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FORE WORD
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SUMMARY

'lh is - fl) Cm inedf luaktia lv ainImd (0X )pkier n11ta p13 ro graml is aiinited tit W nera~t in g aI 111: n a Ihat
wvill permit the dlesign of' cylindrical roller hearings capable of'operat tag relivihll al 3t0 M)N.

Trhe' malvt icol effort during Phase I fix'used onl three main areas. Tlhe first areai was
concerned with up)gradding at roller hearing Opt im ization analysis and echinjtit er programn This, was-
based oil a quasi-static app~roach and wits completed atid reported (01 ill Sect ion IN' of tile Irs
interimi report covering the period 1 October 1975 to I April 1977.

T'he analyt ical effort for this reportinug period has, been primarily concerned with ltwo areas;
thle ('(at hmoat iot of work onl the (fVnarnnie Si iilikllt ion 1111d piredict ionl svst Ciii. and t le devefopulenel
(of thle computer p~rogram. Initial work associated with these two areas wats described iii Sec'tioins
V and V'l of the first interim report. During this reportin~g peraid, several force models were
refined. Tlhe imodule STATlIC was completed and incoritortited into TRIBO 11 Model v'alidat ion
test cases were run for the CADYN mioduile, In addition, improvements were mnade to models in

- - l{OlYN and SYS1)YN which allow at more accurate analysis of' roller and cage dynamics.

The experimental portion of this program is aimed ait evaluating thle infituence of geometric,
tolerance, design. and operational parameters onl the skidding and skewing wear characteristics
of' 124min roller hearings Op~erating at spped- of' 1.0 to 3,.0 MDN. During thle period of' thle first

interim report a study was completed in v. hichi a total oif 30) separate bearing paranmeters that
influence roller skew and skid were identified. Tiwo groups) Of l)eikrilg 6es1ignlS, labeled N and AlF,
were then prepared using staitist ical design techniques and incorporat ing param~eter'S fromt the list

Which permit thle quanltification of t he influence of seven indlividual hearing patramneters onl rollerI
skid andl skew. The (iroup-AF bearings consist oif' Five hearing designs which enable f'iur
additional parameters to he studied, Bearing test hardware wats procuredi and~ t esting initiated.
During this report p~eriod testing wats completed onl both thle Group-N and[ AF' bearings. Five oft
the niine Group-N hearings p~erformed in at stable manner Over thle entire' rtinge of' condlitions
testedl while the remaining bearings f'ailed (11wto excessive roller wear. 1'our ol't h(five ( rotil)-Al'

Vbearings tested perf'ormed iii a stable manner. The fifthi bearing fiailed during tes-ting as at result
of an inner ring fracture. Also. a 3.0 MDN prototype hearing wats designed during t his, report
period and will hle evaluated in at GO hour rig test, Fabrication of' the pirot oty'pe b aring is in
progress.
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1. INTRODU)CTIONT

1. 1 Himiclkground(

3l3i'33idd mt~ 1'.;l .e'tf 'i353 , pvrd3 sf Ill 1111 tui' 1rbimiI'- mid3( ('(333f3T:;:;irs. l3h(es3 311131d el''iiI33lq 1'3

sIl 'kich~ lu-olfcI I.,13 3tI31''V s afvi ec '31l'iitalud( hN~ Ileaeritig cal.,sider~3aclws 14''l( Taior mid0 re331)r

'.31port1  
' t'3'33s3rv. guiten3 l1v uh33aim fa'rima'd b\1 1111,11 Amh ii'. perlls to 33c'hle%' I)IcoIlltium git"

i\ ii !- I(- !xtrinnr3i33ce. 33lc3immum3R ''tsand we333ltll tpriit. [Iti 'Nilbit' Iltring3 s3lpporI ':3 rklelofres

frlit.hht ,SvigIg( and3 r333i13331333l dISIRIlcfioan III the fl Wp33t fly inf'3'dieiol of33( straits 43031 vaitivs: hind
3
:ta -1111 (it -i talt .igc' ftvr: i filla hilyl 1 4I itili 3and to33

1  rsional stiffn ess. Thes hi$~13C ctr.4 result ill he'l 3ing3t

qwti " hrwuaionis wh ic~h roe ii re high hear1'3 in ON.-3) 1 (Vv'i ii '1 h igh 11) issal i gI'l 3Oct3I C~ab'0 331  % ii It 1.1
fill t lclplotfold thm11 .35)410( levels it) 3t(0 MDN (mlillioan I)!t: w~ill Ille retlillmr'( for a'niaels III lbu

'CoI Imi er lilt, hie ffoa rt 1h os been ex~pe 333 1 IN I in vetl'at i o33 on 33 ~~~iCI3 11p30im th lt'rfiorucrot - oft' I

1'egs f)\ idh 3 Irii btoi'iags sivo thi~. ttlfIerl has3 prole33lUC.( 3131 13543f103113>o sa3'

Clklot5aingt l3 n3 33 :it 31 MON mx334aldvi labir~afiiv ;-onitiofaafs. Ball thrust3t -hea3ring, ta'chnollahfa3Z hw
i'i i t, wd a ''re 31103rm 'rou1 'tsider'3330f35 (lf'e'f3V3334 (lt life limits3 (31 3 he (k'53g33. 1oweeaw'Rr, flit-

I et hit 3v I# zg base4 ntlevried for t he de(si gn (W oplii 33 I to ller 11(31riing. (o 333 el h3igh D)N rea'o f-vnvir'3let f

11.1 ho We'i tll deined. £n 333ny cases. rolled'r b3113ring pelic jaTnil3cR'ii II'31 1W i the limimg fincloraill Olo h
d"'".0 .~3 iI 11111h .3'e rs A3'll Sys~t 3313: hea'le'j (i'f' it lack of od kilItr.irst333(3g duc'trlaiii a3uspect .N of' rodller

13Qa'13g 3~'1I3~oTI'ieara- 3s deol reasostb 3433 'I'll(. liae i33e'335(( 53tis'('1lfhiv ll l' roller ht'aiirigs t3'

3:11 133'~ i rt -otlt'act-dI c4.'l re3ti vel rec&' 31 3 tkt'S.; E've'r inlervaosit g eng3~ine rotationa3l33 speed3 s 11 ve drivni'13

Iwa~rim31 speed,- kil fo 0 N .'dkwhi ch ser've to ti.1313oisfy tile inf1luence of geornefrir v33r333j(133 andt
.f)le' 1sf1 Pramt 313ers oarl roller dvlat'i3ic 1334s 'Aidlemlc accu(''133113 d in t( 113thE field14, 33134 4.13333 (I I 31 t'd( ill

det'veh a p33aa'3 3 a'si s. 1 indict tht be31 13dIarin33g pjw'rmaIt ive 33c'is eV"'I' ver e mi 'i'iit t' rod jp,

ThI d istlht',*350)33f(5e. ock-r I'ruilivn13 in3 h 3 eigh DII)N bvarin33 TI31 it31(] entm roll Tde r skoint.'io 'I 'he
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Of course, there are other modes of engine roller bearing failure beside those attributable to
end wear arid skidding. Some of these modes are identifiable with tile cage ai.d others may be due
to roller edge lodding causing premature fatigue spalling. However, it appears highly likely that .N
if the basic roller end wear problem - as influenced by skewing action - can be avoided, a large
measure of the solution to other root problems can be effected. This becomesc !a.rgeiy self-evident
upon study of the long list of geometric, dimensional, tolerance, quality, and operational
parameters which influence and control roller tracking forces. A design system which provides
identification and regulation of these factors will provide a means for establishing the entire
bearing design. For these reasons, this system must go beyond a quasi-static analysis and must
address roller bear;ng dynamic behavior.

1.2 Program Approach

As indicated, future engine design requirements dictate roiler bearing DN levels to 3M.
Therefore, to achieve this DN level, roPer bearing technology must be upgraded in time for its
utilization in engines slated for operation in the 1980-1990 time frame. The schedule to develop
hearings to meet the 3 MI)N requirement calls for an extension of the l)resent state-of-the-art of
bearing design and requires considerable analytical and experiniental effort to investigate the
effects of increased D)N levels on many critical design parameters. In addition to the conventional -

parametric studies involving fatigue life, stresses, temperature, fits, ckaiances, alignment,
lubrication and rotor dynamic response, special attention must be given to roller skidding and
skewing motions which have been identified as likely problem areas for high DN operation.
Ploper analysis of those effects requires development of a new computer program which considers
tlhe complete dynamic motion of each element in the roller assmhb Ily.

Effort under this program is being directed toward formulating a viable generalized roller
bearing analytical design system that considers a number of geometrical and operational
parameters. This development program is bosed on an integrated analytical/experimental effort. :
The resultant design system, in the form of a complete computer program, is intended to l)rovide I
the bearing design engineer with a useful tool for studying the static as well as dynamic
characteristics of high DN roller bearings for future aircraft engine mainshaft applications. The
design system will be useful in conducting analytical experiments under simulated operating Z
conditions. A parametric study utilizing a reliable analytical design system could establish basic
design criteria, help to separate the important variables from the unimportant ones, predict the
effect of each controllable design factor, and could substantially reduce the number of costly test ,
I,.'ogramns in the early phase of new bearing development. It could also be used to assist in the
diagnosis of roller bearing failures in service engines.

1.3 Program Scope

The work being performed under this contract includes both analytical and experimental -

Sactivity. Under Task I, a computer program which describes the roller bearing dynamics, loads,
stresse.s, d.eflections, deforntions, ther.al co .ditons. heat genei'atioza, i(1ica iit'lloa, and
operating parameters will be developed. In Task IH. experimental rig tests will be conducted oni
a group of 124 mm bore roller bearings to define the influence of geonmetric and operating
variables and to verify the accuracy of the computer program. The computer program will be
refined as necessary to reflect the t.est results. Also, results from other planned experimental
testing which will address a separate group of roller bearing variables will be used to further refine 0,
the model. In Task III, the information developed under Tasks I and 1I will be used to design and
ftabricate a prototype bearing and conduct a demonstrator rig test having a goal of' (60 hours
oplra tion ovei a range of I)N values f'ronm 2.2 to 3.(M. In Task IV, the results of 'T'asks I through
Ill will be incorporated into a design nmnmal for high-speed cylindrical roller bearings. Tl'lw
,nanual will include the computer program developed in Task I and modified during subsmlqent

3C
lad: I-ti



---.-.. - w

tasks. 'l'hese tasks aiso include patrantri.c testi-g on ii an Iditiomil grnip (it roller harings,
containing "litferent bearing variables Ihan t hose studied in Task 1I The test it'sis flroml| this
aIdded tst ing will he u5Cd to furt.her refine the analytical model develdowd under 'Task i, 'llw
work also includes instillation of the compluter pirogram at the Wright-Patterson Air Force lBase
(omf)utvr facility.

ZI.
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2. CONCLUSIONS AND RECOMMENDATIONS

2.1 Conclusions

'I 'he prog ram developm)enwnt proc'ess conti( intes to vie 1( new inmughts inlto fiet hods of anallysis
andl hearing dlynamic behavior, Somne of life more import ant (ire:

0 l'xtensive refinement of' the program andl replacement, of previously de-
veloped suibroutimne withI more elled iVe versions hits resulted in imiprove-
ments in hoth1 accuracy and ef'ficienc~y. ''l'his program improvement. pr0cess

~' hats beeil I'acilitatedi by, the modtiltr organizat ion (of tihe jprograni,

*Preliminarv results fromn the( computer analysis indicate that if large mnumher
of' contacts bet ween thle roller arnd/or the cage an~d/or guide- flanges is to hie
expected. As af resuilt it is conlcludled that the nel hod empll~oyed flor handling
thle cont act model will have af significanlt impactd onl overall programn running
thime.

*Modeling thle actualt (eletrifla',ion resulting f'romi the (lynitinijes or" initlii(t ait
thle guide flange is not fevasible due to thle excessive computation timle
requiredlwhich is ad(irect resuilt oft the need to use ext renielv smnall t ime steps.
'i'e alternative ap~proach Calculates tilhe post impact Velocities wit hoot
resorting to t ime-consuiming comtputat ion met hods.

* ('age web flexib~ility does not significant ly affect tile roller IC)cag( web inipact
load magnitude for poin' m itacts near thle web root. Line. contact between
the roller and wet) does have an -ffect onl cage web stress. 'rhlis mnode of
contact, however, is unlikely to ~ur for general three-dimensional roller
illot ionl.

Conclusions that can be dIrawn based oni experience accumuklated in thle exp~erimfenltail
portion of' this programi are:

0 'I'est tunie find cond~it ions produced roller end .. ' sulficient miagiit ude to
allow statistical correlation to the test parat?

* Alt hough a wide range of roller wear w,- - . d lor thie naratnetrnc test
bearings, similar thermal characteri'st. red Ior each hearing. -

* lRxtrerne amounts of* roller slipp .sutin uinusuial thermial
behavior of the bearing nor di i s skid darnage or dist~ress inr
this test eaivironinent and dulral.,.jk.A

*Increasing coupled roller cornler radius runouit has the( mtost significant effect
onl increasing roller wear and result ant skew angle I inlits.

*increasing roller end clearance and L/f) ratio have it signific(ant hutt lesser
effect than cornpr radiuis runout onl rol'.er wear aind skew: anpge increase. The
effect in both instances is to increase roller wear.

2.2 Recommendations

Based uponl the above conclusions thle contirac'tor inakes the f'ollowing recommendat ions.:

* it i s re comim iienif ded thafift a id d itIi onal met hfod(Is (or re dutic inig .-ait ativii t ime be
so ught and app~ivd to '11111 I1 I.



" 11(1 * I ) Io I ('I~il ion Iof the J)Iog.ran I)ais jIvstI It Iv (el'hi I Ile. it is rect)I~mII nvIIdedl thIII
sensit ivil v st udiv, lbe pe'rformed t4o cleermimc t he effect of cet- liiiO assulitp-
Itions and1( I lhe itiluienet' of jirograin itIeratI ioni I olermwi(es oil nmtlig I iiiIt III. 'I'llis

knwledge wouldl allow p~rograml rmnning time to he 1niliti~lhit'l.z

"* Bearing templeratutre monitoring should not be relied upon its at met lid Ito
d tltect roller wear.

"* Roller corner radius runotit should( he ma in tained at the ho'est pos-sibl hit'lvel
in high -speed roller hearings.

"* The lower levels of bioth roller LA) ratito andi end~ clearance that were

evaltuated should bie incorporatedl in future high -speed cylindrical roller

V 41
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3. DEVELOPMENT OF THE DYNAMIC SIMULATION AND PREDICTION SYSTEM

The fundalmlental elements in the dynamic simulation and prediction system consist of
analvses to determine all forces acting on the hearing cage and rollers, including those due to
contact betlween the inner ring and the cage, the rollers and the cage, and the rol)ers and the inner
race, as well as analyses to determine d(ynamic I)ehavior oft he cage/roller system un(ler the action
oft lhe external forces.

