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FOREWORD

This report describes the work performed by the Pratt & Whitney Group, Government
Products Division of United Technologies Corporation , West Palm Beach , Florida 33402 under
U.S. Navy Contract N00140-76-C-0383 which incorporated U.S. Air Force MIPR No.
FY14557600623. This is an interim report covering work conducted from 1 October 1975 to 1 April
1977.

The Government technical manager for this period was Raymond Valori of the Naval Air
Propulsion Center (telephone 609-882-1414). Ronald Dayton of the Air Force Aero Propulsion
Laboratory WPAFB (telephone 513-225-4939) provided the technical direction for the Air Force
portion of the program.

The project was conducted at Pratt & Whitney Aircraft under the direction of John Miner ,
Component Technology Manager; Paul Brown , Principal Investigator; Louis Dobek , Program
Manager; and Dr. Fred Hsing, Anal ytical Program Manager.

Appreciation is extended to the following Pratt & Whitney Aircraft personnel for their
assistance on this program. Michael Carrano , Ronald Edeistein . Robert McFadden and Roger
Barn sby assi~sted with the analytical effort . Computer programing assistance was provided by
Walter Grube and James Mann. The experimental bearing testing was conducted by Edward
Tobiasz who was assisted by Robert Cohen. Engine app lication advisory support was provided by
Eugene Bever ly.

Acknowledgment is also accorded both the bearing manufacturing company that provided
the exper imen tal h ardware for th is program , the Split Ball Bearing Division of MPB Corporation ,
and t he consultant that provided assistance with the analytical modeling effort , Battelle
Columbus Laboratories.
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SECTION I
SUM MARY

This combined a n n a l v t  ical and exper ime nta l  program is aimed at gc -ne rat  ing a ma iiu a I t h a t
wi l l  permit  t lie design of cy l indr ica l  roller hear ings capable ( I f opera t in g  re l iabl y at 3.() M I) N
speed levels. An ex i s t ing  quas i - s t a t i c  analysis wil l  he updated in th i s  effort and a new dy n a m i c
analy sis  developed and correlated wi th  the  re sults  of ex ten s i v e , s t a t i s t i c a l l y  (Ies glled tes ts  t h a t
are being conducted (In a series (I f a i r cra t t - engine- s i ze  ro ller hearings . The (l u a s ( . s t a t i ( ’  ( le s ign
op t imiza t i on  sy stem has been upgraded to include cer ta in  advanced t r ea tmen t s  ( I f  f i t s .
tolerances , clearances . mi sa l ign m ents . pre load , moment load , s t r u c t u r a l  f l e x i b i l i t y , skew angle
de te rmina t ion  and ring f l ex ib i l i t y .  This makes the  program the  most advanced and p ower fu l
ro ller bearing design) tool avai lable  to date .

The basic analy ses for use in developing a program t I) predi ( -t  the  dy n a m i c  behavior (I f r oller
bearing components  are esser (t ia!l v complete.  Govern ing d i f f e r e n t i a l  and al gebraic equ a t  ion .~ for
the in terac t ing  components and the  coup led sy stem have been f o r m u l a t e d . ‘l’he p r e l i m i n a r y
computer  program has heel) developed and ref inement  of t he  system is underway.  The f ina l ized
computer  program is to he avai lable  at the  conclusion of t h i s  contract .

The experimental  portion ~ th is  program is aimed at eva lua t ing  the  in f luence  of geometric ,
tolerance , design , and operational parameter s ofl the  sk idd ing  and skewing wear charac te r i s t i c s
of 124 mm roller hearings operat ing at speeds of 1. 0 to 3.() M I )N . A s tu dy  was ( ‘o inpl et ed in w i U c h
a total  of 30 separate hearing parameters t h a t  can influence r oller skew and skid were iden t i f i ed .
Two groups of hearing designs . labeled N and AF . were then  prepared using s t a t i s t i ca l  desigiì
techniques and incorporating those parameters from the  list  ( If  30 tha i  could be varied in a
sensible manner.  The Group-N hearings (-( Insist of eight separate  designs which  wi l l  permi t  the
quant i f ica t ion  of the  influence of seven individual  hearing parameters on roller skid and skpw .
The Group-AF hearings consist of five hearing designs which wil l  allow four  add i t iona l
parameters to he studied.  A to ta l  of ten Gr oup-N hearings were manufac tu red  for  test . One
hearing for each of the  eight p arametric  desi gns and tw o dupl ica tes  fur repeat t e s t ing  were
procured. One each of the five Group-AF designs were produced w I t  Ii a dup l ica te  of one ( It  t liese
designs manufactured for repeat te s t in~. . Exper imental  rig t e s t i n g  has been comp leted on four (II
t h e  ten Group-N hearings . Three of these hearings performed in a s tab le manner  lIver t he  en t i r e
range (If conditions run in the test program. The fourt h hearing fai led in the  course of t he  t e s t i n g
du e to excessive roller wear. A wide range of wear and perf ormance was observed d u r i n g  t h e
tes t ing (If these fi rst four hearings.
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SECTION II
INTRODUCTION

