SHAFT FLOW DISTRIBUTION TEST 1.00 SLAVE 0

FLOATING CUP DIAMETRICAL FIT .0002 L@OSE

c=w=~TEMPERATURES (F)===~= --@IL FLOWS~-- ---HEAT--

] SPRING 1L CuP @D QIL aur ap PT/MIN BTU/MIN
| RPM L3AD IN DE QJDE DE 3DE SEAL SLV @p SHFT BR6 JIL
3700 2964 178 218 227 207 212 235 2.0 13 32

$550 296 4 179 255 263 226 245 258 2.0 119 S8

7400 296 4 180 290 299 255 278 281 2.0 160 89

96 00 296 4 188 322 339 288 217 230} 2.0 21}y 119

11800 2964 192 347 385 331 365 323 2,0 249 164

3700 6418 174 223 231 211 217 239 2.0 89 41

5505 6418 185 269 271 245 257 276 2.0 134 68

7400 6418 186 297 208 263 285 283 2.0 193 91

9600 6418 187 337 3% J02 333 305 2.0 246 136

11800 6418 189 368 386 2333 367 212 2.0 307 169

210
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CUP 79-8 VIEWED FROM SMALL END

CUP 79-8 VIEWED FROM LARGE END

Figure B—23. Cup. Rollers, and Cage Used at Drive End of Shaft 78-7 in Test Setup No. 6

{Sheet | of 2).
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ROLLERS

CAGE 78-27

Figure B 23. Cup. Rollers, and Cage Used at Drive End of Shafts 78-7 in Test Setup No. 6
{Sheet 2 of 2).




CUP 79-2 VIEWED FROM SMALL END

CUP 79-2 VIEWED FROM LARGE END

Figure B—-24. Cup. Rollers, and Cage Used Opposite Drive End of Shaft 78-7 in Test
Setup No. 6 (Sheet | of 2).
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Figure B 24. Cup, Rollers, and Cage Used Opposite Drive knd of Shaft 78-7 in Test
Setup No. 6 (Sheet 2 of 2).




DRIVE END

QOPPOSITE DRIVE END

Figure B 25, Shaft No. 75-7 From Fest Setup No. 6.




BOTTOM OF OiL RESERVOIR

MAGNETIC STRAINER FROM OIL RESERVOIR

Figure B 26. Condition of Components After Running Test Setups Moo 1 Through 6 and
£ I g 1 g
Betfore Running the 150-Hour Fndurance Test Setup No 8.
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TABLE

B~20.

SETuUP NO, 7

TEST NOO 141.1-U

- hulLbub

SHEET,

TEST_BRARINGS
DRIVE END | OPPOSITE DRIVR END
SHAFT SRRIAL NO. o7 N
CAGE StRIAL NO. 2. 3 _ TPz
CUP SERIAL BO. /9- 10 S AN A e
ROLLER SIZX Ty e
[COP 0.D. ERCERE RECETEY ]
HOUSING 1.D. EET A S S S ST
CUP/BOUS ING FIT €5. g -7 ; zec £~ o
| LARGE END | SMALL END | LARGE END | SMALL RND
CUP_PILOY 1.D. | ¥A%24~ 2627 Y RTEZ |2 LF
CAGE 0.D. C G20 A ~ AT S L2
CUP/CAGR CIXABANCE | emu” 00 72 1 o £ e
RADIAL CACE GROWTH ’ 1
DUR TO ROTATION |
: gooo RPM) o000 'y ' Lee TS oo/ s Lo TS
| DUE TO FIT Lo00/3¢ r > /o - -_—
RUNNING CUP/CAGE CLEARANCE Looz2 | oo o0 5 a0 72|
BELLXVILLE LOADING SPRINGS -sgerMo. 2
FREE HEICHT L
SPRING DEFLECTION ___ //=2
PRELOAD o POUNDS
SIAVE BRARINGS
DRIVE END CENTXR OPPOSITE DRIVE SND CENTER
CONE SERIAL NO. / 4 -
CUP SERIAL NO. B
ROLIER STZX = ] Y
SHAFT 0.D. S ! P TSR T
CONR I.D. ¢ Y T |} S Dy T .
m;mm - _L_ P {
CUP 0.D, - CeoO s ST X —
HOUSING 1.D, a8 . R
CUP/HOUSING FIT o052 = [ _LEre i
00 po2? cal8 1 coS col ocota |

ntelel%)
MAGNETIC SEAL NO. MAGNET RING SEAL CASE/CARBON INSERT
Pg F5s Fs o6+
WEIGHT Y47 £ 03 R

gfﬁé \..;’,5 //.7./7(’1

3.O/T 1l Aar

378/
Yy i

[ AT

Sl




TABLE B-21.

RPM
3700
3700
3700
3700
5550
$550
5550
5550
7400
7400
7400
7400
9600
9600
9600
94 00
11800
11800
11800
11800
14000
1 4000

1 4000

1 4000

ADVANCED-TRANSMISSTON

BEARING/SHAFT SET 7

SHAFT FLOW DISTRIBUTION

FLIATING CUP DIAMETRICAL FIT

TEST 4.00

SLAVE BEARING SETTING ~-.0005

L3AD
5202
7810

10410

11710
5205
7810

10410

11710
5205
7810

10410
11710
5205
7810
10410
11710
5205
7810

10410

11710
320%
7810

10410

11710

JIL
IN

231
242
245
242
29s
293
299
300
299
298
300
299

298

297

298
298
299
300
299
3adbo
302
300

Joo

----~TEMPERATURES
CuP @D BIL
DE @DE  DE
241 239 241
253 250 253
256 252 255
253 249 253
308 308 308
307 305 307
313 310 2313
31s 311 315
323 322 322
324 321 321
324 320 2324
325 320 324
333 335 331
331 333 2333
334 334 334
334 333 335
347 351, 345
349 351 348
3st 35t 351
354 354 352
369 370 366
370 369 268
371 368 368
373 366 369

299

QuT
d0E

239
249
252
249
307
305

310

318
320
319
332
333
333
333
349
350
351
352
366
367
366

376

266
262
‘311
309
313
314
321
322
324
303
330
324
326
325
326
327
329
333
331
341
331

333

COMPONENTS INVESTTGATION,

SLAVE 8

-000S LOBSE

-=PIL FLIWNS-~-- ---HEAT--

PT/MIN BTU/MIN
SLV 3D SHFT BRG 3IL
152 0.0 24.0 218 179
15.4 0.0 24.0 217 180
15.4 0.0 24.0 222 170
15,4 0.0 24.0 227 180
15¢6 0.0 24.0 325 252
155 Q.0 24.0l 343 262
155 0.0 24.0 347 252
155 0.0 24.0 347 262
15¢5 0.0 24.0 524 434
156 0.0 24.0 550 435
157 0.0 24.0 561 447
157 0.0 24.0 566 457
15.7 0.0 24.0 822 682
157 0.0 24.0 B850 733
15.7 0.0 24.0 871 723
157 0.0 24.0 875 733
15¢7 0.0 24.0 1165 980
157 0.0 24.0 1192 1001
157 0.0 24.0 1210 1063
157 0.0 24.0 1214 1063
157 0.0 24.0 1554 1312
157 0.0 24.0 1565 1384
15¢7 0.0 24.0 1593 1374

15¢7 0.0 24.0 1577 1510




CUP 79-10 VIEWED FROM SMALL END

CUP 79-10 VIEWED FROM LARGE END

Figure B—27. Cup. Rollers, and Cage Used at Drive End of Shaft 78-9 in Test Setup No. 7
(Sheet 1 of 2).