The first interim report described analyses for determining certain forces that act on the
roller and presented preliminary methods for calculating roller-to-race contact forces and roller-
to-cage contact forces. The equations of motion and the general coordinate systems were I ':
discussed for both the rollers and the cage.

The following sections describe analyses of the remainder of the roller/cage forces that are
of significance as well as refinements and updates for analyses of some of the forces previously
discussed.

3.1 Roller End Viscous Shear Resistance Model

In the first interim report, consideration wag given to the fluid shear forces and monments
imposed on the roller cylindrical surface as a result of its l)roximity to the cage web. The
interaction of' the roller end surfaces with the cage and guide flange also produces forces and
induces moments on the roller due to shearing of the interposed lubricant film. The magnitude
of these forces and moments is influenced by the type of lubrication acting at these interfaces;
that is full film, boundary, or dry. Because hydrodynamic normal forces tend to keep the surfaces
separated, the current analysis assumes that full film lubrication is the predominant form of
uluhrication existing during high-speed operation. The forces and moments generated are

therefore due to viscous shearing of the oil. The damping effects of these viscous shear forces on
* the roller 2nds can significantly affect the roller dynamic motion. In addition, a portion of the

total bearing internal heat generation is due to the energy dissipated in overcoming this viscous
shear resistance.

The net relative velocity hetween the roller end and either the guide flange or cage siderail
is treated in this analysis as being the result of a combination of both translational motion of the
roller (,enter due to rotation about the bearing axis and rotation of the roller about its own center.
The viscous shear forces and their line of action are dependent upon the roller angular velocity

. ,',, the lubricant film thickness h, and viscosity u, as well as the geometry of the surfaces. Shear
forces arising from centripetal acceleration of the lubricant due to cage and roller rotation are not
considered. The approach used in this analysis is to superimpose the solution for Couette flow
between parallel plates on the solution for a free rotating disk in a viscous fluid (Ref. 1). How thir
was done in the present analysis will be illustrated first for the interface between the roller end
and the inner race guide flange, and then for the interface between the roller end and the cage
siderail.

3.1.1 Roller End to Guide Flange Interface

Figure 3 shows a schematic of the roller end and guide flange interface, where the roller has
been fixed in space and the guide flange moves past it with a relative translational velocity.
L,uhricant flowing through this region is subjected to shearing due to both roller angular velocity
and roller-to-flange relative sliding. It has been assumed that these effects can be considered
independently with the total effect of velocity then determined by superposition. It is further
assumed, for the puiopose of this analysis, that the lubricant viscosity is constant, the flow is
laminar, an(d that the shear stress in the interface is unaffected I)y variations of local film
t thii'ckmss caused by roller skewing.

7
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REL.ATIVE VELOCITY OF GUIDE FLANGE FORCE DUE TO FREDET
WITH RESPIECT TO ROLLER CENTER RELATIVE SLIDING RELATIVE ROIAJ ION

rq

Figure 3. Viscous Shear Model Force and Moment Systemn for Rollfer IEnd/Gujde Flange Interface

V~ilhI these assumtf)tions taken into account , thle I otail shear st ress act irg oil onle end of the
roller due to thle guide filing(- call he expre~."ed by:

Tt. totill shear stress between roller and guide flange4
Trg ~ complonent of shear stress due to roller rotatition relative to the guide-:

flailg(.
compoj)nent ot shear stress due to roller sliding rolat ive to the guide
flange.

Shear Stress Due to Roller Rotation Relative to the Guide Flange, Tr"

D~iscounting edge effects, an analysis of the turning moment on ii disk rotating in a viscous
fluid is available in the classic text by Schlicbting (Ref. 1). This equation is applicable when the
fluid boundary layer due to disk rotation is small with respect to the gap. Tlhis Condition i%
generally satisfied due t~o the very high roller angular velocities encountered in typical hearing
applications. However, to provide a reasonable estimate of the shear stress on a roller due tointeraction with the guide flange, the reference analytical approach had t~o he modified toapproximately reflect the effect of the appropriate sector-shaped shear area as illust rated in
Figure 4.

8f
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Figure 4. Shear Element Due to Relative Sliding

According to the analysiq presented in Ref. 1, the variation of shear st-ress in t~he radial *
direction for a rotating disk is

whre r -0616 p( r (2)

= density, lb/in.3

-y = kinematic viscosity, in.-sec
Wr angular velocity, rad/sec

r =radius variable, in.
sr ,hear stress,, tb/in.. -

gK gravitational constant, in./sCC2

In general, the force F,,, and moment M,, o~n the rol'er can be obtained from the following
relationships:

:q;r dA (3)

and

T , r dA. (4)

Substitution of Eq. (2) into Eq's (3) and (4) leads to the following integral expressions;

Frg 0.616 p g rW 0/r drdo (5)
-tin 0 S

9



M,, oluwip I-I~ ~r drdO (6)

T'hese integmrl equations cin be scilv'e( closed formi or the total fo'rce miid momtniet actin kill
tie roller end face:

(7)

t)Ail6 p ( (till,

U~ ~ (8) I '

Shtear Stress Due to Rollef Sliding Relative to the Gud Flange,

Bcueof the kinematics ofilhe roller/guide flaing.e systemI at large comtfponient of slidin~g is

present between the two surfaces. Since t he v'ariat ion of the slidiing velocity in (the radial direct ion

is small, we can consider (the flowv in the gal) between the roller enid And thw gaiclde flanige to tie V
primiarily one-diniensiomil. i.e.. in the bearing circmitkrentifail direction. Tb'ug the problem canl
b)e reduced to ono similar 0o Collette flow betwevin two flat plates with no pres-sure gradient
present along t he dIirect ion (if f'low, A :,chemiat iv represent otiton of this syst em is showni ill
Figure 5.

60OF Fl A-G.

I'iglrc 5. Vc 'itv 1 i.s(ribuitirm Dur~i to Bea'r tive' S/uidpoj,, p )
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T'he t'x;)kioui~t for t lie shear st rvss in t h is cas is giv'en bv:

T'he circum~feren~tialj relat iv~e Veloc-ity gradi ent,

Is Simply

014 U10)

-- where t4 is the relativ'e sliding velocity between the guide flange and fivh roller.

D~irect subst itut iot for the sliding shear -t ress yields:

TFhe bas~ic integral expressions relating force and momient to the applied -shear stress.
equ~it hins G'I and (1). can again be tafilized to obt(ai:

,~r (IA, il-- r r (I A, 3

The effect (if thle sect or-shaped slider geometry of the roller enid fate ~must once apiin he
tafien into acc(ount b~y choosing ap)prop)riate limits, fr the surface integral's (12) and t 1:3). T'hat is:

F,~ * r dr (10D 141)

gill al

M" J1 H r' dr do iS

Solving (13) tand VIS) for thie force and moment on I he roller reswect ively:

IF (1" 6, 20,) r I , V -r (2 cot 0) 6

F ( if ~tan(-."
NIRIn "'.' (R :4 (17)

I2
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"The total shoivr force oil I he roller due to the guide Ih11t.ge. F. is th'l t I he sumillaift loll (it' t h
rotat tional iud sliding compoi wnets antid acts in t he circutnierent ldirect i(n.

The Iotal Imoimenit about the local roller z-axis is:

Mi., ý M,, f M,, (01)

3.1.2 Roller End to Cage Siderell Interlace

Consideration of the effect of oil fiill shearing in tihe roller end/cage siderail i taevr;ce oses-
a P)roblexv similar to that for the roller end and guide flange interface presented inl the preceding
settion. Since thie shear on the roller end will also affect the cage dynalmiC mritioti, the ('clolmptited
shear forces must he added to both mhe individtial roller and to t he overall cage force and moment
svstem. The roller rotates about its owzi fixis with respect to tile cage and is also free to 'll-,je
(ircumferentially and radiallv wit h respect to tihe cage.

As was the case for the roller/guide flajige contact, tile total shear force and mometit is
comn puted approximnateiy by sum.m, t kil of the rotatiol mid slidilig comllponlenlts. l"igtlre 61 showvs
the shear stress resulting from rotation of the roller wit h respect to t lie cage siderail. Sincv shci.r
variations due to roller skewing are not considered, it coll he ilflerred fromti the figure t hlat the
conltribution of tlie roller rotation to the net roller radial force will le zero since shear stress
colponllents Oil either side of tile y-axis are equal in mliagnlitude and opposite itn sign.

C A--

(JA 
'1'ic

(4)

Figure ti. Shear Stress lReslt, 11, /ro'lz )?ototion / ot/"crlh• l~ehut i'c to 1 tg4 .. j' rit•,. i



III addition, because oft he small clearances between t he cage bore and t he inner ring lands,
t he Pthl oli shear ue~ to all"Wvcage ccenCt ricity with respect to the roller pitch diameter ctall b
neglected. T'he total moment on the roller due to shear drag with the cage is (hen due solely to
roller iingular vChOCitv, (Ar,

iThe shear stress equation I-r a rotating disk is again mo(lified to reflect the effect of' the
contact ?zole whicci, tor the roller/cage interffhe, is approximately rectangular. Following anl
analytical procedure similar to that for the roller/guide tlange contact we can develop the
expression bfor the roillr drag momnenlt ue to its angular velocity as:

M,. j , x dA
(20)

Mr,, W x dx Wx--

- ~ ~where

Trr 0.616 1) ( ' r x

and all terms are as previously defined in equation (2). Therefore,

"Mr,, = 0.616 p ( , W ( (21)

The radial and circumferential components of the shear force actitg (loi the roller due to -
relative sliding velocity between the roller and cage are calculated using the same type of Colette *
flow analysis as was used for the roller/guide flange contact. -

The radial component; -,

IF)., - r.,.)r dA :
(22)

SF.,,), r V ),h

The circumferential component:

J',,, = r.,.,),, dA'•

(2:11

,,.r Ii WR, V.),

where:

F,), = shear force due to sliding relative to the cage in the radial direction

F,,.),. = shear force due to sliding relative to the cage in the circumferential
direction
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For the q1h cage pocket:

- -0• (q- 1 n + r,

r See Figure 10 (33)
: S

n• rq - !-tg + r,

n = No. of cage pockets
"q - qth cale pocket

p= Cage mass density (tlb/in!)
W, = Total width of cage (in.)

r. = Cage outer radius (in.)
r, = Cage inner radius (in.)

W, = Width of cage pocket (in.)
0, = Azimuth angle of q"h cage pocket (rad)
S = circumferential length of cage pocket at pitch radius (in.)

tt

:• :.qt CAGE POCKET

:•!• PITCH

3.4 Roller Dynamic Wear Model

Accurate prediction of roller end wear due to dynamic interaction with the cage and guide
flanges presents a difficult analytical dilemma from two standpoints. The mechanism of dynamic
wear is quite complex and requires rigorous treatment if an accurate wear profile is to he
generated. The analysis, however, must he efficient and quickly solvable via the computer if
reasonable run times are to be possible.

A linear wear model was selected to represent the wear mechanism between the roller end
and the guide flange since the relative sliding velocities are quite moderate and are tyl)ically in
the 2(X)-300 ft/sec range. This type of model, which has been used to compute wear in journal
hearings and similar sliding devices (Ref, '31 has to be modified to reflect both geometry
differences as well as the transient loading conditions inherent in the roller end/guide flange
('cniact zone. The general form of this model is expressed as:

W QfK, 11, S)
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Tlhe specific torni of this model employed in the subject finalysis is the linear version-,

namnelv

W KPS (34)

where

W = wear volume (irI!)
K = empirically determined wear coefficient (in~in.-th)

-P = load-(tb)-S sliding distance (in.)

Whereas the load P usually represents a steady-state load, the TRIIB() 1 wear model
redefines P in termus of q Hertzian impact load for point contacts (Ref. 4).

P = 0.7064 (V' M'r B-' E~r)" (

where

V,=normal approach velocity (in./sec)
M, = muss of' roller (tb)

B = roller corner radius parameter, lI2]Reon.r, (in. t)

EL' = eqjuivalent elastic modulus of roller and guide flange (psi--')

11L 112 Poisson's ratio of roller and guide flange

The sliding distance, S, is considered as a function of roller and guide flange velocity
comp~onents in the radial and circumferential directions as well as the dynamic contact. duration
time, At. It is assumed that the roller angular velocity remnains constant during the contact.

The sliding velocity is given by

V =11. (V,2+ Vf)'' (n6)

where

V, =relative circumferential roller velocity component (in./sec)
Vr =relative radial roller velocity component (in./see)

The Hertzian contact. duration time for at point contact. (Retf. 4):

Mt, - 5.198 (V-11 M2B E,-2)'/6 (37)

Thus the sliding distance is:

S1,1, (V2 + V2 W/2 Ate. (3s)

This concept has been utilized as the basis for the incremental wear Model, wherein ia wear
increment., W1, is calculated from the following equation whenever it contact occurs- in the
dynamic system.
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WK P, s1,~
Tlhe total wear is then the sum of the individual increments:

- K P. S, 40

which-by -Substitution is

nJ

K K,~ M1 (V + Vs)i's (41)
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4. DEVELOPMENT OF THE COMPUTATIONAL SYSTEM

lThe computational system consists of the algorithm which determines all roller and cage
forces and integrates the roller and cage equations of motion to determine their respective
positions and velocities as a function of time.

The overall computer program, TRIBO 1, is organized on a modular basis and is built on
four major subprograms, or modules, namely; STATIC, CADYN, RODYN and SYSI)YN. Each
of these modules will be discussed with its own input and output capability and each can be run
as a separate program apart from TRIBO 1. Each module is composed of many subroutines whichIr1
are used for evaluation of the forces and moments arising from interactions among the bearing
raceways. cage, and rollers.

The basic structure and logic of these subprograms was developed and reported in the 1st.
interim report. Work since then has resulted in extensive refinement, and in some cases,
replacement, of some of the above mentioned subroutines. This effort has resulted in certain i

revisions that reduce computer time and others that reduce computer core requirements. Also,
extensive revisions to the program input/output subroutines have been made resulting in greater
clarity and convenience for the user. In addition, model validation was effected through tiI
comparison with a closed form analytical solution, and several parametric studies were run to
illustrate particular subprogram capabilities.

4.1 STATIC Program Module

STATIC is the subprogram which provides the means for quasi-static roller bearing design
optimization. The related analysis and programn capability were discussed in the first interimn
report in Sections IV and VI respectively.

Work performed during this reporting period was directed towards improving programi
computational efficiency for STATIC and updating several related roller optimization sub.
routines. Also, the STATIC subprogram module was incorporated into the overall T'RIBe 1
program.
4.1.1 Improved Computational Efficiency of STATIC

'The flexible ring bearing analysis used within the subprogram STATIC was developed from,
an earlier version of the deck, which was based upon an assumption that the inner and outer
bearings rings were rigid. The flexible ring analysis utilized this rigid ring analysis to l)rovide
initial values of roller deflections for the flexible ring iterative procedure. Subsequent experience
has indicated that it is not necessary to obtain the rigid ring solution as the first step in finding
the flexible ring deflections. The elimination of this first. step in the analysis has resulted in ul)
to a 30" reduction in computer time for some test cases.