A. BACKGROUND

‘l’he h igher  t h r u s t  - t o -we igh t  rat ios required fur a ( lv :Inc e ( I  a i r c r a f t  t u r l ) i n e  en g i l l e  ( l es I g n- ~
demand increased r l l t a t  ional speeds of t he  t u r b i n e s  and ( ( ( l U  l I r I ’~~ ( r ~ 

‘I ’ he (l( ’sign an l i
( l ( v e l l l pm ent  of such t ( i rh orna c’hiner v  is o f t en  ( - ( Imp l i c a t e d  by hear ing  I - ( I I l s i ( l e r t i t i ( I n i s . ‘l’lw rotor
aIl (l r I I t I I r  supp ( I r t  s\ s t ems  are general l y  charac ter i z ed  by ( I t  b igh  s h a f t  ~~~~~ t I I  :I (- b i( ’ve
m a x i m u m  g:I~ dvn~t mi - per formance . m i n i m u m  s i / I . and n h i n i m l i l i l  ~~( ‘i g h t  : ( 2 )  t l ( ’X i l ) l e  hear ing
supp ort  st r IIc ’ture s f o r  l igh tweigh t  and m i n i m u m  d i s rup t ion  ( If  t h e  f l ( ( w l l a t h  II ~ i n t e r d I c t  I I I ! )  i f

~t r I i t i ~ an (l vanes: an d (3 ) large s h a f t  d iameters  for hi gh b e n d i n g  ~t i1 ( I  t I , r ~. I ( I n t I l  ~.t ( t f 1 ) I ’ ~~. H I ’ .

t a c t o N  rc ’. i i l t  in he t t r ing  specif icat ions which  req u ire  h igh  I l ea r i n g  l i N  levels and h igh
m N : I l ( t ~nme n t  c a p a b i l i t y .  It is an t i c ipa t ed  t h a t  hea r ing  DN level s ( I I  1 ( 1  \ I I )N  w i l l  he requIred  f I r
engines it ) t he  1950- 1990 t i m e  frame.

(‘ons iderable  ef fo r t  has been expended by var i I (u ’~ inve st iga t ors  ( ( 0  II ~)g r tUl i l Ig  t he
(cr 1 orm ance ~ h igh  I) N ball  th rus t  hearings. Such concent rat  cdl e f f o r t  has a mass~’~i a ( ‘II Iii I i l a t  ive

exp er ience level of many  tens of thousands of hull rs iii oI)er~It ion t i m e  at 1( 1 NI I )N I in d er
labora t or y  condi t ions . Hall  t h r u s t — h e a r i n g  technolog y has evl ( lv e ( l  t o  where  m a t e r I a l  ( ‘ ( I i ) s i ( I er a -
0 ( l t ~ (let erm in c the  l i f e  Ii  in i ts  ( I f t he  design. On the  ( It  her hand , t he  I echnolng v base needed for

t he  design of o p t i m u m  roller hearings to meet high I )N r equ i remen t s  is not well  de f ined . Ho l ler
hear ing  perfor m anc e , in man~ cases, has been the  l i m i t i n g  f a c t o r  in the  design ( If h igh  spee(I rotor
sv~t ems  because (If a lack of under st  a i iding in certai l l  as l)e ct s I t  ro l ler  hear ing  b ehav i l l r . There I . ~
good reason for  t h i s . ‘I ’he increase d suscep t i b i l i t y  ( If rol ler  hearings to  f a i l u r e  has surfaced in
rel at  ive lv  recent t ones . Ever increasing engine ro ta t iona l  speeds have dr iven  bear in g speeds II I )  to
I )N levels which  serve to in t ens i f y  the  inf luence  (If gellmet n c  var ia t ions  t tn ( l  ce r t a in  ( It h en

1:1 r au ie t  ens III )  rot Icr dy na m ics . Evidence accumula ted  in t h e  f i e ld  aiid (tat a ol)t a in~d in
development t e s t s , has indica ted  tha t  hear ing per formance is vc ’rv sen sit  ye ~ roller i n s t a b i l i t i e s
as i l i ( I I i ( ( ~(l by unknown or lit  t ie  understood pr in c iples  of roller dy n a m i c  b ehavior .

