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APPLIED TECHNOLOGY LABORATORY POSITION STATEMENT

The purpose of the program was to evaluate a modified tapered roller bearing component
incorporating a VASCO-X2 integral inner race and ribbed cup for use on the spiral bevel
input shaft of an advanced helicopter main transmission. The test results indicated that
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 shovged 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.

Appropriate technical personnel of this Laboratory have reviewed this report and concur
with the conclusions and recommendations contained herein.

Mr. James Gomez, Jr., of the Propulsion Technical Area, Aeronautical Technology
Division, served as the Project Engineer for this effort.

DISCLAIMERS

The findings in this report are not to be construed as an official Department of the Army position unless so
designated by other authorized documents.

When Government drawings, specifications, or other data are used for any purpose other than in connection
with a definitely related Government procurement operation, the United States Government thereby incurs no
responsibility nor any obligation whatsoever; and the fact that the Government may have formulated, furnished,
or in any way supplied the said drawings, specifications, or other data is not to be regarded by implication or
otherwise as in any manner licensing the holder or any other person or corporation, or conveying any rights or
permission, to manufacture, use, or sell any patented invention that may in any way be related thereto.

Trade names cited in this report do not constitute an official endorsement or approval of the use of such
commercial hardware or software.

DISPOSITION INSTRUCTIONS

Destroy this report when no longer needed. Do not return it to the originator.
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PREFACE

This report summarizes the results of Task II and III of the "Advanced Transmission Components Itnvestigation
Program." Task 11 covers work done on bearing development and Task III covers work on seal development.
The report describes the work accomplished during the 42-month period from June 28, 1976, to December

1079. Task I involves the advanced-composite 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 Research and Technology
Laboratories, 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 Engineer) and Fred Brown (Analysis).

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

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

Unao unoced [

* tenski Jr.. Joseph W.. AIDVAN(I-I TRANSMISSION (OMPONENTS INVESTIGATION IPROGRAM
AD)VANCED) ('OMPOSITIEINGINE TRANSMISSION IIlOUSING. Boeing Vertol Co ., ISAAVRADCOM
Te.hn ic al Report, Applied Technology Lahora tory. I. . S. Army Resach a tl Technol ogy laho tor lesI AVRAI)('OM). Fort Enustis. Virginia (to he published).
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IN I RODUC I ION

IIiI 197S a propirsal was submitted to the Applied i echnology Laborator y (AT L) erntitled, "Helicopter Trans-
mission (A)Irponerus D~evelopment and lest Programn, by the Boeing Vertol Company's Advanced Power Train

I echnolog, mnd Dose S~ sterni Desigo 'rrgariu/ations pur sudnt to AlTL contract DAAJO2.7 5-C-0022. The major

oitc ii e of this proposed piogiami was it) pr nvide improved helicopit transmission component technology

tor integration into) an adlvancc-d-ter~bnoltrgy demonstrator helicopter drive system in the 1980-90 time frame.

I hev pur poc (it this wor k was to conduct development testing on selected critical components for a helicopter

adsanced tr ansmirssiorn which could enter engineer ig development in the I1980-90 lime frame. The design goals
tor the Lomplete transmnission system were established as follows:

e Weight 20-per Lent decrease

e Reliahilit and mrnittinahilits 3,000 hours M I BR minimum tut scheduled and unscheduled
removaIl

* Vuineiability Withstand I12.7-mm API impacts at 200 yards and fradgments emanating from a

functioned 23-mm HLI bit; decreased vulnerable area of the transmissiron shall also be a design target

" Sur i ,rabilr t Operate' 1t In- gear h0\i torque limit without main gearbox lubr icant for not less than
30 minutes and to design the tr arsmission toi Ml L-S I1)-I1290 (AV), paragraph 5.1.7.2

" Pr ,ducibilit 20-percent impr ove-nent in recurring production cost over contemporary transmissions

The iridisdual ordnsmfission component design goals for the development work, to he accomplished are as
tollows

Housing 10-per cer t r edUctin in weight, 25-percet reduction in ulner .hle area, 10-percent redluction
inl acqIUISltlor coSt, arid ,rbilit\ too pros ide improvc-ments in MT BR arncd sursialbility

Bearings inpuP~t pinion) 5-perc.ent reduction in weight, 65-pCirLent irrpi o\ement in MIVBR, 4-percent

reduction in %ulnerablv area, 5-percent reduction i ICc11.isitlion cost, and ,rbilit to provide impr ovement
inl sursvjbilil%

SealI i-percent improvemnent in M I BR.

Ithe B Ie i tg Ver tolI C om pa ny's a p pr ra k'i t o thc i m pro oe mentI ofI hel icoptIer co4)mp onen C te11ch1ol (Ig\ intc Iudofcl

con1sidertations (d rcd\,intcd design irnakssis, decsigrn, arnd ibr ication techniques;adsanced gear and hearing
ntalt-ri,ils new-concpt ciompir'ite l oh [iIQn mtiter ials arnd design, plarrc-t cmr ir rotor shaf t, r ing gearl, rot or sup-
pr) fr hea r ing (Ies igrr; V,1v Lncd rIbhbed-cup- t, a tP C-r C-dr oI C1III Ir rgSI fo Isupport)01 of1 V bc- pin11ion1 iC-a I d rtil s(Ir ItI

"fI henc_ , teliahitit, rndintaina~bilit , and ser ice life. (.,rIf u orisidlcr,itioir as 'ts,' gien tII 1he Isscsmrn[i

if Pr iluction rod lifle-cvclc- loto bte Lomponeri impr ooemntC appr oache1s tdrkei which1 ss il 11,nsimilC- the
r VIi1.1fil I I m'l,riritrri rhilItyV, wc-iglrt,arnd per fooct nt C r irnt11eIgi At Cd s, StC11l
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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 additional contracts were

awarded to the Bell Helicopter Company and Sikorsky Airraft to conduct similar work.

To improve upon recently designed, highly efficient 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 achieving the desired goals. Based upon detailed trade studies, 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 at tain

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-61 A 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 Y UH-61 A 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 pr o-

visions for a 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

Output rpm 295

Output torque 562,730 ± 67,530 in-lb

Lift load 17,004 ± 567 Ib

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

in Figure I.

Based on this advanced conceptual design, a component development and test program was structured lor each

transmission component that must be considered to attain the goals set forth. The selection and nonselection

rationale and the priority of each proposed component work task were delined in the proposal subnitted to

AT L.

ro provide the needed technology to accomplish the proposed advanced design, a thiee-task piogram was

22
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YUH-61A MAIN TRANSMISSION ADVANCE D-CONCEPT
MAIN ROTOR TRANSMISSION

Figuire 1. Main Transmnissioni Coniguirationi Comparison.
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under takCrI undILI r (Iontrac I D AA J02-76-C-0045, to investigate the high- isk, hiyh-pi It ,Ire. Is. Illcc teL,,ks
Were classified as follows:

EIask I Advanced-Composite Housing

Task II Bearing Development

Evaluation of Hot-Hardness-Carburized Bearing Material

Advanced Analysis of Complex Bearing Structures

Advanced Ribbed-Cup Tapered-Roller Beanrings

lask III Oil Seal 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 II and III remained unchanged and proceeded on schedule. All bearing and seal work was
completed in December 1971. It was therefore established that two techrical rIelorts would be issued.
This report covers work completed on Tasks 11 and Ill and anothel report wlich will be released at a
later dale will cover svork Under Task I. A prelirnnarv sunnary of tire total \,ork wa pieerned in
Refererrce I

-lhis repo rt is divided into three sectiors representing the three raji development progratls of riskN II
Mid III. -The three prrrtr.lrnis ire hrieflv srnrraied below,

" Evaluation of a h igh-hot-hardness carburizing bearing material

The results of evaluation of VASCO-X2 steel as a bearing material are presented. 1 he design, fabli-
cation, and test of a 207S ball bearing demonstrated that this material can be used for integrated
gear and bearing components. A Weibull plot of fatigue data indicates that a material lile-improtc-
ment factor of more than 5 can be used for bearings fabricated from VASCO-X2 steel.

" Advanced ribbed-cup tar, red-roller bearing and magnetic seal test program

The results of seven devlopment tests and one limited endurance test of a ribbed-cup tapered-r oller
bearing and magnetic seal 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 prograrn was extendec 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.

" Advanced analysis of complex bearing structures

The use of finite-element modeling (FEM) of complex bearing structures, such as rotor shaft Support
bearings, was investigated. The development of a spring-gap model of each bearing element node
provided a means of achieving an accurate bearing internal load distribution due to structural stiffnhess.
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 each of these programs are discussed in the following sections.

I. Lenski, Joseph W., Jr., and Mack, John C., DRIVE SYSTEM DEVELOPMEN I FOR IliE 1980'S,
Paper No. HPS-9, Presented at the Helicopter Propulsion System Specialists' Meeting of the Amev icam
Helicopter Society, Williamsburg, Virginia, Nrvember 1979.
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INALUAlI ION OFA Ilil(,'I -11- i-ARDNL-SS

CARBURI/ING BLARING MATIERIAL

BACKGROUND

As palt ot tile dc Cioplliicni of lnlJdlattCCd hCarfing)c0InCCPt, a testpt Pl II am &. La onducted to ctaluatc thle

fpCi tot manifCc Of V'-SCO-X2 stcci a~ aCa11 butri1,i, nttCrial SUitabfC loi ich-tetmpcraturcI C ering ipplicait in.
1ll hr. atci Iti has bccnl de\ Clopcd h\ Bocing Vcrti or o a.agamtc i TP IrO\ inl lodIpct

ot iigi\ stressecd .Pit and! spilal buvcl gems. Perfot'llnInce as I gcar iatet ifl htas beecn goodi and thle steel sho\ s

powcitiall al. j L~ood b)Carirtg MnAOc il [ftc miiotiii. of r-olling-eccrnnt bcritigs prcscntk matnufactutcd for
hclicoplei transimtssions are ntadC iltl rn througb-har1dcncd sfteels such as 52100 and M50. 01n1\ tapcrCLt-rolC
hcat intg. or a fcv% specitIal llung. a dC manlUfalCtUrCd troll Stan1darld carbu-riuing gradc. oi tCci.

I o Icllie~e the designt goals of anl advanlced-conlccpt tiatlilmisiOn, theris J a Cquirelnwnit thAt I-olling -ementI-

t\ PC bcal ttigs pOSwsCs Ific following clitatactur istic.:

*incrCasCd fatigue lite and ICli jbilit\

Niatcli jal .5tabiiitV duritn rcduccdi-Oil-f low opCration

*Slo%% crack pIOPahlt. ai oi

*Ma Ieri al compnipt ib hitIoi hothi geart and he arng

* Luonom ll~l to) Pt Od cCC

*High-1 11,11rdlICt at CIC\ atCdI tcnPCIatLIrC (>3000 1

Ilh tbOC items ha~e a commion lfactot , M~itch is file Nccction of an optimum beat Ing tltct ml thatt posc.scs 01i

,it these kqUAliticN. PnCSCnlt thr1oughl-hat delned beat ing matcnjaf. ,LICh ,t. 52100 and WO0 steel do not posses, all

title dC11CI rC tUS or .TC ntil Cd.

Ii t maj itot 6t of CatrI\ helicoterT applica)tiolN., coIn~Umahlc-ecIct oLICuu-ett AN~ 521 00-1\ pC steels

lta\C -,atistled hecalnng fat10L life rCLiiuitmt t or normaf operation tp to 30 WT. Abo~e this tempileatttr
ratnge, ANS 521 00-txp sC tcl, Cshibit a loss of load-cart itig capacit\ as'ocialtcd with a tcductionl in hot hat1 d-

tICss Atile Ihigitur t0CpIAUtCS. For applicatioll ICtfuiting opctaition iat temperaturec \cceditg 300niE or tot

nlCrcCd~ ft igLaC-i ctuitC lCm~ CnCts, colSn~umbic-Ccict odC acuuml-MClted N150 tool steel is tt~cd Whil c lii.
nmaterial has showin e~cCiient load-cart1 ing capacityanid Stab11ilit)y lot operation Lip to 65011 I Figuic 21, tile
raw nmatcrial procutement ind nimttofctuting opi tion.s tic cotmidctabs mioic C\pcnlsNC and( tile late of

crack propagation is such thalt MSO ,feel h)catig."I may1 les~tlt ill t apid fdilUtcN duLc to racc cracking from either

ft tiguIc or hail istic impact damage. In addition, M 50 is nlot a suitable gear steel. Thucf1 oWc Mel 0 ccton\
Somc of 1til ICLIttitCmlCI ttt o 11 tilt NJ~IICCd1-Cor)CCP1t !sIl amiS~tonl.

When comlparling vai.C,c,-ca but~liCL Arit d tfttoUgh-1hardC1ttcd IICXMt ing nialci ii, 01nC muSt ctaltttc filc

nmaterialis ahilit to resist ftact1.iiC durI !ri.1 tiputatto. Inl a tailuiC duLc to fractote, I Ltack cai Occutl Citli tomll

a1 spail or fto oie Amcotu high-sltrc,N point inl a hcarng cotniporICn1 and ralpidl\ ttt1\Ct SC thi lio b.111 I)tTI)

t1w' in..of the strU01tt1iiaf ntgt I\ of the heitt ing (ic., loss of fit 'Ind intnal 'gcomctr I1 po..ihlC ft ag'mcrtamon ot
tile huetling and proba11 k~[g 0file- daa ot 1 C.tt lug an1d tCIlatdit tIt,1111mi..tm LOMPOrtCt- t.. I \pCi~lL cncc hi-. .tow
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that hear ing. fabri cated I ron high-carlhon thr ough-har dened steels such as 52100 and M50 are suscept ihk tu

fractore lailures.*

Boeing Ver tol lias used AIS193 10 case-car hur iIed Steel as a bearing nMateria ifor special applications where thc

hearing races are integral wiith a gear with e\cepiionall good success. Both inner- and outer-race applications
hase been Ulsed successull',. Boeing Vertol has never experienced a fracture of any bearing race fabricated
from this steel. It theretore appears that the VASCO-X2 material properties which improved the performance
Of helicopLer gears at high temperalture should also provide similar improvements it used as a bearing material.

In addition to VASCO-X2 steel, there are other high-hot-hardneos carhurizing steels available which could
proide high-temperature operation similar to that of VASCO-X2. These materials are CBS600 and CBS1000M.

Table I provides the chemical composition ol these materials.

CBS600 steel has been used by the Timken Company in bearing applications operating up to 6000 F, while

CBS I OOOM 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 hals made and operated bearings of CBS600 and

CBS[ OOOM with good success. No bearings have been fabricated from VASCQ-X2 and only limited test ex-
perience is available for race surfaces made from VASCO-X2.

To esaluate the use of VASCO-X2 steel as a bearing material, TRW's Marlin Rockwell Division was sub-

coritact'd to fabricate a lot of bearings meeting the dimensions of a standard 207S ball bearing, except that
tile inner races were fabricated from carburized VASCO-X2 steel and all other elements were made from MS0
steel. These bearings were then subjected to fatigue endutance 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 nes
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 all 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-electrode vacuum-

melt M50 steel (AMS649) and the inner rings were made from a bar of consunable-electrode ,acuum-melt
VASCO-X2 (XBMS7-223) case-carburizing steel. This configuration was selected in order to minimize costs
and to expedite the test program. Tile 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 evaluate the material's rolling-contact fatigue properties, only the inner ring is fabricated from the material

being evaluated and the remaining elements (balls, outer ring) are fabricated from a more readilh available
hearing material other than the test material.

Until this test program, the 207S ball bearing has been exclusively fabricated from a through-hardened beatiriri

steel. Therefore, 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 faIricated from case-carburized steel are not susceptible to this type of failure because a crack iin tile

case progresses until it reaches the relatively soft core and then stops.
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bs~~~~ pI 00es01 Iru teLIn was .r1,)0pd ir 1r~r 1 ,fAt S.'00 I Jfim. U li this cror)ndIitIon, ani AIBM A B- 10 I t e 'rI

appr irttantel, 38 h1our is ICIriCCd WiltIkIL1t .IMt Imater i,1 tlctrrs inlcluded~.

Bocirr \'erl" C I \pCt erree with CaIse-Car bUtIiI, lug rne,1C- il Steel uJsed as h~earinlg ra[CS has CSt,rrliSheil a Criterion
that thle carse udepth t)r Rockwell hmndieLSS (Re) 58 SitrrLIrLd ire treeL to) li t' timeIs thfe dlepth 0I hrC rtrasinUnI

1hC,11 stI LS'. A~ ckrlrpterL' dlrrlll Nis stLId'.%,I was LULCL clnd t t hrVarionlr.l r d 10Ic's rIo a 207S ball healing aInd tile
resrilts irt ilis stud\ are, showssr n I ri~c 2. 1 rr IIW test crrrditirn) ii 1,900 prr(rids(, tire depth tr imaxnimm
,ireu is 0.0076 inIch 11nd this ICSults1 ill a1 ease depth ICe(rrlirenrerrft rrf 0-023 to 0.038 inch. Based uporn this init -

rrtat1irrn, theilt' eCti\C caise depth ri 0.0-70 to) 0.100 irreb ( Re 50) was spcci icd with a requmirement ofI an Rc 58
deptih rr 0.030 intchlrnitrinruln. Unider nrmrral Irrauling, ti' caISe dCptirI r eoirmerts would be muchI less.

BEARING; iI RICAI ION

BeiaIrSe it tire' telatirel tin hi'.rring sco urn anld ihigh CaIse-ileptir relUireMCrIs, a1 special hecat-treatmetrt pit-
CedurI 10ir1 thesle test herr IirrgsN was specified ito elimirnate ans prrrhlem II Ill thrrrugh-iar1 dlentIing thet tin seetirrn
underC tilte rWCCWr . lire VASCO- \2 steel irnrrne rswreirilstr lint 11r rrrrNrctsr/c LCr i_11 i airrr ars siiirs'.n
Irt F-igIt i'I. *\diitirrral nratetoial r.. rrrained rrrr tire bore rrl tile irnner I irrg to .u1llrw lot armple sectiorr sue it)
Creiies XrI AriCIeuArte c,rertS eI 1,rtrrr. IIIS ril rirr_ werte labricarted h\' I1RW rand then wirlt to Americanl

LirrrrIIrrrrr Corrpor~rtirrt, I-litle i err . New, Jer C ,e tr he CIre-c,rt burl i/id trr tire specificartior showrn in 1,111( 3'.

Uiporr crrnpletiorr ni the heart treartmnrtt, the itire ringis Were returnedL tor I RW where they were flsr-gtroni.

lirle mat ri'l lrotFr tire Ia hr i cat ir of tire itnnrer r ings was rh tainred 4 Fom Tel ediynte Vascoi, La tohe, Pn sI r
per Bireing \Vertol Speci bert mm BMS7- 223 ( VASCOA 2). A 3-irrei-diameter har waIS obtained; tire Itraivsis of
tire reA lirt lirt this b1 rr is shrrwn in Table 4. Forty inner rings were machirredi in ani irersiieil configuratirr
ftirrr ti s tic k anr nil te intnrer rintrg, were s,-. to Anmrican L-ohnmannr Cri prta i til fitr case-cr r hurilL1 arg.nd hieat-

treatmnrt. -lre irrner rirrgs inl tire rs-recived conrdition were arburi/eil tro thle idepthr Shrwrr it lable 3. One
rrll g J was rmoVed Irtr l sect iorrred lit dOI' em ilrr tire CaISe deptI ir t .rrrii i erstl.LW r rc ue tire in Ic Iri rg. hrirs t

ir t Ir i sI i t, cir1cc k arec sir ow rr i it F igureI 5 aI nIIil (i ii I ted t l at 1 an .C C 1) pt1 the IC rS,'e rre WSvr JCIr iee ii tC ir e ri i rr inr g
I i weS r tIrIIe rr A ppr Mte I 1r0r te In pc i i fr ,Io 3 1Ii 1 r, 11 1 p pro 0Xi Ina t el \, 1,200o F. Al f t 1cm pe r i rr g, t ie hite oI
thle i (I mie I I i rigs wd S ndC 1 i t ied t0 dt I I rger id I mete in itre tf r0 eli VIII i rrd t Irhe CaSC iOr t hle ho Ire. I f t1c Ve h.r i rig
seeC tori waIS ile ker rtr tile case dleptht ias ileep, tis ()perItilr WOU IIi riot be recquir ed. A getera rI LIeI is that .r
core of irpprotLirircly 1 !'3 rri ItI section thickness shoulii he rrraintairreid to achieve tlin diesiredl martcial prorpert
tics. t rI r cts-C,rrbhUrtii steel. F Or tis test speOCImer, thle botre Wvrulli e .rt corre hatrriiress. After marchirinirg,
IrIe r ings were ir.1r LeicClIllrrrI I Crat-trIt ,1tnerit wrs COrnnplIetc d.

I .-\LF 3. IIL-AI-TREA MENV1 01: VASCO-X2 IVLSI SPECIMI-N
INNER (HALL-BLARING) RINGS

1. fl- t rclr e sh .rl carr u i/e thle inrnre r r inrgs allI over tt reitinire'metts. Thec effective

case depth shaill be (.070 trr 0. 100 irrch (Re 50 idepth). Art Rc 58 deiCJf 01n 0.030-
ich Iniirin"11rnr1 is reqluired. Refer trr Figur-e 5. Core harrdlness Re 36-44.

2. lertpi all inner rintgs witinr 5 flrwsut r 1,100 ~to hr 250O1 iror 3 1irirS r'liiiiin.

.3. Machine irrrier-ririg binrt ritr 1.368 '0 00incitesalter termper.-
0.0O0tS

-1. Nic kel str ike, corppe'r p1mrt , uhn ile n, arti(] t emiplen r re qI ire t~ilis.

5. Paekarge midr ship rLrrtpietel itter rirngs ton Mar itt-Rirtkwell Disision ti TRW, Jarriistow\n,

New Yrk (lip Coeri' 14701).
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0.6693 +0.000
17 MM -0.005

S9- 7/16 BALLS
2-PC PRESSED-STEEL CAGE
(RIVETED)

2.8346 +0.0000

72 MM -0.0003

1.3780 +0.0000 ABEC-5 GRADE35 MM - 0.0002
MATERIAL:

INNER RING - VASCO-X2 (BMS7-223)

OUTER RING - M50 STEEL (AMS6490)
BALLS - M50 STEEL (AMS6490)
CAGE - STEEL

INTERNAL RADIAL
CLEARANCE - 0.0008 - 0.0012 INCH

0.040 - 0.060 BORE AND OD CORNERS

Figure 3. Design of Test Bearing.

+0.005
1. 0.6893

-0.000CASE T

CORE

MATERIAL: 
VASCO-X2 

STEEL PER
"1.368 +0.000 +0.000 SPEC BMS-7-223-0.005 -0.0 05

207S TEST SPECIMEN INNER RING
(BEFORE HEAT TREATMENT)

*DIMENSION PRIOR TO CARBURIZEI -DIMENSION AFTER CARBURIZE,
TEMPER, AND MACHINING BUT
PRIOR TO HARDENING

Figure 4. Original Oversize Configuration of Bearing Inner Race.
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VILLELA'S ETCH 2. YX

CROSS SECTION JHROUGH BEARING UINGROUND

VILLELA'S ETCH loox

CROSS SECTION AS ABOVE AT BEARING RACE

Figu~ire 5. Case IDeplhI and Microstructunre of Beairim-, Inneiir Race.



TABLE 4 ANALYSIS OF BEARING STLEL

Brand: CVM VASCO-X2 Mod Boeing Spec XBMS 7-223

SiePieces Weight Heat No. Date Shipped

3 in. d 1 122 Il 3432-A 10 26 76

Macrostruc ture Sartisf ac tory

Grain Size 2T 6
IlB 6-1/2

Magnetic-P.article Inspection: 21- F!S 0/0

113 F/S 0/0

jomniny Hardenability:

11 4 is j 12 116 124 132

2r 37.8 40.9 40.3 39.8 39.3 38.2 37.1)

11B 39.0 39.4 39.0 38.5 37.8 37.0 30.4I

i-K Rating

A B C D
Thin HCJIvy Thin Heavy Mhin He, Thin Hieav

T 0 0 0 0 0 ,,i

B 1" 0 0 0 0 1 il /

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 I_;

Middle 0.15
B 0.15 1.00 0.20 0.007 0.015 1.35 4.98 0.40 .33 3

The inner rings, upon return to TRW, were firiish-grourrd arnd matched wit til e outer ring anld Ialls .thri i ated

from M50 steel. The material used for thle outer ringand1( balls was supplied by Mar lin Rockwell per sped i la-

tion AMS6490 and is typical of material used for aircraft-type hearings..

Upon completion Of All Operations, 33 heatring assemblies were available. During the inspect ion of the heal ing,

after final grinding, several inner rings showed evidence of surf ace clacks on thle side faces of thle inner r ing.

All cracks appeared to be on the face or on thle outside diatmeter, hut 11one Were reCorded inl thIre O 'aIta 111

bearing.

Prior to thle stat of testing, a destructive rntaC,1lngic.1 e\arnirratrnr ol one bar lrig Wals sche'duled, It wijs thler

fore determined that a bearing should be selected that A)PeAred ito hae thle largest stri ace rnldiiatiorr fr hIn
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e\atiflaItt ion. This bearing was retu tred to Boeinrg Vertol for a dletailIed destructive me tal lI ugicar I e~aflinfa I0io

to dCteIrrIrI ItCIhe C (Atse of thIIe sinlICC cr a cks, to evd liate thle rniCr-ostr ucturc, anod t o d er rtmme i thfie hemio I,,,,
suer ICCepti1hle fort ,1gut testing.

fihe earing seClectd fot e\amlinadtion is shown in Figure 6 in the as-received condition, and Figuic - sh .wx 'Ih,
sor faCe indiations ars th10 atipearel onl the inner ring side face. This inner ring contained t1w, indikcatm if,9

prosxinratel\ 0.9 and 1. 1 inches long. Metallogiphic sections through the hearing inner ring i estaled Jr trod IMI

Carb~lirriCd taise as sirossi ill Figure 8. Also shown inl this figure was the indication of a case-core crick. Anl
enllarged tessN of this area is shOiioi int Figure 9, which shows a crescent-shaped case-core separi n Iisecoing

the outer- d atci c Comt of the beatinrg inner rinrg. Additional work was conducted to deter in ne Iii e r gin
of the crack,,, miid FigureCs 10, 11, arid 12 show that the originl of thle crack propagated frorm tire inrcrgr-anuiar
/ones ceritrlrI I liicated wi thini cact i frcture, Ithese results indicated that the cracks observed (on tire t ices o

the iner rings Were tire result Oif case-core separation and that the most probahie cause ofi tis was tire result
of excessis e case peric0ti t intfom two sideCs of the iace/outside-diameter intersection. This isJ) pe iAS Wtc-iniC
separationl iiS beenI experiecedL on) case-car-burizirig fl i-sect ion gear teeth. After- a complete retiesv if tis

data, it was deterinred thart the cracks, wvere riot illIi area that would affect thle fatigue lift- ii tire ball i aLCcts

Contact arid] that it was, also very unlikely that rthe cracks would pr-opagate during eniduraInce tet ibsed ripon

Boein Vutlet C~)~ciRLe Witl) his type Of cracking.

III additinrit1 toIth iriteStigatinin ,r tire surface cracks, a detailed metllurgical1 eXamiltiolr Wsvs CorIItitte t(

Liier iniie the Case depthi all nil icro tu~c oe-The ca rb[u i c- case,-hairtfries s grad i crt is sit ot i in F igot c I3.
Illtis shotws that tue surface hardness iii the race track is Rc 63 arid] a hardcness oif Re 60 is maintained to .
depth orf 0.035 iricii atter- finai gr-ind. An effective case dcptii of Rc 50 was mainitainied to pi,'x atl
0.070 ich as required by specification. A core har-dness of Rc 41 was achieved witii a disctniiiiiutrs cii bide

rettvrrrk arnd retained aiiStiriite of less than 20 percent.

A case-cirhori gradlient wvas also rccorded on this inner- ring arid is shown in Figure 14. TIhe gradient is tt pical
for VASCO- X2 antd wvas acceptable. A metallographic section tvas pr-epared of the case aid( crire secitrn oif tile
iner- ring. tIhe carburrimec-case microstifucture Showed an) acceptable discoritrinutous carbide dist ribut ion as

ill ustirated in Figure 1 5. Ani acceptibft hardened aid( temper-ed core microstr-uctut e is also sfrownl inl V-igor 16
rod is, Consiidered ts pci1 f1 V ',"( 0 V? steel.