Additional development work on the static roller optimization analysis, called subroufine
-OPTIMA, has resulted in increased capability in handling extremes of' both misalignment and
outer-ring out.of-roundness.

4.1.2 Improvements to the Roller Optimization Module I
The roller optimization module has been updated with the addition of two sulroutines. The

first subroutine deals with the calculation of the influence coefficients for the inner and outer
rings and support structures. The second subroutine provides a way to take into account the
effect of raceway undercuts on the optimum combination of roller flat length and crown radius.
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As explained in Section IV of the first interim repo~rt, t~he influence coefficients are us~ed to
account for the effects of ring and support structure flexibility on the bearing internal roller load
distribution and hence on bearing life. In actual aircraft. engine applications the inner and outer
ring support structures may have rather complex cross sections and the influence coefficients-
corresponding to the application of a point load may have to be determined by means of either
a finite elerment analysis or a shell analysis. While it may be desirable to consider the effects of
ring/support flexibility, the use of either of these procedures, to calculate influence coefficients -
however, is generaily not necessary in a preliminary design since the support structure geometry
is normally not defined sufficiently to warrant the effort involved., -

The new subroutine allows consideration of flexibility effects without requiring a structural
analysis. The required "A" influence coefficient submatrix can be calculated within the program
for an assumed ring and support geometry. The calculation logic is based on the assumption that
the ring and structure can be replaced by a single equivalent ring with a rectangular cross section
supported by a sinusoidally varying shear load (Ref. 5). The influence coefficients, Aqj, defined
as the radial deflection of th q1h roller location due to a unit load at the j'h location, are then
prescribed by the following formula.

Aqj = - (ir -)sin 0. + + - cos •,- 1(

where

6 = radial deflection of the q'h roller location, in. PIY

Pj unit load at the jth roller location, tbf

q = circumferential location of the qth roller, rad.

R = radius to the neutral axis of the equivalent rectangular cross section
support structure, in,

E = equivalent Young's modulus of support structure, psi

I = effective polar moment of inertia of support structures, in.

It is emphasized that these internally calculated influence coefficients should only be used
in the preliminary design stage. Once the supporting structures are defined, the finite element
analysis should then be used to determine the influence coefficients.

The second subroutine added to the roller optimization module allows for the consideration
of the effect of raceway undercuts on the optimization of the roller flat length and crown radius.
The inner raceway undercuts facilitate machining operations during manufacture and provide a
means of distributing oil to the raceway and guide flange surfaces. The roller must be designed
so that the contact area "footprint" does not extend over the edge formed by the breakout of the
raceway undercut and the raceway surface. If this should occur, stress concentrations would occur
and roller life would be severely reduced.
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4.1.3 Incorporation of StA TIC Into TRIDO 1

Tlhe hitcibrporation of flth- STlATIC( nodtil' jinto flthe overall 'I'11II1( 1 prograin has bveen
comttpleted. With this additin 101,IIIBO I cani now lit, runt in iii' (otfftt ltie llobwiifsix mI todeCs each
or which are! iideietiderit ot t he ot~hers:

I . STlATlIC
2. ('Afl'N
:3. HOl)YN
.1. SYSI)YN

Tlhis tentutre is of particuilar interest sinc(e t he program now has the catpability ot runii -,.thefl I
S'lA'l' niodo le inl cinjitintvion with ejit her ROI)YN or SYSIDYN.hi STlATlIC' niodule provides
the vircuinferemit a roller load (list ribtit ioii mid detiti Is inforimait ion about the roller, to. ratcvwii
cont~acti areit sutchi its its locatt ion wvith resp eet t flit, roller centIer oft nt ss, atntd its v':iri at itn ( ti
tn roller loadi- i.'lThis intorntittion is pitssedl to RODYN or SYSI)YN and is wsed by Ole tract ion
stibrotit inie to ct'itlit't te rollIer tracti on t irces and im omten ts whic' Iiff'te&'t rolleIr mittit ilbi

4.2 CADYN Program Module

Tlhe development ot ('AIYN, thle cage dyniamics miodule, htas p~rocieede'd as planntied. A :v
series of test ca-tes have beent emnployedl in this work that were designed t0 Vaklidate (he Programt
for cage 3.1) motiont. A pfirametric study was also uindertiakeit to assess the effects of' both cage
miass atId cage and jinner ring interfacial shear forces ont the 2.1) motion (it tlte cage. ý

Tlhree-dimeniisional c-age mot ion was simutlated by modleling tlie mnot ion of ia free gyromeotie
which was allowedi to rotate in any direct ion atboutita fixed ponint in space. Tlhe choice oif the free
gvro ats at test case allows for the determinttat ol oftlte cori-ectimiz. of diie genieral system dyitatieis
witltoutt the need to consider the contstraints ordinarily arising fromn interatctionis at the cage with
the rollers and :li ring lan1ds).

With CAI)YN, the cage geonietry wits intput such that it representtedi the rotor of the
gyroscope whose' lx)ltr axis w&,3 the local z-axis. Tlhus, the utoments of intertia about the local x,
y, and z axes were I., := li .i i. i,, -ip). rhe gyroscop)ic motions about (lhe local. x.Y. And 'i
axes were determined bky solving R~iler's equat ioits ot'rotational mnot ion f'or tte special cast. ot' ietto
external torque. Tlhe solution of the resulting differential equations wits dlerived for the spiecial
Euilerian coordiitate sys4tem within CAI)YN. in a ntanner similar to thatr presented in R~ef. 6.

The resultatnt antgular velocity comtponents are given ats tfollows:

W, W. ros t kt) 1, W.,,, sin (kt)
W, ,,, sin (kt) I Wv,, coq (kt) (43)i

W, Constant Wcoso
where

arc tian['*! tant o aingle bet weein the locil z and inert ial -aiixes Wvlg)

W1. cage mingular velocity ahout thle local x -axis Wt t o ( rpmj)
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vlig aglar velIocity allow1 t(lie locali v-aI is ilt I o (rpm)I

Su~agit ude oft the c'age angular velocity vector (rpm)li

~i algle bet ween thie Ilmigk ltr veoiyvector and1( t lhe locHd .-AiixS (deg)

For this exam ple t he ussimued imijiial conditions tire as follows:

IOWX rpm

o, 2 N)'

1 3.0 lb-in. -Sec'

, 3.0 lt-llin.sev,

T'he results of, t his test case fig5 oblatitled fromt ('AIYN showed excellent agrednement with (lit e
exati solutions, its incticated inl Tlable 1.

VI '. (rpma) W', (Irptl) w.' rpm i (deg)

0 . 0e q E x a . 0 ' 0 Y ) 4 0.x u v C A .5 i$ I9 5 5 i E A. 9t5 I V) A 10 .0ý .

0 5 1M~ 83 .5 Lm .164 ",1 40.1 8,143.915 55.4 ,k). 9 1.0 I0,0
1 W~ $1 J' .7 .157. .9: 4571 .9: 1 i os4:.11 811: 'Y 10.A) I A)

IlL) 141 ~.1 .11.431 I.1 1 54:~ $39 5.5 tl

5 1 11i 5: 5 .101 'o140 IOA)5$.)5 1.0 1.

Much information about the relat~ive influence of certain vat iables on overall cage dynamic
behavior cant he obtained by pertorming parametric studies as ,it integral pamrt oif thle program
development process. The results of such ;!udies providet datit onl the computation time
requirements of' particular analyses andI can assist in the determination oif whether the aimount of'
compluter time spent in solving for a given parameter is justified.

Tlwo p~aramnetric studies were undertaken utsing CAI)YN, Inl the first studyN, the eftfects of
reduced cage muass on t~he uncoupled cage motion were observed. Tlhe dynamic behavior of at cage
with one tfitfth the tuasq of the qstandard cage was examined over it range of timbalanices from 1)to
10 gm-cm. F~romn the resulting plots of cage motion, it wits determined thait ;i reduction in cage
mas~s result~s in a larger film thickness between the cage and the inner ring land ridling surt'ace over
the range of unbalances considered, as shown in Figuire 11.

Tlhe 4econd CAI)YN study examined thle effect of' thle fluid shear forces. ats well ats the
hydrodyniamic normal f'orces, onl the cage filmi thickness Tw~o cases; were run for comparison. Onie
case included the effects of shear forces on the cage. the other had the shear forces and moments
supipressed. As seen inl Figuire 12, the shear forces, and moments have a significant effect onl thle
cage muot ion and final steady Mtate f'ilm thickne'ss.'lThese results clearly show that the shear forces
cannitot he nleglec-ted inl thle anailysis.
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4.3 RODYN Program Module

lIOlYN is tlie subprograin designed to evaluiate the dynamnic behavior of bearing rollers
whetn uninfluenced by interactions with t he cage,. This mnodule containit;till roller eut~pltions oif
motion and all subroutines relating to the dletermination oif forces resuilting fromt interactions
between the rollers and bothI the inner tind outer ring-s.

Work performed during this repo~rting period centered primarily on the development of the
additional force anid mioment subrout-ineq discussed in the tollowinK sections. A diseussion ot
iniput/output improvements is also included.

4.3.1 RlilerlOulde Flenge and RollerlCaeg Sidervll Hydrodynamic Contact Model
Development

Tlhe finite element analysis developed to mod'Kel the hydrcdynainije behavior of the lubricant
filmn between the roller and the guide flange and between the roller end and cage siderail has been
incorporated into the mnain TlRIH() I Program,.

This analysis, called iFKlW1, was originally created and tested as an independent programn
in keeping wit~h the modular concept of 'lRIB() I development. Tlhe inclusion of this p)ro.rail as
a subroutine of '1'RIB() I relpuired the development oif aidditional supporting inodulps ill ordetr to
provide till the ntecessary iniput.

A p~reprocessor, designated 1411KI TP was dt-veloped to atitomnatvatll% assign the finite
eleenittt vrid to both the guide flange and catge siderail intertftces.-AThel element arrangement, node
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No.'s andi node coordinates for each interface are sotmed internally within the progrnm, basted~
upon uset input geomnetry. A typical breakup is shown for the guide flange, Figure W:, and for tile
ctigt'. Figure 14. 4

Ani accurate dlescription of the local roller velocity relative to the guide flange slid the cage
is also required as input to FERIt~. The relative velocity at each tide inl the breakup hats to be
defined in ternis of' its radial. tangential avid axial components asa identified in Figure 15. Tlhese
Veoc(ities tire Calculated in another moidule, ROLV EL. The ROLVEL subroutine is called tit every
time step in-order to provide -FERI -with the-most up-to-date informattion.

lDetcription of the interface is conmpleted by calculating the film thickness distribution
between thle interacting surfaces in subroutine ROLSEP, The filin thickness distribumtioni within
the roller/guide flange interface, as represented in Figure 16 is affected by roller axial t ranslation,
roller skew and guide flange layback angle. The roller/cage siderail interface film thickness
(lisiribution is a function of bot~h cage and roller axial translat ion and skew. Tlhe filnt thicknesses 'I
(separattion distances) at each node are calculatted as at function of these variables ait eatch timne
s~tep. A description of the actual calculations uimed inl FF4IFI was given in Section V.C.3 (fthe first
interim rep~ort.

A variety of test cases were prepared in order to confirm the proper function of the FERII'
module and its associated support modules within '1111130 1. One of these test cases. p)resentedFA
below, calculatets the prcssure distribution over a flat circu~lar sarfave its it niormally app~lroaches
a plane wall at a1 Constant velocity, This example waA chosen because at closed fornm solution is
available (Ref. 7) for this monotonic mqupee7e filmn problem by direct integration of' the Repytold'o

-'-Liequation. TIhe geometry and operating conditions used in this niodKel test vase tire a4 follows:

Radius of the circular patd, r~,, 1.0 in.

Intstantaneouis himi thickne4-. ht 0.00)1 in.

Approach velocitY,'.' 10.0 in./sec

Lub1ricanlt viscosity. 4.6 X 10 l-se

As is indicated in Tlable 2. excellent atgreement for the ltvdrodynaniic pressure distribution
Was obtained between the finite elenment method and the exatct solution.

4.3.2 Force and Moament Due to Roller Unbulance

The analysis of the forces resulting fromt roller uinbalance wats derived in it nutaner sinilar
to that used in thle cage unbalance analysis. As indicated in the first interim report. the
expression for this uitbltlince force, Frk tet h'j~ tIbhIllatne'L tuass, in the k", roller is given

It

where

'Irk~g rrk A~k krkrrk 01
dl (its
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d Olot 11, 0' r~t) Irk 4 '111l 4- 2 2RiO) It K(4

11= numiber of unbalance tnasse8 in the roller

and t he position vectors R~k and r~j, as shown in Figure 17, represent the location of the kth roller
center in the vertical framc, and the location ot the jhunblmtace mass with respect. to the roller
center.-

lMe out -of-plane mnotion of the roller is then affected by the unbalance mnoment creatted by
the cross-lproduct of the position vector, rrjk, title the unbalance force. F~klLh~ as given below

Mkjhj r1,xF'kll~ (47) 7M

Theli Calculat it'n of this Ililmerill is of great interest since it is felt that t lhe component ot this-
klilnhlince nmoment about t(he rotller rid~ial axis is one of' illb primiary viikimes of' roller skt-wing'.

4.3.3 Skewing Moment Induced by an Asymmetric END Traction Distribution 0

''l'be int ro duct ion of shalt in isalIign inien t results in ro d br tCoot prints", i .v. roller cot i act it reiis
oil tht. inner a!ld outer raiceway surfaces, which are nons~vtinnit rical withI rvsplect to the roller
cirelliniferelltial axis. Wheni this situation occurs, the calcuilated PHIl) tract ion torce is (Iisl)[aced(
from it s a xial p~osit ion at thle mniddle off the roller lengt h t o a locat ion where t lie cont act mioment

a aoo (' ircuniferent jul axis through t hat point wouldIlhe zero. (See Figutrv 18). 'l'his; new poinit.WI
r.,. is calculated based ii pon i iiformidiiii obthta ined froi n SPIA'1Ii C converning t he I 't l ro lleor

cotetload and the contaict momnent about thbe circo iniferential axis through the middle of the
roller length.