ROLLERS

CAGE 78-31

Figure B 27, Cup. Rollers, and Cage Used at Drive End of Shatt 78-9 in Test Setup No. 7
(Sheet 2 of 2y,




CUP /78 Tu VIEWED FROMEARGE END

Figure B 28. Cup. Rollers, and Cage Used Opposite Drive End of Shaft 78-9 in Test
Setup No. 7 (Sheet | of 2) .
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Figure B—28. Cup, Rollers, and Cage Used Opposite Drive End of Shaft 78-9 in Test
Setup No. 7 (Sheet 2 of 2).
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vt EnD

Figure B 29 Shatt Moo 789 From Test Setup No




TABLE R=-00,

TEST Noo 141.1-u -

SETUPEONO, 8

PUTLDUP SHEET,

TEST_BEARINGS SISO pt Eornpmce (BT
DRIVE END OPPOSITE DRIVE END
SHAFT SERIAL NO. o 78 - L, 78- L
[ CAGE StHIAL NO 7Y- ¢ 28- 29
CUP SERIALNO. == = . 79-9 el 79- 1Y
ROLLER SIZX ;_ v’ 20 ] i 4
. CUP Q.D. j B S ooor™ = 0o0s
| BOUSING I.D. L7edT 50010
. CUP/HOUSING FIT 001 AT B =
| LABGE END SMALL END LARGE END | SMALL END
| CUP_PILOT X.D. #.27¢C 1 AL Y2723 L%l
" CAGE 0.D. 43697 2eo74 H223Q . _| . 2ufeil la
 CUP/CAGE CLRABANCE | ool ol I3 Dos F L opoTE
T RADIAL CACE GROWTH
| DUE TO ROTATION
o RPN) Lo /E . 000979 o/ .occe”
|
}_u_us TO FIT ooed L2009 - —
| RUNNING CUP/CAGE CLEARANCE L o05¢ .o/l o0 F/ LoD T*
BELLEVILLX LOADING SPRINGS USED - SET NO. 2 AP 73
FREE MRIGHT Fo7 )
SPRING DEFLZCTION _ /= . X
PRELOAD 2.5 POUNDS
SLAVE BEARINGS
. DRIVE END CENTER OPPOSTTE DRIVX END CENTER |
| COMR SERIAL KO. / Z ]
, CUP_SERIAL NO. -
. ROLLRR SIZX ]
"SRAPT 0.D . 7523% " J 75135
" CoME T.D. 4TI D 4722
TCONE it = Hlu.:.;f' T L%oiyor §
CUP 0.D. R x-1-1) i 7 5003 ]
HOUSING I.D e HYesT 1 74972
CUP/HOUSING FIT .03 % YN )
SHAS3 OO0 S oS~ 00 [. cod-0c” =97y
BRARTNG ADJUSTMENT AIM .-~ 7 = .:> ACTOAL _ ool PResomy

3
MAGNETIC SEAL NO. oS

f.)/'n’c Z - Z‘/C

379 Aok

MAGNET RING

SEAL CASE/CARBON INSERT

WEIGHT  _ )
S 133 qes - 45376 ¢ Gorn
WIDTH )
2. -F36 =
g 2 iR vEAl ‘
CELRCE Ey s FLTE

e AR

(=



TABLE B-23. ADVANCED-TRANSMISSION COMPONENTS INVESTIGATION,
BEARING/SHAFT SET 8

SPRING PRELQOAD 2115 LBF
SHAFT FLIW DISTRIBUTIGN TEST 2.00 SLAVE 4

FLOATING CUP DIAMETRICAL FIT 0005 LOJSE

SLAVE MEARING SETTING -.000S

~==-~TEMPERATURES (F)====~ -~31L FL3WS--= <-==-MEAT-~

JdIL CUP @b OIL @UT ap PT/MIN BTU/MIN
RPM L3AD IN DE @DE DE 3DE SEAL SLV 3D SHFT BRG O@JL HOURS
T400 11710 190 270 250 241 245 256 8.0 0.0 12.0 746 645 5
7400 11710 189 267 252. 260 241 25} 8.0 0.0 12.0 756 629 16

7400 11710 192 269 253 265 247 257 8.0 0.0 12.0 734 656 27
7400 11710 191 269 250 264 245 258 8.0 0.0 12.0 739 651 49,
7400 131710 193 271 257 266 248 261 8.0 0.0 12.0 730 656 59
7400 11710 191 270 255 265 247 266 8.0 0.0 12.0 734 666 80
7400 11710 191 270 255 264 247 269 8.0 0.0 12.0 736 66F SL)
7400 11710 191 270 255 264 247~ 267 8.0 0.0 12.0 736 661 123
7400 11710 193 271 257 267 249 265 8.0 0.0 12.0 726 666 147
7400 11710 193 271 257 266 249 266 8.0 0.0 12.0 728 661 150
7400 11710 192 267 252 266 248 266 8.0 0.0 12.0 730 666 170
7400 11710 191 265 250 263 245 268 8.0 0.0 12.0 742 645 188
7400 11710 193 266 251 265 5@6 260 8.0 0.0 12.0 735 640 209
7400 11710 187 262 246 261 2a4 254 8.0 0.0 12.0 748 671 224
7400 11710 189 263 247 262 245 251 8.0 0.0 12.0 744 661 240
7400 11710 192 265 .249 264 246 252 8.0 0.0 12.0 738 645 64
TA00 11710 191 263 249 263 245 2%2 8.0 0.0 12.0 742 648 272
7400 11710 191 264 248 264 245 25) 8.0 0.0 12.0 739 651 296
7400 11710 193 267 250 267 249 259 8.0 0.0 12.0 726 666 308
7400 11710 188 265 247 264 245 257 8.0 0.0 2.0 .739 682 324
7400 11710 191 265 250 265 247 252 8.0 0.0 12.0 734 666 348
7400 11710 191 265 249 265 247 251 8.0 0.0 12.0 734 666 356
7400 11710 190 264 249 264 245 249 8.0 0.0 12.0 739 661 372

7400 11710 191 263.249 264 246 249 8.0 0.0 12.0 738 656 379
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CUP 79-9 VIEWED FROM SMALL END

CUP 79-9 VIEWED FROM LARGE END

Figure B—30. Cup. Rollers, and Cage Used at Drive End of Shaft 78-6 in Test Setup No. 8 ‘
(Sheet 1 of 2) .
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ROLLERS

CAGE 78-26

Figure B 30, Cup. Rollers, and Cage Used at Drive End of Shatt 78-6 in Test Setup No N
(Sheet 2 of 2y
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CUP 79-14 VIEWED FROM SMALL END

CUP 79-14 VIEWED FROM LARGE END

Figure B 31. Cup. Rollers, and Cage Used Opposite Drive End of Shaft 78-6 in Test Setup
No. 8 (Sheet 1 of 2). |
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ROLLERS

CAGE 78-29

Figure B 31, Cup. Rollers, and Cage Used Opposite Drive End of Shatt 78-6 in Test Setup
No. X (Sheet 2 of 2).
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APPENDIX C

Aniietsincecas

RIBBED-CUP TAPERED-ROLLER BEARING AND
MAGNETIC SEAL OIL-OFF SURVIVABILITY TEST DATA

Appendix C contains the ribbed-cup tapered-roller bearing and magnetic scal oil-off survivability test data. In-
cluded in this appendix are the buildup sheets for each test, test data recorded at each data point, plots of
temperature versus time, and photographs of the components after test.
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TABLE C-1.

TEST WO. 141.1-U - BUTLD-UP SHERET

OTL-0OFF TEST NO.