Rise I opj) 1Cirst' Iinrdirigs, it Was tieteriminted that these bearings corUr d be Used for- fatigue testinlg. [-\Celli Iut
rut-' ast--cOIr sepi rrt iOn Wvicih tWas coriircid dc to in1 eXCeptional y high Case Ciepril r etir eriren , all tiher

IActiurs irriicti 1r,1t tite hear-ings wvere properly heat-treated arid met ill the requirements if li pcir Inhemt

trt-,itu VA5,( 0 X2 Steel.

Upotnl conPtplet il Ofil1 iispc~tinrns, 32 beair inrgs were assembletd and arl Iltler speCilIio IXCP cosecptfor thruee
inner- ririgs whicih we re slightly rr'ersi/ecl oni burre Iit ttvo bearings whiicih had sligihtly larger inter-nal Clearanices.

MeiSUrenients if bore, intisitie diialrietcr, internal clc-arrite, intd resoltanrt shaft fit ire shorwn in -table 5.

1it aditin to h utest ht'ariigs, [RW prorvidied 22 slate bearigs whlich wvere lihi itired frnrn .1 sileI Ireit nil

Vac roItIIl-tLlegJssd 52 100 steel fnirgeci igs. VItCse C,h igs t en111iaiiel frontI tireC- lots nil bear rligs tWhicih syCI

tested several years a go (see Apperi i A) (.1n1 Ii fe ict srni lt oadi Iii specd biitut with ni inerd I tril 10 h icr io i

soniewlit lriwer oil inlet tertipetIIIS I tcres est- lea irgs met t11e sarie spcifCit t~orts as, tile test beatl igs C\tcpt

fuor ma ter if 1.
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UNIFORM CARBURIZED CASE ALONG BALL TRACK.
PROFILE OF CASE CORE CRACK SHOWN IN CENTER
SECTION (ARROW)

Figuire S. NteZtlhgraiphih Sect ions Throtigli
Bearing~ Inner Ring.
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Figure 9. Etilarged View of'('- e-('ore

Sepairai on I Oui Ir-I~Diamtel
(Corner of Blearing Innet Riiig.
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Rc DPH

63 800 0 BALL TRACK

Rc 60 EFFECTIVE CASE DEPTH

59 w 700
0

54 600

Rc 50 EFFECTIVE CASE DEPTH
49 500 -0 N_____ ______-____ ______

0 0.010 0.020 0.030 0.040 0.050 0.060 0.070 0.080

DEPTH BELOW SURFACE -INCH

Figure 1 3. (CirhutriiedI-Case-Hardiiess Gradient of VASCO-X2 Steel lim~er Ring Specimiens.

0.8

0.7

~ 0.60 BALL TRACK

Z 0.5

uj0.

0

00 0.3

0.2

0.1

0 
-0 0.010 0.020 0.030 0.040 0.050 0,0630 0070 0080

DEPTH BELOW SURFACE INCH

Figure 14. UahlieICGe(ah,1(radieiii of V, ASCO-X 2 Steel Inner Ring Specinicti%.
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I \ I 'I. Bi. .\RINt ML \1 \ RI .MIN \1

Pri'., Fit Ou tsi de R.,dMI RuIs. k '; .

imi.'r Ring Bore 0n1 ShaI t Di,m lctr Iltar l,.. 11,11 d fl'
sw'I ]i I No,. ni. i. h. .) )innc O. U ~ tI tC

I 1.3780 0.0007 2.83-15 0.0010
2 1.3780 0.0008 2.8345 O. u( I

1.3780 0.0004 2.83-15 0.001 0
S1.3780 0.0005 2.8340 0.0010

1.37805 0.0007 2.8345 0.0008

n 1.3779 0.0005 2.8346 0.0010

1.3780 0.0007 2.8346 0.0009

8 1.3780 0.0009 2.8346 0.0010

1 (.3780 0.0008 2.8345 0.001 1 62.5 u3

In 1.3780 0.0008 2.83-15 0.0012

(I .37802 0.0007 2.8346 0.0008
12 1.3780 0.0009 2.8346 0.0010

I1 1.3779 0.0008 2.8346 0.0001)

I-I .5780 0.0007 2.834o O.)0 )  2 oo

1 .3780 0.0009 2.8345 0.0001)

1, 1;780 0.0008 2.8346 0.001 1
1.13780 0.0001)  2.83 46 0.0010 o 9,

I 1 .37802 0.0006 2.8349 0.0001 )2
I . T77O 0.0006 2.8345 0.0001

2 .3779) 0.0010 2.8346 0.0012

21 .7 79 0.0009) 2.83.15 J.0013

)2 1.17S0 0.0008 2.834" 0.001 91 o2

2I ..3771 0.0010 2.8345 0.001 I
24 .3770 0.0005 2.83-16 0.00I0

25 .3779 0.0006 2.8345 0.0009 2)

2o 1.3780 0.0007 2.83445 0.0010
27 1. ;780 0.0007 2.8349 0.000)

28 1.3770 0.0005 2.83-16 0.0009

29 1.1780 0.0007 2.83-1o 0.0009)

9) (.3779 0.0008 2.8346 0.0010

S(. 1779 0.0009 2.8346 0.0014
12 .1780 0.0000 2.834 0.0010

.\I (wCA.r irn L.lC k d ir 11 hardness hChr, ' fi l [ r i ; hi. Iinc', t.e f Ri. (0 it, R, (.1 Rc.irrt
'.,h1 \Mr Jtr' 0t10a firli' ,fl l .

II 1, PRO(IR.\M

\ li r , I ,ii, '!t ;dcn.lli M R( Moidel -\ 'hem ii g iI/t t ilC, \iiIc iI I 1 '1 h 11Iti[iC' Ik ' t ir.> Ilict

' ,th Iiir .il.ck 1 0111Iln1 tIrldk' ,Ii ,'111 A ],.CICc i tc( ,, O d .ch lIC(Iu . \ ,,.hlli .I 0i 1 A 1\ I) ,l1 IL'Sl 111,1k 111C Ii . Ni1t \ 1i ) ill
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-oBELT-DRIVEN SHAFT

PISTON

F igure 17. Schemiat ic oll'a tBall-lihcriii" Fali~iic-Test Machine.



Figtre 1 8. Par( of Battery of Test Machines Used in Program.
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individual controls, but lubrication and hydraulic pressure (for radial load) were Supplied by a single pumping
systerm. The test spindle allowed four bearings to be tested at a time. hlie radial load was applied to the two
inboard positions and reacted upon by the two outboard bearings. Because of tibe symmetr ical location of the.
bearings on the arbor, each bearing experienced the same load. -lest conditions were as follows:

* Speed 5,500 rpm

" Load 1,900 pounds radial, per bearing (c/p : 2.3)

" Lubricant Mobil Jet II (MIL-L-23699)

" Temperature 190oF t V outer ring

* Duration failure or 1,000 hours

" B-10 Life 38.7 hours (AFBMA)

Test rigs ran 24 hour, 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
faillure ard the machine was shut down. lesting was also interrupted if hydraulic pressure deviated more than
two petcent from the preset level. Ther mocouples were used to record the temperature of the outel races. A
check of bearing temperatures showed that the outboard bearings ran in the 1850 to 1 90°F range while the
inboard bearings ran at 1900 to 195 0 F.

hirt. test bearings were started initially, with one machine running with two test bearings and two slave
bearings. 's a bearing fai led, it was replaced by one of the two remaining test beat ings or b,, a slave heal ing.
In addition to the 32 test hearings, 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-imptovement factor

to V .\SCO-X2 steel.

TESI RLSUIAS

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 frormi test due to oUter-lace ftilurles,
the remaining 16 bearings were removed from test due to fatigue damage on the inner race. Also shown ill
Table 6 is the serial number of the test rig on which each bea ring was tested.

Table 7 pros ides a suiimiary of the 22 slave bearing test times. Three bearings were removed due to inner- ace
failures, one with an outer-rrce failure, and one with a ball failure. Three bearings were suspended with mote

than 1,000 hours of- testing without failure.

Twenty hear ings out of the 32 test bearings experienced fatigue spalling, but four Of these lailules inols ed
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. All-

though all the bearings were visually inspected ,ifter r failure of one bearing on a test spindle, a detail inspec
tion of the inner and outer raceways was not possible due to the r iVeted-cage-tvpe construction of til test
hearings. The five bearings which are suspected of being influenced by preins udiacerit hailureas ireIs follows:
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I ABLE 6. IAl ICULIENDURANCE 01 MRC 207S513 HALL BLARINCS

14 243.0 0 Spalled inner
27*64.2 8 Spalled iuner

2 282.9 60 Spalled inner
27I 384.S 6 Spalled inner
6 23547.0 6 Spadled iuner

19 2.7 7 Spalld innler
7 263.2 8 Spalled onner

29 282.7 Spat led inner

27 310.1i Spatted inner

13** 4715.0 6 n SpAlled outer

24 592.8 Spatled iner

25* 68.3 7 Spatied inner

20 769.4 7 Spalled inner
9*738.3 I7 Spalled iuner

16 1,000.3 11 Suspended
91,000.3 1 1 Suspenlded

10 1,007.1 12 SLISPOInded
31 1,007.1I 12 Suspended
22 1,007.1 12 Suspended

21 1,007.1 12 Suspended

32 1,008.8 10 SuISPended
I 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 Suspenlded

~I hesev ai [tites hsave beess oissidVered as SUSPende'd datad pointIS. -it t'se Ilsi u11 S
0 I ut's wed by pIi v u s adjacen 01.611 tdltrscue 10s dI biS dam~age.

()UIes sC 1ac U~ilur ti eate s .5Suspeindedt tti~.Milts i oI tiutl I'i~es \sa

(A VNIM MSo It V.



Inner Ring
Set ra I No. Iour s Remnarks

1 7 65.7 A spal I covering .ibout.1 45 degrees of allc Occ Ured onl adjiceint
12 76.9) inner r ing ser iai no. 8 at 43.8 hours.

5628.7 A spill coserinlg .iott 45 degrees of arc occurred on aidjaicent

inner ring seii no. 7 at 623.2 loLInS.

I S 669.1) A spall covering aibout 90 degrees of arc occurred onl adjLCeiit

sIlise beiring serial no. 1-34 at 658.7 hours.

2S 768.3 A spaill cosei ig about 25 degrees Of arIL cCI -CC]e Onl djicIt

ilner r ing sei ial no. 24 at 759.8 hour s.

Visible esideC1e that the I Ne failureLS Cited wvere ili tidited bly debris fro I nIidCentI fi'ilure1 s is licking becaiuse,
Once started, Lilures pogr essed by a f laking pr-oceSs LiIof il shiutdown wasN el fec ted. When slave bear ing no.

1-34 fadiled at 658.7 hours in machine 6, dentS Could be observed inl test bearing. no0. 1 5. (Ani ad jacent slave

bear in g wvhi ch Was More severeCly dent id Was suIspenrded I IM t est at theC ti 111C.) ThC cit er i a Ifor rmitt in g thie

five failures weere baSed Upon the fo10Vlloin condLit ion:

1. The site of the pI ceding adjJCent faiIlure

2. The time relationship between adfjacent fidilUoeS.

A Weib1.1i1 Plot Was made based Onl this test daita. Bearings removed] dt' t10 outer-race failure', suspect ioner-

race faill.ire, rir iion la ifl1 reWere con sidle red as Sti spellLI d dat a points; there0for thle We ibhoff 111 tshown inl
Figure 1I s)yas based Upon I I inlner-race failures, iand 21 soLspentletLI failo res. The plot shows that the B- 10 life

Of the innerI raIcs fabricatetd fromt the VASCO-X2 test rnaterial w as appi ositnately 200 hours. The B- 10 flet

of tilt conmplete bearing basetf tuponi n AFBM.- cilcofaited lift' is 38 Iolis. This shows a lift-improsemnent

factor of .ipproximlatel1 .5.4 for the VASCO- X2 mnateriil.

A Weibull plot was also matde fot- the skis e-beairi og faiiluores (Figure 20). Five f ailIC oreut Of the 22 slaive bear-

ings were used to generate this plot. All the slive bearings in tllis test program were made from a single he'it
Of vacoum-degassed 52100 Steel anti forgetd rings. Normally these bearings are fabricated from vacuum-

dlegaissed 52100 steel touhing. The only vairiation in these bearings is that they were be~it-tredt inlii rt'eC lots
designated as 1 -, 2-, anti 3-. Teni I- bearings, sevetn 2- bearings, aind f-ive 3- bearings were useti to make up thle
22 slave beairinigs. The endurance lives of these heairings when tested severail year s ago by TRW under the s~ime'

loid aindt Speed but with minial till lubricationi at somlewhat lower opcritlirg tetnpt'rUirS were aiprCiibl\

higher than that ichieved in this test program. Test data from these previous tests is presented in Appentdix k

Inritiail evaluatiorn of these results would itndicate tha~t oil-f-ilm thickness (lot to tdifferent oils itol tem1ptitutes

may have causedi the life i eduction.

Photiographs of the inner r ings of the test hemiings alfter test art' shtisvt in Figtires 21 thrtough 28 groupesf Is

the heairinlgs were assembittd iii each itlifiditittl test miChineC. If a spill occurrt'td onl an inner ring, the spill

was orietitet so as to appeir in the photograph. AnI iinitiil res ie\v of the spaills inficaies t1hit all fai11les aii'.1

to he typical Ilai ing fatigue failore',. Thet ball PAIi oi) each ICt'l INlO il(iICe thit thet load \kAS d1ish 11titei

eq~ually between e-ach set of foul r bt'iigS anti 111,11 ill loatis weIL e ,rriial.
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Fimtirc 21. Inner Ringis Serial No. 5. 7. 14,1. an :id 30 After Te~t From Mach~ine No. 5.

Figure 22. Inner Rings Serial No. 1 5. 27, 29) aind I3 A fter Tes t From Machine No. 6.



Uitilr" 23. Iiiwr Rings S'rial No. 24, 25. 19, and IS After Test t rom Mac hin' No. 7.

Figure 24. Inner Rings Serial No. 28. 6. 3. and 4 After Test -roiil Machine No. S.



Figure 25. Inner Rings Serial No. I and 26 After Test From Machine No. 9: Rings
Overheated ini Test.

Figure 26. Inner Rings Serial No. 32. 12. and 23 ,ftcr lest From Machine No. 10: Serial
No. X and 17 Were Also rttd in Machine NC. 10 Biit Arc Not Shown.

SI) 
1



Figure 27. Inner Rings Serial No. 16. 9. 2. and 20 After -lest F ron Machin No. I I.

F *

Figure 28. Inne'r rinil ,Sral No. 21 . I0. 2,, and ,31 Alter le'st I roni "Mac'linet Nt I 2

k: -SI



I \131. 7. 1IAIR UI I \I)UR-N(.[ 01 MIR( 207 S'-L A\'E BIA RINGS

I eST Machine
Beaitg No. I tourt Setrial No. Sau

21 ipN Suspenided

2 2o 1. 6 SuspendedCL

102 l.3 6 Su spendled

2 19 331 7Suspenided
II L) 80's. b SpdlUled on [l

31 I 1 26,L) Suspended

31I7 1371.3; Suspended

I2o1 1714.1 6 Spalled haill

2 1 IA 190.4 SpalledI liter

210 1'~ 6)".( SutenMdedI
W- 201.0 7 Sus'peoded

3-22 23"o.7 I I Su spedeL'k(

I-2is 28 3. 6 SSpL'rrl

I34 344, 2 6Slldinner

1(2 1 ,, NO 1 SpUtl 10l trrri

lit 5 SU'll, rrJ,l

11 1,011 I'( I Sf,1M ~l ~l(11Il11,t" o',iltrIrje pad 0.1

IIt" t't .it !iill3 .trt onw it't itctrt ili hit trriri [),~Ill ICtilIirt. cir irt l Li~iStX .ittii dMl ,trz' OCt .

I j 11 . Y .r I\i n ~ I tc \1 Nr ) tre ' r tt It 'cr12 i r ptc it tie I cI I it , I\ I) . I 3 I I 13 111 it 1)lJt I If i~~ C'.I L' lI J

i1)f , ,i it tit Ie. I clt I ssc tt1' 11 1 c.11 il L 'ii rrk I,, i iu Is~ ' i rtit~t 't'U i

I I" ti: Both 1A~~l Ilij)'. kh

pc''dh



Figure 29. Slawe Bearing Innier Rings Serial No. 1-34 and 1-29.

Figtnre 30. Ou ter Rings Run % it h Inner Rines Serial No. 13 and .3 Sh owing Fatigue Spalls.



BEFORE TEST

AFTER TEST

Figtire 31. Face of Innier Rii,, Serial No. 29 Showing Surface "raick.



beAr rIgS ind LIit atId tII Ie ut~c IIICLIIIJ.CIT I IteA I tIf o tf I CbI Ca irnrg' ifpf~dfit I\ ICaChed 400" F or ighC r di1)

tIs 'Ii IIIIt)It per il Although th Ie hearIinItgN werIe irSW I Orei, ItII \ were found to be operable arnd thus were IC

turICL r1e t tst. IC LAUse of thi' o\ericating, Could niot hi' aSCertarired, but it is befresed thart a spark wspro-

duIILd Mshith ignlited the oil and then, due to .a shurtlge of arvailable oxygenl, the flameS were extinlguished. Both
herrings,' conltinued tet n d were SUSPendedCL with more than 1,01 1 hlot]rs Without fdilluri. -lICIerfori it ip)-

peVrs that thle shirt oserhe~rted condition did not ilect the fartigue life of these hearings.

IMIITC Uti 1 o the iise-i ,rhrbrii VASCOA 2 inner r ings ,rppCJred to he typical in ipperriance of f"iti gue ',pills in
conuritiruilthrogh-hril Nsteel bill hearrings. Two of the failed test hearing innler r ings (nlo. 8 and no.17

\seI' retur ned to Boeing VeCrtol for evsiluitiort of thei caruse of failure ,ruid Condition of thi' mmtriil in the

p If i'dCrdre'r s. The 'Co n di tion of thi' two inner rings as reciived is Shoiwsn in Figures 32, 33, tit 34. Bearing no

8 i'\hibited argerl ,tanceilC surfaci' -pill, while heiring no. 17 Contained .r mnuch Im~aller spill approsimiately

0.1 inch in length anu 0.1 5 inch wide. A detiied ItnetallUrgicil eviluation waIs conducted which indiedied thart

tite IAilures were Clue to su bsu race fit itLu With crick penetration to a idep th of 0.007 ich is shown in)
Figure~ 3 S. ihiS Coro ri - IISClosely to the poinit of fllm\iimu n shemr whichi wis used to estihi ish case depth

reilireiuns. igure 36 shows , closeup of thie spill of bearing 1 7, ind Figure 37 sfioss a 1 SOX siew of- the

hill t rarck Ms i cl inicates onI light -surface weir and dehriis dents. The weir his beeni light enough is to nlot
l~ilOWth IId~i Id-urface finish marks. li addition, the microstruc ture of the case and core wis exami ned

to determine it heart treatmnent mad\ hi~e inf luenced the test results. Figure 38 Show sain acceptable cirbuirtef-

L:i Se rnrcItost UCture Ilintlie spill irci atii also acceptable Core Micr-ostrueture. The cecks of the inrit ial leat -

i LcIite r ing Jfh) thet failedI injgs indicated) that ithe VASCO-X2 miteiial was properly heat-tici'ted aiid thi,rt the

itter iiI PropertieS achlie eil during tIS test ire bised upon good material qualities.

Hit' ri ,ult (f thIis iniial 32-bearing lot teist indicate thii VASCO- X2 steel can be u sedf is ,a bueat inrg niatelrial

tot IraturL a ,ppl icaitions. These results also indiicite thit ,r rrrateiil fictor of 5 or greater ciii be USed Tb is is

wi thini the rtrruge of fictors useif liii CEVM M 50 steel. [he testing (lid show that proper designi of the bearriuig

gi'ir1letr\ arnd JdiLeilurt cisc depth mie retluired to elimnaite the possibility of cs-oeseparation. It is

,1uIiiipditi'i t1hit riiot CrIVritionI~a Lifsigo wsill nuot irICourier this probleCm.

Baiseid upon thCse results, \'ASCO-X2 stfeel is r ecommeriied ars ,r beairing mazteriil. The Use Oii VASCO-X2 Steel

aS Jr mater if lor the innerC ides of anl idVanICei tLrperi~f-ollel-being Pillioni conicent is. iiCUses in the tie st

seettir. Ibis Cimbirillrtirn lloIWS for- thi' Use OF a Material that is suitarble fur both geirs and berring's aind alsoi

,illo\ to fir1rr iultegrlitiruri uf componenlts to Simplify decsign and reduce parts count alu( frettingll surfrCeS.



BEARING SERIAL NO. 8 BEARING SERIAL NO. 11

Figuire 32. 207S Ball-Bearing hiner-Ring Fatigue-Test Specimiens No. 8 and No. I7 Fabri-
cated From VASCO-X2 (BMNS 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.

3 '

Figure 34. Test Bearing No. 1 7 Inner Ring Exhibiting Advainced Surfac.e Spall 0. 10 Inch
in Length With 0. 1 S-hIch Width.

50
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ADVANCED RIBBED-CUP TAPERED-ROLLER BEARING AND

MAGNETIC SEAL TEST PROGRAM

BACKGROUND

In 1968 Boeing 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 spiral

bevel gearing in an advanced helicopter transmission and drive system. lapered-roller bearings were selected
in place of conventional ball and roller bearings because they offer the greatest potential for increased load

capacity, increased fatigue life, and an appreciable reduction in bearing site 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 (DAAJ02-71-C-0025) to design, fabricate, test, and evaluate spiral-bel-

support tapered-roller bearings. This program consisted of a generalited 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 plovided a

cost-effective means for supporting spiral bevel gears.

As a direct result of this program tapered-roller hearings were designed for the Heavy-Lift tHelicopte drive

system. Studies showed significant weight reduction and life improvement. Additional rig test, igwas con-
ducted and was documented in USAAMRDL Technical Report 74-33" . In addition to rig testing, lIll-,,cale

transmission tests were conducted on the HLH aft and conihiner transmissions. lb ese tesl have shown that

tapered-roller bearings can be used successfully to support spiral bevel gears in the actual transission inxC11%tot-
ment. These tests also provided insight into areas whicl could furthel improve the opeAintig chr aIcte istics ot

tapered-roller bearings.

Several other contracts have been implemented by other organi/ations which have investigated higlict speeds

for gas turbine application (42,000 fpm), the use of high-temperature steels (M50, CBSI000M), and ,LaiS

bearing designs (cone rib, cup rib). Although significant advancement, have been made in high-speed laperled

roller bearing technology, other areas of development needed to he pursued to achieve the Lesirled rhcsigll

goals of the advanced-concept transmission.

In order to achieve the design goals of this program, several additional advanced desigrr featuLe's ill rolling-

contact bearings were required. Weight reduction for bearings can be achieved in two sVr s: I irt, tedicti in

in) tie rniumber of components to achieve the same performance and life, such as making two bear ings do the

work of three. Secuond, by the integration of comp(onelts to reduce the total parts co1rit, StLIcI ,15 rmrking rite

hearing inner race an integral part of the shalt.

The advanced-corncept transmission design pr oposed lot this progrIlr illustrates hos lti' dIesign leRts '.rt
be incorporated. lhe input pinion design (Figure 39) shows tht two tapcrerl-IoleCr hiings rerting lirectls

2. Lemanski, A.J., Ienki, J.W., Jr., and Drago, R.J., DI SIGN, I ABRI(A I ION, I SI, AND 1 VAI , I ION

Of SPIRAl. BEVEL SUPPORI B1EARINGS (I APIRID ROELI R), Bocirtg \'ctol (or.<mr , LISA.\MRDI

TR 73-16, ustis Directorate, U.S. Army Air Mobility Research arnd Development Laboriatotv, I ortI I usi,,
Virginia, June 1973, AD769064.

3. lenski, Joseph W., It., ILSI RIFSUII S RE POR I AND DESIGN I ICI INOIO(;Y DI VI I ()PMI N I
RIEPOR II Il I.AFC tI(IVIG-SPI ED 1 API.RED ROLL. R BEARING DEVI I OPMI N I PR.(,R \MI, 13 ,l,,c
Vertol Company, USAAMRDI[ FR 74-33, 1 u,ti, Djirectoratc, U.S. Arrrn Air Mohilit\ Ret.rTrh ani

Developnerrt I illoratrry, Fr I lustis, Virginia, Jurre 1974, AD7860tI.
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CURRENT BASELINE
NUMBER OF PARTS = 13
TOTAL WEIGHT -21.7 LB

3.0 3JN

ADVANCED CONCEPT

NUMBER OF PARTS = 7
TOTAL WE IG HT = 14.8 L B



of I the I) i Ili I Ill 11 ait k tit he tied I( I I C. I C I I I I I I I I I I I I t I I I I I , 1 1 I I I I I I I S I I I ) %k I I I f I I I C I C

'ILI I f C If I %k I I f I I I I Of heA I 111 l,'S 1 111 1 h.111 1111 LINT he'll IlIg I I I I)CI hit III I I W I J IM I if I I I I 1 111 11 J I I If I t I I I I I I I I I I C I C LJ U I

OIlc he'll I Ill' deNit,!I1 it,,) 1110\ N 101 Iiini'llik.6 Of .11 11 Ill, ICIL111111%' Ill I IOIJI it It I, I C C I rlll ! , 11

IIIII)LIfICH 1 1. Pr el I ill I IIJ I I, %%eigIl I l, 1 1( U I J I I III I isidik Ac 1 6.() Ill WI, \% I'! I I : I, I I I 1 4 1 1 11 ,- .I I I 1 1) 11111 it i,,I rlIW\

3 t ckiut t I, (I 1 11 11,it I cm lll I it ; I Ilk:11 I" . I I C III (ILIM it) I I I I I I I I I I C 1' 11 .!" 1 fill 'I I I I I 1 111111 11 1

I C 1 1111 Cd [ILI IIIIICI I It I I IIIIIII) I)CII t 111,1 si fill) 1 ic i I It de'l I I

IIIII I I I IC hAN I I. dCN l,',Il )II(Cill .1 I)I)CA I I St IIII)IC, I III I I I I I I I hAll I'' hk' ICIICII I'' C Ihl.llk, 11'\ I 1 1 1 ' :1 J

I CAW Cl JIM I IM\ I' IIIII III C', il )LINIk, I It' L'I I IM ell IL l I cd 11 L' l, IC l 11 ( INCd I Sill I I I )A , !C, i t 1 1 1 I'thk j 1.1 J )( I (I

I 111 It.! I )c I I I I I L I %k, I i L I I I I I I L'I .1 C I I I r I' I. I'll file JIM I' Ill lit -I 1 11 'I)l Ill hcx I t I I IJ I i 1, ILJ 1111

p[ I )I), lIcd I cst 111 I l I ill I, I' 101,1C,11 I I I C\ dItItt I' I I I C I I It' !Cl ! 411 1 11 i

t I I e I, f I I A 1 f I I : f 1 t I I I N I 1111 11 11 111 I)o C I I I )l I

tv 'I I I ll, , 111,1 111 11 1 It I I I I- I 111 A I A k! I I] I I 1 1 It' I I I I I 11 1 11 4 1 1) C I I I I I I I I i I C It C I I I I J I I d e N I I H iNh Illk f I I I I t I C

NJ) I I I, I C I C J I I I , I led till Jet I I IIMI it I'd I I)CI I I ll k. I Md I 111 M I I I I I IINU I C IA ill I 'llo hc't 1 11

III cil I, tim i 11 ttillcki k 11 11111, t I I pit j Ne, I )III I I I - I I I I I C. t Ill I I I I I ill, I CAled

I II)CT a I I I , 11 A I le t I I I I I I I I I it I)CL Ill" ' I i % I J I I, 111 )1 1 1 1,[ 1 C .1 '.1 C \ J)A 111 1 1 111 'H I I 11', 1 111.] 11 1 ILI I) % I I I I I Ll I

ALI kli 1114 11 1 11 1 e 111 le t 11.11 Ill C h A d I 11C I'( ; I e I LJ I I ILI I I 1 1 , I I IC I I - If 11 'I Ill

ttp I I I I I "I illi

li),il Ill,, 13c,11 11" 1 111111C IIIJ J IlW 'Ill 111'4 ll),ILI I Lill I, tik)lls III I IJICI 1\ I Oh ' 10,il il) - i'. O IC It I IIILI ! III

C C I Id t I I, I I I C , I I I I k, C I I I I I, I' I I CS I I I) I ()I), )It" Ill I' I I I C I 1 1 J Ill C"M '/I'll lit tllllti LJI

I , I i I I I I I if Ili )it I it Ill he t\%,eell tile hCtI ill Lill) " W INI I f C d i.1 Ille ICf I I I I i I C Ill IIIII lh fillet I I I I I k L' I I I I I I

I I I I I (I I I I C r I I t I I I C(fLIC C 1111' 1 111 1 i I I I L I I O IL , I I I I I I I I . I I 111C hC,11 1111. I Lill 111 1' C C

I I k I iA I I I I I C I i I I I I L I I I I C I tile IIII irl", I I I, I I I PI I lpt I d t" ",' it .1 [111 1 J)Cf .111, 11 1) 1, tit I il I

L I I I It Al I I I I he 'Lit Ie" I I '[)1 11), 111.1 d( d ft;)L d I I 111 1 hCAI 111

0 RibIlt-d- ( LI J) I APCI CLI k I d ci Bc tj IJIL! NJ 1111 ljj !Il I H)Ckl L III) I tjlk.'! i'd I - 11 It ' III I 1! 11.1\ I )t k 11 Ill

,ILI, cd , I 11CI C CV NI I \ Cl \ Ill I It' CA I)CI ClILL L I tritt'l III lll. I Ilk It Ilk'[ 11 11 1 ., 11 , I' Lill, It r I I it i\ 1\ h j I

I J)CI 't I loll ( l cmcf 111,111 7 0( )0 1 p Ill 11 k I. 1 -111 Ilk I'll h IIK I tit I dci I, , I! I I I I, D 1 .1

Alld (11 K 1.11I)CIIII.-d Ili L I) \AN1k DI I ct, I I I I I L I I Re 1), H I , 1 1(,4 ljk 'j 11,11 1111 1 1 1)' IIL*11 ,Il I

ICASillli.' tI )I high NJ)CCd dj)jflii, 11 It MN. I IICSC I CNIN %% el C I, I IIIILIk lCd Ill I - 111 111,11 1

hillif cd load ill ,, L, I lid i I ii Ili I ) I I I I I tINt ('111\ .