'nt.for the ill, ra'2!eway -Aurtace onl the V-11' roller; .

r 'k(49

I ouiter raceway

2inner raceway

MiL contact imoment (ti_-tNr)

til Cont.act load (11f)

t ~~Alter calculating till of these nioment irmis. at ctirve is fit through t he plot1 of their
intigiit~xides for the inner and ouiter surfaices its i function of circumnferential localtion, I~. 'l'his

.A. ~provedllre enables the programn to obtain valuies for the. niontent armn, in at manmier similar it) that
usedl for the trin tion force, for each rolier as it travels around t le ra%.'twii. surfaces. 'l'he Skewing
niotnient for each roller i-4 theni calculiited to lie the sumi of fthe p~roductsP of the moment armi and
ih~ associated tract ion force onl the inner andl outer ravewaly surfa'es,
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TABLE 2. FEHFl TlEST RESIJI "I'S

Pr tssctr ( Pressure 

-in

Rudial L.ocatiofn (Exact) FERFI I-
(rlr.) (psi) (psi) % Error

0.0 13,.8W 13.000 1.3
0.15 13,490 13,470 0.1

0.3625 11.987 11.610 3.-
!0A.75 8,19w 8,139 0.6
0.8500 3,w30 3.866 0.9

1.0 0.0 0.0 0.0 -

"'2'
--a

0,k

x

0

0 Z,

Figure 17. Coordinate System UJse~d to Locate' Roller Unbalance
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the various output data generated by the nmnny analyses within the program. Bot~h sets of
improvements combine to provide an increase in overall cost effect iveness of the programn by
reducing the probabilit y for error and reducing t he t ime required for int erpretatit on onl thle p~art. of
the user.

There were three areas of improvemient in the input section. lIhe first consisted of' the
establiabment of roller sets. Each input roller set contains any number of identical rollers within
the complement, the rollers in the set. being identified by t~heir position wit~h respect, t~o roller
No, I at. the 3 o'clock position. The rollers in the last set neced not he idlentified since the program -

assigns all previously undefined rollers to this set. This feature is especially us~eful when there is
only 1 roller in the complement which is different. than the otherg. TJhat one roller is identified by
number in the first set, while the remaining rolles tire aittoinatictillyv assigned within the second
set.

The second improvement that was made concerned the itnitial conditions imposed on each
of the rollers. Default values for the posit ion of the center of mass, angular orientationt, Itrasnsltion
velocities, and angular velocities have been internally set for each roller. 'l'lw defaiult value is. thail
quantity assigned automatically t~o the subject parameter by the programn if the user dloes not Care-
to make an independent assignaition. E~achi roller is positioned at the pitch radius, evenly s.piiced

..... ..
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around the circumference and centered midway between the inner ring guide flanges. The
angular orientation is set such that the roller local z-axis or polar axis is in the same direction as
the inertial Z axis, i.e. no skewing initially exists. The orbital velocity of the center of the roller,
.7, is initially set equal to the no-slip orbital speed. Similarly, the angular velocity of the roller
about its own center is also set according to the no-slip condition. Finally, the initial orientation
of the roller is set such that the local x axis is colinear with a line drawn from the center of the
bearing through the center of the roller as depicted in Figure 19. This is accomplished by fixing
the roller's Euler angle ý equal to the roller's inertial angular position q. The benefit derived from
doing this is to make it easier to interpret the roller output data.

y t -. -- ---------

kh ROLLER

i-I"

ROLLER NO. I

xM

I.
I-

Figure 19. The Local x-Axis of the h Roller Is Oriented Such That Its Euler Angle OK is Equal
to the Roller's Angular Location VK Within the Complement

The last new input feature incorporated in the RODYN module provides the user with the
option of suppressing any of the individual force routines in the program. Thus, if it becomes
evident that for a particular application, one of the forces plays an insignificant role in the
determination of the roller motion, that calculation may then be eliminated for subsequent,
similar runs. TIhis option provides the user a corresponding savings in computer run time.

The RODYN output format has also been revised so that the most important of the
. 'calculated data can be highlighted. This work has been accomplished in both the print and plot

routines. In the output printout, the user now has the capability of eliminating output data for
any number of rollers, thereby focusing attention on information pertaining to only a particular
number of rollers. In addition, the type of data printed for those rollers can be shortened
considerably by selecting only certain types of output data. This is done by setting up groupings
of various output data. Each numbered group, containing a set of output parameters, is
assembled in a table and presented to the user at input. The user then selects any number of
output data groups, according to his needs. In a similar manner, output plots of particular
parameters may be selected at input by the user.

-.- •
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4.4 SYSOYN Program Module

Modeling the dynamiic behavior of the complete roller hearing system is accomplished
within TRIBiO I. by activation of the SYSI)YN prograin module. SYSI)YN uitilizes the CAI)YN T
anid HOI)YN analyses in combination with additional subroutines designed to account for thle

F 111~iteract ions that occur betwen rollers and cage. Tlhe forces and moments iminposed on thle r ol Ie rs,
due to the ca~ge and vice versa are transmitted through the interfaces at the circumferential cage
web and the cage 8iderail. Forces and moments developed tit these interfaces arise froin either
hydrodynamnic pressure generated in the interposed lubricant filmn or t~hrough actual iiietal-to-
metal impact. Trhe development of the roller-cage wet) impact miodel was discussed previously in
this report in Section :1.2. lThe roller-cage wveb hydrodynamic contact model was described in thle
first interim repo~rt in Section V.C.2.

Tlhree-dimensional roller and cage motion as predicted fly SYSI)YN canl be very 'ompilelx.
- Simplification of the .1-1) coupled systemi by restricting motion to two dimensions is valuable for

the purpose ot confirmning the basic lprograin logic and analyses, and efforts onl the (developmient
of the SYSI)YN modu(hle have been primarily directed towards this end. E~xpansion at'the model
to inIclue 3-D mnotion is proceeding as well, contingent upon successful comple2tion of' the 2-1)
program validation tests. A number of general inifrovemnentil have also been mnade to the
SYSI)YN mnodule to upgrade efticiency and enhance uiser coniveniience.

One ot these improvements is t hat the overall input formait was brokeni down inito several
sep~arate comp~onents based upon Olie combination of' sub-programis to be run e.g. STlATIlC
STAICAll plus SYSDYN, SYSDYN ai'one. etc E~ach of these c-omponent inputl formtat s is now at
separate entity, identified by at singht flag onl the first input card, and reflecting only that
hiformation required as input, to run th liecfcsbrga desirtd. In addition. sev'ern! at htr
Convenience itemis, such as the capability ot iniputting cage anlgular velocities inl thle cage local
tranie. its opposed to the inertial tratne, were built into thle (deck.

Interpretation of' program out put has also been great ly iminproved bv I he de(velopmlent of'11 an
expanded plotting routine for SYSDYN, The new plotting package call be requestedl in its
entirety or on anl individual plot -by-plot basis by the uiser. Plots include cage angular velocit
relative to the non-slip condition, roller circumferential displacement w~ithbin the caIge pocket.
roller orbital velocity relative to thle lion-slip condition, roller ci rctuinferentikal forces, and roller
skew mingle.

Another significant improvement was miade concerning t he reorganization of the dlat a base
generated by ( lie program. It has beenl estimated thalt, dfie to thle incvreasingý Size and com plexity~
of the program, two million bytes, (if computer core storage wouild lhe requtired to anial *yze at t vpicnil
bearing with thirty rollers. Sinice overall computer systenm elfficiency' is inicreased whenl Corl
requiremients tire reduced, an effort wats miade ito imp~rove the program's (Iota processing
p~rocedures. By removing from (-(re those dat a that specifically pert ain to out Iott printing andi
plotting and holding t hem on at separate storage disk, thle program is now capabilfe ofilik anfitigr a
bearing with thirty roller elements losing only one half the storage previotisly neveded.

The first coupled system dynamics case c-hosen to, test SYSI)YN wats run suiceossfully. 'l'his
model case correspond~ed1 to at lon- prelotaded roller bearing aiid employed fuirl equally spaced
rollers. U, sing four rollers instecad of a full cam plement allows conipititer runl tittoes to ilý' Iliiti iimii-(
tar thle test case.-

hesysitemi was (const rainied to operate with t wo-dnesoa jotiniu a obecied to
out externally applied radial load ot 15 5th)b a, :1 M )N . 'Il'be test case. which was ruin for 50t
inill isecands of real time, encompa~issedl 9 (01 lomlet e rol ler orh;its or I he equiv alfenitt of 9 coipifle Ic
rotations of' thle cage. IThe total ('111 time required tii:- runlningy this cast was at pprox ililt el v
2 minutes.
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One of the itout put it ems from tlhis test case id1 Iiflie: the t itct.ei'e s lth, roller interact ion n

"hforces on tihe cage inotia n rin i raits nmtinm of lhe systePiI which is diagramatical I

represented in Figure 20, For comlpratki e uirposes. Figure 21 shoiws ite imttion f It he cage uider

Si n•I iliari ccmdit itIs, hIt uncoupled rom tI he fflects of the rollers. o1)btained t'rom a ('AlYN rim I'r

the s.ame cage used in the subJect SYSI)YN test case. T'lhe inliietice of the tour rollers ni ti le

displaiement of' t he cage is inanitested a.s a il(ore ran (lootl( it iin of" cage center ol'grainvit' wit hin

"the clearance circle. Note that since the cage CG. stays withit the clearance circle, roller

juintror'! ionts were linot sý'licielt Iv ,evere to catise the cagze hore to contact the inner ring lands.

,6 CL.EAR"ANCE
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Figure 20, 2.D SYSDIYN Shows No ('age Land Contact When Rollers Interact With Cage
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Figure 21. CAI)YN Shows Motion of Cage Unaffected by Rollers L

Figure. 22 shows the force history for a typical roller a-, at function of timie. 'he tracetion and
cage web hydrodynamic forces are seen to he a maximum as the roller passes through (tie load
zone as might be expected. Although no actual roller/c~age metallic impacts Occurred during the
run, as shown in Figure 23, the cyclical nature of the circumferential roller motion within the cage
pocket is quite evident. While no definite conclusions can be drawn fromt the results of this test
case due to its simplicity, it is felt that the general trend,, predicted by SYSI)YN are compatible
with the physically reasonable dynamic behavior of at real bearing.
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"5. FUTURE WORK

•\ork during the neNt initerim reportitngl lwri)(t will fiocus nut (lie fllowing areas:

"I. (ontinlled retlnt'tieent of t'talyt •.al tniol.e-
'2. tlttit~tued| aalytica•l vrifi•ati n olf 'SYSIAN m(hdule in the 3-11) mnode
:1. (Continuted I'II01) I correlati•n with test datt a
41. P'reparat ion ot, design mianual.

:4-•

A A

414

=.,lo1

S~-p-,,

-' - WI

" = T'I'

-Ni

:_1

'1- 4

.. . .. .... ... . . , - •



6. PARAMETRIC AND VERIFICATION TESTING - TASK 11

6.1. Summary of Previous Progress

I'eexperimental progress muade under 'i'msk 11 oftthe Cont ract for t he ineriod 1 October 1975
to I April 1977 is (Iescrihedl in (letakil in Refe~rence 8. For the sake of cOnttplotenes,; ii summnary of

the work accomplishedi~4 under 'l'ask 11 during that period is presented here.

6.1.; Parameter Selection and Boaring Design

A total of' 30 separate variables t hat call influence roller skew and skid were identitfieid.
''l'hese vomriables were theni divided into three categories. Category I included 14 variables

* considered to have the greatest direvt influence onl roller end wear, Category 11 was composed of
eight variables considered to have less direct impa~tct onl roller wear, and Category III was
composed of eight variables judited to have the least direct effect . 'Iwo groups Of bearings were
des-igned in ordier to evaluate some of lthe roller bearing variables fromn Categories I and 11 using
statistical design experiment techniques.

[hebasic roller bearing selected for the design of' the p~aramnetric hearings is Showni ill
Figure 24. T'his bearing hans at bore diameter of' 124.3 ami and is used in hew No. 5 position of the

-Vl'730 nmodel product ion engine.

'l'he first group) of bearings, designated as Group.N. were designed for evaluation uinder
'1'ask 11. E~ight desigrns were prepared incorporating seven parameters selected front Categor~y 1.
'N'o levels of variations were selected for each p~arameter. Thei p~arameters selected for test andi
the actunl levels of variation for each of'the hearing designs tire shown in Figure 25. A tolit~ of t0
hearings were manufactured for test, (lne each (if the eight designs and duplicates, of No.'s 7 and
8 to provide hardware for repeat testing.

TIhe second group of' hearings, designated as Group-AF, were designed for evaluation uinder ;
Task V1, Five test bearings were designed. Figure 26, incorporating four p~aramet ers selected fro~m
Category 11. As with the Group-N hearing design%, two levels of variation were selectedc for Pitch
pairameter. Phe actual levels (.f thie parameter variation are presentedl in Figure 26. A total of'six
Group.AF bearings were procured, ('lite each of the five designs and it duplicate of hearing, No, 22 '
for repeat testing.

L 6.1.2 Pretest! Inspection and Preparation

For each of the Group-N nvid Group-AF bearings, detailed dimensional measurements of the(
hearing components were made and recorded bly the mannufacturier. 'l'his was done to ensure t ight
quality control as would he required by alny statistically planned program and to provide
reference datta useful to the post -test analysis of the experimentmal results. A summary of these
inspection result,% is provided in TIables :1 and 4 with the average mieasuremenlts, shown where
possible.

Following this inspection work the Group-N hearings were prepatred for test. Ftich outer ring
was instrumented with a strain gage to permit mneasulrement of roller pass frequency during
dynamic testing in order to determine whether or not the roller elemients were skidding. Also, the
end faces of every other roller element were copper flashed for the( purpose oif highlighting tiny end
wear that may occur during testing. In addition, each roller was weighed andl measured for static
skew angle of turn allowed by the combination of end clearance and the inner ring guidle flange
geometry, Repeating the weighing after test pe'rmits at determination oftflhe amount of roller mass
loss attributable to end wear. Repenting the skew angle measurement aifter test permnits anmJ
assessment of the combined etffect of the wear of bo0th the roller and the guide flatnges. ''l'he pretest
roller weight and static skew angle mieasurements for the Group-N bearings tire found in 'I able 5
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TABLE 4. GROUP-AF BEARIN(GS-MANI FACTI'I RING( INSPEC'TION DATA IA

DJearing Number

BI/1 21 V 2:1 24 2.5 26
Bearing Asembly

Cage ('learance, in. 0.0176 0.0172 0.0172 0.0170 0.0182 0,0173 0.0167
Roller End ('learance, in. 0.0012 0.(0010 0.0095 0.00105 0.(l05 0.0012 0.0115
Internal Radial Clearance (Unmounted). in. 0.(0)40 0,().41 M5 004, 0.0046 0.(041 0.0044 0.0042

-Rollra
Lenhi h, in. 0.51175 0.51068 0.51194 0.51187 0.51194 0.51067 01.5119•
Diameter, in. 0.51166 0.51089 0.51182 0.51183 0.51187 0.510M5 0.51181
Surfitce Finish (AA), pin. - 2.75 2.25 2.25 2.25 3.0 2.25
Corner Radius R.O., in. 0.0(11 0.000175 1 0.0002 0.000175 0.00010 0.0100175 0.00(02
Crown Radius, in. 24 30 30 30 30 30 30
Cylinder Length, in. 0.209 0.2665 0.335 0.3355 0.327 0.276 0.326
Cylinder Flatnem, pin. -- 24 22 24 18 27 22
Cylinder Off-Set, in. 0.010 0.004 0.008 0.007 0.0055 0.010 0.0045
C ro w n P ro file R .O .. gin. -i-- .. . . .. . ... . . .