1

SET-UP WO. &
IBST_BRARTNGS
DRIVE END OPPOSITE DRIVE EKD
SEAFT SERIAL ¥O. 725-7 28-7
| CAGR SERIAL NO. 78-27 2E8-25
CUP SERIAL NO. 29-F 292
ROLLER 12X 7 75
0.D. < cooJd Sooexy
EOUSING 1.D. 77952 SO/ D
OO/ R TIGAT . OO 2” LooSE
LABGE END SMALL END LARGE SMALL EXD
| CuP PILOT I.D. 7277F 2.6/72 278/ | 2 6/9~
CACX 0.D. F 2700 26//7 F 2597 | T s0F
CUP/CACE CIRARANCE I F Lo & Y o0& 2
BADIAL CACE GRONTH
DUR TO ROTATION
: ﬁ() RPY) L o00/8 - o0 7¢ D00/ 8 | o000
| DUE TO FIT 2004 | -20oF2 _
FIROINIC CUP/CAGE CLEARANCE .O06/F7 oo X i 20G/ o0 3/

BELIEVILIE LOADING SPRINGS USED - SET NO.

/ A -F93677
FREX HRIGHT SL2Z

SPRING DRFLECTION ___ o5 — o395 -ACUAL 043"
FRELOD __sore  PODS 3203

DRIVE END CERTER | OPPOSITE DRIVE END CENTER
COME SERIAL NO. _~
CUP SERIAL #O. -~
ST 0.0, ~~——" >~——

G 1.D. /XY >\/

ROUSTNG T.D = \\ — \\

CuP/ROUSTNG FIT 7 N1 7 ~

yd \\
BEARTNG ADJUSTMENT ATM ACTUAL
MAGNETIC SEAL NO. 6 MAGNET RING SEAL CASE/CARBON INSERT
WRIGHT

O -0 FF = /mmw. AFSEC. 0370%;;!”‘5

MAX Tapps. LDe cup 0D=298°%F
ODEC OD=3/9°F
S&ﬁL . 248°F




‘
'
4

OPPOSITE DRIVE END

Figure C 1. Shatt No. 78-7 From Oil-Off Test No. |




CUP /798 VIEWED T ROV SMALL END

CUP /98 VIEWED FROM LARGE END

Figure C 2. Cup. Rollers, and Cage Used at Drive End of Shaft 78-7 in Oil-Ott Tewt
No. I (Sheet 1 of ), |




‘ ROLLERS

CAGE 78-27

Figure C 2. Cup. Rollers, and Cage Used at Drive End of Shaft 78-7 in Oil-Off Test
No. 1 {Sheet 2 of 2).
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CUP 792 VIEWED FROM SMALL END

CuP 792 VIEWED ¢ ROM | ARGE END
Cup. Rollers, and Cage Used Opposite Drive End of Shaft 78-7 in Oit-Oft Test

Figure C 3.
No. | (Sheet 1 of 2).




ROLLERS

CAGE 78-28

Figure C 3. Cup. Rollers, and Cage Used Opposite Drive End of Shaft 78-7 in Oil-Off Test
No. 1 (Sheet 2 of 2),
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TABLE

Cc-2.
IESY 30, 1A1.1-U - BUILD-UP SHEEY

Ol L=-0IY

TEST

NO.

o

SET-UP WO, 2
IEST _MEARINGS
DRIVE EED OPPOSTIR DRIVE KRD
SEAFT SERIAL NO. ’s-/ ¥/
SERIAL NO. 75-3& bl &N
CUP SERTAL MO, 25-3 75— 2
i) Sz
COF 0.D. S o006 S o007
BOUSING 1I.D. g.992 9 S oOI58
- CUP/ROUS TG VI .00/ 7 003/
LANCE KD SMALL END LARGE END | SMALL KND
| cyP PILOT 1.D. J27272 3.8/9/ G 2780 286/ 90
CACK o.%. £ 2652 T-6//9 g.27/s 3. £/20
CUP, ;M Neol/® D072 Re=ris y-l=ie
CRONTR
DUE TO0 ROTATION
ﬁ ﬁog )+ > 200G S o000 2 ooods L ac A
XX 10 It =354 WoloVi® - gl
RURNING CUP/CACE CLEARANCE LOo77 .DOE 2 DOGS X7
BELLEVILIE LOADING SPRINGS USED - SKT WO, _ <
PR MICHY =235
SRING DEVIECTION WA
FRELOAD fpeg=le) POUNDS
SLAVE BEARTHGS
DRIVE XND CENTKR | OPPOSTIE DRIVE END CENTER
COME SERIAL BO. N // :\ -
CUP SERIAL ¥O.
~SuAVT 0.D. o~ e -
Cak 1.9, §( >K
RN
rCOF 0.5, ~ ~N e S~
Fitﬂ.m // \\ / g
i BN o~
IRARIEC ADJUSTMERT AIM ACTUAL
MAGMETIC SEAL WO. _ / MAGMET RING SEAL CASE/CARBON INSERT
WRIGHT

Ve -OFF Z2pM0 FEsec. ™™
& 3700 RPM




TABLE C-3. TEST NO. 2, OIL-OFF SURVIVABILITY
OIL=-0FF SIRVIVARTLI™YV
SPERED 1700 P THRUST LOADN 3270 1RFE
s;wl"TTI‘:: cup FITS ');. .(‘0[6— —O.;F_k‘-—f_\_ﬂl_] T o
X X R Kk _k k TEMPERATURE (1) % % * * * e — .
—————— DF==s—=  —===aODE===== —mo T]T§mmeen
SEC PR¥EF  HSG CUP RLR c/s cup RLR c/s NFE ONFE AV, LBF
mErmme e epm o _mme  mer  mme mem=  mmm oo _mmmmmm mmme - —mm e _
n 70 121 106 10A 197 19R 198 197 N04R LAANNY L N12A 32058
5 11 120,197 196 ..192 198 . 109 199 Q048 - .00Q1 .A126 3208
1ty 70 181 197 194 197 198 200 198 _,N0N48 L0001 .0127 3206
o 1A 7ﬂi 121 2172 297 200 199 201 1a8 .n'VA:AiT\’ﬂ?\”l*.ﬁ’)‘lh;ﬂ 32"1‘:__
[N WS o BUNS 9: U BRGL W 226207 ..200 203 11Q ansLaQ 200 3136 .. 3212
26 70 1840 220 241 212 200 203 199 0050 L0001 .0141 0 3215
C A1 7% 10 232 2a% 270 2a1 ans 200 LaasT aanl Lalse 1o1a
_ R VAN S5 W WSS 2348 221221 200 2062020 .05 L0l . LNlsn. 3220
I n 130 232 247 220 202 208 200 <NNS ] L0001 L0150 3270
T 47 79 130 011 tas 219 A3 saa o0t Lans| Lannl .ni4a R22n
82 _1x.__jan 21 2hih 210 204 21200 Jaast LANNL. L0149 3220
S7 70 180 23N 263 219 204 212 207 0ONS] LN L1500 3220
© & 70 jan 230 2R3 21a ons a1 207 Loasp Lanno Lapsa 3a2n
— 67 721790 230 263 210205 213 202 __.00%) LINN2 L0150 - 32200
73 70 179 23In 2643 219 20A 214 7?93 .0NS] LANN2 NS0 3220
—_“77; _7'; —77:*276N7.wm g]”u "?‘;:._7_‘1-%"“;5‘7_ Hﬁ} :Vnm\:v .;\i%n ) 1'*7;;
—-8230.70 129229 2820218 202 2172033, L3251 LO2U2 L3151 3221
]R8 7H 179 230 263 219 207 217 2?06 ,Ansy L0020 ESsT 3272
B '1-1 70 17(; .7,-1”, "‘:1 710 .ﬂ-\q 37]70; bEAPA RADES PRARARR DARNPL R B f“.‘l
o0 20129 230 2483 0 219208 2100 20240 L4451 L0002 L1520 3221
104 N 1749 230 2R2 210 209 22N 20S .05 LONN2 ,N1S8? 1221
>‘|vr“m_ ;r\ 17'; 1vn— 7‘;*— )i'tl':f\-n> {,1 ras .* '"~] .')"‘;.’7’7 ‘.'HVS"’VV?L‘?;