Ill I A I (it' AdC(Itl -11 C I ( I I I I I C A I I 1 111 L I ) I'[ J i!C I It A I, I I le 1 11 1 CNI I,11C I I I J III' I I L I )i I I' I I )CAI I 11, . fII.I I 1\

Ill If CI At C r C i.10 i I C( I : I I I I' till IIIh C I I I 1 111 11 11 1 1 t I I I I. I I I I I I I I ';)(.( I I ! 111 h cAl I I I I_ 1/ t" Ij).j [I\ IN .1 1 It I d k.,

%W l c I ell LII I ed I I it I I I I I I)c !)(',I I 1 1 1 1 eN 0 1 111 r 1 L I CI I(' 1 1 1. LJ I I 1 111 .11 111 It I LI I 1 11
kl(W s I )I It I L' Lill I I e I I I e

he hc.11 I lig 'l, all I lit cg; I 1 1) .11 t I I k Ill At I 1 11 C I LI I) I 11) kIC', I ell r III I I I cl

Itli'1111', III)ICS IICL A 1 111' It I I -k I I ICI t 1 1.11 Ill .11 11 J IN I ill I 'I I J)JI I it I; I It] k!11 11 v !le'l I I r I I I I I I I 1 11 c I rim

Cild Ill I L I I I I 1 1 . I If I I I I t I el %% I I 1 11 H I 1 1', J 1IC kIU ,I1k'1\ I I I I

P C I It I)CA I I I I I JLII I I I I I ) I I , I I I I I I It SI k 11 1 1111111 d I I 'N I I I k I I I'(' I I I I I I I ! I I lk .1 Lill'A Ill, rm iI li lick I I I

JIM I I I I 11C 111,111 1 111 1 l I IfIlk. I I I Ilk I'll III I I I, I It klj IIIJ I!Ill I,' I 111 1 11 , I J e , I I , 111 , 0 11 111 1 111 1 1 , 1 11 It I I C I

r 111 A ll J I I I I I I I I Ill - I I C . I I Lit , ' I I I 1 11 11, 1 1 IC J I I I I 1. I I CN I 1 1 I [I I A 1 11 [IA I 1 11 1 .1 1' '1 1 1 1 " t I 1 11

11" 1 it 1) Ill, M I d I)[ I% I I Ic c I C l I Ic I I I I I I I I I Ilk' t I 1 11 It I I I I I It 1 11 11 if I r I I

It I 1 .11 1

1 4 .111IL't I. I . I irld MI )11 111 111, 1 .R, , I I A1,I 11311 .I I A I AI 'I R I D ROI I I R B1 R I M I ( H% \1 I

Y i A I I I % ( d N I \fTl I( \ I 1()N',, ,KI IIIIILIII I C1, 111L , I It AM kDI I R -io, I tjl I, I ),I
\I nik Vt M, dilif \ kccm I It ind D(,\ 1 1, Iplilt lit I AN [III[" I
AI I I )S I



ROLLER

CAGE
U LARGE NUMBER

CAGE 0OF 
HOLES

CAGEjJ REQUIRED

OIL

F L OW

CURRENT TECHNOLOGY ADVANCED TECHNOLOGY'

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

" IMPROVED DESIGN AND LUBRICATION

*THIS DESIGN REQUIRES MANY SECONDARY LUBRICATION HOLES TO THE

CONE RIB'RACEWAY CONTACT TO SUPPLY THE NECESSARY OIL TO PREVtNT
RIBSCUFFING. THISSYSTEM DOES NOT TAKE ADVANTAGE OF THE OIL

FLOW PATH NOR DOES IT TRAP OIL FOR EMERGENCY OIL OFF OPERATION.

PROPOSED RIBBED CUP DESIGN
TRAPPED OIL FOR
EMERGENCY OPERATION,

CUP-.. CRITICAL RIB.ROLLER
CONTACT ALWAYS

FLOODED WITH OIL
CAGE

NO EXTERNAL

JET LUBRICATION NO SLIDING CONTACT

REQUIRED ROLLER ON INNER RACE TO

PRODUCE SCUFFING

OIL SUPPLY THROUGH
SHAFT. MAXIMUM OF
4 HOLES REQUIRED

Iigure 40. tlig I-( ri)city. Ililh-Speed I lper'd-Roler Ileari ,s.
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" LubricatIion Initial plans cali tor tile IlubriCaItir 0f these heat ingLS hl, Oil Supplied to the sift 1101C
and ( distrIilbute d hs holes inl the shat It to th bec )ar ings. No e\tei ii itIIUh li Iation [ isI p Lanne. d 1r (t111eVC

bear in gs. I his metIhod( o It lubricaitionl shouI l eliminate II th riSk 0f bloc Uked its dIS LiUt forCi.91 mate IVf

Contamination. Fests will he conlducted to establish r-equired oil HOW iwad optimuniU lOictl (it tile
li cation holes inl the shaft. III aidditionl, thufileISAfe opeationl ol these hearlings Nk ill be jilvestigrlitif

11in an uxiliall\ oil supply anld liss Of Oil. Miinium Oil I low to maIintain SaItistactolilloer aitii-1 Wiill

he deter ind

* igh 1ot- Hardnless Car hot riing Steel 10 o nable thle inItegrationl Oft LOimpone n tN sUh aS hear iil, I'a ccs

aId gear- shafts, a materiall wich is suitaIble for both gears and bean rigs Must be CoINIiere. Boecing

Vertol has usedI VASCO as a gear material for many years with good SUcCCSS. -10 evaluateC thle us
of VASCO- X2 steel as a bearing mater ial, hall I eanrgs were I abr icated .1nd tested tol eStAbiiSh tile
rollinlg-conltact fadtigue proper-ties of VASCO steel. This prograim was conducted before thre Start

of the tapered-roller bearing prograim and thle results, are repor ted inl the preceding Sect ion of this
dlocument. This test confirmed tha1t a COrlo Steel cart Ile Used inl an inltegrated gear aild betfinlg
sl ste tnt to aIchieve god perfrrmatrce for both thle bearting and gear. Thre inil evaluationl of' thle

inltegraed des.i gri was to be COrIIidcL dunderC thiis test program.

* Magrretic Shaft Seal Ihle magnletic in1put tiraft Seal1 incorporaties a face Neal Of carii or) U1ed int Coil-
tact wvith a lrped Steel runnler b magn"letic for cc. Thle expected 0enefit inl this applicaitirrr is te(rrdedJ

life Compared to *r lip safl, mechainical Simplicity, and hence relialbility compared to a spiing-Irifef
Lite se,il. HI shaf S11 speLIl is 1iot conlsidered exCcss.ive for Stari4.,da if sels; howeer, field1 urrd rest c\-
Per icILc il icated thait Seal leakage an1d wear ar e still a niajor problem. Ilre use it a magnet ic S11iat
seal llf I provide tire ieeifed iMPI irsemeirt to achiev tile objctivCs of this pr ogi mj. -1 hle sealj \\ill

he evafuatIf~ for vvear and leakage rates underC thle simulaIted erri 1irnment of ar1 inIput pinlion. I fhc if-
tect of tire Pumping action ofl the tapered-roller erigWill be o11e of thilterC rulining ' factors foll
go od per for mantc e.

AlIrhoug Ir the aitfvNarced trfinsnrissiorr comrnpiernts investIigation contr Ia ct Iwas iwardLed( inl )June) of 197 c) 0 , tie
,r IUaItil orr Ii the taperedL-rollere be'l illg phase Was notI in itIiaIted untIilI August of 1 1977. Ib i s de CI lis s I eqoir1 Cd

to Complete thle eviltiatirri of tile hlighi-hot-Ihirifriess carbur iiing steel als a hearl Irrg maIltial. JI he results Ot tis
prOV, ogrni Pr olILfifC tire corli ience that tire initegrationl of hearing arid gear componenIts Wvouild result irt tire ex-
peC tedI perf iot r11cC, aS rrt~iti~f( Chear c. Ini August iof 1977 the Timkert Company of Catnioin, hio, con-

tracteif i fai,t I and1)( test 11rr IIV.01Led-conrcept I ibbeif-CUP taperedCC-rirlle benI r11g. T his pI Ogr ail Uritiori
Was fI rril \UgUSt 1977 toi September 1979.

The objective, if this suhoitt,ict Was tio ilesigrr, fabr icate, indl demonAstra ,I ibbeCf-CUp tapee-ioller 11eir irtg

iti dt Simplified input bevel pinrin deCsign. NoriStartlarI il fertIures Ot this hlig h-speed falter ed-ririler bear1 igt, \C'
a rihbbeif CUP, thle innerC race or corre irrtegra if til ~e Shaft , full thriugh-Shaf t ohN ic~ttiirr, linif I Curttpictii
mtachined iuter-lanrrrirding (-t PC cage.

SpeCific items, fot investigation wrc hear Irrg perfiorrrtie, ire~tt gelIerAtio1, Wi it re.1io lirrrers trouirti
rig spr irlig prefadI, iIriatirigCUP irirserIess. ,111d 1r1itotat irri devices), arid erIuirariCe. t1 lilt' cot1IUc llt ifl

this effort Mrid cortsiulCr ig tire C-xce~fl tcrililit of J11 test 011111)rt1r0tk, iil eterIiitl 'itin pririt vi

awir Ld h the~l Iinrkerr Coniptir ill Septembur il 1979. 1This auf( if n phltisorisiiu ()f six iil-nf t sun irIhili

IN tests. These tests Were irtcirpiirltc- ill thre t111i1,1f ft rid vvCrC crirplitd b\ DC(-CerubCrI I i979.) Ii

complete results Of IiS effort are (iocomV7Citeif it tis sctroir oif this repot 1
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BLARING [)LSIG IN CIR1 II A

II i t~I ri de NtiidIC' OI~IrIL lted 11) LeielirP thre Jkr ILsri'L- 1.1NI-01 trirr~ I'i rirIr ed II0L I)In Iii rifrrr I It.111

ibbed-cu tI APCIred-r Oiller bear iiig to 0 SipprnI IIl 0III I tIr bIe i III irIor I~ I li~ 1 1111%%1 'I I I ~uC 19 I IIew 1'.'":ni

stIIdre~s %lIe C01ciILCed bA~d Upon the tIlIOWIrIIg LIC'Sgn ult~ ic

*\1,1\i fl)our input Pillion pi\%Cr 13,S 13 ib Ih 1S-13 ;hpi

*ITIPIut Pillioin IPCCI 711)6 rpmn

B Ieatrirg 13-10 lite 900111r

Ihle 00011.11 ite k~ ba'~ed Upon Ir) InIater i.11 LIcliur Mid Mt al cubhic IIeaII lo.r ikl ijII IN Jppl OVinate\ (7 per
Lent Of nia,\1fL~Inilod

DL iing Ilh iS IC~linir deSign phaSe, both the inboar d beau ill" (toe) and thre outbhoard b1,1ar1. rug CI \keel I'er con1-

Ii in Id aS SllMw ii il F i gir 39. 1o n in-mize thC cost Of 11ii teSt P10rog1am, O'll IIhe heel poNit iol %1 is ' errSIJCderi

)I ILI ll deseClopmenCt. ThiS appi oach enabled -'lie Tim ken Comparr to tool uIp or[ 011C Si/ bearing1 arnd did Mvt
igr eat Iinlce ire intended resltsI of tIinS program. 11C mauin inflluenrce of this change in design %Is rlr

tihe lte bearing \UNs LAer/ed lot thre imlpoSed loadS ar11d tile ipplicdl 1e0t lods.1 ril to be nro0ditikd to Mairirrir11

tire desinelad ~S onf the heelC bearIing. )I Ie endi reSltIs were that1 thle hreel heCr igh position e\per icIcd theC ,11rre

1,Load AS e"IpeCted ill tire ICtuLrI ILI\ trced-COr1CCPt It 111!rlliOll Anrd theI toe bear ig lr~ids s a iedCL as rejirired

nrairrt'rir thlis appIroaclh. I lie inilsi otl Ire reelI bear ig is ShOWvIl inl TAble S.

Based uIPrrr rh isjn iil,1 desugrI 1rrd the SPcit hoAds, an1 ilCr tise tecIrrriLue 15,15 us0i to l Irr It the Iil1

OPtIrrInIJl dign1,l 0il~e test beCM ig.

Ihlis .rppr ,.rc COirnSItei Of the tIl l ir'ses

1. Cpacits arid VMIrieope dinrriorrs11I supplied Ito tire I irlIrl bekar ig" des:n1 01.

2. War rugl designl group prodIuced irriletr details arnd sketclles.

I AILI S. VARI A IVIONS 01 BLARING DI SIGN

Initial I inil

OUrtsdC D ICiCree (in.)I 4.9606( 5.0000

(uLP Widthl (ll.) 1.3-180 .-,,

RolleI r I -L ) 1li1sNiule D mirrit) li112 1 3.2000 13-17 1 -

Conre Anle (dig, 01nn0 is I (, 20

[a u'1iIIc (hr 1 t71 77 rpr rie ui

rIrCair hailng or00 7 IS0

killr Spirir l it,]rr Rails (pCicerrtl so so

,ngeAIMCL \1rh irr tic, "AInrre 'Itl,

SAir platedI I il\(,r plitrul-

F 111.0 rhesiglr honurs wer c kalcrulftcul bi.seil oi eatlg upproach Witli rno unitler ia falactr Adjust-
mnuts li o itu nihbicaiIrr unitd 10,1d /oneV effcts produced an L.-10 lte (it 1,69'3 huiI. the
resujl t Itire esafluatirn If VAS(0A\2 steeI ldiIAiiae that a tmaterial tacltofr 5 cirilil be Used
I his lioll reL isli fi[ I-10t lite ilt 8,465 hotnrr.
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j%. I.ipi ....' i i. .H rI,ti AL C It( J 1u %tn I l" I I It[ t I kI L.

-it, kk. ~ II11 j~ OcSI I k

%I\\I I RI \1 SI I [(It ION \\IJW( MPU\I NI I \3RI( \I IUN

L~tljlt kiP111C telt ,S1011111IRex IAN. nut .. ItJ JTIll, thl.. HxPt01i1rII. LnI~ tSt .IxxNSMN irrixixtet 11

\%ele \C L \1 e\ 'Pt hrk tin lt' i unA r i 1,' I nhle ) [It ),lc' 011tiflil \ ol All the ColTnp11r txInl u 311 teikkl III! 14'

til~ t, ii P111,,11 L1it I LInux1 citikci i;t: is jexrii, mJILc IJI sclc. ti, andI 1.ahl iatrli n calilL enIpoirtI 11ie

IeIt eir Ill',

Si \teer Itelt hearne Il cr \CC n11inllni tot elo the Breinig \'r 1(d tr kik4reuir erne'nx xhjokk il Ii igure 41 . Lich

Itext hCern lin irixixix .. t frt L \2 11)201) 1 IhhCLI cJP. kinl L\23920 A cage, IrII( n Set tnt 17 LX2392683 illeix.

I Ilie 1ienici iiel SCCk ti t ih nit II b tlintkd tl~ t kex oAnmponcltit ,a, C[A' CBS600 h igh-temiper Are Steel . I hie
B10( Steel kSiCIax 'ecteck ixeCLixS ot I ItrlxeriS L \pc1 jenc Wit11 thtis Steel 1, a heirl fltg Int,1er i1. It., pt oPen tics

Xn Qhi i0cr \ nnI hr11111 i tit\AS( - \2 Steel %01itch ivax oect JS tilrlIC flal ti b the inIrtet nIe ALticl \% an 1 ,

Pntg 11 pt "Itit l j Nea 1,01nt. I ihe chm calcmpcnxiiin of CBS600 -Iteel I-,, shoWn in) lahle 10.

I \11- 10. CHI!MI( AL COMPOSI I-ION RANCLS O1 CUPS ANb

ROI-I.RS O1 1 LSI BE \RINGCS

Mater iaiI CLVM CB3S600

C MN1 P S Si Cr Mo

.16'0.22 (0.40 0).70) 0.02S tni' 0. 02S a 0.90 1.25 1 .25'1.6 0.90 1.10

-11C heainIg cag'Cliirlr-iLiudd r~p'cg opecimcielI n AIS14320 Steel, Pint to
xi c litng tecae wr W dy LlnrIII -halncC textedl All cagcs c\Lccpt xeral1 n1(. )8-27 klidI a0,1 inalIalanc)e

ol less thin .3 giim per CenltimlC' Jx MeJSIxore 11 b)(it pilort,; number 27 had a totail imn-d1ILc nil 3.29

-ram,, Pei cenItirleter . [lIe hiR!?d kcljirntiL cii den if iC ln thre cnIL' ' piltin xnti( ei ver 0.006 it) 0.0 16
inch aki xilce platingI~. file xiller p.ltim conflmcdl to I tie iSpeetlicliiot QQS-36Sb, I \p 11 , Gladle 13,
Llttd 1 S Iapplie.d tot1 tIlik1,1ex rIl 0.001 to 0.1)02 irikh.

Bclore ixxenrbi intI test, CJrI hi Ig V ipucuI it Lt-IICI ISrpeCtC'dt irtin cISLI unliflrm (1iI . I hie
integrald rice nut tacitI text 111,01 % itx ttKCtl tin 0 1241 XIIgiC' iniltol-it , .111l sxii li(C filliih. lire 1InpeCtiornnx 0 nIl th
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4.908 IN RAF)
(80'. APEX MAX)

5014'

ROLLER DETAIL (EX239263B)

SMALL END ROLLER DIA 0.4505 IN.
LARGE END ROLLER DIA 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.

1.7717 0.002 IN. CAGE DETAIL (EX23926A)
_00010 CUP AND ROLLERS TO BE MADE

FROM CEVM CBS600 STEEL

BRR 8,450 LB
BTR 6,400 LB

32052'

5.0000 t0.0010

-0.0000
IN DIA 7

RIBBED CUP DETAIL
- . (EX23926D)

Uiguire 41 . IXe.igi of Tapered-Rollkr Bea ring~ for Tesl Series.

67



I I b cd pl d11' r14 4 IC4' 444I Il I ied I i444 k, 4I4 1 , , 44,44 itI I 14.444" I 11' C .4441A 'I II)1' IJICH LIIIII Nt Ill4 J144444I

I4il4Ill1l.14 l CI4C.1'11 14444', CtI,. I L tI ;),44', ill4 d. A41 k,4C4 %%('4'I C 4 [)I 'L'.) 1 4 1 ~L4, I . I III kC C I-,~ [MI

'(1 1 1 .~i1 .111 l )d (Ii44 II C 11 4 I11) .,4 k % I, '44 I p14 II I d 44I14)f11C 14,4U! . Cl4 44 1 '] 11 C 1.4] 1 144 1 4,1 IfL

14 14141, 44 I I I I 14441 (11 1' 43),d ill 4,444 Mt (F.4%4 I4) I44~ L4441 t.C Ii h4C -C' .I,''14,,

'4L44, G lI .It4.,,,

111C ILI. '.1% I III ,1''.44 I 4 I 14 CALt I MI I dI 14 1, 1 )414I, 4fill 444'. 1 ,1 444 n)~l 14, ), the44 tell4 '.1,4 ,444 Ill-", I1414 C Il ' I4C L~ I LI o

lhI4C C hCI, 3. 1 Ill, 414 ti 41 ll 144 C 4.110l I ~4 1.I k 1114.1 411 4144414144 14s 'l~ 111 l I~cc.) cd,1 I44" oill. 41', Al . 11 '11_" !Il I 4'h

t444' t4 IlIlL' L k )IlC 11 tICk. i h 'l 1.1 414 ct 1 c k] '1 l I I4'. 4111441l)i1I I,4' 11 444 1(. i t I1 111,4ll'tl ) .44444I'. .4444. 4l4CI14 4444 I

1.4C4 C.1 'A 4,Ill 41N I% 141 14 ICIklL !Cdi)Complete Ill!' 14 fel ill m). I-4i\' I X 24 %CC L X 24 % D D h41 44i .I -cni I it- I

'.4441.14 l~ 1 I I 1\164247 0( f- le c , d n '44,4, 4,141.11 144 C I.'4,4 tilt I '.l oh II d [ 1,14,. OG I ill,. I(44 I 44' 1 !1 PI A4 ,'It- nit) I

I1Ill '.4.44,C n','4 04441C, LLp , .4441 ,;t, I414 \I,4<444 c al. n de 1,44 44,in4 (;l\ .1 CB 600 t.1'. I(41 (41.4 ill'' L .11 i, itL

1\, Ilk. I MP tC44) 11! , r .1. l44 ' l (.IQ(' 111,114I I4444II 14 - SI I .4U 1 141-1 4411111 .14.1']. ~I (44' L.441''.C WC: C III e.l9-[);,414.i !L1.4(I!

Ill I 1114 .4] "I(11 .114..41 4,44 QQ-S-3.4'4 , ~I I, [)e H, (31,ldcj B, .I I th k4l'49 441 U.001 I, 0(4(42 ti41!.

1 .14,4l,I .1 1 111i , I l~t.Il11k C d (.1111Z kille 1(41' \1 t141 ) \ 49414 11 .4n l') u pi1 14' 'S . -\ '11 4 14

\111 4!. LLI ( 'I [0 iiolII IC11CTJ4d l o I'.'111,4 1'441,1 441L1111 '11 l l the 1 1144.411141144144 4 1 ', ')I OIL,4 '1,i 11'.. ~ lhI!Il

I h 1 ', 441'i4 I I I'.1 I Ill4 41.14 ,1111i1,of1 i lt, tI 411)14 1 1 441 1141' \21444. .44] MC\.,~ I'I 4' 1.4! 11)1' , L4I .44

k 4 4.' f h 1,41 ,44 11)4' fel Stl at11' c1j I.1144,, 1 ill 1'11)411c II.

I1Il 4t '! '11,114 \ 13. 11l 'I.441)'4 [III I I II4kc 1'4 . d41 I 1'. 1144,, ) 41 [414L 1 147. II I I t .1 ,14 4,44 111 4 411,414444L1) i'd L .4 1 14,11I

I4I.4t1I11 44,\ 1144 -\111,t LIl 1.4 l4 141 ma11 ( or IIt11 i (III. 11 441o \11' ,1r,I'. llI 4)44 O'll)[1 I'1 4,41' \% 414 I I 11 .44I' 14111 14 111

44,4,' 4.111 444144,d1' 44I 1141' test. (41'.14n4'.. 114lk' 1411 1414,I11141'Il1 44.44 Corl)ILJCIL'1L per4 I3441i41 11r 44 11,113,CILII it),

r Ck I Ll I L'44I I ' 41 ;'IJII.li I C Ij 111 44' P444ILCdILL C 141C(1 'I I 11 )41h fI nIF,44111'.'.444 IIil4Ia edf 411' )III44,11 V144 \'.S({ 'I ccl.

I Ilk' I 11! 144 444 11 1, 4 41,4144444'. t Il ,41' 14' C 41 44, h 44 Met( 141i' Cl II1' ILI I 1.1 14,' I 1141' '111,111 .114t,') C 1,14 41 4/I ) 11141,4 11 ,

I I1c.0 lilt It1.

k~ 8. r44I4I1444I44I11 11 4 4,II 44IL11 .1IC11 ,t1 ,t4 L4 I4 il 1  ,14 ,, 1C t I 144 11 141411 lI141

h4. RL 1 r4141414 I IIIIL rIII1 10.1 . 44 114 1 ItIC ,IiIIL I4 44441 .14 ,,,141 44 CC 1 U U 1 1114 I 1 111411 It11

,1 4I I C.1 14,4 l41'. I 1 1 <1(11 444444114 I41' I '4k4I4444III1 LIr I i

\141 '.1.1 Ill 111'4.] P irW N 4,C44 C 4 [ 4lI)L''.'.4 11,14 1 1 let ( I Ill. hICL'\ C 1144 ' CL 41U1I 1]41 fe II''. '.1 11'. Pl 1 44 144.4 I4'. 41.41J (

11',C31444,'41I .4J Id44(1 MII'.1 It4 V \ M"1 O 2 '.If4 4,4,4' L. It."ll~ I4 I eliI I, 1141' hLI I t I L',11'4 t 4'44M It '.14441tUL IL, 114.144,1444CS,'

Ind 4 x , u 1,111144/1 iw.4 le Or4'.

(08



MIR tOG~ SS RUH S DT

m . ....

7-~~~ -7

MICROSKID ROUHNESb AU N SS - A
HI S AV[ AGE AVEAE PART

SIDi SS

------ ---

Figure 2.Ty pca Prfile"Frce f R llerSphricl U d R dits Be'or 'I.5t

092.



LIlk

4 CUT oEFF PROFILE I. PROFILE
MICRO ROUG S ROUGHANESS I DATE khb#&.

' ~ INCHES A AE RAGE :I AVERAGE L; PART4 9j A

-7-K -
.. . . . . .

Figure 43. Typical Profile Trace of Roller Body Before Test.
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Fire 44. Typical Profile Trace of Cup Race Beforele.
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Figure 45. Ty'pical Profile Trace ol"(up Rib Face Before Test.
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TABLE 11. ANA LYSIS OF MATERIAL FOR VLSI SH IAFIS

Brand: CVM VASCO-X2 MOD 0.1 3/0.1 6C BOEING SPEC BMS-7223

Size Ba rs Weight Hleat No.

6-1/8 in. rd 6 3,488 lb 3191 -A

Macrostructure Satisfactory

Grain Size - T -- 5-1/2
1 B 6

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

Jorniny Hardenability:

)I J4 J8 1 12 1 16 j 24 132

lop 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 B C D
Thin Heavy Thin Heavy Thin Heavy Thin Heavy

Top I 0 0 0 0 1Y'0
Bottoml1 0 0 0 0 0 1

Heat Analysis
No. C S i M n S P W Cr V Mo
3191 -A
Top 0.15 0.94 0.26 0.005 0.017 1.31 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 I /2-inch-thick slug was cut from a larger- test specimen and polished to metallographic surface quaifly . I he
polished specimen co ntained twvo opposing carhori/ed sufaces and two others containing essentiaully cor e
car burr; that is, ill) carhur i/ed case.

Mic har d1(iress nrea' :r e mentts were made at 0.005-inch intervals f romn the surface with a To kon har dness tester
tusarlj .1 tir lo ad tand a Knottp inmrdpehletrator to assess case and core hardness along with hardness
ridi tfitt rit depth trm both car1 Wured Sur faLcs. Thle results arc listed in Table I12.