These i n s t a h i l i t  (‘5 occur frequent lv in high DN bearings resul t ing  in roller skewing .  ‘I ’ he
(ha ra ( ’ t e r i s t  ic f a i lu re  mode which iden t i f i e s  roller skew is rap id ec c en t r i c  wear on t h e  eli(l su r fac es
( I f some or al l  of the  ro l l ing  elements  I f  a 1)earing . Figure I shows the  eccentr ic’  t vpe wear pat t e rn
(In one end of a ro l ler , w i t h  the  other end having a s imi l a r  pat tern  hut  ISO degrees (lo t (If phase.
‘I ’hi s condi t ion can exist  undetected u n t i l  hearing fa i lure  occurs . Fi gure 2 shows a typ ica l  examp le
( If l , eari iig f a i l u r e  precipi ta ted by eccent n c  end wear ( If one roller e lement  -

Related  to skewing,  and apparent ly inf luenced h~’ many ( l i t h e  sanie forces which induce it .
is ro ller sk idd ing .  When rollers skid the  resu l t ing  damage is l) at i cu l ar lv  severe on the  r ol l i i ìg
( ‘ort ta ( ’ t ~. ( i r t a ( - u ~ and , subsequent ly , has an adverse effect  on hearing d u r a h i l l t  v . (‘ I lr r en t  l~ .

~k a i d ing  is ( ( ( I  ..Idered t ( I  he (If secondary importance.  c( In lpar ed to roller end wear .  ‘I ’his
( ‘ ( I f l ( ’ l ( N I ( I f i  is })tls ( (l up (In considerable field service experience. I)ata indicates t h a t  roller end wear
t , ( i l l l r e s  p redomina te .  The mechanisms tha t  cause sk idd ing  are m ore readil y understood , and
m m - r u t  t I l  t h i s  und ers tanding is the suggestion f ( I r  i t s  cont r ld . It is well known t h a t  roller
skidding O( ’( ( II’ 5 when bearing radial loads are light and rotat ional  speeds are high.  A con(’ept
( - I I m m n I I n I v  used I I I  s u pp lement  the external  load is a two-p o int  radial  pre load design , This basic
pre load ~v st c m . which  is achieved by mach in ing  the  outer  r ing 01) in an out-of -round (( v u!  shape
( ‘( Imn ll i n e d w i t h  a s l ight  in ter ference  fi t  in t h e  hear ing housing ,  adds enoug h load to kee l) t he
r ( I I l ( - r ’ - “ i n  gea r ” around most of the hearing s c i rcumference .  However , as speeds increase , t h e
ab i l i ty  to m a i n t a i n  control (If the  in ternal  clearance needled t ( I  ensure operat i( I fl free (I f s k idd ing
damage becomes increasingl y dependent upon accurate  knowledge of t he  in te rna l  heat generat i ( I I i

(( f t he hearing.  i ’his factor , co upled  w i t h  t he  accompany ing c ooling sy stem design , determines  t he
(I I) e ’r a t ing  tem perat ore level ( I f  the  hearing and , more i mp ( I r t  a n t  lv , t h e  t e m p e r a t u r e  gradient  f r I  u rn
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the inner  to the  outer raceways . Th us , an accurate knowled ge (If t he  heat g(’~u e n a t  i ( I n  level is a
necessity if adequate control of’ operat ing clearance is to he achieved s~> t ha t  roller loading is
mainta ined to a level that  successfully i nh ib i t s  roller skidding.

Of course , there are other modes of eng ine roller bearing fai lure  beside those a t t r i l )u t ah le  to
end wear and skidding damage. Some of these modes are identifiable wi th  the cage and ot hers
may he due t ( I  roller edge loading causing premature fatigue spalling. However , it appeal’s highly
likely that  if the basic roller end wear problem — as influenced hy skewing action — can he
avoided , a large measure of the solution to other root problems can he effected. This becomes
largely self-evident upon study of the tong list of geometric , dimensional , tolerance , qua l i t y , and
operational parameters which influence and control roller t racking 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 anal ysis and
must address roller bearing dynamic behavior.