239




240

TABLE C-3 - Continued
114 70 179 27a ?6.', 218 209 221 208 ,N0S) LNNNY 0182 732.;1
119 n 179 229 2451 218 219 202 208 00481 102492 N8l azan
124 70 179 229 241 218 210 223 205 0051  .0002 .0152 3222
150 70 179 270 2AL 2018 210 223 706 .o0SL .nnn2 La1s3 3290
L3S 70 179229 281 218 211 224 204 __A0S1. 2007 L5153 . 3290
140 70 179 229 261  21% 210 224 206 0051 .00N2 ,N1S3 3222
145 70 170 220 247 a1® 211 225 206 .0NSI LAnnn L a1s3 a220
150 70 179 220 262 218 211 226287 2351 _.00102 .01S4 3222
1S5 70 179 230 262 210 212 227 207  LONS1 0902 9154 3223
16N 70 170 237 242 210 217 227 297 .ANS1 .nant 1S4 1223
1658 10 129 2an 2R2 210 212 i 27 1281 L1022 LAlsAh . 3223
170 70 179 230 263 219 212 228 207 .N0S1 L0002 O[S4 32271
176 70 170 231 264 210 213 228 207 Lansl Lanad L0155 307a
181 10 179 233 2h8 221 213 229 207 .0 .2Q581 . L3202 21356 3224
1R6 70 179 235 771 222 213 230 208 <NNS1 ARARS DA I U S A
191 70 179 236 276 723 213 230 209 0051 .0aa2 La1se 300a
194 70170 238 279 224 213 230 209 L0082 . L0002 ,0lap 1224
201 70 179 239 281 225 214 231 208 .9052 L0002 L0160 3207
207 70 179 240 283 295 14 231 20R  .00SY  .nannd Unls) 3007
21210 179 241 285 226 _ 214 231  20%_  ,0052 L0092 L0162 227
217 70 179 242 286 226 214 232 209  .0NS2  .0An2 ,Nte7 322
TT253 70 179 245 2a31 200 21k 214 004 L,0Ns2 anar n1as acoa




TABLE C-3 - Continued

725”70 179 74k 244 229 21 235 200 L0152 L0002 LA1AS  300a
_264 70 179 245 295 220 216 235 213 L0032 2022 2146 3230
269 70 179 246 296 230 216 235 210 .00S52 LNNO02  _0tAA 3210
-?7!. mn l70~267 7;7—-;1'1 21h ;"\:“—2“170“_‘_.Vf‘)rr;;? _HTYT;? ﬁlf\h ;“{0 )
179 10 170 247298 230 212 236212 20852 L0321 67 4230
285 70 179 242 29”230 217 216 210 .0N0OS? LON03 . N167 32130
Dan 70 178 248 290 231 217 238 700 L0983 Laant La1e7 3231
~295 70 1790 249 304 0231 217 237 210 L2033 .3 L0188 02231
Inn mn 179 249 1Nt 231 717 2137 210 .NNS3 LN NLAR 12131
T30S 70 179 240 02 232 217 237 210 L0083 Lannd a1’ 3231
3170179 250 302 232 217237 2100083 L..a003 00160, 3231
16 70 180 250 3In4 232 21% 238 211 (0053 L0001 ntea 32732
-12_1—-'7'1 180 ?%17“;!‘ ?ﬁ? 218 2139 _2‘11 .:g:{uh.mr\rm;ﬁ.iﬂhl.s‘o : 17:"'-1’
126 20 184 251305 233 218 2319 2110083 ann3. . .01e9 3232
131 70 180 251 306 233 218 2360 211 .00S53 L00N3 .n17n 3232
TA1e 70 180 252 an7 213 218 230 211 .00s3 L0003 LnpTa 3010
342 10 _184 252 307 233 218 239 211 .0053 - __.a0a9% .17 3232
147 70 180 7517 INR 234 218 240 211 .NNSY L0007 Ny 70 31231
Tas2 70 1en 281 30G 214 218 c4n 211 0053 L00nd La17] 3233
387270 180 283 310 234219240 211l ..020%3 . .0003...3171 --3233
362> 70 180 254 311 23S 219 240 211 .0NS3 L0003 ,0171 312133
Tem 70 1RA 284 312 215 210 241 211 .00S3 .nand Lap7r 3213




219 1Al

235

Lanng

373 70 180 255 311 "1 .NANSs3

328 _IN 180 S255— M4 o236 - 2190 243 2212 Lans3 RV
383 70 180 256 315 236 719 241 212 .0081 .03
Tjew 70 1an 2se A0S 236 214 24 12 LS Lo
2393 70 130,282 317 -236...219 242 - 21l oalSsa .00l
jaa 70 180 26h  33A 24T 219 D42 212 L0054 .NNNY
L4 AW:——I"I_ f‘r;l_ﬂv 161 ;;“'7;:; ?’s-’:“"_i 73_ .'>1"<7~ REARE
—402 20 0 130 284 C 371 2540 2260 X85 . 2140 L0056 ISR TN
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42570 LR —-295- -394 262 241285 206._20Q57 . .2a2s
430 70 181 298 400 2A4 244 200 223  .NNSK NS
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445 70 181 305 414 2609 271 34S 24A 0 ,NDSS .N0NQ
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CUP 78-3 VIEWED FROM SMALL END

CUP 78-3 VIEWED FROM LARGE END

Y

)
i Figure C 6. Cup. Rollers, and Cage Used at Drive End of Shaft 78-1 in Oil-Off Test No. 2
(Sheet 1 of 2).
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Figure €

ROLLERS

CAGE 7836

6. Cup. Rollers, and Cage Used at Drive End of Shatt 78-1 in Oil-Otf Test No.
(Sheet 2 of 2y
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CUP 78-2 VIEWED FROM SMALL END

CUP 782 VIEWED FROM LARGE END

Figure C—7. Cup. Rollers. and Cage Used Opposite Drive End of Shaft 78-1 in Qil-Off
Test No. 2 (Sheet | of 2).




ROLLERS

CAGE 78-15

Figure C—7. Cup. Rollers, and Cage Used Opposite Drive End of Shaft 78-1 in Oil-Off
Test No. 2 (Sheet 2 of 2).