If 11 11 Own. lIiit rd t" establish case arid core micr-ostructures. A 4-percent nital soIlution Was' Used
0,1T il siimturt (especiaills retained austenite) and ar 10-percent Fe CL solution to) better define

111, ll I ho nld 1t1 etch1 ill nlitti. MicostUctures1 wer then Iratc(d ViSuLJly mt 50OX inid the
I 1H , I ., " k
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[ABLL 12. CASE DEPTH, HARDNESS, AND MICROSTRUCT ORE I ESI DATA
FOR TEST SHAFT

A.- U.se Depth and Hardness
Rc Hardness, by Conversion from Knoop

As Heat Treated After 0.0 18-in. Grind Allowance

Cajse Hardness 61/62 61/62
Core Hardness 43 43

Case Depth to Rc 60 0.045 in. 0.027 in.
Case Depth to Rc S8 0.057 in. 0.039 in.

Case Depth to Rc 50 0.097 in. 0.079 in.

B. Microstructure in Depth (observed visually at SOOX)

Depth Microstructure

Surface to 0.0 10 in. Full-grain boundary carbide networ k, along with large

spheroidlizcd carbides in martensite plus I 5 K alistenite

0.0 10 to 0.01 5 in. Broken carbide net work, with finer spheroidiied car bides
in martensi te plus 1 5%,o austentite

0.01 5 to 0.060 in. Fine spheroidized carbide in martensite With ,rUsteli IL

decreasing from 15% to essenti~l ero It 0.060 in).

0.060 to 0. 1 20 in. Martenlsi te with some title Carbides

0. 120 in. onl Low-carbon martensite with 15S to 20%/, terriite

C. X- Ray Retained-Ausenrite Results, Cr Radiationl

Depth (iii.) Percent Oilier Consti tuentis

0.005 19.9 M2 3 C6 carbides

0.020 17.5 M2 3 C6 carbides

Finally, X-ray retained-austenite measurements were made on both car buntzed surfaces at the 0.005- arld
0.020-inch depths; the resulting data is also given in T-able 12.

The data in Table 12 confirms that both the case depth aims noted earirL, as well is the dlesir ed case bat driess
aIndl inicrostr ucture specifications, would be met in the cone shaftsa*f ter the 0.01 8-inch gi inLI ,llowane was
applied. All undesir able case microstructure components, such as networ k cal bides, would be r emoved It1 J
depth of .ipproxinitely 0.013 to) 0.015 ich, Which is within i ginding stock limits.

All nine test shift s were completedl by the Americain Lolmmnn ComparlPe citm leqilr Cllttlits )I I Iglk .1.
I he nine shafts were then shipped to thle I imkeri Company for the i inail gr irid oper atiorr onl tllu t \%ocont,

journals. Af ter f inalI grin ding, thti integr al rac f eICAh test shaft Ia ~ra11ce d to I)L heL k angl, Conor II AnII.dId

surface finish. An e\,imple oIf the traices fron shaft no. 78-4, whInh waIs LJ111 ill test Netup N, is shownVl Ill

Iinguine SO,

7S
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0,010 INCH - - FFPTH 0 020 INCH

F~iore 48. Case'& Mticrostrutic irC Of V kS('O-X2 S~CcillI CI I Sll)i wIi 1' h I JI( aid C

D~istributiion at Mhal Nba\ fi rie SUIrtlCC 4 ufit' MIL' ShI~t After ( rint.

Hiiiirv 49, (1rv .\1jrwi m-11j4II-c of V' \S( 0-X2 sII'tII1ICI ;it lDtJiIli\ ( i 1;1 Iii ( 201
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Magnetic Seal

The magnetic seals used in this test progi ar were fuinished by the Boeing Vertol Company to the Timken

Company for test. The magnetic seal design was conducted by the Boeing Vertol Company and thc Magnetic
Seal Corporation of West Barrington, Rhode Iarid. The Seal design was based upon the requirements of the

adsarrced-corrcept inpu)Lt 11i1io01 [Sseillhl wIncll i slhnrIss Il :1CnnL 39. [ile deCSie-li lieain it1t1r

itlagurete seal Is sliriwni Ill lignite C I . I I It:11 ls dItfteI I Ce lICC11r11 is ItI IanI e t i s alI aI Id ItIIat of J )i

diitit L1 i7 1kIISCaI S tile U ie o ill a Rt J)10 idapiri etst I tire seal aid tile test IL I md Cafi 1 Ii d Lt I LIit

Ilisijlattir %ICli is ieCtIliiicd It tile Sea ,nI is 1 i:ed iii a itagiietiLe liiisii .. Iltldclol 1iitisNtnjSIoii lolisitigs
w ill he eIther illarnMeSIIVinr Ol ar lvare-orpst iiateCiil, mICitller itt %N11: Itichi tilltqite tis ILLiO 1 .i

Provisions were mde Onl thle drive end (Figure 52) of the test Shaft to evaluate the Magnetic Seal Under con-

ditionis Siniulating an input pinion application. The magnetic seal assembly consists of two basic components;

1. A magneti/ed ring bavi ng an optically flat sealing sur face fixed in a housing

2. A rotating ring with a carbon insert sealing surface.

The rotating member is fabricated from a magnetic stainless steel and floats axialls, along the shaft. Thle seadili
sur faces of the Stationary and rotating components are field together by a unifor m magnetic for1ce CIi t i
posit4 is J w elsi th mlinli iu m f ic t ion bet ween sealing faces aid proper I igtI~n 10 mcii of011aces 111111 fi i gheg aI

distribhution oh pressure.

Magnetic Seals hlare the potential of operating for thousands of hours Without eXCe'ssisC e wea. III hes a t
cail tarsN widels with different Operating conditions. The performniarC of a niagnetic, Seal is at ge, l\ deLpendent

Upont faC load, surface speed, temperature at the seal inter face, and hC LCe iCient of friction: selNed] lot orn-

anlC will be es luate1d aIS Part of the tapered-roller bearing test program.

In order to keep the two lapped sealing surfaces of a magnietic seal closed during the absence of his dranlic

pressure, it is necessarv to provide soiie form of mechanical load. Magnetic force is Used which proOCs Js

reliable and uniform method of providing the specific face load necessary to insure a posi tile seal.

Urilike spring-ti sded Seals, magnetic seals operite at the Specific faCe load for which the are designeId Wnil lit,.
siriables under nor mal operating coriditiotis. Matnufactui ing tolerances arid stackup whiCh cauIse sat atits Ill

springl def1ltion atrd toad nio longer have to be considered. The magnetic seal is self-positioning Ott tichesili

atld its tire load is unaiffected liv the shaft-housing relationship. For this reason the seal catn he, klesigtred ili

tire m~irnintutri iniounit I fac~e loald, usu~ally about 0.5 to 0.75 of the value of splilrig-loadedL sel1s.

lilt'e sinleL Miost crtical~l dimniisioir of a face-type magnetic seal is thle deCgree Of flatns oft its seIilirg sil ilces

oI face'S. I fitneCSs is defiiied as the fistarice between two parallel planes which emlit ely contain theC sunt~LL M

. CAl faceL. Niagnetit Seal C"orporation's Standardf manufacturing tolerancesIO call lt el facs to ( he Llfaptd flit

%nithirt two hreliunm right bands (23.2 millionths oif arn iricL1. Ibhis mea1sUrceni is niiide ht tIre rise l .1
nnrootchlntt"c lighit arid Ani nptical flat. MnriOhrjcrnit light is lightl ill %nnhth one %wine legt1 ie1011irts

Alli optIicl. flit IS A flit1, tranrsparenti test surlface basing no riin,igtiif rigk power'I

When Ar setIC 'ed hiands o)ccUrs between two necarly flit Suirfates, tIer is .1 wedgeC I J11 fetnnetiI tf)n-r. liIt'

slope, of litir vwedge i it right angles it the hands. 1liet hiiir(fs locate stefis oft I nLiOlomt 1110IOfN 1rt t11 Ift e tCIIt11

dist.iiLc 1o0M tile surfac beving tested ti01 fl itie flat when~ a11II 11relnuni Il rnr'tntitn It s IsNd

7t8
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SEAL CARRIER

TEST SHAFT ---*

CASERINGADAPTER

MAGNETIC RING

CARBON INSERT

Fiigiire 52. Ntagefic Scal TestedI ill Coilj~u~1Wt dacd-ocp rI%~~fh
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Bainds OCLItirhCCILiIL lir~lit I lCt II Ol Irti )the tIC I) U rFC's LWhih 11Am thI AnI \Il!4C[III ilk! ! f Cl kr' x )tOf

Ieiltl I il )ItCCA1 rci10, AeeiLotr (t II, t Ire thLkncN O I lie ii wcdc. I iertreil ictII% I I ' e!et '[ 1, L!

1II An OL~ iLC ii Lli 1LL theC hil Wde l ti( IkiWNS is V\AIII1\ I HIC-1lilt t11re J Ci~ ICilgilhI ) II Iriit;;) I I Ie t 1

Ii~f Pait rili. \Xti k rmid fliei If ilii I) iiihu li gh the 1)1WN &) fli'il \K hidsC ir1 /( Mute

liics ha iges (mcIb s i. I% cntell il .i Ir.LtttI IIw l\h I LCII ~ )tt10CIJkhild ' f 1LIII )

F eI e tti igh sI. W I LegrCd [It' F~lits i iiit 111\ i)1 i~I l l ii~ l I ,et IC t grINh LtIN A Ii' I I l.tI'd I I'

ft~s N t sI IIilU fsit l I p itel t ita I i IguI Ic seI I l I I N i Ll liiilti Ii I I11 leul ' I L ' 1 ~ 1 1 L P

to fi AnctLI rIIi tiieS. sLish) is I)[ CSS tit' 1 1 Lipig Ic ebter C lii tikeCS L jiiiI[0 d -11 ~ Iii lie11J

degi cc, u ft Ilitiess flicit ionid I,)Cb iOiU',k

-11e mId et iCI in used LICI IlK c11 is l IIthi cited tI m cast Alnico V. Aliniew V is A i ii Nd licjile Cie pi I-

tiwr-idc llSA (12 iL 10 %I IIe is rnlC I iiLit I 101)111~ t d undr teChnlIuc (ILC md speLililIl I l I II1C TIIc ii Tirn Iu ilw

h1c~l ii c'ltmert cit si'lis kf Ill r lit'e ille O\Itw , ;00"CL111Ld huidig"O th I ter~lC 1i1 LIr L' tii ti .1 11 1 m ClI IIJ

sit L it lC is tChil1iCild I Ill 11 is 10ii\i LI l il 1101 ICC iiitil C OO w ll',' \VIIL-IeC A ,,iiliM ii cl lpk 'l 1 1JlC Iri 1 r(ii '1.
I 1 1 he iiii is thel Cretl 011CA1211 1 ( An'~ hld J IOf A peCIiwd w I t Imen. Th is Stige" is t 1i1,llt; 'I'- Ii l[I 'I~15i Ithi

Liiti FreeC idi Crier IA pliiLt i Iol Fr mingi du scCOnL NLilniLIOSCOPiC phise.

hligh1 nrigirtlic Cenei is P ~t~jneL I'\ i[ pli ii l',' c I I Li tw theC 111,1Q110 il 1 iiu JUL L I hIsl ,AI,,',

IllI, picc ili title to ih igir i nI lie (lirt CIisn wfil th ifppliedI f-ieIl riLlt Iim, in sti (inget irri -' Iit I l p , t st I,- iI li I
fiiiecti I I. All Al IIit 0 \V nIitrrnetI i InIgs we ( irI cctIiiia I i/ed oii mT~g I CtiCIZ III\ ( wil' eneI t hIIIIis miif r I h Ii I( 11

I lL tilcc55I iinmi nilletiL t~ seil 5 li Ol IIi thiiulit\ Of thne rnriigirCt 10 sUPPlI A 0iii11trintrl)niunt Ol puill

I II ti\ t litrughr11 IiL Ad i n 1 AinCi III i i1,ii 11iit W1 iIIril t1e '-ii is ILIlnh et i M I. cc nirlnot izel th 1 L 1\

1i idLICCe hI\ th 11C gnc is,1, C Ii eriiriii si ii ii IU Ili- '\ -\te 1i,11 Cni1' g is I I p liC' iii I L ,11e tli i iri hJ 1,1C L' i e

Itl Lit nl ll 01Lls.

hlhriiij l II 1III! C, VxC 11)1irAIiZiCtre h theC Migne(tiC Sedi l (ritiirr TO tire Njlctiit LitII ii lt

In hiif I eLlL I .Ae 1ii 'iCia:~-l \\IN iiseul lot eAch of lite eight tet'l setupsI. A pissiAe \ Ii Il pviled Ill ti1e

IIidt' I )IF lie' test 11iiti111ig t(I (., llct I11\Ii N i it (ii (i cil sit e th,, t i ghIt iiecur diii rig test . -VsO Cici Weil

As JiLUlAtLib Wiscighci iuIl firnrriiwes hcluc mrd ilici test 11) LICIC1r mine isru Ates

Fi1e lUhrit used11 L ' tltlighrit Frlis ILSI ptiiiir irn iS A LiLIii[Fl f M 1I L-L23699) spLCiliLitiiiii \s lith' ICTsti

its Peirli LorlliLC tei, sinipie w i O110 mir if Ii Cllhiries in pripi)C ties. PI iTirI i plr~tis i iLci t Ire i

IiIi (I i lii i F ) 1 iIII I 111 I 1ill I I i t I ll i 111) '1 l i I i lcev ,II.

I hk i l IL sv t I i ii , itl I I\Nis lsed I Of ItsI rilinil~vs I i JIr nih+ 0. 1h' Ii ) i tl i Il il mid I I I si I 'i 111)

thniiUiihili Cie~rid mifldIC lic ill i prpir itili li1) 1 list1 Iriiirnier 8, tire erflId rL e ti-s I h11 sICII Ild III! ,I ,I! \xis

List'dli tes rIunihe 11, ri+0 Ire1 erihurirn c' I t1t IIlit 1F)I hl I sin the pip h.i rwn-'1,
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I AB It.Ii. LU3R I CAN I PROP L RI IFES

Lui i,,an1 at 40"~C 'tt li ru&C lrde\ PH No. Colo

iL-2 16cfe 25.3s 49 124 S.1 .0 3.5

K1 ' Comporlcnrti LLJir Cd to ma ke Up e)achL telt I J>emhlII\ ,rre >h1OW1 in) Fi,0rC 53- 1-0h I'11 fyellis T~w
tL'It h)CArrrN>, onIe te',t Iltat t, orIle rlt~i'gnCtIC it~l, and tvo >Ia~c heirrig. lFich of eirght tIct i, emics useCd ilc\I

Cotripolcr1> e \ccpt tor the i haearrg.t h0iChl WCIC lplacced on Is srctord

I I.S I RI G_[) S-1I N

10Orid LICit t iC telf, Lfldr CTIn IIU A I Cd CIpAer iit 1 ori Of 110, 1 1 Irr I or (ci t I, cti Lrte thI C[ Icr Or rrranx 0 o t I e

de,, loped I IIr tieI I L I I \ l C hrg 1-1 pced I tper Ied-i 01lct hear i gs. -1 hi I wof k \itaI oiiIna IILO1 codU cted I un~k r
US AA N\i RD 1, (onIl tr act I DA A 10 1- 7I C-0640( P40) l id dIOCui MCIIICd i Re C eerC 3.

IFiur c 4 IIillr o itl icti o Irt[hc te~ rtI g Anld ct,,Iol1 pa Il . 1K tieI s t ig io was dii nI\ ,I I 00-h p dC \ 3 A N i-
Ipccd CIlCCt I i C 1 mo01 hl C d to a 9: 1 >pccd n 1crI ca~er. 1-n> 1 >te1m pro0tidc tILilt C CpJ hiIt t ruI - ri 1)1ng th tle tI
hCarIirr 11 a' r1 r 1~ rl~ illLin IISpeed ol 14,0010 rpml.

AI\ rr I teIt h1CadJ 1 ICl 1\,I isa> deigic iii1i ilo\ised tireC teitirig ol trw() harI ig oil A itlaLtJe d spira I i )\CIn1putI

pri1r gear'dI. A CrI oS!I->c tioit M Isi % ot I thc Iet rfeaid i Ilhowri in F ig'Ure h I5 1K Ar rlrgelicrIr st Irt I in tire1
I 1,U:i C ita'l uId 11r rirot 0I Ire Lie\ t'hrpmentI te'l aIdIL or1 tue end~uralce tell.

Bcrrn Irr loAd ig Lta, apphcivd h\ drirl Iical I to the pir on I IIIt heain Cll Cl~~ii a>1 Cor inC Fiur 11

li cPal itr I, \ l cat ed hl]Of s thle IrI 11 Cerlrl antI tI C1 11 i1 1  IinIder ,U i II iIlid Jat an) anlgle C t 22 d(gcc t o

pIodutIc radia l ttt Aitd Mmnt iOrIJI oa ing the~ test S1hali I imuI-latirIg loads pr odutcd h\ aI hesl g"Cr Mehi.
itc ' 2,00tt-polurid >5 ittfI ifilutictid A Ipol-t\P pc od~ cell Ji Morlfitor ig' Applied 1(lds. Figure 57 >howI rthe

[Ctt II )iNi M o irr lrd It\ d iLit 111 1r,rliigLS I>tCIII .

Ior olt- IIItrhe tlcslopiltcrrt ret->t (nLMht'r 6) JrrId 111 Of tile oil-oi I S1111 isahilit\ tetig Aniodil eth tCst litld
arrangetreit \iSA> LiNt'd. TII irC\% aii !Argt'uicrt iritriethe i'rmril Of thle sloe\L iicrMrI arid hr\ drauhLIiC b

tietitC 11rid intIItiori11101 (J tdfiou> Belcxille' springs lor Appl\ ig orrl titrlist loAds. lIii>1 tCt 1r1rarngcnicrit , hiiowi

Ii ligi t Sf. I is ciimrgc vWA> miadC rll orlder to rtcLLCIe it' t'II ol tire >tIre Iarirg IrtA geritrriori1 on1 the
tiI it c~ est I t>1.

(AINh itM1i tor 3ll te' tr 'Ltipit'id to the te'I hta ig"' eriirlk titiouil it u tti' i'fosS

ilg Lnnlt' Inh o)il S>uppl\ - lilt or iliC diriiieter> i\tWt SUCItiu tisIlt In 1 Icr \lieikd t''pt(1 it"Illls1 prior to

.rM'IIhi lilt hkrljiree .ii the Sr>h1IiIItI l~ I ieS,I\C errI rig" Wt'r Ulu i(tCtt' ht\ CIt' Il1CJtdhter er(i

It k I l I IJIt'sh t ht' t ( l l i(RI, ! 'ott l L'e Il fIiri torIcd h\ t IhI Ilte- t\ lt' I t0ts 1iittr'. I le ssI cI ii M11 a'd

etlrip )' Jut a it t'\tIIatlgtr IIrd 'Itrlip ri-itt-i to COriti nl i01iltI't ti'tilpii-~ lItI CI.

>I 11,1 itIltI rII C tI it I LiIC(I tet II6t h , ig ti , Id, 'Ci1 C I' nil, )Ii fie, onil OLtICI , n 111d ~ ri terLls ll, iC PeaJ-

lLint-': oil 1,It I 111t,11r1i > I 'tid:tr1dr 1 iiii t fliitLL t\Iirrt-2r Intl.
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SUPPLYBEARING ASSEMBLIES

Fiur 5.Test A\rranlgemlent for Appiv'i ng Sinmu Ia led IBc~cI G'ear Loading.
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I, hes P1 olII loigldpoeuewas Used dur ing mst of this plogram). As testing pro gr essed, Several change LS

Were mIadeI til te test procCCdure in order to oh taili desired information or to evaluate other par ,rmeters. T-hese

changes are' discuISed inl More detill inl tile reCt sc~tionl Crri)CCii'ilg tests re'sults. A test matrix indicating the

WHar iospararreter IS to he irises~tieated dorirrg tire initial eight tests is shown in Table 14. The first sovenl tests

Were (1CnrrdctCI to eValuate1 Mid optiile thle operatinigparamecters to he Used in test number 8, which was a
limheltd enduran1Mce test. 1Ir par' imeterIS inses'tigate d were Oil flowv rates, oil inlet temperature11, speed, load,

pIeloaId reii retdrild 11loatirr' CuIP fits, and flow rAtereurmns

A test assernll consisted of twov new test heat ings, two s~ivte hearings, one new inner-race test Shiaft, and( a

ire frragnct ic Seal. I hie slats e hearigs Wvere replaIced 01nly aS needed. For test numher 6 arid Al Oi -off1 tests,
SLaxe hearing s Were riot installed.

Pri(Ir to assemhI'lirrg ar11d teStiirg, each rearirrg component Was Closely inspected to insure uriiforri qualit -l Ire

0hiei ti ,' last riininrite hearing componentl influc~les On l aigcaatrsis

13fo01C irrSta1latior aind test, hoLthl tire magnectic rliiig arid thle seal case/c~rorro insert were ultrasori~alfs ileined

arid weihed. I kn thle first two test setups thle eall parts1 wereI weighed arnd measured eaCh t me thle sCtUP %s

diS,isserrnlhled fir irrspi tiOn. Since lit) appreciahfe weight Or Width loss \vas mneasur ed, the seal pat s were

')ig IIId Arrl t t11re hegirliirr And~ end of tet.sl 3 throug I.

lie Cst1 hearing were deLsigricif [fr all I 10 1 l i eter ion of 900 hour11SL catalrg ra ting at 7,196 r priniat c uhic

rrrC,11r loa i llg s 1s 11,CrJ rimtriafators irilIfeIfI. II he C ufric a d balfor tis application represented appr or-I
rr ratl, 7 ~Sperct of thle twill-nlgine ( 11I r ating, of 1-401 lp per! input pinio oft anadand-oet

tnarnrrssrorr. Because tire inlput pinlionl arraingetireit of air ds riCed-iorrcpt tr anSssron could riot he

e'SAitl do~plcateif ill this test program11, it WAS decLiied that1 thle painrieters for thle most Critical hearing (heel

1eat1W inrIsiniri i he rrra1tiitih- 1il fnil~e IiddS onI t1re tore hear1inrg Worild ifo, i~r s re(il re to) min itil rile pi ipe

baligmi tire heel hear ing. Giseri tfhe heir rig Spacing ill tile test rig application arid givenl tlr,rt hirtl thle fiecl

irid toe PriSitiori sioulld Lise, ideirtiCi1 si/i Crearris, A loa1d SchleifUil was deseloped to iChii0C Jt r .diil loa1d otl
3,SS/ pniFiiiis on1 the' reel hir ri11g. I Iris ri)d issr nddtl HLM(I f o 3,600f pounds ari1d idferlitif I S tile cu~hit

mrinml j. 13v siniplilS in' tile r adi.il lnMifS, tir f s i Itest sChieme waIs Used: 7S percent rrr 3,600 pourirs

hCiNhC riCan I ff0 lip), I 1ff pecent iii 4,800 pondirs (twirn engine z 1,400 fip), trild 1 1 2. percentl or S'IOl
p nriirifs (single eiigirir 1,57 fi Sp). A surnrnimi 01 ntodingt con~ditions 10r tfhe fueli 'ir toe)( hear rig ishsnii it)

Lhli I S. [ he slave hearings had Sirmilar noails.

At t11e Start If eaIChI test, tflre Speed Arid trai C cli Shiown in lrl 1I 16 was tiseif: t1)(00r efo1 hall rar ig' asse)irLri's

wereC sufreCeil Ito thle sanireC irliit~liif 1( CCIC. U110ir Liipletionl of this es MI 1b ais1rd Speeids were sar red is

reqirirerl to- irn1pliti' tire pl~rrief' Itest rirltlis. sNINrwr inl I ahle 1-4.

f ll irst tisi) tests were' slt Al i1 00 1)(fI rpiirid 2,00f0. pinninils i' lirirferl na.il as Ar slIakerfinis prirCedirre'. I fir

tesis thu.1 MIsr r un At righrir spee'ds \were tnCreaseil fi 2,200-rpri irienrieris 1i~rU 1 ,SOO. 14,000 ipm \wh

int( silrni r )id trailk leess sfill mr I1m1( If.

Is imnrrri f1.11 t (I i iSLo1RIrrr t('(1 irnrf fI l ist 1l)irirliri 1111 otl dIt fit'r L'se I 11N , 1ii tiC I t 111 fL' \eil r si Urt(I\

er((MIrislIt rs.ll tfr1UIrs hlil lintt is, 2,96fi1 li1ii1stfrLIstsrfl rnlirc eifrin(rhrnr fi,1 it griri(tn ii ssi

periri I sr n iig i- iiirfri a rr 0j I 18 P inls t fir lis wIM ( tri l sinrrii t 00 I CI L~ pr l r i ing r- ngnr 'ii
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FAB3LE 15. LOADING (ONDI I ION-S

Shat I A I lcl B i1oc

Lng.ine (.i huder Mmlenil Rad(Iia I IhrI',t Radial pi cloid

()Per1IhiM Pei cent (I h) (In b h) (I1h) (Ih) (Ib)

('liC wmeIC, 7 S11 7.807 4,830 3,600o 3,019 3,.000 2,1 1 S
ki , ill Clliilh 100 10,410 6,442 41,800 4,026 4,800 2,1 1

SinleI 11h I2.5 1 1,710 7,24o 5,400 -4 S2 5, 4;00 2,1 1

P1rekI kl CqIrakI 100 PCerct CCH I induLLCed [ill Ust duLI lor ad(Iial bId at 1 'ir0I engine.

I ABILI 10. SPI 11)8 AND LU\DS,

Shaft Speed W~Iinci Loid Appfo\imite Dur.ilrror

3,700 S20t .

.3,200 1,I 1L)

700 1,101.

S 507,810 1.5

5,55010,410 L.s
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De\ eloprmeir 1lest No.I

lest I irlitiailIy ,1tartd A 1,000 rpni aid( 2(1000 poond',c LIlldt kod to check the j rr "Intl er tifl) of .11

cAIompunerib. Alterl scerC,1l liUiwS Of Oper .tioni It these Conditions,, 11he te't h!icid Wi', di',al,nimlet mrit all
Omntmnents were inspectLed. A\lI co nip oneIttI Is \vere sa1trY actIur \ and t110 Wee rer,'eled I C(IrnrII ItiL'elt v J l

ljrrIIII tn Led.

Tile Bellenihe, spring lot this first test w~is set to pro\ ide 2,1 15 poundLSprrd Onl tle .rpjpusite1 kIi e--Id 1i
inIcJQ L Up. the Oil flOw a~te to Ch test hearing was tour pints5 pei minte. 111C oil tlow Wte 10 c Ich tY c

hcarirt was eight pints per minute, Ceyua.ll\ dfi~ided to both Crwls of tile 111 o~gIi rp''sitect ci-ld tlk.atirl"

t.up 1 1 fit %kas 0.0035 inch loose and tile oil Nlow I'lle to thle tloatiirg CupI od rangentc lrion) 1.1 to. 6.8 pirts pI),
minu1Lte, increaIsingi as tile oil inlet terrperltre increaised, Tile Slic hcarirtgs wee.sehe-nl r(It rt

endpl~', ettn, Data points were rc(orded at tour shaft speedis from 1,000 to 7,41(0 ipm iru I C, L rd Jr ,rr .

2(1(00 to 1 1 700 POUrtds.

Afster 14 hours of testing, Inspection of test components revealed that One (4 the rollers Ironm ire dm ,rilltr

tell heli ring de eloIped a ti Cinfe r Ict ant gr oove onl thle rotler h~d ott NV Iv r thle i r gCe end is sh ) Ilw nIn I U C o

The groole %was .tppr osimatcl\ 0.004-inch deep by 0.01 2-inch wide. Furtherle in)SPCtion I ound I Crip Iw rr11g
trom thle car horr insert oft the mgnetic seal as shown in Figure 60. Thte hardness ot t1re car honIrre I lre

,isa reported ito he 5S to065 Rc. It %,as thought thait the chip trec,imle imbeddted inl tILe caige hr idle rrd Dr..-

dUCedI the grove. All componenits completed ,r total of 37.6 hour', Of testing" %ith not additionail daImge"

(listless, \11t test data and phottgraphs 0r1 coimpontents are contaiined in Appendi\, B.

Developmnt -lest No. 2

Vest 2 %was r un at speeds l 1,[000 r pm to f11,800 rpnT1 aind MaCIlr cl ilt loadts tron? 2,000 to I 1,700
pourrds. Thle opposite-drie-endk t1otting' c.up od clearaknce waIIs 0.0031 inch Ioo~c. i lie oil I low rarie to) thle

ft. at i ng cuIp w ,is torn ,ero to 6.4 pints per minute. The sIlave he~tri ngs were assemihled wi th 0.0023 imrih endc
pl~is . Thle load-up LA dIC WAs repeteId for two oil flow rates.