End Squareness. pin. 120 70 75 70 75 80 75
Crown l)rlo, in. 0.0(X)5 0.0X057 0.00018 0.0)020 0.(XX)i5 0.01X)5 0.00X)20
Hardnega (RK.) 60 min 61.5 63.0 63.t5 63.5 61.5 62.5

Outer Ring
01) Max, in. 6.7561 6.7558 6.7558 6.7558 6.7562 6.7W6 6.7562
OD Mitt in. 6.7:350 5.7353 6.7353 6.73149 6.7353 6.7394 6.735:1
01) Avg. in. 6.7,156 6.7456 6.7456 6.745. 6.7458 6.7460 6.7458
I1, in. 6.4246 6.4245 6.4249 6.4247 6.4247 6.4247 6.4248
Evcentricity,, il. 25 25 38 10 18 25) 18
I') Flatneso. pin. 15 19.5 24 12 25 6 30
Surface Finish (AA), pin. 4.0 3.5 4.0 4.0 4 0 3.0 4.8
Hardness (Rt) 62.0 63.5 F6, , 0 63.0 M3.0 63.0 6M.0

Inner Ring
Bore Diameter 4.8936 4.89:17 4.8937 4.8931 4.8937 4.8936 4.8937
01) Overall, in. 5.6773 5.6769 5.6773 5.6772 5.6773 5.6773 5.6773
01) Roller Path, in. 5.3W,6 5.398!1 5.3(;0 5.3057 5.392 5.3`80 5.3963
Roller Path Eccentricity. pin. 18 18 i8 20 20 IN 18
Roller Path Taper, deg-min 0-0 0-0 0M0 0(0 0.0 0.0 0.0
Guide Flange Angle. deg-min 0.6 0-7.16 0.50.4 0.55.6 0-0.01 0-52.3 0-49.2
Guide Flange Finish (AA), pin. 4.9 3.5 6.5 7.0 7.0 8.9 6.5
Roller Path Finish (AA), min. 3.0 3.5 2.5 :1.5 3.0 3.5 3.5
Hardneaa (P,) 60.0 64.0 62.0 62.0 62.5 R1.0 6.'.0

Cage
ID. in. 5.6977 5.6976 5.6974 5.6966 5.6985 6.6976 5.6971
Pocket Squareness, pin. 4.50 I80 110 3:(0 150 510 410
Pocket Parallelisin, in, 0.0,)1I (.M00 0.M119 0.(1.13: 0.0)01: 0.0013 0.0021
Unbalance. gram -centimeter 1.32 2.29 1.28 1.01 .35V 2.40 1.20
Hlardness (ft) 33.0 33.) _31.0 "M.,1 34.0 33.0 33.0

ITABIE 5. GROUP-N BEARINGS -- PRETEST

VWEAR RELATi'ED) MEASIIREMENT1S

Avg Roller Weight Avg Skcw Anrgle'
: • ~~~~~Bearing ras)(iat)

NNo. 'n(Ic.sh d Flashed I 'nflashed Flatshed
BIseline 131.1875

1 13.2.157 13.2474 1.1,94 15, 2 1)
2 1:1.2918 13.2924 11.95 1I 70
3 13.2417 131.2 '77 14.19 14.19
4 13.2755 13.27:46 1.1.71 13.62
5 1:3.2704 13,27,88 1:,1:1 1:1.76
6 1:1.2411 1:1.2421 14.98 14 22
7 1:1.28 13285 0.8 1087
8 1:1.21.16 1:1.2.186 14.17 1 .159
9 1i: "s.ý I:1,29398 1:1 16 1:1 S..'

1 10 l31 ;l.10 1.133 17 15.1o 1-1 _ 8
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Other p~re-test work included in-house inspection measurements which were made and
recorded during the process of installing each of the bearings in the test. rig. These measurements
included the fits of both the inner ring onl the shaft and the outer ring in the support housing, the
installed internal radial clearance of the test bearing, and the axial misalignment of the installed
outer ring.

6.1.3 Experimental Program Plan

A 10-hour test prograin to hie followed (luring the rig evaluation of each of the parametric
hearings wits prepared. The program, see Table 6, was designed to generate both calib~ration andl
en(itrance test data-for each-of the statist ically-designed bea rings. -At -the completion of each-10--
hour test, the experimental data is reduced in order to obtain the following bearing performance
parameters:

*Heat generation
*Horsepower and t orqu te
*Roller skid
*Inner and outer ring thermal stability

* Outer to inner ring thermal gradient
* Axial and circumferential thermal gradients

TlABLE 6. CALIBRATION AND ENDURANCE TEST PROGRAM

Supply Oil Flowp Applied
(thhnin) Beam'ng
traer achSid Lod. Bearing DNI Test Point No. 'rest

Roce Jet Total OF (Th) 1.0 2.0 2.5 2.75 2.9 3.0 (har)
CalIibration 2,50 1 4 W 1 13 16

10 5 20 225 W0 2 5 8$11 14 17 :3
1000 3 6 9 12 15 18

5 4 13 225 500 19 2021 22 2324 1
11 9 29 2715 500 215 26 27 28 29 :10 1

Steady State Endurance
(iroup.N 5 or It 4 or 9 13 or 29 225 500 Endurance at 3 MDN 4
Group-AF t0 5 20

Cyclic Speed
Group)-N 5 or 11 4 or 9 13 or 29 225 2150 2.0 2.7.5 MI)N Accelia-Decctq I
Group.AF 10 5 20

*Two jets, one directed st cacti side (if bearing.

In addition, each roller element is weighed and also measured for the static angle of turn
that is allowed within the inner ring guide flanges. Using the pretest and post-test measurements,

*roller wear as determined by weight loss, and roller and guide flange wear as determined by
(hange inl static skew tingle is determined. Using statistical regression analysis techniques, thle
hearing parameters within each group of bearings is then ranked on t-he basis of roller element.
wear.

6.1.4 Baseline Bearing Test

Baseline experimental data was obtained onl a 124.3 mm bearing which was similar to the
l'F-3() No. 5 position design for comparative use when analyzing the paramnetric test results. 'lhe
hearing wits rig evaluated in accordance with the 10-hour paramnetric test program as outlined in
Tlable 6. A detailed tabulation of thle p~retest, test and post-test inspection resuilts are presente'd
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- 6.1.5 Group-N Bearing Tests

As previously reported, parametric testing was completed on four of' the ten Group.N
bearings. The bearings tested are those identified in Figure 25 as No's. 7, 9, 0 and 2. Stable
oleration was noted on each bearing except No. 6 which failed during the calibration portion of :1
the 10-hour p)rogram. A wide range of' wear was observed during the testing of these four hearings.

In general. similar thernmal and power consumption results were obtained for each bearing.
Although bearing No. 6 failed after only 1.58 hours of'test and exhibited heavy eccentric roller end

wear, the perforniance curves revealed no unusual thermal behavior. Bearing No. 6, which was
the only unpreloaded hearing tested in this group, exhibited continuous skidding over the speed
range of 1.0 MI)N and no skidding at the 2.75 MDN level. No significant element skidding was
apparent for either of the other three preloaded bearings or the i)reloaded baseline design. As
shown in Figure 25, bearing No. 6 was the only bearing of the group tested that contained r Hler
elements with a high ievel of coupled roller end radius runout.This coupled runout is tantamount
to roller dynvamic unbalance which is a prime cause of' roller skewing. In the case of bearing No.
6, the skewing resulted in roller end wear of such an extent that a number of the rollers turned
900 in the racewtay and resulted in the cage fracturing into several pieces.

6.2 Group-N Bearing Parametric Tests

During the current reporting period, testing was completed on five of the remaining six
Group-N parametric bearings. The bearings tested were those identified in Figure 25 as No's. 4,
r5, 1, 3, and 8. Stable operation was observed with bearings No's. 4 and 5. The remaining bearings
failed during the calibration phase of the 10-hour program. As in the case of bearing No. 6 which
had failed previously, bearings No's. 1, 3, and 8 also contained rollers with a high level of coupled
roller end radius runout or unbalance as noted in Figure 25. Bearing No. 10, the remaining
bearing from Group-N will be tested at a later date but not before the rollers are replaced. This

* repeat bearing, similar in design to bearing No. 8 which is one of those that failed in previous
testing, presently contains roller elements with a high level of corner radius runout. Thus. a
failure of similar severity would be expected to occur if this bearing were tested as is. Such a test
is considered to be of little value to this program. As a result, bearing No. 10 is now being re-fittedi
with a nmow set of rollers that contain a minimum level of corner radius runout. This roller set will
also feature a tighter tolerance on flat centrality which, when tested, will provide end wear data
that will allow separation of the effects of this parameter from that of roller end radius runout.

6.2.1 Pretest Inspection and Preparation

Detailed dimensional measurements of the five Group-N bearings tested during this report
period are provided in Table 3. In addition, the pretest roller weight and static skew angle
measurements are shown in Table 5. Preparation of the bearings for test, including the strain
gauging of the outer rings in order to provide roller pass frequency measurements and the copper
flashing of alternate rollers for the purpose of highlighting end wear, was completed earlier as
reported in Reference 8. Inspection measurements were made and recorded during installation of
the parametric bearings into the test rig. These measurements included the fits of the inner ring
on the shaft and tWe outer ring in the support housing, the installed internal radial clearance of
the test bearing and the axial misalignment of the installed outer ring.1 The measurements recorded for the five Group-N bearings that were tested during this
report period are shown in Table 7.
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T'ABL E, 7. GROI1 I'-N BM'ARINGS PRET'EST RIC RELATED) IN-
SmPriTION M'EASUREMENT'S

111arinig Nurnherx

Innert litig!Shaft Fit, it). 0.00)12T' 00W IT 00(X112T o.Mifl2' .)I2I

Int ernalI H6dad Cj a I i iraet Insta lled. in. .(M)(126 0AoW:I9 OA)037 0.003-1 0.01139

Otit er Rling Miisaligimnet~. dleg OAK7 0 0.497 0,4871

6.2.2--Experimenlal-Evaluation of Bearing-No. 4 N

'rhe first Grouip-N bearing tested was bearing No. 4 and, as shown in Figure 25, this design
wits not preloaded. At assembly the outer ring axial misalignment was adjusted to 0.487 degrees.

Testing p~roceeded following the program outlined in Table 61. Roller pas-, frequency meas-
urements indicated that roller skid was occurring in the speed range ot 1.0 to 2.5 MDN. At speeds
of 2.75 MDN and higher. the rollers did not skid, as indicated by the frequency meatsure-mentq..
The magnitude of the skid. see Figure 27, wat- the greatest at 2.0 MI)N, with the maximium
aniount, oif skidding occurring tit the lowest applied radial load. After completing the calibration
portion of the programI, the test was interrupted to inspect the bearing. Rach roller was found to
exhibit sorte light concentric wear on both ends, hut no eccentric wear was in evidence. No skid
damage to the bearing components was visible. The rollers were then weighed and their static
skew angles measured. Tlhere wits no significant change in the weight or skew angles based on pre-
test measuirements. The bearing was reinstalled in the rig and the steady state endurance and
cyclic portions of the program were completed. Total oil flow to the bearing was metered at 25.614
tiW/min. during the endurance testing.
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Stable operat ion wats noted throughout the steadIy state endurance testing. Post-test
inlspect ioli reveatledt all of the bearing components to be in goodl condition as shown in Figure 28.

- No disttess or unuisual wear of the components wats noted. All of the rollers were found to he free
ol ec(eeitrie wear. However, t hey did exhibit the samne light concentric rubbing patterns onl bot~h
endIs 1a Wats n1Oted previously after the first 5 hours of calibration testing. Roller weight

- - iiit'eistirleliieit-S inicateittd it wveight loss of 0.00)2 gramis For bo0th the flashed and unflashed rollers.
T[he stiativ skewv tingle inremased anl av'erage of 0' 1.7:3' for the flashed rollers, and an average o40'
1.67' for (lhe unflashed rollers.

6.2.3 Experimental Evaluation of Bearing No. 5

roler next bearing tested wats No. 5. As shown in Figure 25, this design did not provide for
rolrelement prelondling but did feature a high level of inner raceway axial taper. The bearing

*was installed in the test rig with zero outer ring misalignment, and comiplet~ed the 10-hour
p~rograni withbout interruption. Roller pass5 frequency measurements ind~icalted that roller skid was
occurring in the speed rnnge ofI1. to 2.5 MDN, as was also noted with bearing No. 4. Again, roller
.;kidding wats absent ait speedsý of' 2.75 MDN or above. T[he skid inap, Figure 29, shows the
miagnitude of' skid again to be greatest ait 2.0 MDN, with the maximumti amnount of skidding
occurring ait the lowest app1lied load. Stable operation w~as noted throughout the steady state and
cycli sp~eed endurance testing which was conducted at a total bearing oil flowv of 12.3 tb/inin.
Post -test inspection revealed all of' the b~earing components to be in good condition as, depicted in
Figure 30. No significant distress or unuisual wear of the comp jonents wits noted. All of the rollers
were free of* eccentric end wear, however, they did exhibit light concent ric wear on one end. TIhis
wear wats mnost likely due to the 0' 3.25'inner raceway axial taper and the reduced oil flow of 12.3
tb/inin duiring the steady state endurance testing. Roller weight measurements indicated at weight
!oss of onfly O.MX)l grams for both the tla-hed and unflashed rollers. The static skew angle
increased an average ofO IA .4' for thc flashed rollers, and an average of ' 1.84' for the unflas-heri

* rollers.

6.2.4 Experimental Evaluation of Bearing No. I

Tlhe next bearing design tested was No. 1. As shown in Figure 25 this design is lnreloaded and
Table :1 indicates that the miaximumn coupled roller end radiuis runout was determined to be anl
average 0.00:37 inch. TUhe bearing was instamlled in the rig wit hout outer ring inisalignient and
testing was initiated in accordance with the 10-hour parametric program. Bearing p~erformance
was stab~le from the onset, but while runtnikig at point No. 9. 2.5 MI)N and M(X) Ib radial load, the
hienring failed without warning. T'otal test time at failure was onldy 1.43 hours. During removal of'
the hearing fromt the test rig it wats noted that the cage siderails were b~roken ait one of' the roller
p~ockets. This allowed the siderails to flare out locally causing a groove to be mnachined into thle
outer raceway. Also, severe eccentric wear was noted onl all of' the roller ends, A Photograph of the
cage failure and several of the worn rollers is shown in Figure 31. Post-test measurements '

* imdidjated the average weight loss of' all rollers to be 0.04-49 gramis with the roller Ntatic skew aingle
incvreasing anl average of 10 1:1.59'.