248




r"'—_'—'——___—'——-"ﬂ

TABI.E C-4. OIL-OFF TEST NO. 3
TEST RO, 141.1-U - BUTLD-UP SHXEY

sgx-vr %0._/_
TEST_BEARTNCS
DRIVE END OPPOSITE DRIVE

SHAFT SERIAL NO. 75-8 75 &£
| "CAGE SERIAL_NO. 758-aF 7216

CUP SERIAL BO. 78- 2/ 28~/ _
ROLLER SIZX 4 7 7

iz 555 Lt

D. . S o003 &
CUP/RBOUSING PIT O plE FeiT o007 Looss
LARGK END SMALL EXD LARGE END | SMALL END |

| COP PILOT 1.D. LAR777 | 2-86/95 g 2279 Weo 74

CACE 0.D. L2708 3. 6/23 . 27085 . £/

CUP/GAGE CIRARANCE oo 72 oo AN - OO o072

RADIAL CAGE GROWIR

DOR TO ROTATION

i 2PY) L ooVES | o022 | LoD O9S| xR
|_pug YO FIT o0f2 | . x2/0 L N

RUMNING CUP/CAGE CLEARANCE L oC 4 . LS . o0gs | .27

BELLEVILLE LOADING SPRINGS USED - SET O, a

FRER EXIGHY . S .
SPRING DEFLECTION /727 /92" AoyuAc
PRELOAD g‘l‘ﬂ POUNDS

DRIVE EXD CENTER OPPOSTIE DRIVE END CENTER
COME SERTAL NO. e
SERIAL WO S pd ~ e
ROLLEX 81ZX N ~ ~ e
0.D e N~ e
| COME I.D. T N~ ~ -
 GUP Q.1 e ~. P ~.
BOUSING 1.D 7 . -~ o~
CUP/NMOUSING PIT 7 . e .
/
BRARTNG ADJUSTMENT AIM ACTUAL
MAGNETIC SRAL NO. ,2 MAGNET RING SEAL CASE/CARBON INSER1
’ WEIGHT
; /e -0Fp TEST wipTs

g Emyn. 29 Sec. & 3700 RF/D
i (/%% sec)
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SURVIVABILITY

TABLE C-5. TEST NO. 3,
SPEEN 3T7AN b TURPST 1NN 37200 1 /T
ITITIAL AI'» FITS ney LA anw -.N07Nn
s x ok ox ox A T;‘.”w,w \';v'r;" (e LI T S ’ ’ N
_____ I R e e T A e
S S 1 Lur
70 a1 200 218 20h 205 e 241 Lanst -.093F L0132 3209
LI T T O LS N S PN S R P S A C YT
JRURS IS UG GRS ESPUARA K5 KRl WF IS NS S S5 S SR ew Ll o236 L2132 ..2209
20 70 a9 200 219 206 206 211 RIARY el - 00N3A N33 32049
/{-{"%;{” iAnﬁl_ 7_:1“\ AT BTN AN A S RN -_nrfns nm V’i?>! 0
;;;;; R GO NN S3 SR N U A DORA A SR N el A TR L SO e T NNNL | e . N Sl U
At T0 191 Pl 221 207 AR NS T s -.1135 ,n13% 32113
Wéﬂ ?'3\ 1‘1 AR AR Yer 7 A v ! . ! - ,7’- .ﬂii;—ﬂr A?"Is
SN D0 G A (D 5. EUAAS U ET AN W i O S B S 000 e VARO[ WA WA R
s5 7 1ot 212 223 28k 200 A rle PR AR IR AR e 3”14
NG SRR PO N B 12 AT TS S o 2 224 R ol PO EIHE0 U SV SRS 2ls
70 70 199 213 225 2R 27K 7587 20T N =023 U N1AS 217
a 7"  177;1'7 ?;?7 R 21 LML nRT 19 . A I ."lrﬂ" A
o232 1000 2270 02840 21800 233 2610 220 Loahe —meoa23dd cnlns 3223
an 70 180 213 2RD 200 231 2602 2N FATR T A R T D I 312728
) “‘\7‘777‘\ ﬁldﬂ'; 771‘6 “71 -7:’_1 77!' w4 "M R T L R O nne
D N0 54 DAL SRS 5 6 DUNIUI SO B SPAPA. St AU S SERL S SR SR = a233 L0l 3230
fns 70 pan 247 295 23] 2735 2710 AR S PR ALY, I T SO B AT Btk B
-1:’\ N l‘ﬂrw R R AR ' 7 T73 a R LA AR Ik A B I AV 324
124 T 1o 287 4L 238 0 Z3s 27 MU TP SR 35 ~.L21 N 770 32an
12s 70 rton 2754 114 73R 240 2an 204 g5 -,10%711 ,a1749 1777
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TABLE C-5 - Continued

130 70 190 243 325 241 242 283 227 9056 - ,A030 at€n 31239

135 79 184 274 340 24k 24D 2RSS 2R _a0an o, nna0 w20 n

CLAN TR 190 82 0 3n4 0 D540 244 22800220 0 (0057 - 3232 L0198 3247
P4s 700 191 209 397 245 245 200 230 ,NAS0 -, a030 9204 3082
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CUP /8 21 VIt wE D FROMSMALL END

CUIP @ 21 VB E D FROM L ARGE BN

Figure C 10, Cup. Rollers. and Cage Used at Drive Ead ot Shaft 788 in Oil-Off Test No. 3
(Sheet 1ot 24
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ROLLERS T

CAGE 78.24

Figure C 10. Cup. Rollers, and Cage Used at Drive End of Shaft 78-8 in Oil-Off Test No. 3
(Sheet 2 of 2).
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TABLE C-6.
OTL-0OFF THST NO. 4 ‘
IEST_RRARINGS
DRIVE EWD OPPOSITE DRIVE END
SHAFT SERIAL NO. 8- 3 zg-5
CAGE SERIAL NO. 75-/8 25-5<
CUP SERIAL NO, 7§ Bt 0/
ROLLER SIZX . 7 3 7
CUP 0.D. 2 Qjazj v.99¢8
EOGSING 1.D. 79977 S o03%
CUP/ROUSING PIT L0080 L o022 L ‘
| LARGE END | SMALL BN LARGE ERD | SMALL EMD |
CuP PILOT I.D. Y.280 3 3 6,2% 2 2798 3 6/58
CACE 0.D. g 2700 I L0078 I R700 3.60723
CUP/CAGE CLRARANCE olol3ll .ooi3 oCT8Ll .Q/0F5 .
RADTAL CAGE GROWTH ;
DUZ TO ROTATION
g RPM) Y
DUR YO ¥IT S B - - "
RURNING CUP/CAGE CLEARANCE
BELLEVILLE LOADING SPRINGS USED - S§T 80. _ &4
FREE BRIGHT oS35
SPRING DEFIECTION /527 _ Aevne [IRb
PRELOAD 2/79 POUNDS
SLAVE ERARTMGS
DRIVE END CENTER OFPOSITE DRIVE CENTER
COMR SERYAL NO.
CUP SERJAL ¥O. < - ~ P
ROLLER SIZR ~_ - N - ]
| SHAFT 0.D N e ~. !
| Cat 1.D. \“i/
AN .
“m 6_5. / \ s AN
"m",'m"' 1.0, /7 \\ -~ \\
COP/BOUSING FIT =
O Sk d N
ERARTNG ADSUSTMENT AIM ACTUAL
MAGNETIC SEAL NO. 3 é MAGNET RING SPAL CASBE/CARBON INSERT
WEIGHT
WIDTH
e CFF = Srinv S3sac. —_— —

® 700K

RETH




TABLE C-7. THEST NO. 41, OlIL-OFF SURVIVABILITY

QPEENY 3T a0 TUOLGT Ty 1 g
TNITLAG o' FITS nE -, N070 ONFE P TAR A
* R k ® Ak UMD R ATUDU (L\ x A *t * %
______ M e mm - e Y A S 0 (ol P,
R 5T A DUR SARNC S Uit GOV S SOU S8 L AR OO oE ARSI AV [

-1301 77 187 Y4 08 201 a2 20 AT B Vo I P PRI 1 SRR B y1ae?