Thiere wr three tear downs for inspection durJing~ thle 58-hour test. ihe tirti r urn %,i, tro aAcirc mmrmtin)

speedt 11I,11(1(1 rpmh operation inl oider to check the r ig. The test Was1 I inl,ri teirin,rted dilr rrg .1 Irn itI t 1, 800

Pml dueI to slihft scutft ig dam11age onl one slave hearing. Inspection of thle slave heiririg', iridicared tCrat loss oI
sh'ift bore interfece fit ot thle hearing dueC to inertial loading and I tmpeitur e ,llO\\ed t1ie sl,oe hearling

curie to MOWt ,\ially and hreaik thre cap',crews that Scure[ thle tone clampring I mg is show)nr in, Figure 6 1. Ito
LWcr ec this condition fur- the reCm,iinderC of theV telss thle hurts. of thle sli[Ce trern igs weCtrote-lre to Qit'

Agiliter iitertfereie fit. The ripposite--drfise-ed Slive hearing which \wi'. djlin CIrgt was rePILL1.r All other-

test trIllp(MrIirtS crMICMpltt this Series ot test', without,1 damige or di',tress.

Decelr pnrert l est NUnhler .3

Icst 3 ssis alsro stiteut i 1,0001 r pri rind 2,1)10 potirits mnihie (\ tIndler lordJ. Wrttrrit two roti sL, te-.t k.olld
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5X SIZE

Figuire 60. Magnetic Seal Ring From Test Setup No. 1 Showing (luipped Area.
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*1

OPPOSITE-DRIVE-END SLAVE BEARING SEAT ON SHAFT

In-

END CAP AND BROKEN BOLTS FROM SLAVE BEARING

HIGHEST SPEED 11,800RPM
HIGHEST LOAD = 7,800 LB

Figure 61. Results of Test Setup No. 2 With All Eight Bolts Breaking and Bearing Backing
Off 0. 125 Inch.
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184 DEGREES

Figure 62. Load Zone of Opposite-tDrive-End Slave Bearing Cup After Start of Test
Setup No. 3.
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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. f
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 elapsed 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 5

Test 5 was the first successful run through the maximum speed and load. The first phase was run to single-

engine load at 7,400 rpm. The test components and slave 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 yield 0.0004-inch preload. Subsequent inspections were made after reaching maximum

load and speeds of 9,600, 11,800, and 14,000 rpm; all components were in excellent condition. Total test

time was 61.5 hours.

After completion of each 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 used 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.

Development Test Number 6

All testing prior to this test was conducted with both the test bearings aid slave bearings. Due to the mixing

of the outlet oil, it was impossible to determine the exact heat generation of the test hearings. A review ol
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TOP

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

9DEGREESJ

Figure 63. Load Zone Test oil Slave Bearing~s Witl lInitial HlousIing Design.
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NOTES: 1. HEAVIER CUP ADAPTER
2. TEST RUN AT 1,000 RPM
3. 7,810-LB LOAD FOR 4 HOURS Top
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NOTES 1 TRACES TAKEN ONANGLE OF

2. SEE FIGURE 4 FOR DATA BEFORE TET

Figure 6. Profile Trace of rieECp Race After Test Setup No. .
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the test an angement indicated that the slave bearings could be removed Io0 (the system and the test bearings

operated under thrust load only. In order to achieve similar heat-generation characteristics, tile combined load

cori.ditions 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 to 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
Preload

Load Thrust Radial Spring Equivalent Thrust Load,*
Condition (Ib) (Ib) (Ib) FEQ (Ib)

Cubic Mean 3,019 3,600 2,115 4,993
(CM)

Twin-Engine 4,026 4,800 2,115 5,938

Rating

(T E)

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

and radial load; 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.e., the slave bearings were removed for this test. The

operating characteristics were monitored under three oil flow rates: 8, 4, and I 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 I pint per minute per bearing, the oil outlet temperature was 3670 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
loss. For this test at an oil flow rate of 1 pint per minute per bearing, the maximum temperature of the seal

reached 323 0 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

Ibis test was conducted to evaluate the effects of a 300°F oil inlet temperature. This test was operated for

one speed and load c'cle through 14,000 rpm. At speeds below 5,550 rpm and test loads below 10,410
pounds, the 300l . inlet oil tempetature could not be generaitCd. A total of 67.5 hour was accumulated on
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TABLE 20. BELLEVILLE SPRING CALIBRATION

SPRING A FREE HEIGHT

(NO LOAD)
SPRING B

SPRING SET 1 FREE HEIGHT 0.5171 INCH
SPRING SET 2 FREE HEIGHT 0.504 INCH

Load, P
(lb) Spring Avg Deflection (in.)

Set I 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

6 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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NOTES: 1. TH RUST LOAD = 6,418 LB
D 2. OIL INLET TEMPERATURE= 190OF
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Figure 68. Results of Test Setup No. 6 With Thrust Loaid Only.
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this test. All posttest components were in excellent condition, with the only notable difterence 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 parameteis 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. At the end of 15 additional hoursof testing, the test components were removed
and visually inspected. All components were in satisfactory condition. Although this was the end of all 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 summary of results and

test parameters was presented in Table 18. A description of component preparation, test procedure, resultS,

and brief discussion of each oil-off test follows. Details of test data and photographs of components after test

are included in Appendix C.

Oil-Off Test No. I

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 axial load of 3,209
pounds (50-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

recorder. The shaft speed sensor output was recorded by a continuous strip recorder.

The test was conducted in the following manner:

I. Bearing and test components were installed in the test rig, then run through a single 8-houI
sh,,kedown 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 conditioin.

4. The oil pump was shut off (flow meter output verified zero flow).

5. The test was terminated when either the drive belts between the dc molor and speed increaser lipped

or audible noises were emitted from the test housing.
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END CAP

SWAGELOK MALE
CONNECTOR

BELLEVILLE SPRING

CUP ADAPTER

Figuire 69. Thrust Load Subasse mbiv for Oil-Off Test.
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This lirst 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 final instrument cycle of 24 seconds, the temperature of the
opposite-drive-end cup rose 800 F. At the ,ompletion of this test the cup temperature was recorded as 314OF.

From this limited data, computer analysis was used to ormulate a thermal model. Textbook heat-transfet

coefficients, considering the bearing as a semi-infinite slab and bear ing geometry, produced the appended re-
suits. Assumptions were that the rollers were the heat source, cup and cone temperatures would be equal, and
the housing temperature would lag cup temperatures as measured in the previous lubricated tests. Subsequent
tests would show this last assumption to be completely in error. 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-off), and even if the ODE cup floated, Belleville spring stiffness and
axial 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 springassembly with a flat spring rate over the expected deflection change. The redesigned Belleville
spring is shown in Figure 70. The load versus deflection for the spring used in test I and the springs to be used
in all future oil-off tests is shovn in Figure 7 1. This new spring design would present the buildup of excessise
axial loads due to axial expansion of components during oil-off operation.

Oil-Off Test No. 2

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 loads (plotted on graph with data from spring set Of test 1 as shos n
in Figure 71).

2. Three additional thermocouples were located on the test housing. These plus the cup od sensors Vere
monitored by a rapid data logger capable of reading and printing within a S-second intetral.

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

The same test procedure was followed as in the first test. The bearings operated for 7.8 miutes a teloss of

all oil supply.

Included in Appendix C for oil-off test 2 and subsequent are the buildup sheets and printout of a re% ised
computer program that presents both measured and calculated test parameters. Table 22 pros ides a sample

of the computer output for test 2.

Experimental data shown on this printout is "Sec", time in seconds 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 "Rhr' and "C/S" were calculated roller and cone ',halt tempera-
tures. Fits "DE" and "ODE" were computed cup fits at measured temperatures. "Axi" displaed the
thermal and inertial expansions across the cup backfaces and "Lb" presented this in terms of pounds preload.
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END CAP

BELLE VLLELSERINLEU

SPRING PILOT 
SPACER

CONNECTOR

TEST BEARING

BELLEVILLE SPRING

CUP ADAPTER

Figure 70. Revised Thrust Load Subassembly for Oil-Off Test.
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Figure 71. Deflection Curves for Springs Used in Oil-Off Te-sts.
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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 verity the mechanism of
failure and showed that the changes made in test 2 did increase the oil-ofl 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 looseness of the floating cup fit would be required in order to prevent

the cup fit from becoming tight under higher operating temperatures.

Oil-Off Test No. 3

GC.mponents from development test I 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 for 0.007 inch looseness.

The test ran for 2.48 minutes. Posttest component inspection revealed the reason lot 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 coasldown; 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 ODE bearing sustained no damage. The test data showed that this position was cooling down at

ternination. The results of this test indicated that additional clear ance would be required for the cage pilot-cup
land in ordet to preent this mode of failure.

Oil-Off lest No. 4

tile initial plan for this test wa,s to use the test parts from development test number 3; however, it was noted
at assemble that the opposite-dr ive-end cup rib had sustained handling damage. The dama,'ed cup was re-

placed bv the undamaged Cup from oil-off test 3, serial no. 78-1. To eliminate conditions that had terminated
the earlier tests, the I'dlowing modifications were performed:

1. New preload springs.

2. Botlh up outside diameters, gLournd for looser fits.

3. Assembled cage pilot clearances increased by grinding inside diameters of cups.

The load, Speed, and procedIUIe were repeated 1% before and the bear ring survived for 8.88 minutes of oil-oft t

operation. 

Appendix C contains the buildup sheet, computer printouts of test data, graphs of same, and posttest componenr

photographs.

In addition to the cup rib-roller spherical end damage, it appeared that the cage pilot also interfered at the ODE
po sitio n. The condition was not as seere as in oil-off test no.3, but the pilht at the large end had 0.005-inch

wear.
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Oil-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

rpm be conducted. Because of the unexpected problems, all the previous trial% had been run at 3,700 rpm in

order to 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 all bearing surfaces except the

cup lands.

The test ran for 4.37 minutes. The buildup 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. It was speculated that the zinc-phosphate coating may have extended the life and

therefore a sixth test was conducted at the lower speed (3,700 rpm) in order to verify this factor.

Oil-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 equivalert thrust

of 3,205 pounds (50 percent of single-engine loading).

The test ran for only 3.67 minutes. Appendix C includes 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 Linder 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 dat,
files of the Timken Company's Physical Laboratory. Speed, load, temperatures, and oil flow rates were

measured data, while the two columns under "HEAT" (generation) were calculated. The heat generation of

the test and slave bearings (column headed "BRG") was computed considering the following:

I. Rolling torque equation as developed by Witte" .

6. Witte, D.C., OPERATING TORQUE OF JAPERED ROLLER BEARINGS, piesented at ASME-ASLI

International Lubrication Conference, New York, New York, October 1972.
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2. Viscous torque (required to develop boundary layer and propel lubrication through cup id) as

derived by Leibensperger7 .

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,

Qoil M Cp AT,

where = mass flow rate

C2 Cp (T) dT

T2  T 1

AT = T2  T I

and T2  = oil outlet temperature

T I  = oil inlet temperature.

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

thermal dilution effect.

If we apply a generalized rule that 10 percent of the heat generated will be transferred through the housing by
conduction and radiation, then excellent correlation is achieved 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 to 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. 1

8. Cornish, R.F., Orvos, P.S., and Dressier, G.J., DESIGN, DEVELOPMENT AND TESTING OF HIGH-SPEED

TAPERED ROLLER BEARINGS FOR TURBINE ENGINES, Timken Company, Technical Report AFAPL- I

TR75-26, U.S. Air Force Aero Propulsion Laboratory, Wright-Patterson Air Force Base, Ohio, Jul, 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

190PF 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 1900

and 300OF oil inlet. The solid bars are reference 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 seals 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 eight tests conducted, only two

recorded any evidence of oil leakage. 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-engine 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 31 30 F occurred at full

load and 11,800 rpm. When the oil inlet temperature was increased to 300 0 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.) (gin) (gim) (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
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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 oil temperature from 190°F to

300°F had no adverse impact on the bearings, and a single endurance test of 1.88 L-1 0 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 appeared to be the new test rig; however, it was thought that initial

flushing had cleaned the system. It 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 he 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 COMPLEX BEARING STRUCTURES

BACKGROUND

To achieve the major objectives of an advanced transmission, studies have shown that significant changes in the
design of a planetary system aie required. These initial design studies 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 I; the engine bevel drive accounts for the balance (67.6 to 1). Power
inputs are 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 1,521

Input RPM 7,419

Output Horsepower 2,655

Output RPM 295

Output Torque 562,730 ± 67,530 in.-b

Lift Load 17,004 ± 567 lb

Drag Load 609 ± 586 lb

Rotor Hub Moment 262,000 in-lb

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

In the proposed advanced design (Figure 78), the planetary gear reduction and the rotor Support functions
are an integral design. Consequently, the development of a detailed analysis of the interrelationship of load
and deflections is required to design the system. The planet gears used in this planetary system are high-
contact-ratio noninvolute form (HCR/NIF), designed to approximately the same stresses as the conventional
teeth of the baseline 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. It 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 sphel ical,.
Because of this planet carrier/hearing design, the life shows a marked improvement over conventional design',

despite the reduction in planetary site.
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Figure 79. Advanced-Concept Planet Carrier.
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At its periphery, the balanced planetary carrier connects to the rotor hub through a shot tubular extension.

On the outside of the carrier, the rotor loads are reacted through a set of large-diameter taper ed-rolle r bearings.

These, in turn, are retained in the planet ring gear which transfers the rotor loads to the housing and ultimately

to the airframe. 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-61 A.

The notable task in this area is the evaluation of the combined effects of gear, rotor, and bearing loads and dte-

flections. Provisions were made in the ring gear to increase stiffness at low weight penalty by the addition of

high-modulus material wound circuinferentially on the outside.

To summarize the expected benefits of this planetary system, they are:

" Reduced diameter, height, and volume

" Increased gear and bearing life

" Minimum-weight and minimum-length rotor load 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 deflect ions on the

performance of the planetary gear/bearing system. Because of the complex nature of the loads, the develop-

ment of a finite-element 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 PROCLDURE AND FINITE-ELEMENT MODELING

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

and stresses. This infor mation would be essential in the final design and development of the advanced-concept

transmission.

The planetary ring gear was first analyzed using the NASTRAN finite-element analysis computer program. 1 his
finite-element model was designed to use a leature in NASTRAN Level 16.0 known as cyclic symmetry. I he

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 a reduction in computer fn

time. Figure 82 shows the single-segment model from which the entire ring gear model was simulated; Figure

83 shows the simulated lull-configuration model. The model was analyied for loading conditions, shown irn
Table 25, which were representative of operating conditions of the YUH-61 A helicopter. I Io each loading
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condition, rot or l oads were applIied Ii the forIM of calCUlatled rotor shalIt bear ing internal load distr ibutions oh-
tained fromt Boeing Vertol hearing computer programs. Rotor torque was applied in thle form of planet gear

conrtact loads at the planet gear azimuth locations.

Results from this preliminary computer run suggested that cer tain areas of the model would benelit from adI-
ditional refinement. These refinements were aimed at selecting section thicknesses which would be efficient
from~ a1 strength-to- weight standpoint, while maintaining the rigidity necessary for proper bearing Support. I hese
refinements also included modeling a more precise representation of the actual gear tooth conf iguration Ii order
to assess the ef feet of the gear teeth on the [)ending stiffness of tile ring gear wall.

Esaluatiorr of results for the initial rotor shaf f/carrier support bearing and ring gear NASTRAN finite-elementil
analsk sis follows. A plot showing the final configuration of the finite-element model is shown in Figures 84
and 85. The ring gear/'bearing support structure Was anlyIZed for loadlings representative of flight loadinlg for
both ultimate and( fatigue conditions. Stress and deflection data was obtained for each element inl tile modlC
structure. The results indicated] that the bearing suppot/,ring gear Strurcture was decflection-critical rather than
stress-criticdtl. T1his was, due to the rigidity requirements for the rotor shaft bearing races which were anl inte-
gral partI of the ring gear. Mas~imum dleflect ions and stresses for the fatigue and ultimate conditions are Shown
inl Figure 86. A sketch showing element and grid point locations is also included f-or reference.

I he relat ise bearing race f lexi bili ty noted in the N ASTR AN anialysis led to efforts aimed at developing an ac-
cur ate model oit thle rolling-element bearing lordL disti ibutionl behas or in tile presenrce of bearing inner- arid
outer-race bending def'ormations. Conventional heatrIng computer analyses generally assume that the hearing
faces are r iguI in bending and consider- oril'r contact dlef or tylatio inO l their load distr ibutionl formulations-:. T he
nit ial N-ST [RAN finite-elemrent analysis of the becar Ing suppor n~rring gear' wasbedothbarnlasd-

i tecf i this marnner. This approach ie CfdS rsonabl results pro-ide therv IS adequate stiffness in the ma.-
terial Surroundig the bearirrg r aces to present hen dinrg deflect ions, of thle race. However, Ii lai ge-diameter
berigs wit h relatis el compliant outer and inner i ,cCwa'I backup mat erial, bendinrg deformati oi of tile races
can sigriiintl,, influernce the load distribution .rroirnd tile biear ig. A change in the heanr ing rolling-elementl
lOad drstrrbution can afft1 bear Ing life arid alter thle state of stress inl the supporting struIctUre.

MODEUL MODIIClA1 IONS

to isest gate the effects of support structure I.ompliant e onl bearing load cfistri hUti it thle f iite-element
nileth d, tile .rrJIlS s Must corrsider both corrntact Arid str uktUrl stiffnesses. Structural stiffness is, inherent Ii
the finite-clement mesh of the Support structure. Hoiwever, it was ncUSSar\i to develop a Sirmewhiat Simplified

firrt'-leiinnmodel ot the roll ig-element racewvay corntarcf dLtrrm~tion as a funlction oIf 10,11d. Modeling this
hehar s it Is fun rIhe co mplicat ed bsk tire nonlinear depen derict, of coun tact deh or mat io n on I oaf rid tilie fa.ct thIiat

hIr rig!L elemnrnts are capalel of anctirng on, Ii ctrmpressiorr. 1 ensiori loads canrriot lie reate at a trlling-
elemt-nIt 1ldL- point. To arccomplish th)is feature inl thk I OtIr sh~tft heraling Support ariJk SiS, thle Corntact Stiff-
Ilk-IS )I uath heVar ig roller %3s app1iM s(imitec Ils ,rr ssemhlrg of sptig-gap finite elements corrnnected in
parallelI is sho)Aw n Ii lkore 87. Witl) proper slcion01 Of sp'irg siness anrd garp lerngthr on each element, ar close

Jppr . srrnatrttrrI te hearring roller nItces%as slitiffnss curse, Li Ale obtained froni thre I itie-element .rsseriiblargc
I Jgur I VX SS ss) "AIfl AIit II I irrI Otrd-klu'flc IrrI rs tr I , I0 herr r ItIller rri id th e picessise inenr i ipir osina-

IrisOt111 kinsekk '.,1t"nrrI IrmIn tfre, sti zi p firrrfe-elemnr issenmblaize Threse spii iria~p e1L-mer1Is Jne

Isill rnth \N'r'r is pr i rIr 11 .rc kIrrMer1iLI,tl r,ll1e gererilCJ pirIpse( firrnte-eleM01-nrt ti gr.1rrr

I dorisri Iric ,pplik.fr its I t ril .rp r llf Ir c .rlltii fscrrrin Ithw-r ,n's im rrtlsrs I t ifiril iller
'erin4 was pe ir irumd I his rntI\fs sis , rrsd-ri ILI rrtaIkcII I ef0trriin~,rtIi I mis l I reItfire ne~gIlCd icc-:
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bending stilness. The contact stiflness of each roller was modeled with an assemblage of four spring-gap
elements as shown in Figure 87. Note that tie spring stiffness does not become effective until the connecting
nodes have displaced a distance toward each other equal to the specified gap distance. This model also has
provisions to account for initial radial clearances in a bearing. Due to the stepwise engagement of the springs,
an iterative solution is necessary 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-element bearings to a degree of accuracy equal to that of more conventional rigid-race

techniques.

TABLE 26. BEARING LOAD AND CONIACT DEFLECTION COMPARISON

OF ANALYTICAL METHODS

Roller Contact Force Compaion

Finite-Element Method Bearing Program Difference
Rolier Location tlb) (Ib) (%)

I 5,119 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

Contact Deflection Comparison

Finite-Element Method Bearing Program Dif fer ence
Roller Location (in.) (in.) (%)

1 3.93 \ 10 3 3.9 3 \ 10 0

2 3.7.1 \ 10 3 3,74 \ 10 3 0
3 .18 \ 10 1 1,.18 \ 1 0 0

4 211 s 0 2 lsI U 0
5 I21 \ 10 I21 \ 10 0

; ,0



RADIAL LOAD

I BEFORE ,

~AFTER CONTACT~DEFORMATION

Figure 89. Finite-Element Model of a Roller Bearing.
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llrIng i l eritied an lk .eptable niodel fr bear ing roller,rice contr slIt tiliess, he rotor Ihaft,'planet carrier and

stalioral, ring geal assembly, were modeled using the ANSYS tinitle- lent program. The bearing support
structuIL orriStifg ot the stationary ring gear and rotor s,haf,'planet call ter Components was modeled with
quadr later al plate e'Lens. These elements are apable <I both bending ind in-plane deformalion. The

indi% idual bear ing rollers were modeled with in assemblage of spring-gap inter ace elmernt. The stiftness of
the spi ing-gap element assemblages was chosen such that it closely appi oximdted the nonli near coltact stillf-
ness of the bearing rollers sized for this application. The rotor shaft bearing/suppurt assembly model was then
used to evaluate the distribution of load on the rotor shaft support bearing I oiles. lhe internal roller load
distribution calculated in this manner incorporated the effects of raceway/,support structure compliance on the

overall bearing load distribution.

To facilitate air efficient computer solution, a half-symmetry model was employed. This technique requires

that only one half of a symmetrical structule neced be modeled when the appropriate boundary conditions are

input for the plane of symmetry. This feature considerably reduced computing time, especially since in itera-
tive solution was required. A computer plot of the complete finite-element model is c-ontained in Figure 90.
The model geometry may be further clarified by referring to Figure 91, which shows a conceptual view of tire
finite-clement idealization of a cross-secti on of this model. A sketch of the actual cross-sectional view of the

rotor shaft bearing/bearing support structure is contaired in Figure 92.

SUMMARY OF RESULTS

The finite-element model was analyzed for the loading conditions shown in Figure 93. -These loads, applied

,it the rotor hub mounting flange, are representative ot thrust arid overturning moment ultimate condition
loads of tile YUH-61 A main rotor. Calculated values of individual bear ing roller loads and relative raceway

displacementwere output by the analysis. Roller loids and relative race displacements as a function of roller
location azimuth are tabulated in Table 27 for both the upper arid lower rotor shaft bearings. Negative rela-

tive displacement values indicate that the roller is in contact when it this a/imith location and conversely' a
positive relative displacement indicates that a gap exists between roller and ra.e at that azimuth position,

hence r value of zero load.

To ascertain the effect of raceway flexibility on bearing internal load distribution, the rigid-race inler nal load

distribution was calculated by conventional analytical techniques. The rigid-race distribution along with the
flexible-race distribution are plotted versus azimuth location arid aie 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 thin tile rigid-race loads. The upper hearing internal load dis-

tributions show quite pronounced differences, however. The rigid-race internal load distribution is of greate
maximum magnitude and is spread over a shorter arc than the calculated flexible-race heating internal load

distribution. From these results it appears as though the flexibility, or compliance, of the bearing racewa\s'
arid supporting structure tend to allow the total load to distribute over more rollers, effectively reducing lhe
maximum loading any one roller would experience.

ile e,,ultN of the flexihle-rice irralysis can he used to modify the heiriing internal load distributiOn ind obtain
an estimae of the 13-10 life of ilte healing. Using a conventional hearing analysis program and the modified
internal load dist ibution sliiwed Ihal the life of tile Iower hearing decreased by approximately' 13 percent

while tlhe life of the upper hearing increased iy mire than 50 percent. Additional work would be required to
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ROTOR SHAFT/NTCRRL

BLAETARIRERS

STATIONARYORING
GEARGEA

BEARING ROLLERS ASELEPANTR

CARRIE R. STATIONARY

ASSEMBLY CROSSRIGEA
SECTION

Figure 90. Finite- Elernen t Model of a Planetary' Carrier/StatioiiarN Rinig± (cvr.
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ROOrOD
ROTORLOADSROTOR SHAFT/ PLANET CARRIER MODEL

SPRING-GAP ELEMENT ASSEMBLAGE
(BEARING ROLLER MODEL

CENTERLINE OF UPPER ROW)
ROTOR SHAFT1 .

rr-- STATIONARY RING GEAR MODEL

SPRING-GAP ELEMENT ASSEMBLAGE
(BEARING ROLLER MODEL

LOWER ROW)

Fivure 91I Fi,1,rC-Fikem'ft Itieali/aItionI of Rotor Shaft Bearing and Bearing Support
Strmcturv.



ROTOR LOADS

ROTOR SHAFT, PLANET
CARRIER

CENTERLINE OF
ROTOR SHAFT

ROTOR SHAFT
TAPERED-ROLLER BEARING
(UPPER ROW)

-STATIONARY RING GEAR

ROTOR SHAFT
TAPERED-ROLLER BEARING

(LOWER ROW)

Figure 92. Crovs-Secti(on I View (if Rohor Shaft Bearing and flearing Support Stru'ture.
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PROGRAM CONCLUSIONS

Ihe overall objectives of the work connducted under this program wete achieved. The elements of the bearing

and seal development program: high-speed ribbed-cup tapered-rolle bearing,,; magnetic seal; high-hothardness

VASCO-X2 steel inner races; and improved methods of analysis of complex beat ing structures can be combined

to pLovide an advanced-concept drive -system with significant advantages to the operator. The advantages will

reult in lightei weight, less complexity and cost, fewer components and laying surfaces, and potentially longer

component lite for an advanced drive system gearbox.

[o illustrate the application of the advanced-component technology developed during this program, a design

Study was conducted bh Boeing Vertol using the CH-47 helicopter engine transmission as a baseline specimen.

The transmission was redesigned to incorporate the ribbed-cup tapered-roller beatings, magnetic seal, high-hot-

hardness carburi/ing 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 hearings support the input pinion and output gear, three of which operate with integral inncr races, and

that these replace six 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 ,issembl, and reduce, fabrication costs. The calculated hearing fatigue life is increased and the spring

rates of tile tapeied-roller bearings are also increased compared to conventional, which should decrease gear

deflections under load.

rhe Sun of the i mproerneilts of the advanced-conjcept transmission is shown in Table 28. This tible compares

the salient features of i current design and tile same design incorporating the advanced-technology components

I telns f wOfeight, parts count, and design life. The only feature included in this summar,,x which is not

discussed in this repor t is the weight rcduction due to an advanced-composite housing. The evaluation of the

C irpoI ( hotl rLg \mill he discu scd iTT I tlos -oli io rll. The ledr l ei hl l t co tlitrilliallon of thre Corrip N1C

housing was 5 pound,. One 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 improvemenls shown in Table 28 neet ol

exceed all of the design goals initially established tor this progi am.

Based on this comparison, it is apparent that tile design goals established for each component and I,." a total

ttansmission design can be achieved through the use of the component technology developed during this

prgtrnam. No significant problems were esperienced during this program which could allect the direct use of

these components in an advanced-concept transmission which would enter the design phase in the 1980's.

TABLE 28. ADVANTAGES OF ADVANCED COMPONENT ASSEMBLY

Ba,,eline Advanced Improkement ()

W eig htI ( I b) 125 I00.S 20

Main Beatings 0 4 .33

%Ul> ( olllp~ne
t-

s 28 I ( 28

1 .A Ing SLTu I.Ke s] )9

B-10) Lite (fit) ;) 2 ],600)l + 05

Oil Ilh kV (l.'min) 22. IS.( 20



ADVANCED-DESIGN
COMPOSITE HOUSING TAPERED ROLLER

MAGNETIC SEAL

ADVANCED

BASELINE

Fi-tirc 95. The Ad aiiced Clearbo\ Assemibly Is Lighter. M-ore Relialc. atd Quieter.



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. It is recommended that the component
technologv 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 of the existing system versus the system modified with advanced-tcchnolog

components. resting would initially be conducted in a test rig which would eventually lead to a flight-test
program. This t pe of program would provide additional confidence and veriication of the advanced concept

before its incot poration into a future advanced-concept helicopter drive system.