6.2.5 Experimental Evaluation of Bearing No. 3

* . The fourt h-Group-N bearing tested wats bearing No. 31. As shown in Figure 25. this design
did not p)rovide for roller preloading. but did include at high level of inner raceway axial taper.T'Pe
average coupled roller end radiuis runout wats determined to he 0.(X)335 inch, see T1able :3. At rig
assenihly, the ouiter ring wats installed with the axial misalignment adjusted to an angle of 0.487'.
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'I'Cst-ing wail inlitill ied in atccOrdlanCe Will) tihe Stanldaird l0.luokr prograin. Fromn the oniel, rodler
pas4 frequenicy inuasu renientts indicated t hat roller skid wats occurring over t lie speed ranlge of' 1 .0
to 2.5 MI)N, no wall almo the case for the previousoly tested bearinigs No. 4 "lid 5. No skidding
occurred tit speedsi of 2.76 MI)N and abtove which had also been observed tfor heucrings No. I iin~i
6. Th'le magnitude of akid was again tteen to be the greatest at. 2.0 MI)N, with the inaxininim
atnount. of skidding occurring with the lowest load. After completing point No. 11 in the schedule.
the test was interrupt~ed for inspection of the bearing. 'r'otal test time at this point was only 1 .5
hoors. Crescent or eccentric end wear was evident, onl both ends of all rollers as typified by the two
rollers shown in Figure 32. 'Il'he bearing warn reinstalled in thle rig and tile test. programl waS
continued fromt point No. 10. While running at 2.5 MDN, point No. 21, the bearing failed without
warning. T'he total-test time int failure w88-3.63 hours. During removal of the bearing front the rig
itr was noted that. the cage tsiderails were broken And a section of one tail was separated fronit thle
remainder of the cage as shown in Figure 33. eccentric end wear had progressed to tile point
where many of the rollers exhibited conical end shapas. Poet-test ineasurements showed the
average roller weight. loss to be 0,0267 grams and( the roller static skew angle increase to lie nn
average of 1V 7.5%.

8.2.6 Experiments# Evatuation of Deering No. 8

TIho last Group-N bearing design tested wats besting No. 8 which is described in Figure 25.
lI'his design included roller preloading and at high level of ininer raceway axial taper. Fronm 'Fable
3 it car. be seen that the coupled roller end radius rtnout for this bearing averaged 0.(X):7 inch.
Bearing No. 8 was installed in thle rig with the outer ring axially misaligned 0.478'. V11esting
followed the programt outlined in 'l'ohle 6 with stable performance observed throuighout the first
18 test. points. After completing point No. 18, at which time 3.0 hours of testing were completed.
the test bearing wall removed from the rig for inspect ion as planned. Aq shown in Figure:34 it %'as
discovered that a cag-e section had broken and separated fromt the remainder of the cage it i
remult of roller skewing. All rolleizi showed severe end wear, with the heaviest wear exhibited on
the roller located in the pocket with the flifled cross piece. Post-test nwasureninent-i showed the
average roller weight loss to he 0.0231" grains while roller static skew angle wits shown vo have
increas~ed oin average otf P 26.1'.

6.3 Surmmary of Group-N Beerlnp Tests

A suimmary of thle wear results obtained on thle Grotip-N hearings tested thtus far is shown
in 'F'able S. rhe average val1ues of bothI rolle r weighlt loss anitd At ait i c 4kew an igle Out inge for hoi 1, t he
flashed and unflashed rollers tire presented for each bearing.4

Of thle five bearings tested during this report period, three ott hie beairing-, No.'s 3, .1 muid 5s
were designed without roller preload, ats shown in Figure 215. Fitch ot these bearinfs exh:hilted
roller skid inl the speed range (if 1 .0 to 2.5 MDN. however. no skidding wits ntoted ini the Speed
range of 2.71 to 3.0 NI)N. No distress or daniage wasm observed from the operation of thes~e
bearingA under skiiding conditions.

Of the eight (roup-N boating designs tested, four contained rollers with a high level of'
coupled roller end radius runouit or roller unbalance. 'U'he f'our bearhigs. No s. 1. J. 6 and 8. each
experienced at cage failure which was judged to bit the resuilt of high roller skewing forceet.
by thte unbalanced rollers. 'Il'he four bearings that were designed withI rollers having ak low li'vel of*
coupled corner radiusq runout successfully completed the 10-hour parametric pr(ugran1 w~ith ati
miniinitni of roller weight loss and static skew angle chmigo.
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l'AIIE 8. ROLLER WEIGhlT AND SKEW ANGLE WEAR DATA FOR ( 11011N
HEARI NGS

.1Urcrage 1"'vi;gt bpss. Grarms Av'erage Skev tingle Increase

lt1caring N,). Flashecd Unflus/o'd .111fRolle'rs F'lashed Lrnflashi'd AllRollers Re arks_

1 0.03~49 0.0299 0.03149 1 (leg 13I.44 m.i in. 1 dleg I13.74 m in. I deg V151 trin Fiie
? 0.(MM) OAK) I U(5).1X~ 0 deir IL mt in. 0 (leg 1,32 min. 1) (eg 1.20 min

11.0255 VA0181 0.0267 1 (leg Wh.53 min. 0 tleg r,9841 linii. I (leg 7.413 min. Failed
1 0)(1~2 o) ISH)2 0(XX)M2 0 (leg 1.731 ini . 0 (leg ! .;- mnin. 0 (leg 1 .70 min i.

0AHIII 001 1t IhM I iI XI 0 (leg 1.-llfmin. 0) (leg 1.Mt 1nmin. 0 dleg 1.62 min.
1.61-15i 1 .75: 12 1.68:18 Failed

0 ttK5 i 10105:1 0 dep, 0.94 min, 1 (leg L .53 min. 0 (leg 1.26 moin.
S 0.0287 0,0178 0.02:13I 1 deg 29J47 iin. deg 20.38 tmini. I deg 25.12 min. Foiled

9 00J~) 10(814 U.()7 0 (leg 2.04 min. 0 deg 1.55 min. 0 deg 1.79 wiin. -

6.4 Statistical Analysis of Group-N Wear Results

T'he statistical 11AnalSis of the( Grouip-N tesý data was completed for the purpose of
(let ermiining file effects of bo0th the changes in certain bearing geomietryv factor.,- and certain
tolerances on bearing wear, life, roller weight loss, and roller skew angle Change. Regression and
(orre!aI ion maiulvsis (it thie results were utili~ed to rank the important hearing parameters
alTtectinig each out put response, Tlie Groul)-N testing included the evaluation of seven
indepen~den~t bearing variables which are identified as follows:

"* VAR I -- Preload
"* VAR 2 Roller corner radlius runout
"* VAR :1 - Roller end circular runlout
"* VAR 4 - Inner raceway taper
"* VAR 5 - Roller flat uffset
"* VAtR 0 Outer lRing Angular M isailigniment
"* VA R 7 Lttbrivat ion

TIhe abhove fatct ors were comsideredl the controlled vi'riahles of' the test programi an(d were
varied ats shown in Figure 25. Two levels for each v'ariable were preselected and represent (the
range of possible ext remps, expected or allowed by the manufacturing or design lprovess. A total
ofe eightI benari ng do!-i gis von t atiniing t he seveni con trollIed varia bles were defined whi ch woulId alIlow
the hineaw contribution of' eatch vimriable onf bearing life to be examined saitcly

T'he mtain parameters affecting roller bearing life in this program are considered to be
average roller %%eight loss and stat ic skew angle chanige per houir of' testing. T'herefore. t hese two
variamiles, ('onsidlerei ats (l'.pendenl in the statisd ~al analysis of the test dlat a, are expressed its
foll Iows:

\* I (Aveage,ý weight Change '
TVest Hours /

j, h v eajk Skew Angety i
TVest Hours

Tlhe natural logarit lini (In) oft he outputs. Y, and Y, m'a:; used in order to reduce the liripaci
of extreme datal points onl the rosultsý of' the analysis. Multiple regression equat ions were
dlevel oped from Iiv h (lotmn b y t he mnet hod (It least squares. Each equoat io YaielIdls ti( he uan valt'o ot

Ml



1 1
S(-one of the dependent variables. The equations therefore yield expected performance of a roller

bearing under stated conditions. Prior to the development of the actual regression equations, a
mathematical model was in each instance formulated relating the independent variables to the V

dependent. variable. rhe general form of the mathematical model is a multivariate polynomial in I
which the coefficients appear linearly. The terms in each model are candidates for inclusion in the
fitted regression equation.

'rhe general model takes the form: K

SY b0 X , +bIX, ... +bX +e + e

where Y is the observed value of a particular dependent variable, either Y, or Y1, is the
corresponding value of the dependent variable computed from the expression involving the X's
and the b's, where the X's are the values of the independent variables, the b's are the coefficients
to be estimated from the experimental data, and e represents the differences between observed
and computed values of the dependent variabhe due to residual variation or experimental error in
the observations.

The data set al)propriate for each model was computer analyxzed to deternmine the values ol f
the regression coefficients and other relevant statistics. The regression models determined I('r

each dependent variable, Y, and Y-. arc shown in lables 9 and 10. The information presented

includes:

e Variable namenit
l-,

e COEFFICIIIN'IS: calculated v1aloes of 're,.e.sio c,'fiei,. b, -",

* CONI" BANI): ('onlidence Band calculated as a function •t t 'l'able value for
Sa given level of, confiidence. h, , and S,

e S'I'D) ERR: Sland error coefficient, S,,,

* T-VAIt JE: calculated t value which is I/S,,.

'lTABLE 9. GROUP-N BEARINGS ROLLER WFIGHT..
Cl'HANGE

AMultitvariut, Linear Regression _ _:_

Cfje(o,'iflc't ('oaf Iard Std fErr T. Valu-

Consttint - i,9:0,
Var I 0.40526E.0-3I 0.73; 391E-02 0. 171845E-02 0.24
Var 2 2.23•32 1 1. 16202 0.20(W ,5 8.27
Var : " .0. 17674,E-01 - / 0.26129(1E.oi ID 6t•;E-02 .2.91
Var 13 1.0112 4/-- 1.117?1 0.259477 3.90
Var Ii - 0.62936 1/- 7.4PA57 1.73925 0.36
Var 7 0.1 1593E-02 , " 0. 230405 0.535127E 01 0.02

P'renIt Vrianlajilily Expaihti, d 97.505 SFE 1 .2581
('rrchvlici IBetween YOR}S mnd YCAIC 0.98745 N, 9 T -1.31-
IDvIienidmit Variable iq Y, .;__ _

6i
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'I'A1,I' I. (GRO111-N IBiE;ARIN(GS ROLLER STATIC
SKEW ANGLE CHANGE

Variabl ('oetfficit. Ii Con/ Band Std Err T'. Vcaue
1.212:,

'ar I 0.997 K)E-01! /t 0.61714SEi.02 .6)7907 E-03 -I .58

\'ar 2 1 .7 176 11 0.4 111071 0.95-1730E.0I 17.99
\'a I 3I ;02K1IE.02 9/ (,9.4037,E-02 0.21 161 2E-02 1.41
Var 1 0.249 2 ./ , 521I 0.9179tIF-OI 2.71
Var I L05", / 2.6,1911 0.61 i526S 1.72
Vat 7 1.1 4I'jUI") / 0I.3 15111SEl 0. 1893:I03E.01 0.60

Prrcniit Variability Explain'd 99..62 FE o. " ..1 vios
Corelation Betwe en YO1S and YCAIA' = 0.997;• N = 9 T - 4.:1
Dependent Variable is Y. -l

TIhe 'T-value parameter permits the evaluation of each term in the response regression
equation with the largest absolute value indicating that which is the strongest, or most
important, bearing variable in the group. The sign indicates the direction of the effect. i.e., a
positive sign signifies that an increase in the magnitude of the controlled variable results in an
increase in roller weight loss and/or skew angle change, whereas a negative sign means that an
increase of the magnitude of the controlled variable results in a decrease in roller weight loss
and/or skew angle change.

Other statistics of interest are presented in Tables 9 and 10 and are the following:

* PIERCEN I VARIABILITY EXPLAINED, R', which is the square of the
multiple correlation coefficient R, is a measure of the prolprtion of variation
in the dependent variable accountd for by the regression equation.

- The SEE or Standard Error of' Estimate, is the magnitude of the error in
4. i)redicting the output parameter.

* CORRELIATION BETWEEN Y OBS AND) (CAL. R, is an index
indicating the degree of association between Y and 4, where a value of 1.0
indicates a perfect fit, i.e., no experimental error, and a value of 0.0 indicates
no association, i.e., large experimental error.

F N is the sample size.

r T is the Table T-value at 95`ý confidence which is to be exceeded by the
calculated t.value in order to define a statistically important factor.

-1

'The stat istical analysis of dependent variable I: that is, roller weight change, indicates that
T the In (average weight change/test hours) is affected primarily by roller corner radius runout or

roller unbalance, VAR 2. As shown in Figure 35, the effect is lositive as indicated by the upward
slope of the curve. Secondary effects are shown for roller end circular runout, VAR 3, and/or roller

't flat offset, VAR 5, and inner raceway taper, VAR 4. These secondary effects are all indicated to
hie negative. The remaining variables of preload, VAR 1, outer ring angular misalignment, VAR
6, and lubrication, VAR 7, are shown to have no significant effect on roller weight change. Figure
35 exhibits the effect of dependent variable 1 versus VAR 2. Figures 36, 37. and 38 demonstrate
the effect of VAR 3, 4, and 5 respectively, with the effect of VAR 2 removed from the data set.

Also, in Figures 36 and 38 it can be seen that VAR's 3 and 5 exhibit the samne trends. This
was due to the fact that hearings No. 2. 3. 6, 7, and 9 were all tested tit t he low levels of VAR's
:1 and and bearings No. 1, 4. 5. and 8 were evaluated at the high level for each variable.
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T~estat ist ical anlalysis oft epentlent vaiiabie 2, roller %kew~ angle chmge, shows, t hat tw lel
(alVeraige skew ant gle chanige/test hours) is affeetedi only h-, VAR 2, the roller corner radiuts runout ,
with tile remominig pmart neters from Groo p-N not significaint ly affecting ti( he ug put. Attainl A
2 (iemiolst rates it positive efct its showti in% Figure ;i),.

A suimmary of the statisticailly alnalyzeCd roller wear results andi shew angle chaimp. for
Grouip-N is presented inl Table 11. Also ptesente(I are the results oft seven additional hettring
patramleters evalitatedI and ani~lyzecIl it similar manner ill a separate Pratt & Whitney Airvraft'l

* . program.