1 Ty -7 Y4 AR ~a R I AN ARSI P ~_ )7 AR RN a0
O R Dt 209 REAR S I JAREE SEOED DA A S S 3jracr

1179 IR7 D04 205 203 0920 DAL 202 -,AN3R 0 = 9037 L0 as 1an

1§ ”_;n |ur‘ )Vnr.;. e _‘4\:{“ ?‘\_"‘ f_"v} AL RN LR P B S I *
RN U5t R S S LA G DA3 280 A2 2 -l s ~.023e L21a7 2l ‘

24 70 1R7 20S 207 2040 208 211 20k =,A9%%R =00 ,n1Na 0 310, k

20 7a A7 00 v 2an 20 218 00T o vaia o o appo ajac

32 0T 197 2085 2w 2o 213 0 22400 200 - s~ i 1Y 31y

37 70 187 g INQ 104 217 2731 W Bt A A I 'S ~.0Ns Ny R L

A MRl 1¢4A T‘VJ;Q RN Dk )*f\v ~ye G0 [P PR ~, Yis vy T AN
Y pial 12a. . 213 ...225 2N 2230 02440 2ih -Lan3s ~oa3y Lalll PRSI

A0 7a 1as 218 2340 213 DS AR 217 -.n0035 0~ 0034 0128 3T ay

f./,” T Vl«)/‘. 73 ) }‘.1 AR N RIRES jiﬁ']v ;[Q -, s AR R A T

At 7 125 .22 253 21 222 251 0 210 -,a04 ~L00034 Lo 1299

A7 7Y 1’5 1132 24 2220229 256 220 ~-,.00%4 -~ 004 N1 30

[ ’\' 195 AN ThA 7?7'17 77;xr; A‘7<‘7A.“ T ey ‘-,/"‘\1:'. PR BTN 101

e s 135 235263 224 AAL A0 221 - 001 ~-.,A0%8 L1117 LA

78 A 18RS "6 271 225 232 2R7 222 ~.0N4L 0 - 00T 01 101

RN T 1as "3 ?‘7‘1 7—3}‘ 77‘\1. "ﬁ‘-’. A B N T e B I R B IR T Yoy

REA 7Q 185 239, 2127 227 233 2485 0223 =.0011 -La0L St an 350 ‘

] 70 195 242  2R| 228 234 KA 221 -,0N3Y - . NN%4 LD TAD AR

2%}
Fal




11R

"3

1490
1353
157

&2

~l10

1813

’I“”‘\ ! L -
70 18%s 741 Yty Yha 0 N Y4 DRT
;}— yﬂaA Tad ~]7 AR IR Ya R
P T RS ST § P L S T
70 185 748 Yng LR SUNE TN > 7
_;4 7;;; j;n aa 7‘1} Tye TS
TARRS 25 L20R . 23e. 2ea 737
7n 125 2581 27Q0Q 24 RS "an
_Ja 185 253 RIDEN 234 243 284
70 125 254 TVA Y YA RV 295
;qu»;a; ‘SR‘ qin‘ "7 7“‘ RS
20185 236 110 233 Jasl lds
77 18S 287 312 238 244 287
70 185 28R 318 2aa 045 new
212 1850 259317240 ..245 288
70 185  ?Al 120 241 245 288
A;’A{“—l a5 AR 7’1 3-/. ) .”_A’s "7 ~?}:;—' “‘;‘{
2018500 2440 .32a0 2430 2450 248
70185 265 327 243 245 2819
70 18k 2ms 3@ 244 045 289
10 186 284 320 244245 2389
70 184 26K 329 244 248 289
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sos v -
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Youo o -
20 -, 2032 -
fha - ANt -
Rl —.”‘Tﬁ’ -
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208 70 16 271 339 047 045 oaa "
222 70 187 271 34D 248 245289231 -.2230
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231 70 187 373 43 249 145 2Ra 211 —.n01)
235 10 187 273 344249 245 289 _.231 ~.2030
2319 70 187 273 345 249 245 284 231 -.0N30 ~,00132
244 70 197 274 349 249 : 245 284 ”."’1”17”-7'"'"?"
248 70 187 275 348 250 245 289 231 -.0210
252 70 1R7 280 187 Ziﬁ 245 289 231 -.00249
T557 70 197 285 147 257 245 2% 231 -.n00
261 70 187 281 340 2854 245 289 231 -,0p29.
265 70 188 278 354 252 245 289 231 -.0079
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TARLY, C-7 - Continued

283 70 18R 272 342 248 245 288 230 -.0030 -,0032 .01A1 3227

287 mn 1RR 271 140 247 245 28R 230 - ,NN13N ~.0N32 . N1A0 1226

201 70 188 270 338 947 245 2R 230 =,N030__<,0N32 ,N]1AN 1274

296 70 188 2649 336 24K 245 283 230 -.0030 -.0032 .0159 3226 g

3NN 7N 1929 269 315 246 245 28R 237 -,.0N308 0 - ,1N932 11589 3224k

104 70 188 268 334 245 245 28% 230 =.0730 _=.0032 0159 3225 .

jns  7n 18R 267 332 245 245 2%% 230 -.0030 -,0N032 0158 3225

17N 199 2AA 331 244 245 289 73] =,0N03%0 - nn32 0158 32725

212 0 139 264 330 244 2438 289 231 =.02030 =.0032 01587 3228

321 70 189 2AS 329 244 245 2848 230 -.0030  -.0Nn32 .N157 3224

324 7N 184 2AS 377 243 245 2R9 231 -,00%0 0 -,00837 N157 3274

330 .13 189 264 3124 243 248 229 231 =-.20137 =.00232 n1ss 3224

314 IN 189 244 325 243 245 2R9 231 -.0030  -,0N32 0156 3224

130 7N 184 2A3 325 242 245 2% 231 -.N03N -.0N32 N1SA 3274

343 712, 189 2603 324 2472 245 289 23} -.0030 -,0032 0156 3224

347 70 190 263 323 242 245 289 231 -.0030 -.0032 0155 3223 1

352 7N 190 262 322 242 247 2073 232 -.00°90 -,NN32 [D1S5A A

356 .19 190 2482 322 24) 249 295 233 -.0030 _ -,.0032 O187 3224

360 70 190 262 321 241 249 297 2331 -.0n30 ~-,.N032 0157 1224

365 7N 190 7262 321 241 249 247 231 ~,.003I0 -,N032 .”1757

RRRE)

£

L0030 =,.0032 L0187 3224

369 70 190 261 321 241 250 207

373 70 190 261 320 241 749 207 233 -.003n0 -.0031 .0156 1224
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TABLLE C-7 - Continued
378 70 190 261 320 241 249 204 233 -.0030  -,0031 .N1S56 3224
1382 70 100 261 319 241 249 205 233 -.n030  -.0n32 L0155 1224
386 .20 19) _2A1 319 241 249 295 233 -.0730  -.0231_.0158% 3223 ..
3Ja] 70 191 261 319 241 248 294 232 -.0n3n -,.0032 .N15S 3223
e e K
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194 7Q. .19} 260 3lQ 241 248 204 237 -,.0030 . -,0031...0155% 3223 4
404 7N 191 20 319 241 249 295 233 ~-.00n30  -,nn31 ,N155 3223 y

.23 0155 3223
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| b 2 A 260338 241 250298 - 234 -,00%0 0 ~ 03101560 3224

417 70 191 260 LR 240 249 227 233 -.0n0%0 -.0031 .0155 3223

421 70 10t 260 3R 240 24% a4 P32 - ,.0N030 -, a3 9154 123

SA25 73 191l 260 31RO 240 247 292 232 -.0030 . =.0032 L0154.03223
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277 -.0030 —-,0N25 0187 32413
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TABLE C-7 -~ Continued
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DRIVE END

OPPOSITE DRIVE END

Figure C 12, Shatt No. 78-3 From Od-O1f Test Noo 4
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1 s-9a ©

CUP 78 11 VIEWE D FROM SMALL I ND

CUPr /8 11 VIEWED FROM I ARGE END

Figure C 13, Cup, Rollers, and Cage Used at Drive End of Shaft 78-3 in Qil-Oft Test No. 4
(Sheet | of 2).