In addition, the oil-off 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 piovide information concerning areas of additional testing and design modifications which could result in
obtaining this goal. Therefore it is recommended that additional work be conducted on advanced material

development for the cage and cup rib and modifications to the hearing geometry and cage design in order to
e\tend or achieve the 30-minute oil-off requirement. The final evaluation of the optimum design should be

performed in an environment and mounting arrangement similar to those of an actual helicopter transmission.

the marked advantages that can accrue from component 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 1 980's. Results to date indicate that the continuation of these component

deselopments will provide significant and fruitful results.
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APPLNDIX A

REFELRENCE ITEST DATA FOR AN
MRC 207S BEARING IN A MODEL

A l1EST MACHINE

Ir11 test da1ta an1d WeibUll plots Presented in Appendix A were obtained by MRC on a previous test program

usingl the Model A test machines. ib is ref erence test data tor an M RC 207 S hal I bearing fabricated from
52 100 steel can be used to compare the results oI the SLIVC bear ings. The slave hearings used in this programn

ssere obtained r1om the original three lots of beanrings and were tested unrder the samne conditlions except for

lubricant 1rid operating temnperatures.
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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 hearings

after completion of test.
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TABLE B-i. TEST NO. 141.1-U - BUILDUP SHEET,

SETUP NO. 1

_____ ___DRIVEE Ml OPPfZT6 DZIXVE END --
SUaFT SEtRAL 'N0. -t

ME R SI AL NO 0~-~ ~ -_-

CUP SERIAL 11O. ;70- 75
'OLLEX1SIZE__ - - 7 -

c-up 0.;).__ _ _ - 8 T- _ _ _

.1 'ous IK ar? t3 __ _

I -- - -- p- -FIT

- - LRGE END TUMLL END "V=L~ -2D I SLL- END
CUP 2ILOT I.D. 23771 S.1f 61 -

CAG 0D*. D.~G 2705- - - -r

D)UE TO ROT7ATION

_-!)U- TO FT - _ Q') _

3Z VILLZ LOADLr. Snilos USE:) SE '40 N. _____

sPRING DE7L2CTION _______

?IULOAD ________:UD

SLAVE EAZL:CS-

-_IV END CM1T"Eft __ OPPOSIT DRIJ7 :!M
CMNE S=U.A.L NO. DRV -2Y

iOLZRSZ --= 7 _

SWIT 0. D. __ - _-

C CNE 1. D. ~~~jo ~_
CCE ~SHAT IT_- ~ -JS ~

CiIOU SE4 ?.I. - --- _--- _ _-_

MAGNETIC SEAL '40. 11AGNET RI SEAL CASE/CARBON INSLf-

WEIH1T Fs, f7 4rJ
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TABLF ti-2. ADVAN(.'I-'!'IANSM l S ON C,)MINF.kNTS Ix ',TIATN
BFAR1NC" : !1.'i ' : : 'I'

SPRING PRELJAi 2115 LB1

SHAFT FLOW DISTRIBUTION TEST 4.00 SLAVE 4

FLSATING CUP DIAETRICAL rIT .0035 L83SE

SLAVE BEARING SETTING .0017

-....TEPFRATURES )----- --- GIL FLOWS ------ HEAT--

OIL CUP OD OIL OUT JD PT/NIN 8TU/MIN

RPM LOAD IN DE ODE DE ODE SEAL SLV ID SHrT ERG OIL

1000 2000 145 144 144 143 145 166 1.2 3.1 16.0 44 -11

1000 5200 144 145 145 145 145 165 8.2 3.7 16.0 s0 14

1000 7800 143 145 144 144 144 167 8.3 4.0 16.0 55 14

1000 10400 143 147 144 146 145 170 1.3 4.3 16.0 56 34

1000 11650 143 146 143 144 144 167 a.) 4.4 15.9 58 14

3700 2000 190 206 198 203 202 230 8.4 5.8 36.8 246 194

3700 5200 192 211 202 209 205 237 8.0 5.9 16.0 260 220

3700 7750 191 208 200 210 205 232 8.3 .6.K 16.0 274 248

3700 10400 190 210 199 210 202 236 8.3 6.8 16.0 288 237

3700 11700 191 212 200 211 204 233 5.3 6.7 16.0 28S 246

5550 2000 191 220 210 221 215 229 8.5 5.4 16.2 453 403

5550 5200 191 224 210 226 214 230 8.1 6.0 16.1 481 425

5550 7810 391 226 210 230 214 231 8.2 6.5 36.1 499 458

5550 10400 188 226 207 229 211 229 8.3 6.8 16.0 521 470

5550 11700 190 227 201 231 213 232 8.1 6.7 36.0 519 469

7400 2000 191 235 220 237 225 230 8.0 5.0 36.0 710 574

7400 5200 193 241 221 244 227 236 8.0 5.8 16.0 728 620

7400 7900 192 243 221 246 226 237 8.0 6.2 16.0 759 645

7400 10400 193 246 220 249 225 241 5.0 6.7 16.0 776 647

7400 11700 192 246 219 248 224 240 8.0 6.7 16.0 717 647
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CUP 78 21 VIE\NE[) FROM SMALL END

CUiP 78-21 VIEWED FROM LARGE END

Ii~ire HI. (ip. Rollers. and (age Used at Drive idl of Shaft -S-S in l est 'seltip No I
Sheet 1 of 2).
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ROLLERS

CAGE 78-24

Figure B 1. Cup, Rollers. and (age Used at Drive End of Shaft 78-8 in Test Setup No. I
(Sheet 2 of 2).
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CUP 78-1 VIEWED FROM SMALL END

CUP 78-1 VIEWED FROM LARGE END

Figtit 13 2. 0up. Rollers-, mid Cage Used Opposite D~rive hnd oll'Shaflt 78-8 in Test Sotup
No. I (Sheet I of 2).
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TABLE B-3. '11<5 No. 141 .1I -LU - Bi10)1 1' l ~I'i1

S1F1U1P No. 2

TEST 3EARflGS

-- ______ - - -DRIVE END OPPOSITE DRIVE -END_-

S4HAfl SERIAL NO 10.~
CAI# S§ERIALNO r. -

7_
CUP SERIAL NO.

FYIi~b SIZ ---- 2~

CUPM O.D. f ''

____ __LAPWE EMD W-1-1- END LaRGE LN'kD SMALL_ N
CU~P PIL0_T ID. - 477_36'/ ~ .7~-
Cid O. D. j/ 2-.2 4 6/

DUS TO RCOhTION ~ e~

DUE TO FIT--
wUNN]Cui/CAECLZ'X..- -I .077 -~o7 '67- .!2 c

BELL3VILLE TAUI MG SPRICS USED - SET NO. -

SPRfIX DEFLECTION _______

PRELOAD _________POUNDS

SLAVE aE.AR*GS-

C L ~DRIVE EN'D CENTIER - -OPPOSITE DRIVE SIM CE1TE1a 1

CUjP SZRLI.L NO.

COK4E I.13. -4_;;I7
r_ ITI q -7 -

CtUP O.D. 2& &L.-

CHOUSING _ -,

ILDnc AD US' .MT AIM A - ' CTUAL c02 3

MAGNETIC SEAL NO. ____MA;N' T ~~; ufA \/A~ J

W I ;If,:,
ell1 --

w I r~l 3m&

.00-'/ ~S oO >

C. CA-~ eSv 47 Y~* -%./



TABLE B-4. ADVANCED-TRANSMISS ION COMPONENTS INVESTIGATION,
BEARING/SHAFT SET 2

SPRING PREIOAD 2115 LBF

SHAFT FLOW DISTRIBUTION TEST 6.00 SLAVE 5

FLOATING CUP DIAMETRICAL FIT .0031 LOISE

SLAVE BEARING SETTING .0023

----- TEMPERATURES CF)----- -- IL rLWS--- --- HEAT--
IlL CUP OD OIL OUT OD PT/MIN *TU/MIN

RPM LOAD IN DE ODE DE ODE SEAL SLV OD SHFT SRI OIL

3700 5200 169 197 197 203 200 227 12.0 0.0 32.0 281 277

3700 7800 191 201 199 205 201 231 120 0-0 32.0 295 266

3700 10400 189 200 198 205 200 229 12.0 0.0 32.0 307 299

3700 11700 289 201 298 207 201 229 12.0 0.0 32.0 306 333

5550 5200 137 207 204 212 208 215 12.0 0.0 32.0 547 511

5550 7800 187 209 205 213 209 216 12.0 0-0 32.0 572 534

5550 10410 187 220 207 215 210 215 12.0 0.0 32.0 585 567

5550 11700 190 214 207 218 211 231 12.0 0.0 32.0 581 545

7400 5200 192 222 220 227 225 221 120 0.0 32.0 834 759

7400 7600 166 220 215 224 222 220 12.0 0.0 32.0 891 326

7400 10400 237 222 217 227 223 221 12.0 0-0 32.0 905 849

7400 11700 189 223 216 229 223 221 12.0 0.0 32.0 906 827

9600 5200 187 233 229 239 237 225 12.0 0.0 32.0 1263 1144

9600 7600 187 234 229 240 237 225 12.0 0.0 32.0 1312 1155

9600 10400 190 240 231 245 240 230 12.0 0.0 32.0 1315 1179

9600 11700 191 242 232 247 240 231 12o0 0.0 32.0 1316 1179

11600 5200 191 251 249 259 257 229 12.0 0.0'32.0 1691 1522

t1600 7100 191 25S 246 261 256 231 12-0 0.0 32.0 1738 1523
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TABLE B-5. ADVANCED-TRANSMISSION COMPONENTS INVESTIGATION,
BEARING/SHAFT SET 21

SPRING PRELOAD 2115 LBF

SHAFT FLOW DISTRIBUTION TEST 4.00 SLAVE 4

FLOATING CUP DIANETI1CAL FIT .0031 LOOSE

SLAVE BEARING SETTING .0023

TEMPERATURES (F) ------- IL FLOWS ------ HEAT--
IlL CUP OD OIL OUT 60 PT/MIN BTU/MIN

RPM LOAD IN DE ODE DE ODE SEAL SLU 9O SHUT BRO OIL

1000 2000 158 159 155 159 157 t74 6.0 3.1 16.0 38 -2

3700 5200 191 207 199 213 205 222 6.0 5.5 16.0 255 257

3550 7800 192 226 206 233 216 226 6.0 6.0 16.0 491 469

5550 10410 191 227 207 233 213 229 6.0 6.4 16.0 512 46!

7400 11700 190 246 235 252 225 237 8.0 6.4 16.0 773 705

3700 5205 191 205 203 211 209 225 8.0 0.0 16.0 259 230

3100 7800 187 205 200 209 205 225 8.0 0.0 16.0 281 242

3700 t0400 189 207 201 213 209 225 8.0 0.0 16.0 283 267

3700 1700 £90 209 201 214 e09 227 8.0 0.0 16.0 255 26

5150 5200 16 221 215 226 220 223 8.0 0.0 16.0 489 426

5550 ?SO0 191 225 218 230 222 226 8.0 0.0 16.0 504 426

5so 10400 192 227 219 233 225 226 5.0 0.0 16.0 511 45!

5550 11700 190 229 219 234 225 229 5.0 0.0 16.0 514 482

7400 5200 157 239 23t 243 237 232 3.0 0.0 16.0 743 649

7400 7800 192 246 236 251 24t 233 8.0 0.0 16.0 752 662

7400 10400 193 246 237 252 242 239 5.0 0.0 16.0 770 662

7400 117OO 190 247 233 251 240 239 5.0 0-0 16.0 762 680
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ROLLFRS

CAGE 78-36

Figure B 9. Cup, Roller%. and ('age Used it )rive Enld of Shalft 78-I in Test Setup
No. 2 (Sheet 2 of 2).
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Figure 13 10. Cup. Rollers, and Cage Used Opposite D~rive hid ot Shaft 78-1 ill 1Test
Setuip No. 2 (Sheet I ot, 2)
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[igirc B I 2.Ic'ilt-s ol' re~t Senip No. 2 WVith All ightl Bolls Breakiii anld
Bemiiii IBackiii" Otf 0. 1 2i Inch.
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Fioure I 3.EiJ Cap for Oppositc-Drive Lid SIav earing Found Af ter 7. 5 Hours of'
Test Setup No. 2; Bolt Believed to Havse Broken Aftekr 3.7i tlours of Test



TEST 3EAR114GS

---DRIVE EN7D [OPPOSITE DRIVE END
~SHAT_ -ELL 'T 7S-26

CAGE Si lAt No o~ 3 J
CUP SERLI\L No. -/-
ROLLER SIZE

OUS L;G I.D. 7 ''-
CUP/IIOUSING FIT ~

LARGE EID S'IALL END LARGE CND SM-ALL END

-CUP PILOT I.D.- 3,Z q,~ 47 6.4
CAGE O.D. -:4:3 V-

CUP/CA.GE CLEW=E)'S3.z- ~ 's

R-ADLL CAEr- ~ HA --
DUE TO ROTATION

DL7 TO PIT--
RU~NIM4 CUP/C.%vECLZARAJCL k

KLLE7VILLE LOADING SPINGS USED -SET '40.
MM.: iLEIGHT 7_____

SPRING DEFLECTION Ne/pA-95 O

PRELOAD ________a POUNDS
~-- z-p AAl -0. F

SLAVE B&-%RLGS-

CM ZRL 10DRIVE END CLNTr;R OPPOSITE DRIE Z'D.CZTER

CUP SZRIAI. NO. -- _

ROLLER SIZE
muro. D. '--

COM 1. D. '

-CONE/SHAFT FIT - - . -

-CUP 0.0D.-_

CUP/HOUSLNG FIT
CAGE SHAM~ ~ c .4~'-- ~L7~* 0 -

aum wjsr.rr Aim - ___ ~- Acmiu 7- S ~ T~~.' -

41~ 7 33 : '7-

27 -'- - -



TABLE. B-7. ADVANCED-TRANSMTSSL()N C(MI'. \<N'j'; INVESTIGATION,

BEARING,/S1IAFT SET 3

SPRING PRELOAD 2140 LBE

SHAFT FLOW DISTRIBUTION TEST 2.00 SLAVE 8

FLOATING CUP DIAMETRICAL FIT .0035 LOOSE

SLAVE BEARING SETTING 0.0000

--- TEMPERATURES (F) -------- IL FLOWS ------ HEAT--
OIL CUP, 0D OIL GUT 0D PT/NIN BTU/MIN

RPM LOAD IN DE ODE DE ODE SEAL SLV OD SHFT OR$ OIL

3700 5200 117 207 193 207 197 211 6.0 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 5.0 6.9 20.0 299 254

3700 11710 186 209 192 208 195 216 8.0 7.0 20.0 304 251

5550 5200 191 227 204 221 209 223 8.0 6.1 20.0 509 496

5550 7810 191 230 205 225 209 225 8.0 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 7.1 20.0 544 465

7400 5200 189 243 214 232 220 235 8.0 5.8 20.0 792 617

7400 7500 185 245 210 232 219 236 8-0 6.2 20.0 529 683

7400 10400 187 247 210 234 218 237 8.0 6.6 20.0 852 658

7400 11700 186 249 211 235 219 237 8-0 6.7 20.0 852 696

3700 5205 188 207 201 207 201 0 8-0 0.0 20-0 273 226

3700 7810 188 209 201 209 201 0 8.0 0.0 20-0 287 240

3700 10410 191 210 204 211 204 0 8.0 0.0 20.0 293 233

3700 11710 189 211 204 211 203 0 8.0 0.0 20.0 297 254

5550 5205 190 227 219 222 216 0 8.0 0.0 20.0 505 411

5550 7810 187 229 217 222 214 0 8.0 0.0 20-0 539 440

5550 10410 18S 232 220 226 217 0 8.0 0.0 20.0 544 461

5550 11710 187 230 217 225 215 0 8.0 0.0 20.0 554 468

7400 5205 190 246 236 234 231 0 5.0 0.0 20.0 791 605

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

7400 10410 190 251 235 239 234 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



TABLE B-8. TEST NO. 141.1-U -BUILDUP SHEET,

SETUP NO. 3A

TEST-BEA~ncs

~ ~.DRIVE END OPPOSITEDRIVE END

CU SERIALNO __ _ _ _ _ - -- ' _ -_ _ _ _ _

t-- d.-D. _ __ _ _ _ _ _- _ _

HOUSIG 1. D. ______ ____

- FIT ________ IT

_____ _________ LARGE ENDM ShALL END_ LARGE M6D_ SNaLL END
CUP PILO 1. D.-
CUME 0.D. -----

*RUI"iid C5GE GRONT9H -2
DUE TO RarATION

DUE TO FIT--
2UNNmIG CUP/CAG cxjaiiw:7~zL 7 V
~3ELZZILLE LOADIN SPRInGS USED - SET NO.

FRIE1EIGHT .4o7__
SPRING DEFLECTION -

PRELOAD 2/10 PcihrDs

SLAVE BEARINGS_

-DRIVE -END CElTrr OPPOIT DRIVE E!!DCMER

_qM * NO.__~----- -

C 1. .D.--
__d~ __n FIT 0o-

HOUSING 1. D. _ _ -_____ -- -- -

CUP/HOUSING FIT_- - --

nAfIAD USTfLWTr Aim _____ ACTUAL r.)
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'IABIE 13-9. ADVANCED-TRANSMISSION COMPONENTS INVESTI(IATION,
BEARING/SHAFT SET 31

SPRING PRELOAD 2130 LBF

SHAFT FLJ DISTRIBUTION TEST 2.00 SLAVE 9

FLOATING CUP DIAMETRICAL FIT .0007 L03SE

SLAVE BEARING SETTING 0.0000

----- TEMPERATURES (F) -------- IL FL3WS ------ HEAT--
OIL CUP 3D JIL JUT OD PT/MIN BTU/MIN

RPM LOAD IN DE ODE DE ODE SEAL SLV JD SHFT BRG OIL

3700 5200 t 209 203 207 202 234 8-0 .00 20.0 212 219

3700 7810 190 213 203 21r 203 237 8.0 0.0 20.0 283 240

3700 10410 188 212 200 210 201 237 8.0 0.0 20.0 296 247

3700 11710 190 215 201 211 203 237 8.0 0-0 20.0 297 240

5550 5205 189 233 220 222 216 240 8.0 0.0 20.0 508 426

5550 7810 190 234 221 225 218 241 8.0 0-0 20.0 526 447

5550 10410 191 236 221 227 216 242 8.0 0.0 20.0 540 447

5550 11710 191 238 221 228 219 242 8.0 0.0 20.0 541 462

7400 520Z 191 253 242 235 235 249 8.0 0.0 20.0 779 627

7400 7510 191 254 242 239 237 249 8.0 0-0 20.0 802 671

7400 10410 189 255 240 240 236 249 8.0 0.0 20.0 926 699

7400 11710 191 257 243 241 237 250 8.0 0.0 20.0 828 685

3700 5205 189 210 204 207 202 236 8.0 0.0 20.0 272 219

3700 7500 190 214 205 210 205 239 6.0 0.0 20.0 282 247

3700 10410 189 216 205 212 204 239 8.0 0.0 20.0 291 269

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 20-0 500 447

5550 7810 390 234 222 226 218 243 8.0 0.0 20.0 524 454

5550 10410 190 237 221 227 21V 244 8.0 0.0 20.0 538 469

5550 11710 190 237 220 227 238 243 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 7610 190 254 241 239 235 250 8.0 0.0 20.0 806 670

7400 10410 190 253 238 239 235 248 8.0 0.0 20.0 931 670

7400 11710 191 256 239 241 237 251 8.0 0.0 20.0 828 695

I I I ,,=, ,,*,



CUP781 IEWD RO SMLLEN

CUP 78-11 VIEWED FROM LARGE END
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CUP 78-14 VIEWED FROM SMALL END

CUP 78-14 VIEWED FROM LARGE END

Figure B - 1 5. Cup. Rollers, and Cage Used Opposite Drive Enld of Shaft 78-3 in Test
Setup No. 3 (Sheet I of 2).
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IAI . 'I ' V 14 1.1 -V t RI I T 1)

TEST-flEARLNCS

- - DRIVE EMD OPPOSITE DRIV END --

SHAFT SERIAL N;O. 2J4 7s-

CUP SERIAL NO.-
ROLLEIR SIZE
Cup 0. b.
11OUSLING I. D. .----

LAURGE --'D SNIALL EN::D LARGE --- fM S.A.LL END
CUP' PILOT I.0. V
CAGE 0.1). - ~

UAILiL CAE GRJTi1
DaZ TO ROTATION

DU TOFIT -

3TLEZVILIL LO DINC SFDIN:GS USED -SET NO. 2

SPRING DEFLFCTIL"_________

?RELOA.D ; PU

sLAIVE M%-1l C:S_

D R I VE D CZtNT'R OPPOSITE DRIV- ZM CE.ITR
CCESRIAL 'O.
CUP SERIAL. O0.
lRoLLER SI=
swLo . D.-

c0N.-/sitAyr -:IT -I

CUP 0.0.

CUP1IIOUSING ?IT .2

CASEz SNLZ

.TlRI; AJS7T7,r AEi '§? __ CTIU j

4IC Ii7.qy 7,.f

*27q,. -- ' .20i '~CqA~d



TABLE B-l1. ADVANCED-TRANSMISSION COMPONENTS INVESTIGATION,
BEARING/SHAFT SET 4

SPRING PRELOAD 2115 LBF

SHAPT FLOW DISTRI&UTION TEST 1.00 SLAVE 8

FLOATING CUP DIAMETRICAL FIT .0009 LOOSE

SLAVE SEARIN6 SETTING 0.0000

----- TEMPERATURES (F) ------- lL FLOWS ------ HEAT--
OIL CUP aD OIL 2UT OD PT/MIN BTU/MIN

RPM LOAD IN DE ODE DE ODE SEAL SLV OD SHFT MRG JIL

3700 5205 189 219 213 209 202 247 8.0 0.0 18.0 270 216

3700 7810 t97 221 210 206 201 249 8.0 0.0 15.0 289 229

3700 10410 189 225 210 211 203 252 8.0 0.0 18.0 294 236

3700 11710 189 226 209 212 204 253 8.0 0.0 16.0 295 249

5550 5205 187 240 233 221 217 251 8.0 0.0 18.0 510 422

5550 7810 190 244 234 227 220 253 6.0 0.0 18.0 520 442

5550 10410 185 245. 232 226 219 253 8.0 0.0 18.0 541 455

5550 11710 159 247 231 228 219 255 8-0 0-0 18.0 541 455

7400 5205 191 265 256 238 239 268 3.0 0.0 18.0 764 629

7400 7810 190 268 259 240 240 268 8.0 0.0 18.0 794 663

7400 10410 189 269 257 241 240 268 6.0 0.0 18-0 815 683

7400 11710 169 271 256 241 240 269 8.0 0.0 18.0 822 683
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TABLE B-12. ADVANCED-TRANSMISSION COMPONENTS INVESTIGATION,

BEARING/SHAFT SET 41

SPRING PRELOAD 2115 LBF

SHAFT FLOW DISTRIBUTIGN TEST .50 SLAVE U

FLIATING CUP DIAMETRICAL PIT .0008 LOOSE

SLAVE BEARING SETTING 00000

--- TEMPERATURES (f) ------- OIL FLOWS ------ HEAT--
OIL CUP ID OIL OUT ID PT/MIN BTU/MIN

RPM LOAD IN BE ODE DE IDE SEAL SLV OD SHFT DRG IL

3700 5205 191 219 220 210 205 241 1-0 0.0 17.0 266 208

3700 7810 190 220 219 210 204 243 6.0 0.0 17.0 283 214

3700 10410 190 222 217 212 203 244 3.0 0.0 17.0 292 221

3700 11710 189 223 216 212'203 243 8-0 0.0 17.0 295 234

5550 5205 190 248 244 226 222 265 8.0 0.0 17.0 493 431

5550 7810 . 189 251 254 221 222 267 8.0 0.0 17.0 515 457

5550 10410 189 248 240 227 220 264 1.0 0.0 17.0 537 438

5550 11710 19q 251 240 231 221 269 1.0 0.0 17.0 532 457

7400 5205 190 270 264 237 241 266 !.0 0.0 17.0 762 624

7400 7310 191 273 264 240 243 285 8.0 0.0 17.0 787 644

7400 10410 191 276 265 242 244 291 3.0 0.0 17.0 804 663

7400 11710 190 275 265 241 242 290 6.0 0.0 17.0 611 657

I
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CUP 79 1 VIEWEV[D 1130M SMAL L END

CUP /91 I iVVI 1)1 f RM I ARGE LND

Figure B - 17. Cup. Rollers and Cage Used a( IDrive End of Shaft 78-5 in Test Setup No. 4
(Sheet I of 2).
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ROLLERS

CAGE 78-17

Figure B -17. Cup, Roller%. and Cage Used at D~rive End of Shaft 78-5 in Test Setup No. 4
(Sheet 2 of 2.
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CUP 78-5 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 TestJ
Setup No. 4 1Sheet I of 2).
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ROLLERS

CAGE 78-21

Figure B3- 18. Cup, Rollers, and Cage Used Opposite Drive End of Shaft 78-5 in Test
Setup No. 4 (Sheet 2 of 2).
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TABLE B-13. TEST NO. 141.1-U - BUILDUP SHEET,

SETUP NO. 5

DI MID Opos'm DIm END
SNAT SERIAL NO. s__--/ 71-Y
C= SERIAL NO. t71, __ 7,______ _ ____

CUP sW. NO. 79- St 7
ROLLER, sml 7_________ _ 4A
CU O.D.."._ T _ _ ) 0_ _ _.
How= I.D. 4,_c_ q ' -*r _ . ,.
cuIllOuIG PrU "_- _-

____________pm LABLZ EN maLLE LARE _END SNALL END
CUP Pum0 I D. _Y,4677
CM 0.. __ __.__ _ 7i S _ 3t I I c

a .aop

RADIAL CUMK GlII
DUZ TO ROATIO"
( £l?PH) 7 .oc2/ .000 7' c/' Q;Q._7 9

DETO FIT it~" r_ _

IMqDIG CUP/rA CLEZA I ____=_-_ ,____

BELEVILE LOW=ZN SPRDI=G US'ED -SET NO. ,,

PRELOAD p~s-"J

SLAVE BZAR- TGS_

_______________ DIV m ENT ER WPM=!T DRIVE M~ C-rEI___S__._O./ ,./A_ _No.

SHE T O.D. -_ _ ._ ____" ______ __. __ ..'__. __

0m .D. __._"_ ___ __ ' _____

MANTX EA O. 5MAGNET RI!IG SEALL CASE/CARBON I, SLRT

CUPETZ SE AL NO. 5 /- '/ ., .;

q9 975 

-

______ 1.J D.

CUPITH-u-SE-W-FIT A
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TABLE B-14. ADVANCED-TRANSMISSION COMPONENTS INVESTIGATION,
BEARING/SHAFT SET 5

SPRING PRI[..AD 2130 LOP'

SHAFT LW DISTRIBUTION TEST 8.00 SLAVE 3

LGIATING CUP DIAMETRICAL FIT .0006 LOOSE

SLAVE BEARING SETTING 0.0000

-~TEMPERATURES (F) -------- L FLOWS ------ HEAT--
GIL CUP OD GIL OUT JD PT/MIN BTU/MIN

RPM LIAD IN DE ODE DE ODE SEAL SLV ID SHFT ORG IlL

3700 5205 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 32.0 293 272 H

3700 10410 189 209 198 209 200 225 8.0 0.0 32.0 301 313

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 190 220 209 219 210 228 8.0 0-0 32.0 557 496

5550 10410 188 221 208 220 209 228 8.0 0.0 32.0 575 536

5550 11710 189 223 209 221 210 228 8.0 0.0 32.0 576 537

7400 5205 191 231 220 230 223 233 8-0 0.0 32.0 829 721

7400 7810 189 231 219 229 222 231 8.0 0.0 32.0 874 741

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

I
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TABLE B-15. ADVANCED-TRANSMISSION COMPONENTS INVESTIGATION,
BEARING/SHAFT SET 51

SPRING PRELOAD 2130 LDF

SHAFT FLOW DISTRIBUTION TEST 8.00 SLAVE 8

FLOATING CUP DIAMETRICAL FIT .0006 LOOSE

SLAVE BEARING SETTING -.0004

--- TEMPERATURES (F) ----- --OIL FLOWS--- -- HEAT--
OIL CUP JD OIL OUT aD PT/MIN BTU/MIN

RPM LOAD IN DE ODE DE ODE SEAL SLV 9D SHFT BRG JIL

9600 5205 189 241 232 241 238 245 8.0 0.0 32.0 1249 1030

9600 7310 191 245 232 245 23? 249 8.0 0.0 32.0 1281 1041

9600 10410 190 245 231 245 238 248 8.0 0.0 32.0 2319 1051

9600 11710 189 245 234 245 239 246 8.0 0.0 32.0 2325 1082

11800 5205 157 255 247 257 255 245 8.0 0.0 32.0 1700 2415

11800 7810 190 259 248 260 256 235 8.0 0.0 32.0 173A 1394

11800 10410 191 261 250 263 257 237 8.0 0.0 32.0 1755 1416

11800 11710 191 260 249 262 256 239 8.0 0.0 32.0 2775 1395

14000 5205 159 272 273 271 271 238 8.0 0.0 32.0 2203 1751

14000 7810 188 273 273 278 270 242 5.0 0.0 32.0 2229 2772

14000 10410 190 273 262 281 272 240 5.0 0.0 32.0 2239 1783

14000 11710 190 274 262 293 272 241 8-0 0.0 32.0 2238 1804
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CUP 79-5 VIEWED FROM SMALL ENDr

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. S (Sheet I of 2).
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I~.lr.B 20. C up. Rollers. arnd ( ajg \'d~ ajt I )r-i~ I-I IL of Sinjf 7S -4 in It-A Set tip
No. 5 (Slictei 2 ol 2).