f~ ~~~~ ~~~~~~~~~~~~~~~~~~~~~~ 

. —II__

~~~ 
.‘

bigun ’ I. Eecern ric Roller End Wear
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Figure 2. Typical Bearing Failure Att r ibutable to Eccentric ’ Roller
End Wear

B . PROGRAM APPROACH

As indicated in the “Background” section , future engine design requirements dictate roller
hearing DN levels to 3M. Therefore , roller bearing technology to achieve this  DN level must he
upgraded in time for utilization in engines slated for operation in the 1980-1990 t ime frame, The
schedule to develop bearings to meet the 3 MDN requirement calls for an extension of the present
state-of-the-art of bearing design and requires considerable analytical  and experimental effort to
investigate the effects of increased DN levels on many critical desi gn parameters. In addition to
the conventional parametric studies involving fatigue life , stresses , temperature, fits , clearances ,
alignment , lubrication and rotor dynamic response, special at tention must he given to roller
skidding and skewing motion which have been identified as likely problem areas for high 1)N
operation. Proper analysis of these effects requires development of a new computer prograni
which considers the complete dynamic motion of each element in the roller assembly.

Effort under this program is being directed toward the formulation of a viable generalized
roller bearing analytical design system considering a number of geometrical and operational
parameters. This development program is based on an integrated analytical/experimental  effort .
The resultant design system , in the form of a complete computer program , is intended to pr (Ivide
the bearing design engineer with a usefu l tool for studying the static as well as dynamic
characteristics of high DN roller bearings for future aircraft engine mainshaft  applicat ions. The
design system will be usefu l in conducting analytical experiments under simulated operating
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 thus could substantial ly reduce the number of cost lv
test programs 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.

C. PROGRAM SCOPE

The work being performed under this contract includes both analytical and experimental
activity. Under Task I . a computer program which describes the roller bearing dynamics , loads ,
stresses , deflections , deformations , thermal  conditions , heat generation . lubrication , and
operating parameters will be developed. In Task II , experimental  rig tests will he conducted (in
a group of 124 mm bore roller bearings to define the influence of geometric and operating
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variables and to verify the  accuracy of the computer program. The computer program will be
refined as necessary to reflect the test results. Also , certain additional results , when available
from other p lanned experimental testing which will address a separate group of roller bearing
variables , will be used to fur ther  refine the model. In Task III , the  information developed under
Tasks I and 11 will he used to design and fabricate a prototype hearing and conduct a
demonstrator rig test having a goal of 60 hours operation over a range of DN values from 2.2 to
3.0 million. In Task IV , the results ofTasks l throug h III will be incorporated into a design manual
for high-speed cylindrical roller bearings. The manual will include the computer program
developed in Task I and modified during subsequent tasks. These tasks also include parametric
testing on an additional group of roller bearings containing different hearing variables than those
studied in Task II. The test results from this added testing will  he used to further refine the
analytical model developed under Task I. The work also includes installation of the computer
program at the Wri ght-Patterson Air Force Base computer facil i ty.

5



SECTION III
CONCLUSIONS AND RECOM MENDATIONS

A . CONCLUSIONS

The analytical modeling development effort has progressed smoothly thus  far wi th  no major
difficulties encountered. Based on this work the following conclusions can he drawn:

• The roller bearing quasi-static optimization program , called STATI(’ ,
updated under the subject contract , is now capable of identify ing the
corresponding roller geometry, bearing internal clearance , outer ring out-of-