ROLLERS

CAGE 78-18

Figure C- 13. Cup. Rollers. and Cage Used at Drive End of Shaft 78-3 in Oil-Off Test No. 4
(Sheet 2 of 2).
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CUP 78-1 VIEWED FROM SMALL END
1
3
CUP 78-1 VIEWED FROM LARGE END i
Figure C 14, Cup. Rollers. and Cage Used Opposite Drive End of Shaft 78-8 in Qil-Off :

Test No. 4 (Sheet 1 of 2).




ROLLERS

CAGE 7816

Figure C 14. Cup. Rollers. and Cage Used Opposite Drive End of Shatt 78-8 in Qil-Oft
Test No. 4 (Sheet 2 of 2).




TARLE C-8. OITL-OFF TEST NO. 5
TEST NO. 181.1-U - BUILD-UP SEEEY
ser-uP 0.

- ——

SHAFT SERIAL NO.
[ CAGE StRTAL NO. T T -
| CUP SERIAL BO. B 2y S 78- 5
ROLLER SIZE I 27 s N Y
CUP 0.D. IS 277 - T X1 T A
HOSING 1.D. ;T _ _Jgs872 | T " gooiq ]

CUP/ROUSING PIT

{COPPLLOEID. . Y ?"?E;_jf,W?ﬁ-ﬁfé&llﬁﬁiéé&?f RECTEITE

| DU TO FIT R P
nmmmccml_cu:xcmnm

BELLEVILLE LOADING SPRINGS USED - SET NO. F
FRER HRIGHT S ,
SPRING DEPLECTION . /XO AcT.xe , J503

MAGNETIC SEAL NO. 4 MAGNET RING SEAL CASE/CARBON INSERT

WEIGHT

e -OFF W1DTH

4/"///\1' 22 Sec
& Jgoo EF/7

A




TABLE C-9. TEST NO. 5, OIL-OFF SURVIVABILITY
SPEED 740N P4 THREST LOAD 3200 LRBF
INITIAL CUP FITS nE -.0081 ODE  =.0098
® % x * % *x TEMPERATURE (F) #* % % # » T
------ MEmm===  ~=eeeODF==-== ~—ocoF[T§-—=m~

SEC _BEF HNSG_cpe  RLR C/S__CUP__RPLR C/S DS _ _ _QDE _ AXIL__ __LBF.
TT13 70 214 231 226 215 228 216 212 -.0040 -.0057 L0131 3208
-9 70 214 233 226 235 228 214 232 ~.0n4n  -.0NS7 L0131 1208

=5 70 215 231 226 235 228 21k 232 ~.0039 _ -.00§7. .0111 1209

N 70 214 233 226 235 228 216 232 ~.0040 =.0057 0131 3208
T4 70 214 213 226 236 228 216 232 ~.0040  -.a0S7 L0111 3208
@ 70 214 233 227 236 228 216 232 0040 _-.0087_.0131__3204
1270 214 234 227 236 229 217 232 ~.r040  -,0057 .A131 32009

17 70 214 214 273 216 228 208 233 ~.n040  -.0NS7 .0117  32ne
2170 204 234228 234230210 233 ~.0040 . -.00587 L0132 3299
25 70 214 234 220 236 230 220 234 ~.0039  -,00S7 0133 3240
T30 70 904 235 730 237 231 222 734 ~.0039 -.nas7 L3134 3210
A4 70 214 235 231 237 232223 234 ~.0039 . -.2057 .2134 _ 3210
3870 213 237 233 23R8 232 226 235 ~.0039  -.09057 0135 3211

T 43 70 213 240 239 240 233 276 235 =.1039 -.0n%7 .n137 4012
4270213 247 241241 231 227 236 _-.0932. -.0057 .3133 3213
ST 70 213 242 245 242 234 228 276 -.0039  -.0057 L0130 3214
TTUSA 70 203 243 247 242 235 230 237 =.nN39  —.00s7 Lalan 3714
6070 213 246 251 244236 231 237 =.0039 =.0057 LM142 3215
A6 70 212 264 288 256 236 232 237 ~,0037 -.0n0S7 0157 3271

T Ra 70 212 29 352 277 937 234 739 ~.a0%4  —.0057 Lares 03
2370 212 327 415 298 238 235238 -~.0031 -.J08a .L184 32410
Y770 212 348 457 312 238 217 238 -.0n20  -.naSh Ln1a5 1247




TABLE C-9 - Continued

32 1Q 212 182423 3112 219 238 239 =-.,0028 =056 n200 _.32s0.

R6 70 212 356 472 317 240 239 240 -,.0028 ~,005A .0200 375N
an 70 212 {§2—747¥” A7 2400 241 240 =,.0N78  — . ANSA ,N20N0 122%7
Q5 23212 358 475 318 241 242 241 =.0Q28 = . 00SA_ 0202 3251
99 70 211 TAO 479 319 242 243 241 -.0028  -,0056 ,0203 3252
1Ny 70 211 13A2 ZR@ ;é:_ 7a74¥;;: 241 —.;H;;_“—T:;:: TH;;;_i;;;'
LQR yASR 211 365 aA00 23 243 Shafa QA2 - .A0N27 = AUSA L2202 . 3254,
11z 70 211 3R 496 325 243 246 242 -.0027 -,005K ,02N8 3254
116 70 211 371 512 A 2440 247 7:A> -.“3;;“7-.\ﬂgzﬁ.gz{;hl:ﬁ;;
120 7113 211 373 507 3128 244 AN A 2L -7 -.20856 .J21 L. 3256
125 79 211 376 511 329 243 247 242 -.0N27 =.005A ,0212 31257
12 70 211 377 515 331 243 47 “;;?v:.:;?lw-:j}5<a-t4?!% #}5;}v
133 10 211 379 518 332 243 WA 242 =.2026 .. =.0086 3214 32538
118_ 70 211 3R] 521 333 24 24K 242 -.NN2AK -, 005K N215S 32549
47 70 211 383 515 134 243 24k 247 —.An7n -, 08k 070n 1284
146 20 211 385 829 338 243 246 242 =.002A. . -.L056 ..2217 3259
151 70 211 386 531 336 243 247 242 -.0026 -,N0086 ,N217 3240
155 70 211 A%6  S31  A3h 244 247 242 =.0026  —.A05A L9°17  12Rn
180 79 211 386 531 336 244 247 242 =.0024 _ =.00548 222170 32620
166 70 211 ;MS 530 336 244 247 242 -.0026 -.0056 .N217 3260
TTURR 70 211 385 529 335 244 247 242 -.0A2&  -.0054 0217 3289
172 70 211 384 S22 335 244 248 243 =.0076 =.00S6_.0217  3250_

R




TABLE C-9 - Continued

177 N 211 182 503 3133 A 249 241 -,d;\ga - N8 A .ﬂfln 1254

181 712 211 180 820 332 2485250 243 ~.00Q25.  -.0336 L0215 3288

185 70 211 3180 520 332 245 250 243 ~.0026A  -,.0NN56,7215 3254

190 70 211 379 S19 332 245 251 P47 =.DN2K 0 = 0NSA NS 1758

194 73212 378 S1S 331 246281 244 =.0016 -.0L36 J0214 0 325

1o 70 212 376 SI2 330 24K 252 244 -,0026 -.005A [02(% 3287

T 7A 212 374 508 327G 246 252 O44 = 00%h =, 808K L0010 31380

2072 7 212 323 85064 328 246 253 24422027 1 ~.d0586 L2l 3256 .