6.5 Group-AF Bearing Tests

lest illg was also m'ifllpleted (ill five ait ihe six parametric hearings from Groutp-Al'. llwfive
(lesigns es-teal ark- shown inl Figure 2(. MSt able operat ion andI perf'Ormatice was observedl with each
(lesigil excep~t for No. 21 which) experienced an inner rinig Bractiore. lI'lie sixthi Grotip-.A. Al' heni og.
No., 26. which is a repieat oft hearing No. 22. will he testedI latter inl thle protram.

6.5.1 Pro test Inspection and Preparation

lDetiailedI dllimensional mleaisurements of the six Croup-AF bearings ~'eet aketi anl the
resuilts are lprovidled inl TIable .1 Tlhe lprel est roller %\eight andI static skew angle meaastrement s are
shown inl 'F'able 12.

Inl-house inlspect ionl lilaliremients were made andt( recortled duiring hilt prot-ess ot institalling"
het( hearings il thie test rig. 'Phlese mealsiremlenits inlltclued- thle fits of' hot b the inner ring tin the

shaft, the ouiter ring in) the support houksing and thie instaldled internal radlial clearonce of, thie test
hearing. Axial misalignmetiet of' the oiter rinlg was maint ninvid at ?a-ro for vach tit' the ( rouo-AF
hearing tests. 'F'lit' measuirementts recordel aire shown inl Fahle 1:1.

6.5.2 Ev'aluation of Bearing No. 22

Th'le first Crauip-AF hearing xestedi Was hangNo. 22. As shown inl Figure 261, this design .
includedl extended roller cylindricail Clit length mIi n increased guidie flange layback. As intlicat cii
in Fale T4. the guide flange angle wats mevasuredI to hie 0' 504'. 'l'llw hearinig was inls 'IlledI inl the
test rig and completedI the 10-hour paranivt nc program with stable operatit on notedi t hroi~n;hout
D~uring c'alibrat ion testing, flth, %slpring kise(I for montitorinig inner ring temperatuires toiiled while,
running ait point No. 10. Tlhe test wits interrupted inl order to remove the slipring andi thet progranil
wats then Conitinuledi to ('otlilplet ioni. For thi' enduhrance testing port ion of the program tilt, total oil
flow to the hearing was set ait 20 lb/mmll Bearing heat genlerat ion re~sults as a filint lionl ot speed(.
with variations inl radial load and oil flow, tire shown inl Figure It). It (-anl he set'n tia ht av~ariat ion -

inl itppliedi radial loadc over the range of 250 to I (K) lb hias only at slight effect( onl heatrilng hevat
getierat ion w hereas hsa ri ng oil flow is shown: t o hatve at di rect andi sign ificitntt effeletil o v herin11g h eait I
generation Inst -test inspect ion revealedl all oft he bearing comionpient s to hie inl goodl condlit ion as
canl lie seenl inl Figure -11, with I: o significant (list ress or unusuial wear patt eras niot e. All of' tilt
rollers " ',re lCuitim to be freeof eccentric wear andi inspect ion meimi'iiineiii't s indicielved ani amernqgi
roller A' cigh loss of'only WWtN)I grams andi anl average sitatic skew anigle incre-ase of t'O (.79
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TABLE 11. ROLLER WEAR RESULIS FROM GROUP-N AND P&WA TI'EST'S

Let'eb Tested _ Avg. Roller Avg. Roller
-Vurtble Low uigh Baoeline Weight Change Skew Ange Change

an'mp.N Test

I'rewhi 0 2 Point O.R. 2 Point OR. .
iRolt Corner Radius IVO, it%. 0.0006 0,OD6 0.0000 4'
Holler End Squmrenem, in. x 10- 60 10 120 t*
Inner Rate "'apet, min. 0.8 3,68 0.8 to
Roller Cylindrical OtYset, in. x 10"- 10 50 10 to
Raceaty Misalignment, deg. 0 0.5 0
Lubrication, lb/mn. 13 29 20 -

Pd WA Teat

Roller L/D Ratio, in./in, 0.77 1.0 1.0 4 4
Cage Unbalance, gram-centimeter 1.0 8.0 3.0 .. '
Roller End Clearance, in. x 10-8 1 5 1 ,0 q
Wller End Shape. Max. Protrusion, in. x 10" 50 400) 50 t t

Flange Height, % of Roller dia. 20 30 25 4. 40
Roller Dia. Variation, il. x 10-0 50 W00 50 4 4
Htoller Flat Length, % Roller Length 0 50 40 -

- No offect onl output, either level or baseline value can be selected.
4 T'rend with output is positive, select a lower level for minimum roller weight change snld static skew angle change.
t T'rend with output is negative, select a higher level for mininum roller weight change anti static skew angle change.
* inditates a aignificant roller bearing variable.

l) D L•I•UI.,.I'

TABLE 12. PRETEST ROILER WEAl RE-
IATEI) MHASUREMENTS FOR THE
GIROIUP-AIp BEARINGS

Avg Holler Weight .4At, k,%'w AriAi"
Bearing ((rm• Mnt'•

No. U7fflosh'd Plashhed I (u[lflashad Flashed
21 13.32(65 13.3270 14.28 14,59 1)
22 13.3174 13.3202 33.73 33.46
23 1:3,3197 131:lL3t~1 22.A7 20.41
2.. l3.;222 13.3181) 17.12 l6,93
2ri 13.3222 13.2209 20.88 21.22
26 1I3.:3183 13.319h "31.40 1(.02

TABLE 13. PRETEST RIG RELATED INSPECTION MEASUREMENTS
FOR THE GROUP-AF BEARINGS

Rearing Numbers
21 W 2W 24 25

Inner Ring Fit on Shaft, in, 0.0olopT 0.t010T' 0.041•3'T 0.0023T 0.0024'T
Internal Radial Clearance Installed, in. 0.)034 0.AW38 P.AN17 0=0033 0.(X)43

Outer Ring Fit in Housing, in. 0.(0001I 0.10.118 0.00101L O,006il, 0.0(4X(;I,
Outer Ring Misalignment, deg 0 0 0 0
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6.5.3 Experimental Evalueaion of Searing No. 21

The Secontd Groul)-AF bearing tested was benring No. 21. As shown in Figure 2'6, this design
provides for a low level of both roller flt length and guide flange layback. Pretest ileasuremneltts,
ats )resented in Table 4, indiceited a roller cylinder length of 0.21NfZ inch and a guide flange
layha'k angle of 0* 7.1". The bearing was installed in tihe rig without outer ring misailigninentt
and testing proceeded in accordance with tile 10-hour parantetric program outlined in Table 6.
Stable operation of the bearing was noted from tile onset of the testing. While running tit 2.36
MrN, | itjut No. It, a failure occurred without warning which tertninated the test. 'T'he total test
time at ftilure was only 1.76 hours. Removal of the bearing from the rig revealed that the inner
ring had fractured as shown in Figure 42. It also can be seent in Pi,,re 42 that the oiuter ring and
cage were both intact but damaged. The rollers were severely edge damaged but free of eccentric
end wear. Post-teit roller weight nmeasurements indicated an average los' ott) ,20114 graits., The
static skew angle ithereased an average of 1° 0.84' for all rollers. An extensive metallurgicinl
analysis was conducted at the site of the inner ring break and tile result,, indic:-ted a tranzsverse
fracture which had progressed in a tentsile manner. It was concluded that l he fracture originated
at the inner diameter of the ring in the vicinity of an intersection of a radial oil hole and an axial
oil slot,

6.5.4 Experimental Evaluation ot Bearing No. 23

IHearing No. 23 was tested next. As can be seen in Figure 26, this design is. idlettical to No.
22 and features both extended roller flat length and increased guide flaitge laybhck except that
the gtide fiange surface in this design is convex for the purpose of impr',vi,'.g hydrodynamic
lubrication between the roller end ,id the guide flange. As shown in Tlahe 4, the guide flange
angle was eas.ured to be (), 55.ti. rhe hearing completed the 10-hour piaramet.ric programtt wit h
stable operation ntoted throughout, Dulring the enduriuwe portion of the program tOw.e tot i oil flow
to tihe test bearing was mnaintalined at 20,0 lb/nin. Ileat goitersttion perforninvuce dati wias similar
to thit obtained earlier for hearing No. 22. Test datta for outer to inner ring temperature
differential and hIorsepower as functions of speed with oil flow as a paraneter are shown in
Figure 43. Rig horsepower data for behring No. 23 is compared to rig horsepower data obtained
earlier without a test bearing. In this latter case the rig hearing was therebre run without ail)plied
radial loading and without normal lubrication. It can also be seen in Figttrt .43 that a decrease in
oil flow increases the tetmperature different ial between the outer and ino r nings. tnd decreases"
the rig horsepower. Post t est inspection of bearing No. 231 revealed all of the hearing colloInelltts
to be in good cotiditions as shown in Figure ,;. No significant distress or tmnuisual wear of tile
Comnpoents was noted and all of t he rollers were found to he free of e',entit weor, Rl dler weight
nueasuretnents indicated an average weight los.s of 0.(0•02 grams. while it was deterillttted that the
skew angle incresetd ailn average ot onily 0' 1 .75'.

6.5.5 Experitmencl Evaluation of Bearing No. 24

Hearing No. 24, as shown in Figtire 26., tt-lirs both extended roller flat length and ia low
level of flange laybitck. The guide flange of this design, like hearing No. 23. has it conivex suirface
and, as. shown in Table 4, its layback angle is 0' 0.01'. The bearing was installed in the lest rig
with zero outer ring mnisalignmnent and conipleted the 10-hour programn wilth stable opweration
ntoted throtughott. M)iring tile enduiratnce portion of the program tile tot i oi! flow to tile test
hearing was again maintained tit 20.0) lb/wiin Performiince data was similar to thait obtlained
earlier for bearings No. 22 and 2,1 aid post -test inispection revealed all of the comlponents to be
in good condition its shown ill Figure .15. No sigifi'icant distress or untimtoil wear of the
conipOnents was noted and all of thie rollers were fonnid to l)t free of ec('Iit ric wear. Holler weight
ineiisurettlents indicated all average weight loss of 0.0002 grainsl while skew angle eil rnasuiretments

indicitted ta al iverage increase of (i0 2.09.
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6.5.6 Cipen~monta Evaluation of Beating No. 2

The fifth and last of the Group-AF bearings tested wast hearing No. 25. As shown ill
Figure 26, this design features both a low level of roller flat length and increased. guide flange
layback. The guide~flange surface, as in bearings No. 23 and 24, is also convex, A8 shown inl '1able
4, the guide flange layback angle was measured to be 00 52.3'. The bearing was instaled in thle
test rig without outer ring misalignment and completed the 10-hour parametric program with
stable operation noted throughout. During the endurance portion of the program the total oil flow
to the test bearing was again maintained at the 20 tb/mmn level. Performance data was similar to
that obtained during the evaluation of bearing No's. 22, 23, and 24. Post-test. inspection reveakcd
all of the components to be in good condition as shown in Figure 46. No significant distress or
unusual wear of the components was noted and all of the rollers were found to be free ot eccentric
end-wear. Roller weight measurements -indicated an average weight loss of 0.0001 graints while
skew angle measurements showed an average increase of 0* 1.10'.

6.6 Summary of Group-AF Totting 12

Figures 47 and 48 provide a summary presentation of the operational daota for (lie Group-Al"
bearing-, tested. The test data obtained for all hearings in this group generate similar ('un~i'ts511

shown in these figures, testifying to their consistent thermal performnance. 'l'l data obtained for
bearing No. 21, which failed abruptly after only 1.75 hour of running, is also similar to that
o btained for the other Group-Al" bearings and falls within the range of these curves. A sumnmary
of the wear results obtained is shown in Table 14. Average values of roller weight loqs tfor both thle
flashed and unflashed rollers aire presented. Also shown ats at wear pasratneter is thle average skew
angle change for the flashed as well as the untlashed rollers of each bearing.

6.7 Statistical Evaluation of the Group-AF Bearing Wear Results

Statistical techniques were used to determine the effect oin roller end wear oni thle following
tour study parameters fromi Gioup. AF:

0 Extended roller tlat length
* Inner ring guide flange layback

0Inner rinig guide flange contour .I
* Inner ring guide flan~ge runout

It was concluded that the failure of bearing No. 21 wats not rehlted to the fact that it teatutred
controlled levels of the above four suyprmts. Post -test evaluation of' this hearing
indicated that. this failure was most likely a result of local overqlressing of the inner ring 11) area
due to lack of it proper blend at! thle intersection of at bore slot and at radial oil hole. Tlhere fore, thle
extremie'roller wear results associated with this test were not included in the analys-is of the wear
data for Group-AF. rlhe evaluat ion of thle above four paramet c,.s was then linited to thalt based
on thle wear chitta provi(ed by thle tour remainiing test hearings. Thel iiiil'bt icl p~rocedures used
were essentially the samne regression and correlation analysis techniques used prev'iouisly to
process the Group-N wear (Iota. It wats concluded that the indicated lev'els at' changes ill thle four
independent study p)aramneters for Group-AF did noit c'ause, ia s ignifit chanige in the avkernge
weight, or skew angle. Tlherefore, the baseline levels for the four irmipAl iraIcr cnh
considered acceptable for uist in future designs and have at low associated risk of' produicing
Unaccep~table wear rat es.

77



"1

�1

L

I�A

L

fJ�
5-o

I
- -� wwww

I *a
F'.

WY
/1)?

Y

i
C,

-. 7
7

78

.1



Iz

220

200

LL 180 -
-i IL

S1160- OIL FLOW: 13.5 LO/MIN

O' FLW 120-MI

RAIA LOD 50LB

Us1 2 3

00

LL 800

wz

cc 1-400

04
Z0 3

200

800-

w 1
600

Z I.- BOAING DNOW X0 10.6

ciua 5 70r0-k ern ~.sigIdctsSmla et(~'ai' n
Oute Rig0 i ne e~waueI~feeta o l ~sg

4009

0 .



48

I•.