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 I of 2).
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ROLLERS

CAGE 78-25

Figure B-21. Cup, Rollers, and Cage Used Opposite Drive End of Shaft 78-4 in Test
Setup No. 5 (Sheet 2 of 2).
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TABLE B-16. 'TEST NO. 141.1-U -BUILDUP SHIEET,

SETUP NO. 6

SUM O.D.A NO._ 79- '.' * 5 7% ~ 0

RAQIA SERIA NO.75-2 7 -2

CU IL NO.DI sn U79-S! o - 77 -
ROLM SNZI 7 7 7/

SCUP D.UIBCI 071

NI=J si. D.

LAMl O.D.Y--ZD L ~w s "n
CU PI.D . D.qN ,44

CU? 0.. Y-- 7
CDP/DAG LEARNC 0 Nc '
RADI CGE FUWT

Dm TOlauNo

C( SMocfl am 0/__A:_79 ____________ Lx:__75

AE ADJWDU Am_ __ ACTUA __

MGNETIC SEA Z NO. AN /___Y MANE _IG SAjAE/ABNIS
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TABLE B-17. ADVANCED-TRANSMISSION COMPONENTS INVESTIGATION,
BEARING/SHAFT SET 6

SHArT FLOW DISTRIBUTION TEST 8.00 SLAVE 0

FLOATING CUP DIAMETRICAL FIT .0002 LOOSE

--- TEMPERATURES (r) -------- IL FLOWS ------- HEAT--
SPRING OIL CUP 0D OIL OUT 3D PT/KIN BTU/IIN

RPM LOAD IN DE ODE DE aDE SEAL SLV 0D SHFT BRG OIL

3700 2964 184 196 196 196 196 220 16.0 84 97

5550 2964 159 211 211 211 211 237 16.0 145 175

7400 2964 189 221 221 221 223 227 16.0 216 268

9600 2964 191 240 238 238 240 238 16.0 300 391

11800 2964 157 250 250 250 252 232 16.0 404 524

14000 2964 187 261 261 263 266 234 16.0 505 637

3700 6415 190 207 203 201 205 235 16.0 100 97

5550 6418 190 221 213 215 214 233 16.0 177 198

7400 6418 190 233 224 228 223 237 16.0 263 288

9600 6418 190 250 240 244 239 247 16.0 367 420

11900 6418 190 263 251 258 253 240 16.0 486 537

14000 6418 188 280 266 274 269 243 16-0 598 688

208
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'ABI.B B-i 8. AlVANC'tI-lPA ?NVM , I, ;s ITN ('OMHI (Nl"N''. I N\'I:"'I('AIN I'

SHAFT FL3W DISTRIBUTION TEST 4.00 SLAVE 0

FLOATING CUP DIAMETRICAL FIT .0002 LSJSE

--- TEMPERATURES () ------ -- OIL FL3WS ------ HEAT--

SPRING OIL CUP D OIL JUT OD PT/MIN BTU/MIN

RPM LOAD IN DE ODE DE ODE SEAL SLV 3D SHFT ERG OIL

3700 2964 185 205 201 2Cl 201 228 8.0 79 64

5550 2964 188 226 221 221 222 231 8.0 132 136

7400 2964 187 243 236 236 238 241 8.0 192 204

9600 2964 189 267 258 258 259 255 8.0 264 285

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 79

5550 6418 189 234 225 228 226 245 8.0 160 154

7400 6418 189 250 242 245 243 254 8.0 230 225

9600 6418 189 275 265 266 265 265 8.0 317 314

11800 6418 190 294 285 285 284 258 8.0 409 390

14000 6418 191 319 307 307 305 262 8.0 496 478
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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 rIT .0002 LOOSE

TEMPERATURES CF) ----- --OIL FLOWS ------- HEAT--
SPRING IL CUP 80 OIL OUT 0D PT/MIN BTU/I'IN

RPM LOAD IN DE ODE DE ODE SEAL SLV OD SHFT BRG JIL

3700 2964 173 218 227 207 212 235 2.0 73 32

5550 2964 179 255 263 226 245 258 2.0 119 5

7400 2964 180 290 299 255 276 29! 2.0 160 19

9600 2964 188 322 339 288 317 301 2.0 211 119

11800 2964 192 367 385 331 365 323 2.0 249 164

3700 6415 174 223 231 211 217 239 2.0 59 41

5505 6418 185 269 271 245 257 276 2.0 134 68

7400 6415 186 297 308 263 285 283 2.0 193 91

9600 6415 137 337 356 302 333 305 2.0 246 136

11300 6415 189 368 386 333 367 313 2.0 307 169

21
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CUP ~ ~ ~ ~ c 798VIWDFlMSALlN

CUP 798 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 I of 2).
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ROLLERS

CAGE 78-27

Figure B 23. Cup. Rollers., mid Cage Used at D~rive I' End of Shafrts 78-7 ill Test Setuip 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 Lnd of Shaft 78-7 in Test
Setup No. 6 ( Sheet I of 2).
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RO L3CL R S

CAGE /8 28

Figure B 24. Cup. Rollers and Cage Used Opposite Drive End of'Shaft 7N-7 ill Test
Setup No. 6 ( Sheet 2 of 2).



DRIVE END

OPPOSITE. DRIVIF END

F igure 13 25. Sji)i9 t No. 78-7 1 (-,, I 'isd tip 'No. 6.



BOTTOM OF OIL RESERVOIR

4 4h

MAGNETIC STRAINER F ROM OIL RE!,[ HVUIIH

Figure 13 26. ( uiidifiml ot (oin1ponents~ \ter RLuiiiiiiig I VNI SC~IIIIY NO. I I III 0ug 6 Aiud
B~efore titng (tic I50-I tour t nduratnce lcet Sct up No~ S.



TABiALK P-20. TEKST No. I.1. I-I -I Ol

,OPTUP No. 7
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CALI 31=R --y_2 ~
MLARN0. DIW 1 o ~Ec~CUL.-

mEI SE. FE). _____ 7CE IG FA A~/ASNI~R
CM/943' m

CUPG~ O.D;':

COMM= .=

CAM~~~ ~ ~ ~ su 7-vY-re

MAIMADJMMMT DI .noo37';.R~ic.-P~rU



TABLE B-21. ADVANCED-TRANSEMISS ION COMPONENTS INVF.STI(CATION,

BEARING/SHAFT SET 7

SHAFT FLOW DISTRIBUTION TEST 4.00 SLAVE 9

FLOATING CUP DIAMETRICAL FIT .0005 LOOSE

SLAVE BEARING SETTING -.0005

--- TEMPERATURES 0) ------- --OIL FLOSWS ------ HEAT--
OIL CUP OD OIL JUT OD PT/MIN BTU/MIN

RPM LOAD IN DE ODE DE JDE SEAL SLV JD SHFT BRG JIL

3700 5202 231 241 239 241 239 256 15.2 0.0 24.0 218 179

3700 7810 242 253 250 253 249 265 15.4 0.0 24.0 217 180

3700 10410 245 256 252 255 252 266 15.4 0.0 24.0 222 00

3700 11710 242 253 249 253 249 262 15.4 0.0 24.0 227 180

5550 5205 295 308 308 308 307 311 15.6 0.0 24.0 325 252

5550 7810 293 307 305 307 305 309 15.5 0.0 24.0 343 262

5550 10410 299 313 310 313 310 313 15.5 0.0 24.0 347 252

5550 11710 300 315 311 315 311 314 15.5 0.0 24.0 347 262

7400 5205 299 323 322 322 319 321 15.5 0.0 24.0 524 434

7400 7810 298 324 321 321 318 322 15.6 0.0 24.0 550 435

7400 10410 300 324 320 324 320 324 15.7 0.0 24.0 561 447

7400 11710 229 325 320 324 319 303 15.7 0.0 24.0 566 457

9600 5205 298 333 335 331 332 330 15.7 0.0 24.0 822 682

9600 7810 297 331 333 333 333 324 15.7 0.0 24.0 850 733

9600 10410 298 334 334 334 333 326 15.7 0.0 24.0 871 723

9400 11710 298 334 333 335 333 325 15.7 0.0 24.0 875 733

11100 5205 299 347 351, 345 349 326 15.7 0.0 24.0 1165 980

11100 7510 300 349 351 348 350 327 15.7 0.0 24.0 1192 1001

11600 10410 299 351 351 351 351 329 15.7 0.0 24.0 1210 1063

11500 11710 3b0 354 354 352 352 333 15.7 0.0 24.0 1214 1063

14000 5205 302 369 370 366 366 331 15.7 0.0 24.0 1554 1312

14000 7810 300 370 369 368 367 34! 15.7 0.0 24.0 1565 1384

14000 10410 300 371 36 368 366 331 15.7 0.0 24.0 1593 1374

14000 11710 299 373 366 369 376 333 15.7 0.0 24.0 1577 1510
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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 I of 2).
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ROLLERS

CAGE 78-31

Figure BI 27. (up. R Ilr. and (age Used at i)rive hid of Shalt 78-9 in 'I et Selup No. 7
(she'et 2 of 2).
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Figure B 28. Cup, Rollers. and Cage Used Opposite I)rive l'nd of lSlhlf 78 - ) in lest
Setup No. 7 (Shleet I of 2.
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ROLLERS

CAGE 78-32

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

SPRIN6 PRELOAD 2115 LBF

SHAFT FLOW DISTRIBUTION TEST 2.00 SLAVE 4

FLOATING CUP DIAMETRICAL FIT .0005 LOJSE

SLAVE uEARING SETTING -.0005

-TEMPERATURES (F ) -------- IL FLOWS ------ HEAT--
OIL CLUP OD OIL BUT sD PT/MIN BTU/MIN

RPM LOAD IN DE IDE DE 3DE SEAL SLV JD SHFT BRG OIL HOURS

7400 11710 190 270 250 261 245 256 8.0 0.0 12.0 746 645 5

7400 11710 19 267 252 260 241 251 5.0 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 11710 193 271 257 266 245 261 5.0 0.0 12.0 730 656 59

7400 11710 191 270 255 265 247 266 5.0 0.0 12.0 734 666 80

7400 11710 191 270 255 264 247 269 3.0 0.0 12.0 736 661 L9

7400 11710 191 270 255 264 247 267 5.0 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 5.0 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 1010 193 266 251 265 &46 260 5.0 0.0 12.0 735 640 209

7400 11710 137 262 246 261 244 254 8.0 0.0 12.0 745 671 224

7400 11710 139 263 247 262 245 251 8.0 0-0 12.0 744 661 240

7400 11710 192 265.249 264 246 252 S-0 0.0 12.0 738 645 264

7400 11710 191 263 249 263 245 252 80 0.0 12-0 742 645 272

7400 11710 191 264 248 264 245 251 80 0.0 12-0 739 651 296

7400 11710 193 267 250 267 249 259 5.0 0.0 12.0 726 666 308

7400 11710 185 265 247 264 245 257 8.0 0.0 12.0 .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 80 0-0 12.0 739 661 372

7400 11710 191 263.249 264 246 249 3.0 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, Rollem~ and Cage Used at Drive End of Shaft 78-6 in Test Setup No. 8
(Sheet I of 2).
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h tI E HS

CAGE 78-26

Figure It 30. ('tip. Rollerm. and ('age Used at Irive i'd of, Shalt 7S-{- iii Ict'j Sttp No ,
(Shect 2 of 21
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CUP 79-14 VIEWED FROM SMALL END

CUP 79 14 VIEWED FROM LARGE END

Figure BI 31. (Cup. Rotllem and ('age Used Opposite Drive End of Shaft 78-6 in Test Setup
No. 8 (Sheet I of 2).
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ROLLERS

CAGE 78-29

E igure B .11 ('111. Rollem, and Cage U%ed Oppo%ite IDri c id of Shaft -X- iii I I Set up
No. 8 (Sheel 2 of' 2).
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APPENDIX C

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

Appendix C contains the ribbed-cup tapered-roller bearing and magnetic seal 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. 011,-OFF 'is' No. I

go? . LA1.I-V - Wna-iP 3MT

S&TW W. 0

DAM~ MKD OFPPI DRIV ENm
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CMP O.~ D. 9' 2-e> ?K/r .;- 17 7 -7 S/

"DIAL CAM GRO

- 'Z 4 - . 7

MOM&n CM/iCA= CIZhWCEM -0 S/6/

suzmz Lowzm spin= ~ SIT No. 7 16, -7 7

"a mmzml Ao.
cUPOL RIAL 30

ucm SEm .

Uh!O.D.

ciwsvm N,

-ud 1. D.

UA3L1 mDJ *m_____ ACTUAL___

KAWT!C -SEAL- II). MAGNET RIM~ SEL CASE/C"MRON INSE~rT

uNxcR?

IXc,%/4 /,S,. C. .1700 wDIgoipM - ____

~~A.9j9)C Co 2?C/oc 4O
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DRIVE END

OPPOSITE DRIVE END

Figure C 1. Shaft No. 7S-7 From Oil-Oft' lest No. 1



(,'W' /98 \'ILF 1 ) HUM SNAi i fNJ)

JP /9F V II I I ) f 1DM I AI~d t Nt)

Figure C 2. (up. Rollers, and (age Used at l)riv" Hi ]d of' Sharl 78-7 in Oil-OHt Vest
No. I (iShee( I of 2).
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ROLLERS

CAGE 78-27

FiigtireC( 2. C up, Rollers, mid Cauge Used ait D~rive E-nd of'Shialt 78- 7 in OiI-O1 ti est
No. I (Shiet 2 of' 2(.
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r-UP 192VI EWEDFROM SMALL END

( 1 9 2 V t Wj M) RUM I A RU~ f ND

Figure C 3. Cup. RoIlci .and Cage Used Oppu)iic I)rive End of Shatft 7h-7 illi~f T~

No. I iSheect I 'If 21-



ROLLERS

CAGE 78-28

Figure C 3. Cup, Rollers, and Ca.ge Uscd Oppoite D~rive Endl of Shaft 78-7 in Oil-Off Test
No. I (Sheet 2 oft 2).
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TABLE C-3. TEST NO. 2, OIL-OFF SURVIVABILITY

OIL-OFF vll VIV T IT
' v

SPRL,! "7n1 2P"' T 'iRUS 1n
-
I
r  

I)' ) L

TkTT\I, fl"P FT'S )F. .o016 Ow -. 0II1

.....- DE .---------- ODE ...--------- TS -..

SFC PFF .!SC CUP RLR (./S CUP RLR C/S .F 0r3F AXT. LRF

f 7' lql l0S 10
Q ,  

197 QR lQO9 107 .0n/,
°  

.,1001 .01? 320S

71r) i0 U-7 1 I 9S j9._ J.- - 2 .... .Y .. &OI f, 11& 13- 9_

11 70 1I1 107 1 Q 197 l(8 200 IOP. .04 q .0n0l .0127 3206

I6 7,1 I I 2112 237 ?No 14Q (1 01 lqq .no ,*.0 1 .() 13n 320 c

26 70 Iqn 220 741 212 200 203 1q0 .noso .0001 .0141 3215

31 7" 1'q) 2"32 260 72 201 ?09, .200 .139 .,',3q .0140 3210

/2 70 1i ?3 ? ?32 7 ?7 220 2 200 200 .091 .o00n .n15n 3230

147 7:) '1 '31 ? >9 19 ?l ? ,'o n .1 19l .non1 .0140 322)

--- -- 7- __ 
' -Q 3--_1 4A - z.-A 1 - Z-1 -_ 2,01- n!)%- I -S _2114 q--9 21-

97 7) 10n I3 263 21Q 20/, 212 20? .01)s .- ' l . I 5n 32 r)

6" 70 l1 73) 263 210 209 21" 2n2 .1 S9 I .fl 9 3!)20

-- :l- 22 J.J _-°4_ _. _ _2 __%1'- Z.lZ-- &L3 %1 f.2q3Z 4 LS.0 -- 32.2-

73 70 17Q I30 263 219 206 214 f03 .009! .lOl .0)190 3220

7q 70 170 "20 Al, 21 204 2Iq "fli .'1 .0o,' .119n 3220

-21 i1 L19 ] 2I2._ 2a.--.2 L2J L2 - .22 7 a1 .. 2-

08 71 1 73 2"10 263 21q 207 217 204 .0091 . 1 .o 1 1 1221

' 1 7 1 170 30 1 " 210 218 210 7'/. .1'1 .o''? .1 1) 3221

.7 l _L7J _3 - Za- O __' ...2 i1 - 2_I T - -. JJ2S . L)L22 .15 2 3 ZZ.

104 70 170 230 2,2 210 208 220 209 .)9 .. ,11512 1 '1 3221

I00 7Q 70 q 2 26'19 "00 2"! 2' .'')I q'3'12 .!1 3271
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TABLE C-3 - Continued

114 7n 170 20 27! q Q 2?h 72 S1q .00 2 .1122 3221

124 70 179 220 2q 1 218 210 223 2n, .0091 .0002 .0152 322?

120 7n 170 221 261 21l 21R 223 20I .0 n1 .01 )1 . 1 53 322'

-- .15 7 n 179 4 2q 1-- L -- 2L- -g -- 1 --. Ls I- & - "

140 7n 17Q 2?9 21 ?IQ 211 224 206 .0o51 100)2 .n153 3222

4 7) 70 2 "62 1J 211 2295 206 .0!,i .6'' 1 2'

1 50; 77 r) L2_'_- - 7. I _ .. 2'_ .2A.9 I. 5 - 0,12Z. ,-5 a 2

195 70 1 7 Ih ?; 2 210 212 227 207 s 10 . )n0 .) 1 54 322

IAn 70 17 7 2Q62. 2 210 21 2 2.2) 7 7 .,r9I .,102 . 9/. 1 223

I19 70 17n " fr, '6 .lO 1. '7 __2_1_7 L__ ... , .. _1. 12_.

171 71) 170 210 263 219 212 229 207 .0(91 .10(f)( .0154 3 221

176 70 170 231 264 210 213 228 21)7 .f 91 .() 92 .1 f9 o'3

1 R 1 70 1 7 6' '' '13 ' -2-2 .2S1 - .222.2 .'15 2I2:'.

IR6 70 179 215 ?73 222 213 230 208 .0051 .0n)2 .019 322

IQ1 70 179 216 27A 23 213 23l1 2
n
0 .n')I n I II. O 181 "12,

1q 6 7l 170 _238 "70 '' "13 2 22 " 2" 52. ., i2i' . "L 2 2),
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'1' 70 170 221 2 A. _.I 22 .22 2 .I. '2 .ZC2q L2 1t222

217 70 170 747 7R6 226 214 232 208 .nns? .0002 .016 3?22

253 7( l 7 2 "9 '3 221 2Q 234 12'l .'109 . ,, 2 .', 9 13 "2
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TABLE C-3 - Continued

259 70 170 7Th ?4 720 ?l1 23 9 '? .00 15 .0(1h f? .)169 111'a
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'ARBLE C-3 - Continued

373 7n 130 2' 1 "1 235 ?1 .1 'I 00 , 53 .I' 13 .r0171 122 '

-1 -4S- 1-4-- 2 14 - 11 -2 44 -21 SI 1 .. j 3 

383 70 ISn 256 315 236 219 241 212 .1) 13 .1733 i7"1 23

3pQ 7 1 2qI)  6 ? 110 241 21? .m53 . P)'"1 1 7 1 31.,

_1cI1 7cL -_:kq - .%__ .... .% ; a2I( .- .L - - -2 |1. -- 54;A .:<22 3 .. ' " 1 3 3 3-

30Q 70 180 266 33A 243 21' 242 212 .* ' .ni 1 7 q 32'17

4.7() 11 Q~ 3I S ~ ~ 1 'WS' *'f ~ .

_aT - 1 i. -Z aq 2--- 237 1%5 Z14 :Th, . . 1Yi 12-.,

4 14 7() 1 1 q o 3 ,In 2 7 231 ?64 210 .)057 . n10 4 .01 1 3 ",,,

410 7r I 1 202 393 >) 73A 271 222 ,?W'7 . . *, 'S,

z 20-7 11-- -- 3134- -- 2- - - -2R- 2f- 0 S Q7 --- -01 * ' 5

4,30 70 1P I 2Q8 40n 264 24 !" 2n 223 .n~s5 .n00l .2l S n n
,

43 S I0 lIl 30n 403 ?45 247 107 23) . q K,

'- 4 _ .1 1,3-1- ', O, - -- 2-2. A '1.Z %.'I

44; 70 131 3I 05 414 269 271 34' 2." .' ) 0 .
9  

.,0 231 327

45n 70 1 I I1 3 10 1 ? 71 280 3 1 25
° 50 ' 1, .- T11 ' , "

4- 56 --- --- 21 -1-- ' 22-L 41-9- .! ,l2 .. 5,, 3 '.;

461 70 11! 321 445 27n 30 462 ?Q9 .0 n r'0 4 * ,''1 "1i .00 11

4A6 70 1 11 330 481 201 ? 7 I2 s '0, n,, 7 a, '') f'i,

? 2
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CUP 78-3 VIEWED FROM SMALL END

CUP 78-3VIEWED FROM LARGE END

Figure C 6. Cup. Rollers, and (age Used at Divne E nd ol'Sh.att 7Xl i OiI4)t't est No. 2
( Sheet I of 2).
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ROLLERS

CAGE 78 36

I~~IeC6. 0 t1). R oIlcrN, and (age Uwdc( at I ri~e 1 bd ol Shaft 78- I ill Oil-O il Jest No.
Sle t2 (of 21



CUP 78-2 VIEWED FROM SMALL END

CUP 78-2 VIEWED FROM LARGE END

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

CAGE 78-15

Figure C-7. Cup. Rollers. and Cage Used Opposite Dive End of Shaft 78-1 in Oil-Off
Test No. 2 (Sheet 2 of 2).
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TABLE C-4. OIL-OFF TEST NO. 3
US? no, 1.41.1-V - 3U.D-uY sm=

Et-UiP MO. /

DiIM END op wm DIMMEN

C= ~ ~ ~ ~ ? SEIA NO /?
CUP _____________0._ ;7j- .

&auj& si 77~

R P21W .D. 6§-. o 22Z k

CUP/h czzan I.- 4. 2o7o -77 T,&?-

RAOiAL CAM GT1

OM1-~ To o ___

DM TOMlT~ Z -(-''

xm11U0 cup/cum CJZAAIE MM

BLIZYILIZ LOLDING SPtD= UM - SET N0.
FM_ _ SKI

SpamN DUIZgcZIW 1921____ fX/9 A ~A

PMZ4DA -?mD VI PSm

Ca WIXAL YO.
CUP SERIAL NO.
imz.c 9=

am 0..
emi 1.D.IN
ewsawi FIT
Cap O.D.
NM3I= I.D. o
dwcumw ni
an sun

-AR AJSMM AI ___ ACTUAL_ _ _

MAGDMTIC SEAL- NO.___ MAGNET RING SEAL CASE/CARBON INS ER1

WEIGHT

2WI'



TABLE C-5. TEST NO. 3, OIL-OFF SURVIVABIILITY

I . , r .'" ",17qo r ) ' F: m ,q, 1) , , " " 0.,,

p,:TTrAI. ci',, F' Tr * ,'q F o/)r - .0170

.F - - - -* - - - - --* - . . .. - - - - - - -*

-. :, - .- -- -- u- - -' 't -- -' -- --L:  
-5 "- -' -' - - ) 1 ' -v --z -

0 70 l"1 2oq 210 39F6 2 l .10 20 1 " )1 W*- )') I, .()1 32 32)Q

20 70/ 1ei 2,00
'  21 q  2' , 720., 211 ">.' ''sl -,,1Th .01!33 3t200

2 fl 7 ' "1 "' 1
i 

) r' A l fl 3 6 ( 1 3 3 ",'"

4n 70 lo1 "I1 221 27 211 2 1 ?1 ..",11 -.10' .010 3 211
,

70 70i l l 10 21 "
" .. . ..r " ' 229 2' 23 "29 " i ' ->1 . ' ., *0J1 3317

1 rl t >,1 )1 ? ... . .? l 72 I ' . .> ] ' 1 -• 1. > 1 >I.

_ -a. -7.' l>~ . 1 22. 2 .> 2.1.. 2.3a ,-.. ; ; ... .. ,... 2.>a 1

700 7n 10
,  

231 2F2S 221 231 ?ST! 22> .,>,9' -. ';,, . .0r) l 3, 2391

.. 7" 1), 2 , ps 221q  p21 : . . 9i -. 12 .' .1)i..u "hz21

7- 70 100 247- 209 2 3 27' -.7-) .1170 1 132

... .. . 21 . .I. - 2 .-. 0i 2.. . . .. .. ;. -.. 2'... . 177 32.

129 .7 100 >157 .. , 2-0 2/1r 200 2 2 . *.iT9 -I921 >)?177 3217

2 A q1



TABLE C-5 - Continued

I3 7'0 1 4 7 331 s 1 242 2 .'. .. ? ? 32 1')

J4s 70 ! 1 2q9 3c Q7 2'5 245 22) 23' .' ,5% -.31)2 .22 V. 3 2

155 7. 1 (1 31 1 4?'. 7:, 2"! >1 27 .'', -. 1 2 7

2 1
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ROLLERS

CAGE 78-24

Figire C 10. Cup, Rollers, and Ca"ge Used at I)rive End of Shaft 78-8 in Oil-Off Test No. 3
(Sheet 2 of 2).
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TABLE C-6.

(i) IOF -oTF'~ST NO. 4

DamV an OPPOB DRIV MW

CNAFSERIAL NO.7-3-

CUP SMRIL WO. j-//~4: 7'/

CUP 0.0D. q9______66__

3smiIN1.0. C> - 3
cUPI3~~3INo 7FiT L ~~~

__ __ __U ERD SX&LL EN lAWrm EM SIWL END
CU PL= 1.D. -T 6 7q 369 4
CMZ 0.D. V- -0? .2 zoc _

EADAL CMX GIWTE

oW TO FI _ ___ _

-~r CUICACZ CZUAZE _ __ _ __

uELzEVInl WADIE sRInC us= - SzT no. 4

PgLOAD 3//i PoDms

SIAVEC BZAIM

Ca SOUL W0.
-CUP SmRAL 1O.

wOLM SM

CUP 0. D.
NM MG 1.0D.----

KAGNETIC SEAL NO). MAGME? RING Sthl, C?.SR/CARBQlN INSERT

WEIGHT

WIDTH

(. 2 'et~~~~ -7C '~/A ~-



'I'ABLE C-7. rFST NO. 1, 011,-(F1 SIIRVI\APII,1TY

T'T"T .\. !"'p FI7S Db -. 0,"l ) 1 r,; -. ,

-- , -- ---- ----

. . . . . . ,-. . . . . . . . . . . . -" 1 ' . . . . .

-3- 7 I 7 4 -- - - - '-- -, - -2 1 --2 -. - . --' - -7 --- -lO?