round , assembly fits and lubricant flow rate , all as required to achieve
maximum life. However , it is necessary with this program for the user to
define certain design criteria and to use his own subprograms for generating
certain s tructural  and thermal  data.

• Th e “ modular ” concept adopted in the development of the overall computer
program , TRIBO I , has already proven to he a beneficial feature ,  Portions of
the program can be run independently, which permits prel iminary design (If

any or all of the bearing components. This feature also makes it a much
simpler matter to alter the program as new techniques or data become
available.  Updating can thus be accomplished h chang ing only that  module
affected , thus eliminating the need to restudy the whole program in its entire
length and complexity.

• The elastohydrodynamic (EHD) film thickness model chosen for use in
TRIBO I is that presented by Loewenthal , Parker and Zaretsky ’ which
provides the best correlation with available test data.

• The EHD traction models available from the l i terature were found inade-
quate for the needs of the high speed roller bearing program. Even the best of
these gave poor agreement with existing pertinent data. The greatest need is
for experimental data in the following operating regimes: high slip velocity.
high temperature , high speed and moderate contact pressures.

Conclusions that can be drawn based on experience accumulated in the experimental
portion of this program are as follows:

• Results obtained on repeat bearings have served to demonstrate an adequate
level of repeatability for this statistically designed program.

• Although reduction of the bearing wear data by means of established
statistical techniques has not yet been accomplished because test ing of the
Group-N bearings is not complete , it is apparent that  the wide range of roller
end wear levels experienced thus far will permit satisfactory application of
these techniques.

• Variations in app lied radial loading do not have a sign i ficant impact on
hearing heat generation , based on experimental measurements.

• Increasing oil flow to the bearings tested increases basic heat generation.
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• Power loss characteristics and thermal bt ’havior of all the hearings tested thus
far are very similar.

• Extreme amounts of roller slippage do not result in unusual  thermal  behavior
of the hearing nor do they produce obvious skid damage or distress even
though heavy roller end wear may occur.

B. RECOMMENDATIONS

Based upon the above conclusions the contractor makes the following recommendations:

• The statistically designed experimental program should be continued as
planned. This recommendation is made on the basis of ’ demonstrated abi l i ty
of the test procedure to produce repeatable results and the discerning nature
of the wear results as evidenced by the wide range experienced in tests
conducted thus far.

• The roller bearing dynamics analytical model should be completed to the
level planned and the results correlated with program experimental  data for
inclusion in the design manual which is intended to he published at the
culmination of this effort .

• Some form of simp lified structural and thermal modular analyses should he
developed separately and incorporated into the master program as an option
for the user who may not have access to any such anal yses. They also would
prove usefu l in the prelimina ry design process to supplement the  more time-
consuming sophisticated programs source users have at their  disposal and
which should perhaps he restricted ~~ use in only the final design stage.

• It is advisable that separate manuals  he prepared , conta ining design and user
oriented instructions , that  would allow each of the  subprograms such as
STATIC , SKEW , CADYN , and RODYN to he operated as individual
computer analyses. Use of such programs could enhance the prel iminar y
design process , allowing certain parametric studies to he conducted , without
the encumbrance of the t ime-consuming main program which should he
limited to use in the final design stage only.

• Addit ional  EHr) tract ion data should he obtained in appropriate  test
machines over a range of speeds , slip velocities . temperatures and contact
pressures that  correspond to those encountered in 3.0 MDN roller bearings .