211 70 212 372 S04 327 246 253 244 -,0N27  -.00S8A )1 3RSk

216 70 212 171 517 326 247 251 244 =027 = 008K 00 328K

220 7 212 370 5320 326247 255 245 =_0027 0 -.22%6 L2211 1256

224 70 212 370 499 325 256 271 250 -.0N27 -, 0055 0215 Y288

229 PALEERLE It 371 SN2 176 2717 A4 245 =,10027  =,00583 0004 12k4

233 70 213 ..3714 SQ8 328 343 364 2R - = D26 o= XN L4 o33l 2

237 70 2131 377 SIS 331 332 424 3n] -.002A  =.0047 ,0257 1281

2472 072113 KR s217 313 3R2 LRb 320 =,0026 ~ 00045 (274 rTraa

—2bh 20233 3875333371387 835317 =.001% ~.3042 .a28% 0 31298

20 79 213 393 547 341 410 SBO 352 -.0N025 ~-.0040 ,0304  33IDS

255 71N 211 41n SR 387 4h4 ALR 375 =.N023 =.0N037 ,03130 3317
258 70 233426 211325497 055 410 =.0017...=20032.0.038% 0 3344

-.NN27 0442 1369

263 7 213 535 831 435 542 ]AS 440 -,0011

-
-
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DRIVE END
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Shatt Nao

DRIVE END

NS rom OO Tear Na

<




CUP 79-1 VIEWED FROM SMALL END

CUP 79-1 VIEWED FROM LARGE END

Figure C 17. Cup, Rollers, and Cage Used at Drive End of Shaft 78-5 in Oil-Off Test No. §

(Sheet 1 of 2).
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ROLLERS

CAGE 78-17

Figure C 17, Cup. Rollers. and Cage Used at Drive End of Shaft 78-5 in Oil-Off Test No. §
{Sheet 2 of 2).




CUP 785 VIEWED FROM SMALL END

CUP 785 VIEWED FROM LARGE END

Figure C- 18 Cup. Rollers. and Cage Used Opposite Drive End of Shaft 78-5 in Qil-Off
Test No. 5 (Sheet T ot 2y




ROLLERS

CAGE 78-21

Figure C 18. Cup. Rollers. and Cage Used Opposite Drive End of Shaft 78-5 in Oil-Off
Test No. 5 (Sheet 2 of 2).
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TABLE C~10. 01il-0ff Test No. 6

TEST NO. 141.1-U - RUILD-UP SHEEY
SET-UP BO._<

IEST BEARINGS
DRIVE EXD | _OPPOSTTE DRIVE END

SHAFT SERIAL KO, [ = | JF-F B

| CAGR SERIAL NO. T s a3 1 Zg-25 |
e ST o, 2 5 S ) £ S
ROLLER SIZX ] EZE 1 %
CUP 0.D. ¥.9%,0 . _ L X
HOUSING I.D. . 45957 . I __zeoo28 |
CUP/BOUSING PIT Y2 T R o ovg L

t

- LARGE END | SMALL END LARGE END | SMALL END |

}_cpmml.n. }Jeii 1 Stz222 “3%60 2.6212 | 1
CAGE 0.D. T27:F | 2723 | L 7eE | gz
CUP/CAGE CIEABANCE 015 7L cincl TR L CUisaL
RADIAL CAGE GROWTH
DUE TO ROTATION

'mg&?nurm"—“ﬁ““*“— T 1T ’

TO FIT R R Y )

RUNNING CUF/CAGE CLEARANCE ]

Cuf 0.D.
ROUSING 1.D.

CUP/HOUSTNG PIT
T CALE SHAKE

MAGNETIC SEAL MO. .S MAGNET RING SEAL CASE/CAin N I1nGER]

WEIGHT

i OFF Frppy FO S Mo o

& 3700 EF/T ,




)
TABLE C-11. TEST NO., 6, OIL~OFEF SURVIVARILITY
PABLL C=11.  IEST NOL b0 OfL=alE sURVIVAL LY
SPEED 3700 RPM OO THRUST Loah $2a0 b
INLLEAL cik LS DE - 0074 Ght. =L un/x
3 UEMPERATURE () Lo
——————— PDl-===-=- e 1 ] B kil S IS EE e

RIRY Kbt s el RELR o RLR IRl Obl A Ll

-4 70 155 200 203 200 206 200 20 E YT - L0 Strhoy 314
— 70 185 204 200 205 206 206 205 - 00460 =L OU L0l 314,

o 70 185 2004 204 205 R{VIN 2006 200 BRI RTS) - 0085 olto 1Y

4 70 185 204 20045 205 206 206 2405 BENVIENTD — L Uiy NI EE sty

] Jul 155 204 200 205 200 RERIS) RIRI ~ Lty - U0 Lol tbo shus

13 /i |85 205 204 20 2060 20t JUH - 0055 = U0 Lullo S '

1/ /e RN 2000 2040 200 2U6 27 200 - 040 - O0ne Lol e IR
Ju 185 209 200 2015 206 200 JUb - 004 U0y NN IS
I o [ 209 R 205 207 209 20k ER AN = Uy NURE SIS

30 Ju IS 209 200 205 207 210 207 - .00 ERNSI PN Lot 3146

19 740 185 Y05 205 205 208 210 207 = 0000 - 000 Lol ilvn

34 ju 185 20h 2010 200 208 RN RISy -, 000 - 00N NIRE! S
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TABLE C-11 -
207 213 220
207 215 225
207 ] 233
207 222 240
207 226 247
207 228 251
207 230 254
207 231 257
207 238 271
207 253 301
207 269 332
207 282 350
208 295 385
208 308 411
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TABLE C-11 - Continued

TABLE C-11 - Continucd

442 679 361 -.0043 - 0022
451 696 367 - . 0041 -.0021
465 726 377 -.0038 -.0020
483 761 388 -.0033 -.0018

512 818 407 -.0u27 -.0016




Test No. 6

_ 01i1-0ff Survivabilicy 8
Speed 3700 RPM Thrust Load 3200 LBF o
| Modifications: (1) New Preload Springs o
(2) wsoth cups ground 0
for .007" loose. o]
— (3) Cage pilots increased
to .015" LE &
.010" SE a
400 (4) Cup lands phosphate a *
coated a
| o]
o
(8]
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Figure C 19, Bearing and Housing Temperatures in Oil-Off Test No. 6.
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FROST U ARGE

Figure € 21 Cup. Rollers, and Cage Used a1 Drive Fnd of Shat 78-4in Oi-Ot1 Jest No 6
(Sheet 1 ot 2y,




ROLLERS

CAGE 78-23

Figure C-21. Cup. Rollers. and Cage Used at Drive End of Shaft 78-4 in Oil-Off Test No. 6
{Sheet 2 of 2).
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CUP 78-9 VIEWED FROM SMALL END

CUP 78-9 VIEWED FROM LARGE END

Figure C—22. Cup, Rollers. and Cage Used Opposite Drive End of Shaft 78-4 in Oil-Off
Test No. 6 (Sheet 1 of 2).
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Figure C 22, Cup. Rollers, and Cage Used Opposite Drive End of Shatt 784 in 041 Oty
Test No. 6 (Sheet 2 of 2).