.-1 12 l7 "':. 2'5 2231222 22P 22-A!3, .. 237. 2 31"

1 7') 1F7 .1'4 20, 20) 2)2 2'11 2 2 -. '3 ~."137 .,1) 1 *731

1 5 7,', i 1 4,' 2' "','3 1,, ' ,1 3 ,V " - . 2, - ,'' , '* "

-1 2 .7" 1]. 127 2.3 _22' 1"A 2 ,- l :22 .112 7 2

24 71 1q7 5 7 2,34 20 "13 -' -. '3" -. ' . r 1 30 "

32.72 J'3 . 2"15 22Y. 22', 213 22/* "r9 -1.:23'2 - .Y'P.! . !112 .2 '.

37 70 11 7 '1S 2"1') 20. 217 231 '12 -. , 3", -. 1 S .2!'. 317

.. 7 .2 1 X _ a1.3 -225 2-2. - - 2 2,,. 2,' -1 .. :23 , ~.21 .. 12 1.23f

. 33 7o 21Al 23.',.. .. 21 275 2", a'217 -. r23'5 -. '"'3', .')I1 _" 1 ""'!,

-i '3 ,, 'l ?_' .'2 21" -. *_z, 2) , ' I II'I

.. ' 5. . , :1 13°-3 f22 232 22 222 Z5.-.213 -34 -. I,.1" ... 1273

7 7 1 5 6 "32 2 ?1 "22 ?2 22' 223 -.2031, -. n23, 2nl14 n 1"

7 4 . 21 " 23-1..2 ''-. ' '-4, -.71(6 .21 1. n n

75 :''1 lqS '3 !' ?7I 275 232 72 2?" -. a !.,, -. 3,fl/, .0)3 3 '13

*: : Ia L S "- ' .) 2 2 ,Z : 3 - S _ 1 2 - . ,* " 1 3 3 - * . , 2c *. . I -' 2 .

RR 70 IRS 24? 251 225 234 2'2, 223 -. no233 -. nol' ..,i/., '3.i5

"27



1.-- - (':I t I~~<<

q7 70 3 243 A ', 4 ' '3!, > 2- 2 3',- . , i -. ;L. ' 2 '

120 7 IRS '4. 3S ' ,2 ." '' - -

1-3-2- "-7 '3 1-$.9- '3 24.4 '' ':,,', 'q, ",.. -. ' ? -. . .3 *2 j., 3221

111 70 1q9 297 ?07 234 '41 2 7 "'_ -.1 q3 .l 322

Q.. -2 I3.5 223 312 _ 22 _ 22- 22,1 -. : -. 233 .:' 1 1q. :,

131 70 jQ9 294 V2 r" 244 28R 220 -. 0')A1 5-.,031 .o93 322

.. ..... & . Z . . . .. ... . . 22 -232 -2 34 ..

I44 73 189 25 h32" 238 2"4. 287 231 -. "0321 -.*0033 .*"l9 3 223

40 7) 1 9 29, 327 23 2/5 2M 23 -. n131 -.133 .19" 3224

...... .. ... ...3I~ Z22 ... .. ~~l . . _-_'l - 2 3 . 1> v .

17R 70) 19 ?1 320 2,.1 249 288 23) -. ')31 -. 333 .0197 3229

1A 70 1 Q9 3 32 S4 2'' 23-411 J*,)3 924 32

17 7 1 19 52A 327 1? 24 249 17 21 -.031 ).03 019 32

7 f) I q

157 70 13 9 3-' 241 41 249 2q0I 21 ()131 -23 3 n.19 7 32>2

22 Lf -- 2 tt- 2t -2,,, 241 . 2 221 -a- 3L -1.23- 39 3225

17~ 70 1 S 269 32 7 244 1 4 2 q 2 31 .03 1 - .00131 .19 51 2>2f

1 7 S 7 5 3 1.4 s .1.q 1 3



TABLE C-7 - Cont i nu,,l

188 7n 196 266 33 244 245 298 230 -. 0O)1 -.I 33 .01lS 321 2

12 70 196 26 7 3 24, 245 ?99 23 -. 13! -.2:33 . ,-, 1226

200 70 196 26Q 135 ?46 245 ?89 230 -. noln -.- 13- .160 W27

215 70 196 270 337 246 "45 2QO 231 -.9 3'7 -.P IR .A 26 1737

"00q 7'l1) I- I I -. i!J .2V~21-

213 70 196 271 330 247 ? 45 290 21 -. ,030 -.n13 3'1, 3?7

2 1 9 70 R F 7 1 13 2 2 5 ° -2 32 1 - k. ,'I 1 " 1 3 '2 7

226 70 197 272 342 249 245 299 231 -. 1011 -. ;32 .1162 3227

231 70 1R7 273 343 ?." 24 25( 23! -. 23' _. '32 .3l, '2>

23s 7-0 17 273 '' 22, 2-__2I -2232 -22222 .i42 R2" 21

239 70 197 273 345 240 245 29 231 -. 0130 -. 032 .01A. 322a

244 70 197 274 345 240 245 25 231 -. 2031 -. 0"2 ."1,2 122
q

?.q 7r I q57 -27 5 1,3L_ ,5 L-- I - -Z_. 22L - , 1L23Z .2 163 3 22s

252 70 197 290 157 253 245 29Q 231 -. n20 -. n032 .0165 3229

757 7f 1 2 7 2 257 245 29 231 - .2 22 -.7 3. .''1', 3'231

12.- 7n I 37 ' 2 2. 25 Z__ 2 .L -_ LA -- .2,22 .2 1 71 3 7 Is 5

265 70 1R 278 35. 252 245 299 211 -. 0025 -. 0032 .Of64 3270

270 70 19 276 5I0 21 2h5 29q 23! -. '10" -. 37 op13 322

_q4 1f 79 &" L7 - ,5 -- 2-' 1i2 . fa4 222

27R 7n 199 273 344 2'40 245 2R0 9 3! -. 003 -. 0032 .,11A 31,7

2 ,9



TAPLE C-7 - Continued

2R3 70 IRR 272 342 248 245 2RR 230 -. 0030 -.0032 .0161 3227

297 7n 1RP 271 34N 247 245 ?PA 23n -. onT -. rn3? .0160 3226

10? l 70 l 1 20 3). 1 9 1"47 )49 5 9 1 0 - ,.,0 -p. L 0  I -3,'A

296 70 189 269 336 246 245 29'k 230 -. 0030 -. 0032 .015q 3226

300 70 |9q ?6q 339 2',,6 249 2RR 2Th -- qq - O *q|9O "Th

)0) 70 3PR 2 9 31 2 4' 2, 5 298 2--- 3 1' )9 1.'22

3,9F 70 1RA 267 332 245 245 2P9 230 -. 0030 -. 0032 .0lsP 3225

I13 7 0 19 266 331 2 44 ? 45 ? q Q 31 _.n0 -.n3P .019 S 22

1 17 70 19q 9 61 (1 0 ('3.I. A "19 290 211 - .).01 - ..- L,. - 2-25

321 70 IAQ 169 329 244 245 2R8 230 -. 0)3) -. 1012 .0157 32?4

326 70 1R0 269 3" 7 243 ?49 1, 231 -. nr) o -1.32 .0197 322. ,

130 70 I q ? ,, A I 2'I3 L , 2 ?q 2 11 - (l n- 3_ .i5 L322

33. 70 19 26& 329 243 245 2Pq 231 -. ))30 -.0n32 .n156 3?24

330 70 IqQ' 263 329 242 245 29
o  

231 -. 001 -. 2 .n156 1224

1 3 70) 1 f R 3 "4 I4
n 

A- S ? q 9 131 .)0 A - 0011 r)2_-k

347 70 1q0 263 323 242 245 28 231 -. 0030 -. 0032 .0155 3223

352 70 0Q 26? 322 242 21,7 203 23? -. 003o -. 003? .019
A 

32nn

A96 71 1qq A1 1 ' 14 , 19 1 r - 2
'

360 70 10O 262 3Z1 241 249 2q7 233 -. 0030 -. 0032 .0157 3224

365 70 IQ() 262 321 241 24q 2'7 233 -.1030 -. 0032 .'157 1324

369 70 190 261 311 1 ) 0 07 133 237- o.1i _ ,1 5 7 3' -4

373 70 190 261 320 241 149 2Q7 233 -.0030 -. 031 .0156 1224

26(



TABLE C-7 - Continued

3789 70 jQo 761 120 241 24Q 2Q6 233 -. no3n -. 0o31 .n156 3224

3R? 70 JoO 261 319 24) 240 205 233 -. no -. 00.2 .0155 3224

L _ -- LL-_ 31- -- -2-i.9 .2115- 231 _- ._l 3
n 

_ -.. n231 .-0 5 5 3223 -

31 70 191 261 319 241 248 294 232 -. 003n -. 0032 .0155 3223

199 7n 101 261 319 241 2A 20a 232 -.0o.1 -. I02 .1 55 3223

404 70 Iq 260 319 241 249 295 233 -. 0030 -. 00311 .055 3223

1,)'1 70 101 260 310 241 ?40 20 7 233 -. 0Vl -. 0111 .'l , 3223

-4 -73L 4)Vi)3. -1- 31-9 :44 5 f -

417 70 191 260 11 240 749 7)7 233 -. 0i030 -. i0l .0159 3223

1,21 70 101 260 31[. 240 249 214 232 -*0)3, -. :1'1 ."1%S 3223

a 7- _2. . .. •- -!1,132 -.. 1 S 'Z 3

429 70 191 260 319 24f) 24
Q  

29 233 -.030 -.001 .01)% V223

464 70 1QI ?6 31q 40 - 32202

442 7n 1o2 260 318 240 251 3s 236 -. 0110 -. 0021 .0ls7 3231

41., 7 7 n Io I6 31. 2' ? 7 "1 2 _. 1 ,4l -.33 o.I I 1 1 22

455 7n 192 2An 319 240 276 "IAQ 251 - , 3 -. ()(n29 .)16R 1?1I

4 1 r 70 1o C) O n 117 940 n gq ? ) 17() 9 ,1 - no 11) ,1)]27 . 1 7 I

469 70 192 260 317 240 316 479 777 -. 0n3n -. n79 n .187 3243

40



TABLE C-7- Continued

473 70 192 21 317 240 326 451 284 -.0030 -. 0024 .0l3 3246

477 70 12 26n 317 ?40 13A 47 ?qo -. 0030 -. f023 .olo 3240

486 70 IQ2 761 320 241 355 507 303 -. no30 -. n021 .0208 3254

4q0 70 1o3 262 321 241 363 52 5 30 -. oo -. 0020 .0212 3257

.f l _ _l . -. 2__a --3._ .S-- - _.A-_2--- -1 7 _-5 4- --- - 1 - =. -O - ' -- " 2 0- .a 4 -- --1 -

4q9 70 103 ?64 326 243 380 558 31( -. 0030 -.00lq .n222 3262

503 70 )I3 269 32,R 244 380 575 325 -. 02 30-.00l9 .122h 3265

_5r) 7- 7 q___ 1 6__ a & _2 E 0_2 _ 9 7_5 R I. - 3U L .h L .l 32f 7

512 70 193 267 333 24,5 4n4 606 335 -. nniq -. nl6 .0235 326Q

16 70 103 ?(q 334 246 411 621 34' -.4,?Q -.11 .6 '31 32

_5.2' 3 -61 _B __- 3 -fl--24 2LO- 0 .-- _%~ - . ... .Jr15 ... 5 a

9?5 70 104 273 344 ?4) 434 669 35s -,n( S0 -.0."7 .25l 327l

?q 7n IQ' 117 !4 31 278 9 .S2 70? 36 7 -. 002) -.Vjl .<1"'4 32q9

533_ 7 L_1 :1&t S2 2Q __ _n(25..- 1_ --.. llii. i. 1J2 __3L

______2_____

-- - - . . .. ... .m III I II
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CUiP /B811 VIFV F 1)VOM ISM,[ I Nf)

Figu~re C 1 3. Cu p, Ro Il rs. ani ( Cag Used a( I hive I d o 'I ill 1'(8- iii Oil1-Of 11I c" I No. 4
(Sbcl I o' 2).



ROLLERS

CAGE 78-18

Figure C 13. Cup. Rollers and (a1 Ued at D~rive Bid of Shaft 78-3 in Oil-Oft 'lestI No. 4
(Slie( 2 of 2 1.



CUP 78-1 VIEWED FROM SMALL END

CUP 78-1 VIEWED FROM LARGE END

Figu~ire C14. Cup. Roller%. and( (Cage Used Opp1osil DcIrive End1( or Shaf11t 78-8 ini Oil-Off
Test No. 4 ( Slie( I of 2 .
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ROLLERS

CAGE 7816

Figure C 14. Cup;. Roller%. and Cage Used Opposite lDriw Entl of Slmt'l 78-8 111ilOt
Test No. 4 (Sheet 2 of 2).



T'ABLE C-8. OTL-OPF TEFST NO. 5
T=~ 30. 141.1-U - DuILD-UP s~igz

SET-up D. 4
TESTJBARIG

______DRIVE VWD OPP(WITE DAMV END
SHAFT SERIAL 50. __7 5
CACRSERIAL NO _ - ____

CUP SEIM 50. __ 7-

CUO. D. ____
USIM 3I.D. fIi__

__________m______EN LAM~ EED S3L N
CUP PILOT 1. D. - -

CUP/CAM CUARA=c -.

RADIAL UM~IT -H--__ - ~-1
V -O ROTXI

__ __ _ __ --nTA1 L__ _

nULOaw _3,e Poflas

SLAY!9 MARINGS_

Cc== SRIA No. _ _ _ _ _ _

iROLLCK SI= _____________

SEAFr 0 D. _ _ _ _ _ _ _ _

CUP O.D.__ ____

HOWING !.D. - _

BER=N ADJWMVM AI ___ ACTUAL_ _ _

MAGNETIC SEAL NO. -____MAGNET RING SEAL CASE/CARBON INSERT

WEIGHT

WIDT'S

74,



TABLE C-9. TEST NO. 5, OIL-OFF SURVIVABILITY

SPFTD 7400 RP'T T 1'!Rl, 1.OAD 320 TIF

INITIAL CIP FITS nE -. 0081 ODE -. OOqR

* * * * * * TE' M~ ERATITRF. (F) * * * * *
...---- ---- -- O-E -----.------ FITS ----

SECIL&E.LLSQ CO, " _1S 1 __& _L/s__rg . ARF__1PRF

-13 70 214 231 226 235 228 216 232 -. 0040 -. 0097 .0131 3209

-o 70 214 233 226 235 228 216 232 .0040 -. 0057 .)131 320R

-5 70 2 1 25133 26 35 2"2 ?216 23" - l19 . -1-
7 .  

LI2 3 -,o2

0 70 214 233 226 23 228 216 232 -. 0040 -. o097 .0131 3208

4 70 14 733 2 236 "28 216 232 -. 0041 -. 0057 )0131 308

Q 70 " c' 733 "! , ? 7 _ _-35_ Z2S-_ZtS.9"2.-- aO iL . ._ 7£.1_ 21. i__L Z.1.1

12 70 214 234 227 23A ' 29 217 212 . (140 -. 0057 .031 32 ) 0

17 70 4 ?34 2 23 2A, 7 ? ?I1M 233 .n o n -. nn97 . 1i!3 31 1

L-1-4 Z3 A -0 B .-L)3__ -2.- A-- o5: .15 L2 12 319

2S 70 214 234 220 236 230 220 214 (1030 -. n 0,7 .(133 3210

3 7n "114 239 233 237 2"31 222 ?3 -. n4 3 -. nfl7 .n 13 321

1 1 11!, ' -A7 I I~ 13 -212 -Zll- I 11 a4q-11 9 17. - 3Z 321-11

3 70 213 237 233 238 232 224 235 -. n03q -.0057 .0135 3211

43 7n 213 240 234 240 233 226 239 -. "039 -. n307 .0137 1'12

-4- -? 7 r) 1 1 -2 I 7 3_7 - n) .'1. -.21137 .2139 3213

51 70 213 242 245 242 234 228 236 -. 0039 -. )057 .n13n 3214

59A 70 213 213 .47 ?42 235 230 237 -*o0)9 -V) ' 7 .0 1 ,' 3214

__ _2~i _1) 72 L _3._ -2 4- L 22 -69 2.5'1-- . 1 2 4,3 2 I

0;4 70 212 264 288 256 236 232 237 -. no7 -. )0r7 .115. 3221

q0 7n 212 7Q 352 277 237 34 23q -. 033, -.1 w ,7 .1)I'W ?3l

7 1 70 f)?17 1 7 &L 2 -11 -- 23 5- 23 a- 2J 3 1 A 25 b 1JS 3241

77 70 712 348 4 57 31? 23R 237 230 -. 302) -. nSn .0lQ5 3')47

27)



TABLE C-9 - Continued

R -70 I 2~~3 0 ~ Ol&~~ a -1'-

A6 70 ?12 3"56 472 317 240 239 240 -. 0028 -. 0056 .0200 375n

9n 70 212 3,5,6 472 117 ?40 241 2,( -. nn28 -. on0, n .7nn 325

9S q I I q Q I 'A r, I -

qq 70 211 16fl 47q 3Iq 242 243 241 -. 0028 -. 0056 .0203 3252

103 70 211 32 4 P4 3 . 24 ?244 241 .o002 - .m q .820 3752.

112 70 211 369 4q6 325 243 246 242 -. 0027 -. 0(196 .9209 3254

116 70 211 371 57 32F, 244 247 742 .) 7 -. 56 ."210 3259

120 1--- 1t 371 5n7 32 R' / ! ----_ -- - ..... - 5 - _ - "

121 70 211 376 511 329 243 247 242 -. 0027 -. n056 .0212 3257

12 70 211 377 515 31 24,3 247 242 -. Th26 - . .7 !3 3>7

1 33 7, J 11 370 518 332 2'37 A 12 ---. . - 4)2 -.

138 7 n 211 3R1 521 333 241 266 242 -. 0026 q -. 05 6 .021s 375q

147 70 2 1 3R3 525 334 ?43 246 242 -. )()S -. InA * 1'[ 325

I 6 70 21 5 I 5 ") S I & A ?L -.- .1- ."%S 2 1 -3Z _ 1

151 7n 211 386 531 336 243 247 242 -. 0026 -. 00 6 .n?17 12(,0

ISS 70 21 1q(6 531 336A 244 ?47 242 -. nn026 - .)056 .c ' 7 ? A

I 7(l I II Iq 16 ') 'I 1 !3 -1 "2,,,

164 70 211 395 530 336 244 247 242 -. ,02A -.00f56 .0217 3260

168 70 211 385 ,  
52q 335 744 247 ?42 -. l26 -. 00%, .n217 121

)

172 7 0 I1 3q6 527 13 is 4 14. '4,1--l-0 - S 0 6 0 17 aZ59 _



TABLE C-9 - Continued

177 70) 211 3".92 7,3 1 ,33 '44 2LA 243 -.412l - .'156 .42 " 21'S

1&L~JiL-1 t~~21L~i2..~ ~~- 5 5 iIRI 7.. L__3_D _ ___ _3__ Z .2L) --- L3 -, 12". -, 'I f{ _i 2 5 is

185 71) 211 34n 520 332 245 ?90 243 -. 0026 -. '5 6,. 1 S 32 '

1(0 70 21 1 37 q 33 24 5 2 243 -. oT?, -.soI6 .1215 30

14$ 70 212 376 5 1 30 246 252 244 -. 002 -. 06 ? .t1 3 ?7

21o 7n 212 374 5 012 12 24 2S2 ".', -. 0024 -. ", .'? 3.'

211 70 212 37? 5n4 327 246 ?51 24. -.4n)? -.A," .1)I1 3fS)7

2 16f 7n 2 1? 37 1 9 1? 32f6 247 2 53 2.'1,- ~4 ~) S

'I" -)[ 71 1 5 " U-2 1 .12 S .

224 70 212 370 4Qq 325) 296 271 290 -. nnfl2 -. floss o)15 12S9

22 70 13 371 2 f2 ?77 314 245, -. 0 .27 -1)'93 .'I26 -,2 ,.

237 70 213 377 515 331 332 424 301 -. 0026 -. 0047 .0257 1281

242 70 213 3P1 921 333 362 484 320 -. ()(2(, -. f)4 . '27A 1)0 i

250 70 213 393 547 341 410 S90 357 -. 0025 -. 0040 .034 30 3

2S5 7r 213 41n cl 39? 444 A49 39 -.I023 -. n037 .110 1 )317

L2 L7_ 1I - - 3 -1- - 4- 4 4--40 --4-a -. 1-a1 -. ,1 1 -.11fq .11 6

263 ?n 713 515I ,911 439 542 t4S ,440 -. 0011 -. nn27 .nt44 13A5
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DRIVE END

0~~~~~D \fi.1 I \( d01



CUP 79-1 VIEWED FROM SMALL END

CUP 79-1 VIEWED FRWM LARGE END

Figure C 17. (up, Rollers and Caige Used at Drive En~d of Shaft 78-5 ill Oil-Oft Test No. 5
(Sheet 1 of 2).
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ROLLERS

CAGE 78-17

Figutre C 1 7. Cu, Rollers. a~nd Used~ a~tt Dre Und o4 Shaft 78-5 in 01Il-Of Test No,. S
(Sheet 2 of 2.
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CUP 78-5 VIEWED FROM SMALL END

CUP 78 5 VIEWED FROM LARGE END

Figure C I N. Cup. Rollers. atd U eIsed O1posile Drive End oI Shall S-5 it) Oil-Oft
Test No. 5 (Sheet I ot 2 1.



ROLLERS

CAGE 78-21

Figire C 18. Cup. Rollers. and Cage Used Opposite Drive End of Shaft 78-5 in Oil-Off
Test No. 5 fSheet 2 (if 2).
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TfABLE C-10. 01 I-Of f 'lus t N o. 6

72T 30. 141.1-U - wUID-up SliNK

SIT-UP no.

___ DRIVE END OPPOrrz DRIVENKD

SCC SERIAL NO.

ROLMN S=Z __ _

CUP O.D.__~. ,-

ICUP 3QUI PI 0~ -7L a.2 __

CU PLC I.LAER KND -S1IALL znD LARE MM SIALLEND

CUP/(XAG CIAWIE__.RANM____ _

RADIAL CAGMGRWTH 1 
Ll__ _

MX TO RTATION

[-WWI= CUPICUM CZARAJN ___________

=LIZTIlZ lOdD1 SPR SD- SN? No.______

SLAVE EEARINGS_

CW SERIAL g0.
CUP SMKIL no. _

SE r! 0.1) __ _ _ ___ __ _

Cull 1. D. _____ _

ca? 0. D. 7 7 __

ROW~ING 1.1). _

CACR Xl 1 __

MAEIM ADJSRI1 AN__ ACTUAL___

KAGNETIC SEAL NO. ____ MAGNET RING SEAL CASE/CAI N1 11

WEIG~R

2 K>-~5 '/-I/A' 12~f E IDT



TIABALEt C-11. TES:T NO. 6, OI1,-OFF'I. t::'JIR IVAHIITY

F':\W 1I1 C-I I r .r12T No. , 1 1,- li :2th V 1 A B 11. i'

011 / 1\11 RM InRU' l..4.x..

tIN IA 1, t.1 I ' .) tII - .1)1' 1' '.1,. -( II//1

.. . . I.. .2 .') .2 .... tI L I ..... ... .. - . .. .. I M C,

II' I 165 2 -04 1. ( 2( 1.) 201, '0 7 1 -tt l.WIh - (h .,+ I . li i

11 11I ,1')5' 041 2,17 100 21 - (111.il, -.. ,3' mUl I

l. 71. IS'1 ) 20.' 4 2 0 .iti 1)(1 w
)  

( -. (I') -. I1I),, .(II 412.

7' I 7 i) 21.', 2W.+ 211, 22o) 2 I-I 2' / t m11. - .. s'! 4 .tol It. 1'

/ /1t) I'1 21.1, 21414 21) 5 2t 258 11 21(1 t.141)h' , -*..* .712 ]I.

/ , "11, ;,)j > I) 2 I 5_ 2,t 1 - *l''., -I.S t11 2M. 20I 2 IWS 2

p). /' 8) 2){ (0 2) H ( 209 21 3 . MC1 12

+t} it J <' 11t1' 2 0 7' 2 0 6+ 11) 2 1t 4 (J 11 (11 m t --1 ( (I': I4 . t lttP+

?+' 7t+ I~ ."I/ r  :")W ) Li + 1, + t 7 - t~ )+ - t '++ . ' + '

+tI Q '. l0 1 tl * t ' . i ) i I I > + r < ,+ ) - ( i . ( ll ,

+ , ~ ~~~ ~ ~~~~~~~~ ~~~~~~ 0< 1,' 2 i ?++ 2 i ) 
"rB 2 ] -t> .I+'
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+] ] i ] H ') y () ) :)til : (l 2 (! J I P i )(It - t t ' .~ i + . ' +

:)? 7() I +<)( L(i7 ?_(+
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TABLE C-I - Continued

8b 70 184 208 210 207 213 220 21() -. 0045 - .0044 .0116 3199

91 70 184 208 210 207 215 225 212 -.0)45 -. 0o44 .0117 321,(,

95 70 [84 208 211 207 219 233 214 -. 0045 -. 0o43 .o119 321)1

99 70 183 208 211 20)7 222 240 217 - .1)45 -. 0043 .0121 3202

104 70 183 208 21O 207 226 247 21') -. 0o45 - .o-+3 .o123 32(3

108 70 183 208 211 207 228 251 220 -. 0045 -. 0043 .0124 3204

112 70 183 208 211 207 230 254 221 -. 0045 - .0042 .o125 3204

116 70 183 208 212 207 231 257 222 -. 0045 -. 0042 .026 32())

121 70 183 209 212 207 238 271 227 -. 0045 -. 0042 .0129 3207

125 70 183 209 212 207 253 301 237 - .0045 - .()))w .0137 3212

129 70 183 209 212 2)7 269 332 247 -. 0045 -. 0039 .1145 32 7

134 70 183 209 213 21)7 2 82 35() 256 - .0045 -. 0037 .t)152 3221

138 70 183 2119 213 208 295 385 20,4 -. 0045 -. 1)030 .o)158 3225,

142 7) 183 21)0 213 2)8 308 4L1 273 - . (()4 - .t035 .1)1 o5 3221()

147 70 183 209 21L4 2)8 1319 432 28) - .0()45 - . 034 .0171 3233

151 70 183 21(1 214 2 ()' 328 451 286 -. )045 - .()()33 .1)1 70 3230

15) 70 183 210 215 21)o8 336 467 292 - t1)45 - .0032 .)180 3238

() 70 L83 210 215 208 344 48-4 297 -. o)45 - m.) 32 .1)I84 32,'

104 70 183 211 216 209 3 2 4 99 3112 -. 0m4) -. )31 .01I88 324 3

168 71 182 211 217 219 30) 16 31)7 -.. 0045 - .01)3) .()192 32.'''

73 7 182 211 218 21)9 371 f)37 314 - .o(45 - .1))29 .()1198 324w

177 70 182 213 222 21)) 38 55 320 -.1)045 -. 0028 .1213 2' 2

181 70 182 21L 227 212 387 5)9 325 -. {')4. - .)1)2, . )218 3''4

180 71) 183 2181 231 214 .+()() )9 33 -. 0u,5 -. 1)20 .C24 (h1

190 70 183 22() 23') 21' 412 19 14 2 -.0)(),. - .''': . 12"23 121

194 7() '183 222 238 210 24 042 1.l - .2 4 *. - ' l'. .1) 32).).

198 70 143 221) 25!# 211
)  

'.3'. 0o2 1'). - .3)0f., -. (.)2 .1 ( 17 12/'

2.h



TABLE C-I - Continued

TABLE C-11 - ConLinued

203 70 183 232 259 223 442 679 361 -. 1043 - .W,22 .)244 327,

207 70 t83 253 301 237 451. 696 367 - .0041 -. 0021 ,o259 3282

21L 70 183 284 363 257 465 726 377 - .0(38 - .0021) . t282 329

216 70 183 343 481 296 483 761 388 -.0033 -. ()018 .0320 3313
21

220 70 183 399 593 333 512 818 407 - .0027 - .00)6 .0i363 3332

~282
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Test No. 6
0

Oil-Off Survivability

Speed 3700 RPM Thrust Load 3200 LBF

Modifications: (1) New Preload Springs

(2) zoth cups ground
for .007" loose. 0

(3) Cage pilots increased O
to .015" LE &
.010" SE 1

400 (4) Cup lands phosphate 13

coated 0
a

a

13

0

0
3

n ODE Cup O.D.

oU

0

CJP . DE Cup O.D.

200 -

XO COOOOOCoo ooKo o oDo Oooo000 oo o OO o Co oo ooooooo

Hr~ousing O.D. Temp.

100

100 Time (sec.)300

Figulre ( 19. Beaill.i aind Iui.-, ItcInemperallrc ir" Oil-Off lest No. 6.
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Fit.ire~ C 21. tip. Roller, andh ( 1q .c at lDric v-n U t Shlt 1 7-4 in Oil-Ottf I est No
fSlct I (At 2)



- lo

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 I of 2).
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POt L FR'j

CAGF 78 25

Figure C 22. Cuiip. Rn Iler . and C(ac Le I\e Oppo),,ite Jhrie [-,)(I Ot11:1 4h in 0il Ott
Test No. 6 1Sheet 2 (it 2).