Once these data become available , an effort should he launched to develop a
fulls ’ correlated analyt ical  EHD traction 

model.7



SECTION IV
ROLLER BEARING DESIGN TECHNOLOGY

A. GENERAL DESIGN CONSIDERATIONS

Hearing performance is influenced by the  combined effects  of f i ts , t he rmals , and opera t ing
c ’(Indi t i ( In s . as well as t h e  s t ructura l  design of the system. Ideal l y ,  t he  hearing in t e rna l  geometry
should he designed to ach ieve  the m a x i m u m  possible fa t igue f i f e  under t hese conditions wi thou t
v i l l l a t i n g  any theoret ical  ( Ir experience-based design cr i ter ia .  The oi l flow level chosen for
luhri c’a t  ing and cI I l I l i n g of the  hearing should he such that  the t empera tu re  (If t he  hearing r i l i g s
w i l l  never cause a corn plet e loss of hearing clearance or result in a tern perat tire level t h a t  ex ( -( ’e ( ls

he ( - a p a t ) i f i f v  (If cit her t he ring material  or the  oil i tself .  In i t i a l  f i ts  must  also be set 5(1 t h a t  t h e y
r o v e r  reduce the  hearing clearances t ( I  zero , yet remain t ight  at speed amid t empera ture .  ~ i n u I  the
de t e r m in t  1( 10 (If factors such as the op t imum oil flow , hearing fi ts , raceway o u t - o f — r o t I m 1 d l r m e ~ s
(O( )R ) .  an ( l  f a t i gue  f i l e  Is a laborious task involving many iterations w i t h i n  each and am non g  :111
of t he  I lean ing f le r form an ( ’e  analy ses , the  op t imiza t ion  process has usual l y  not been f u l l y
i m p le m e n t e d .  \~‘i t ii t h e  development of the  progra m described in th i s  repor t , fu ll  ((p 1 imi z a t  ion of
afl V ( I n  a l l  of these param eters  can he more readily accomp lished from a quasi-s tat ic  point (If view .

B. STATE -OF-THE-ART OF ROLLER-BEARING DESIGN TECHNOLOGY

‘!‘he current  s t a t e - o f - t h e - a r t  of roller hearing design technolog y relies pr imar i l y  (In t - a n i ( I ( us
(‘ -a a l ( l i s hed static and quasi-stat ic  anal yses . The analyt ical  I)redicti on system usual l y  (‘(lfl5ist~ I I f
sever al r n a t l l r  analyses as shown in fi gure 3. A brief ’ description of t hese analyses is given i l l  t h i s
sec t ion .  ‘I ’hroughout t he  text , the term “existing ” is used to describe any development
accomp lished prior to the  inception (If the  subject program , tha t  is . September 1975 , wh i l e  t h e
t e rm “ new ” is used! t I  identify work accomplished as a result of the new program e f f l l r t  as
d escribed in th is  rep (Irt .

1. BasIc Elasticity Considerations

It is a commonly accepted practice in the hearing industry  to de te rmine  the  fa t igue l i f e  il f
ro l l ing  element hearings on the basis of the Lundberg-Pa lmgren l i fe  m(Ide l2 and W e i l l u l l s
st a t i s t i ca l  theory of’ the strength of materia l s~ ~ These theories sti pu la te  tha t  the fa t igue  l ife  ~
rol l ing element hearings depends upon the magnitude of the stressed v i l lume  as well as upon t h e
level and depth of the  m a x i m u m  shear stress. This therefore requires an accurate de te rmi m i at io u i
( If hot h the load d i s t r ibu t ion  among the rollers and the st ress/d eformaf ion at the  ( ‘( Intact surfaces
at each roller location. The basic methods used to determine the load d i s t r ibu t ion  are given in
th i s  section. Also described in this section is the method used to acc ount  for the  ef ’fe( ’t o f
interference fi ts  (In the  overall bearing internal  clearance.

a. Roller Load Distribution, Misalignment and Moment Load

The classical theor y and procedures used to determine the  basic rol ler  load d i s t n i h l l t i ( I n  are
well established. The calculations are usually involved in several r a t h e r  comp licated ! i t e r a t i v e
proee’~ses such as those reported in the  l i tera ture 2 3 ~~, The basic ’ idea is . nonetheless . t ( I  p e r f l l r r n
an e qu i l i h r i u m n  analy sis  to iden t i t y  the  forces and corresponding de fo rma t ions  of t he  sy stem.
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In the case of rigid rings with  no out-of-roundness , for examp le. t h e  t . ,  :‘ I l i nea r  defl ect io~ns .

~~ and the angular deflections , m ,1 at the qth roller location are:

P[)= (
~2 sin 