LU 40r- OIL. FLOW: 20 LMMI

0

0~ 32

0
--24

U.FIN
o 16

z
< 8 - 1`IG POWER WITHOUT
r. TEST BEARING INSTAL.L-D

C. 2 3 *

RADIAL LOAD: 500 LBS

OIL; MIL. L-23399

OIL TEMP. 2250F

1x

z 70
80cc

!j 6 0 -:•

zt-

so OILFLOW 13.5LEI.MIN

IL

40 - A

LU

30

CC

0 LU OIL FLOW: 20 LB/MIN

10

03 1 2 3

BEARING DN X 10 6

Fgure 48. Group-AF Bearing Testing Indii(ates Similair Rig Horsepon(,r and
Outer Ring to Inner Ring Temperature D)iffercntial for A11 , Designs

80
I :-



TlABLEF 14. ROLLER WEIGHT! AND) SKEW ANGLE WEAR D)ATA FOR
GROUP.Alt BEARINGS

Waring Atperage Rolier Weight Lose, Gprams Ave~qt~n2,A 4, ncreaL
No. Flashed Unhfahrd All Rufltrr Flashed VJiilastied All Rollers'

21 0.21:19 0.2w6 0.20M4 1 deg 0.84 min. I deg M.0 mini. I degp 0.84 tamin.
22 0.0000 OA~)12 0.000 0 (deg 0.88 mitt. 0 dleg 0.72 min. 0 dogc 0.79t inin.
23 0AXM32 0.0002 0.0002 0 dleg 1.94 miti 0 dleg 1.)7 mits. 0 dog 136 min.
24 0.0002 0.000 00M~Xt 0 deg 2.40 mitt. 0 dleg 1.78 mitt. 0 dleg 2.09. mini.
25 0.0002 0.0000 0.00012 0 dleg 0.88 min. 0 degj 1.32 mit. 0 (leg 1.10 miti.

MIS Statistical Analysis of Composite Group; Groups N and AF Wear Results Combined
With P&WA Data

rIhe test results from the experimental test programns for Group N. AR" aind P& WA bearinigs
were stntisticAlly analyzed, i.e., chantges ini both roller weight aind skew tingle at aicceleraited test
condlitiotis. Figure 49 identifies all ot' th3ý variobles investigated, in the compnsite group while
'Ialble 1ý prsns thie MINA Group slatiist icid test maitrix and inldicatels the test levels for 1 h
variaibles evaluanted in this grouip.

Two beatrings were oinitted fronm the aIhJllsi8 Of t his coat 1osIt e dakt1%a et, Beatring No. 6 from
Group-N wats omiitted becaiuse of the excessive we.-r response oft he rollers t hat occurred after t he
hearing failed. Beatring No. 21 fromt Group-AF wais deleted since it hod been conicluded Ithatt thle
innmer ring fatilure which generated excessive bearing weair hand not been intluiencedl by thie
vakriationi of any one of the four l)1lrameters being studIiedl. TIhe wear resuilts; from thie renuinittligJ1
twenty tests, which is conitpriiod at seven ot Group-N. four of (Iroup-AF', eight of Grouip-lWAVA
and thte Imneline beairing, were i-cuded il, the stntistical ainalysis.

A ranking of the imiportaince oft the controlled vaibe sto their relative influencel bon th01
depenident weair lirainlet er- wits defined uising regression and correlattioni analyis. Tlhe resuilts oft
this atnalysis aire presented in Tlable 16 with the relattive effect otf t be patramieters identified in
categories rantging fromu "very imp~ortanttt to "no consequence." For the dependent v'oriiables oft
both weight loss and skew angle increase tile couipled roller end radius runoot is the only
paramneter raniked ats "'very imiportant." 'lhe effects of roller end cleatrance midic I/l are considered
ats beinig next mos(t sgiltitiicanlt in thatt they hatd on "imuporttant' effect ont hothI weatr paratnieters.,
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ITAI.II 16. EFFEC'IT OF IN1I)EENDENT HOLLER BEARING VARIAITLES ON t
WEAR -1

ST.,.F__•7,Jui ,,,.,. Ro,. 4 ihr Change HMaf', Sk.wA,,g. A ngle ....
Very Iainlxwta nt 0 Holler End Iadnit R/0 0 1)let Etnd Radiius R(/O A

luanurtant H Holler I/1) S I(oller End Clenrance
* Outcr Ring Mitaalinaanrnt, (/11 4 Holler IL)
* Inner Race 'Duwi 0 Holler l)iameter Variation
* Pretload

Mttlerte 4 Witler End Clearance

Slight 0 Roller FlAd Shape, NIMax. Prot-usion 0 Preload
* IR Guide Flange li/0 to Face 0 Outer Ring Mimaligniment, O/l A
* Holler End Suareluws * Holler Rad Sqluanwness

* hlittler ac ''ae per

No ('onsn•itaince 0 lInner Ring (idtde Fhlange ('coutO.ir 0 Miller Flat Cetitrnlity 7-F
* Holler Flai Centralitv 0 Lubrielion
* Imubricatioan 0 ('age UnbIhalatnc'e
* Cage I.llnhalhaire 4 Roller End Shape, Max. lPtrutsioo

F Flange hIeight 0 Flange Hleiglht '
* roller Diauncter Variation 0 Holler Flat L..ength

* Holler Fiat I.ength Itnter Ring Guide Flange L ,ayhmck
* Inner Ifing Guide Flang, I,.yback 0 Inner Iting Guide Flange (Notour

* Inner luia: Guide Flange IVO to Facie

i- I
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7. SIXTY HOUR DEMONSTRATION TEST - TASK "II

A:1.0 NII)N prototype roller beatring wasi dIesigned anad will be evaitimted in it deaonst railor
rig test with ita goadl (if &I hours operation overt it ritinge oaf I)N valueg fromt 2.2 to1 3.0M. 'IlieZ
information developed outlet ''aflke I and 11 of the C~ontrtact. was ttset in the deiiigzi of this ilelliug
which incorporates the b~est levels of both file seven Group-N paratlnetters tested under'lamtsk 11ima
well as thc seven pairaiteters evaluated under the separate P&WA program. 'I'hie baisi.4 for

Oelecting thle parameter levelsi for utte in this prototype hearing was the results of the otatisticial
anatlysis; is summiarized in Fa'ble 16ý lin addition, thle prototype bearing design incorporates
certain other fleatures deemied optimum as based on the annivticail studies made under 'I'llsk 11 of
tile Contract. 'Ihlese foiatures include; reduced p~reload to prevent, or minimize tilhe probability (if
inner ring fractures, tighter fit of the inner ring on the shaft to p)revenit or minimize the extent of'
inner ring cree~p, and (lecreaaie( roller crown radhis Its it consequence of selecting at redIucedl ialler
L/D ratio.

1'he levels of the key design parameters for the prototype betiring tire prmetsei~(d in 'Fbe17
And( were de-termiinedl as part of this Tuask III effort. Ini the design provess, the hearing variables
thatt had no effect on roller enid wear were, maintained lit thle baseline level. For those variables
that showed at positive effect onl roller wear, the lower level watt selected for the prototype design
and for those v'ariablei that inteicated a negative effect the higher level was selected. Ali exception
to the above procedure was ,haide for ~he selection of the flange height lovel. Th'le wear results as
shownu inl 'Fable 16 indoicate t hat the( lower lc',el of flange height will result inl lower roller wear and
should hie selectedi for the prototype design. :Iow-wer, thle results its influenced by this valriable
are confounded with those of roller end cleanrance in that both of these factors were varied
simiultaneously in thle P&WA t~est program. 'rhuti. file influence of one cannot lie sepitruited fromt
the other. lu'reviou~s test. experience ait P&WA, however, inidicate ( hall improved roller skew
control would rexsuilt With! the 2i' ieievleof ilange height. 11- comnpared to ilthat aissociated
with tilte lowver 20 , level. itirfoe 25"1 ftiange height was selected for the( prototype design.
Sinve the lower level for the other confounded variable of this groupl. which is roller end Clearirnc'e,
was the samie as the haseline value, it w~as maint ained ait this level inl the prot otype (lesrig.

Fab tricatitoin of two prot1otype bearings is now in process. It is intended to rig test one hollring,
Im t ixty hours over at speed rtinge of 2.2 ito :.(0 MI)N and the speond hearing! will he retained ats
at sIpare for futi re use shouild tile first fail to comnplet e the program.

'AIAIJ' 17. lMITIIS OF '1111', .3t) MI)N PHOTWIl'YlPE 11EAlING DESI(IN
((JNMlAIII) 'V0( BASElINE WBEARIlNGS

Par'meo, Fri: Ea itead ?,- Tvs (tr~p 11 dig )faasehlel llarngr,'
1. Pei'a'ia)l Ouaa'r Iting Out -4utillind itin 2
2. Rtoller ('taaar Iladciu ti. 1.. -- tih 1)15(0 Max o ml0 Nisv

:l.Roler I'ad Sq uairens -- hich 1,20 ' 10 Nii:. 120 \ 10 Nifix
-1. Iliatel Itace Iaaper - MIinu te1 0.8 Ma li . 0.8 Ntu1m
'i. Rolletr Fi',t ('aatreditv - Inch I i Na' I) l

Oii.Oter iliia Kti1111gainaa'aaa - Pgric 0
7. Iubrihauma Fl11I.ow - lb/Nfi. N2
S. Roller I *emo fi,'l~il. lItath U7oo
9. ('11ge I 'nhailuanm' th -Glan'1 :10Nt ao Ma.xi ~

10. ule 11411v 1 E t'learmiace -- Incha 0 M(xxI . 0 N15 a) 10Ab~l 0 00 Ill
4it. Rollter Enid Shuape. Nlsm I'rotrtwio - lucii 0 .1IMa \ Ill 'Sol I tilctid

12. Fluaolge, I la'agla 1, of Puller D ill. 2
1:) Houlter V~ia Variatioun Inch !) Ma 5)Nio. 0 It' Nba%

I Izluter Pl1 it Lellg~h . fluter I engai 49 IR)1 10

I Otter Rima' 0.l1. Out ofPt.l~siiui luch uiOd(10t;O)5 0I.0(20Iaa
* hlmosr fling Ilmae - ulc -1.8992. 1 811 ~ :111 1; S!11

Hollsu ta (a.Wl RA(~a I M5ata lisilli .



S. PLANNED EXPERIMENTAL PROGRAM

6.1 Prototype Bearhig Test

T'he 3.(1 MO N protot ype Ibetriilg, dvscrilwd iii Sect ion 7 anod buhibe 17, will he
ex~perimenWta tlly evttlutitted to a~Issess its dltrabilitY for it veriod of till to 60 hor.r~igwill bt,
(oit1lluct ed over it -peed range of 2,2 to :1.) NIDlN, with at goal being to oht thu lit leas~t 30) hours oft
opefraution tit 3.0) N4)N. It is plannedl o rin th 1W ( hours in the lfollowing !;eqhuence:

* 1'en hiours tit 2.2 MI)N
* lVei hours a(t 2.5 MDN
* 1'Pe hours at 2.75 MDN
* lI'hirtv htours tat 31.0 tvi?,N

It is itlqo planned to pieriodically interrupt (lie test to visually inspect the hearings. Shouldl
it visual jispectioin provide evidenice of' preniature distress, the hearing co(flmponent., will he
mneasuured which will include determinittion of 1)0th roller weights and static skew angles. 'Il'hest'
ineasuremients would he compared to those inwas tire rtteuits obtained earlier during the pretest
intsp~ection, A wear rate vs. tim iih a lt) wouild hlI lie estatblishedI.

6.2 Experimental Evaluation of Bearing No. 10 '

As shown in F~igture 25. roller hearingr No. 10 is similar in design to hearing No. S wit both101
dlesign.- contitining rollers with a1i high leve! of' enld raldius runout . As shown in Tabhle 3. t his rutiout
averages 0.0085 inches. Since 'evere cage fitilures were obtained with all four of t hose bearings
tested that had high levels of roller and radius runiout. hearing No. 10) will he refitted with at new
set of rollers which have it niniiinuiun level of' cornter radius runout. ''l'he reinaining roller
goqeotiie~t nt'snd tolerances will he itiudal, those knve1 lShown fuivi bearing No. ii) iii Pipire
25 w~ it hthe except ion of roller flat cent ratlitv which will be controlled wit hin 0.010 inch insteatd of'
0.051)o inch. 'l'his change will p~rovidle .tdditjonlah wear dat a niecessary to separate the wear effects
of'roller end ei tenlait rnon u t front t hose utszovic ed with rol ler tli vnt con i yv. 'I 'hfAhritot i o of'
the utew rollers is int process antd when complete bt earing No. 10 Will be atssembhledl and rig,
evaluated following the established I 0-hour patrametrtic prograntl.

6.3 Model Check Bearing Test

Hearing No. 26 (if Groitp-AFV which is identical in d esign to hlearingj, No. 22 Shownt ini Fqgure
26, will hie test ed for It fl urpose, of verify' ing Ithe 3.0 N11 ON analv t ivil mdldvlpd ne Iis
1. ''l'ho hearing will be experi nuent till V eVa I1tit'd 1111dlthe (littlI Obtfluned Will ht' iututIV~td 11nd

compla)itred to pired iet ions, genctteanted bly the :1.0 NiII )N ana lytica en iodlel. Iffany sizeaobl e (huste(lNT111
is found hietween the test dat a and the prediict ion thenl the arialt icitl modeli will he necordiutglv
inotiified to aiffect 11grootient .
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8. PLANNED EXPERIMENTAL PROGRAM 4

8.1 Prototype Bearing Test

The :4.0 MI)N l)rototve bearing, described in Section 7 and Table 17, will he
experimentally evaluated to assess its durability for a period of up to 60 hours. 'Testing will be
conducted over a speed range of 2.2 to 3.0 MI)N, with a goal being to obtain at least 30 hours of'
operation at :3.0 MDN. It is planned to run the 60 hours in the following sequence:

* Ten hours at 2.2 MDN
* Ten hours at 2.5 MI)N
* Ten hours at 2.75 MDN
* Thirty hours at 3.0 MDN

It is also planned to periodically interrupt the test to visually inspect the bearings. Should
a visual inspection p)rovide evidence of' premature distress, the bearing components will be
measured which will include determination of both roller weights and static skew angles. These
measurements would be compared to those measurements obtained earlier (luring the pretest
insp)ection. A wear rate vs. time map would then be established.

8.2 Experimental Evaluation of Bearing No. 10

As shown in Figure 25, roller bearing No. 10 is similar in design to bearing No. 8 with both
designs containing rollers with a high level of end radius runout. As shown in Table 3, this runout-
averages 0.0035 inches. Since severe cage failures were obtained with all four of those bearings
tested that had high levels of roller and radius runout, bearing No. 10 will be refitted with a new
set of rollers which have a minimum level of corner radius runout. The remaining roller
geometries and tolerances will be maintained at those levels shown for bearing No. 10 in Figure
25 with the exception of roller flat centrality which will be controlled within 0.010 inch instead of
0.050 inch. This change will provide additional wear data necessary to separate the wear effects.,
of roller end circular runout from those associated with roller flat centrality. The fabrication of
the new rollers is in process and when completed bearing No. 10 will be assembled and rig
evaluated following the established 10-hour parametric program.

8.3 Model Check bearing Test

Bearing No. 26 of Group-AF, which is identical in design to bearing No. 22 shown in Figure
26, will be tested for the purpose of verifying the 3.0 MDN analytical model developed under Task
I. The bearing will be experimentally evaluated and the data obtained will be analyzed and
compared to predictions generated by the 3.0 MDN analytical model. If any sizeable discrepancy
is found between the test data and the prediction then the analytical model will be accordingly
modified to affect agreement.
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