~~~q + (5~ cos - —
~~~~

— ( I )

tm q (i4 +~ (54 ) cos 
~~~q + (o5~ + ô~~) S~fl 

~~q + ~~ + ~~ ( 2 1

where (5 represents linear or angular  deflections as identified in f i g u r e  1 and ô~ and ~ represent
misalignment and coning angles as defined in the List of Svmhols.

The total deflections are also

-~~1q ~ -~ 2q (3 )

(.kq = + (~~q (4 )

where the subscripts I and 2 denote the outer and inner ring res pectiv ely .

FV 3  
x

Figure 4. Coordinate System for Rearing Static and Elastic Equilibrium Analys is

The relationship between load and deflection , according to the  Hertz theory for elastic
contacts is in the following form:

P0,, = P141 ~~ a141) (ii)

M 141 M 141 ~~~~~~ ao,~) 
(6)
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St at ic equ i l ib r ium of the  roll lens requires t h a t :

P , 1’. () 7

1) (~~)

F’ur ther more .  equi l ib r ium ~if t h e  en t i re  bearing , i . e.. roller s plus races , req uires:

~~ P , sin ~~ 
+ F~ . 0 ( 91

~~_ P , c((5 
~ 

.4 F2~ 0 ( I t t )

~~~,_ M~,1 cos /~ -
~ = 0 ( I I

~~ M ,, sin ~, + M JE = 0 ( 1 2 )

I ) e terminat ion of roller and race load d is t r ibut ion  then requires s imul taneous  sl l lut  ion of
}‘~qua t i ( In s  ( 1)  through ( 1 2 ) .

To a( ’c(Iunt for the  effects of roller c ’r owning. misa l ignment ,  and nulment  loading am! ( l s ( (
to relate the deflec ’tion s to the  restoring moment.  eac’h roller element is divided into W l a rn ina e
in the  computa t ion  of deformation and stress field at the  coot a(’t zone. ‘I’he Her t z ian contact
t heory is then  applied to each ind iv idua l  lamina  for ( ‘( Imputat ion of stress . deformat ion , m a l l i n e n t .
and load d i s t r i f ) l : ( i I I n . ‘The results  are then combined to character ize  the  (‘last ic pr (Ip er t it ’s ( If a
given roller.

b. Interference Fits

When the  tern perature field in the  h eari m ig has been determined . t he relat ion (If  n t  ent ice
pressure to t he  in te r fe rence  fi t  is a fund  i( In unIv l I f t he  geomet rv and mat er ial  pr olper t ie~ I l l  t h e
tw o ( ‘ ( Ou t a c t i n g  corn ponent s . Exac’t de terminat ion  ( If t he  ( ‘( Inta c t pressure f i e f d  may r ( ( l i I ( r e  t h e
use of a qu i te  sop h i s t i c a t e d  analysis such as the  f i n i t e  e lement method.  However , it is ~‘er ~ I l f t ( ’m l
f I I I I n d  t h a t  t he use of the  load—de fll rmat imIn relat i l l n s h i f )  for t h i ckw a l l  cy l i nde r s , as shown iii

Equat ion  ( I  3) . is suf f ic ien t .  ‘rhis is the  relat i on used in t he  ex i s t i ng  roller bearing analy sIs :

I’ ~~~
I’

~ ) 
I I ’ t f....J.......1 (b/a )2 + 1 1 LI (c/b )~ 4 1

K I (b/a )2 I “ I + 
E 2 I (c/b )2 1 ~ 

2
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tvhere

- diam et  raf interference between the  two  rings ( i n . )
a smaller  r ing II ) ( i n . )
h = smaller  ring Of) ( i n . )
c larger r ing 0!) ( i n . )
K \ I )u n g s \ I I ( ( h l i l l I s (ps i )

— Poi sson s Rat 1(1

In some engine hearing ins t a l l a t ions , a l iner  is used hetween the  hear ing r ing ami d t h e
h ousing st ruc tu r e .  In such instances the  in teract ive  d e f ormat  ill fl s of a l l  th ree  e lements  mo st 1~e
aken in to  account .  This necessitates employment  ( o f i t e r a t i ve t e c h n i ques t o d e t e r m i n e  t h e  f i t s

between the  cont ac’t ing components.

2. Ps eudodynamic Treatment

a. Centrifugal Effect

The effect  of the  c’entrifuga l force of the rc ltat ing elements  is (-onsic lered t h r o u g h o t i t  t h e
s t a t i ( ’  analy sis as a s tat ic  external  force , The first section in which it appears is in the  e q u i l i b r i u m
calcula t ion  of the  roller load dis tr ibut ion as described in Section IV . H. l . a .  Thus , the  forc e on the
outer roller contact area must balance the sum of t he forces ac t ing  at t he  i nne r  contact ( ( IOl } I i f l ( ’d
w i t h  the  individual  roller centrifugal  load.

The second area where the centr ifugal  effect of t he  r ota t ing rollers arid hearing inner  r ing  is
taken in to  account is for the determinat ion of hearing operating fit and in ternal  radial  c ’learam-e .
The related growth of the ()D of’ the rotat ing hearing inner r ing is es t imated  on the  basis of f lit ’
fo l lowing equation 6 .

= P~~~~~
2g

W 
[( ~~~ !LL

)  

2

3 + v) + ( I — v) 1 ( 1 1)

‘rhe expansion of the H) of the outer ring due to the roller centr ifugal  loadin g is given by:

= 0 (,
~ + r’) ( 1 5 )

P — (1. 5169 10~~ 
Wd , . N e 2 

( 16)

N .. -

~ 

—

~
--[ N , (  I — —

~~
--) + N ,, ( I 

~
‘-
~~

) 
1

w - 0.222268 d , 2 [ l  - ( 
~~~

) 
~~ 

n p ,, (18)

f ~ \ 2

1 f
~~~~~

-)
‘l 

— 

( ~ ‘I 2 ( 19)

~ \ I) ,, /

‘File change in hearing c learance due to speed is then composed ( If two terms as discussed above.
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b. Skewing Moment

W i t h i n  the  static’  a n a ly s i s , an approx imat i on is made as t ( I  the  magni tude  (If t he  ind iv idua l
roller  skewing moment . The skewing moment S, is es t imated  to be:

5,, 
~~
, M , ,  (2 0)

where

— c’oeffi cic ’u it (If fn ict  i( I fl
NI , contact  moment  for  j t h  roller at the it  h s u r f a c e

3. Thermal Analysis

The purposes of rendering a thermal  analysis are t ( I  determine the  hearing heat generation
and associated operating temperatures , as well as temperature gradients from the  inner ring to
the  outer ring of the hearing. Ideally , the temperatures to be determined are those of the inner
ring and the huh or shaf t  upon which it is mounted ,  the outer ring and its support housing, the
roller/c age assembly and the exit  oil. These are all influenced by shaft speed . load , thermal
environment  of the hearing compar tment , oil type , oi l- in temperature , oil flowrate . hear ing
geometry , the method of cooling and the method of lubricat ing oil in t roduct ion ,  A determination
(If the  hearing heat generation is necessary to the establishment of the  engine desi gn oil flow and
for the  purpose of sizing engine oil-system and heat exchanger requirements.  Identif ,ving the
tempera ture  levels in the hearing system is impor tant  to the design process for the  purpose of
de te rmin ing  the internal  radial clearance of the hearing at operating conditions which influence
hearing life which , in tu rn , impacts  engine durab i l i ty .

An analy t ical  design sy stem that  would permit comp lete thermal analysis of’ the bearing
sy st em is inheren t l y  complicated. Detailed ident i f icat ion of heat sources , sinks ari d flowpaths is
required and techniques such as f ini te  difference , relaxati on , or f in i t e  element methods must he
employed. This approach has not been used for bearing systems because of this  inherent
( ‘ l lmp licat ic ln . \~‘hat has been developed is a system that  is almost completely ern l ) ir ica l  ami d , as
such , is applicable only to the  specific size hearing c)f concern . The hearing is subjected to a
comb ined rig and experimental  eng ine test program amid the  resul t ing data used to estah lish a
design sys tem.  This system is then ut i l ized t I (  opt imize tha t  spec i f ic -  design for the  production
v 1’r s i l (n of t h a t  engine. Thus , no ana l y t i c a l l y  based system c u r r e n t ly  exists  t h a t  can be
ex t rapo la ted  to generate reliable design data for an app lic’ati ( In tha t  is outside the  immedia te
ra i r g e  ( If  current experience.  In other words the present system relic ’s m~n ex l) er in l ent a l  data  as the
source for design temperatures  to clptimi7.e hearing fits and control internal  radial  clearanc e to an
acceptable level , Thus , there  is no analvi  ic ’allv based I hermal  model re la t ionship  cur ren t l y  in use
t h a t  could he construed as a relia b le design sy stem for  ap p l ica t i ( lns  tha t  are outs ide  the
immedia te  range of current  experience.

It should he noted here. however , t ha t  it  is t he in t en t  o f t  he new work being done under  the
subject c ( (nt ra et  to develop a heat generat ion and t empera tu re  l)redict ion Inll d el t hat wi l l  he
empi r i ca l l y  based . employ ing t he e x p e r i m e n t a l  d a t a  be ing  genera ted  in  the  t e s t  pc l r t i ( In  ( If  t he
program. Generation (It a c ( Im n t l r ehen s ive  anal~’t ica l lv  based the rma l  model is con sidered hev ll nd
t he scope ~~ the  present effort .
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4. Support and Ring FlexibIl ity

Along wi th  the inclusion of ring f lexibi l i ty  in the ana ly s i s , a m ( I ( I i f i c a t i ( ( n  has been ma(Ie t ( I
the equations for deflect ion at the roller inner and outer contacts , Equat ions  ( I )  and (2 ) .  ‘r he new
equations are:

= ô~ sin 4q + (53 cos — P0/2 — 
~~~~ 

( 2 1 )

(1,1 = ((5~ + ô4 ) cos Ø41 -4 (ô~ + ô~~) sin ~~ + Ø~ ~J 2 - 

~~~~ ( 2 2 )

where

f l ex  = ‘~ iq f lex ~ “~ 2q f l ex ( 2: 1)

= ~~~ E &ij ~~ + B41~ M 14~ + 1A q 1 P21 ~ H 414 M 211

(t q h e x  = 
~iq f lex + a241 n e z  (24)

= ~~ [Cqj P1q + Dqj M0] + ~~ [C ,~ P2~ + Dgj M 211

and

A411 , B41~, Cqj , Dqj. ~~~ B’411, C 411, D’41~
are matrices representing the pertinent influence coefficients as shown in table 1, These influence
coefficients define the magnitude of deflection at the qth roller location. Each matrix is of order
n and is obtained through an elasticity analysis.

5. Pi’eload/Outer fl Ing Out-of-Roundness

The purpose of using an outer ring with  2 -point  or 3-point ( lo t -of-roundness  (OOR) is to
min imize  roller sk dding. The additional load imposed on the  hearing by the  out-of-round
c’ondition is known as pre load. The outer ring OOR is heing op t imized  so tha t  the  pre load
requirements are met for each operating condit ion.  In th is  portion of’ the  computa t ion , the
preload/OOR is established on the basis of the equation for a cylinder pressed between two flat
plates 4 . The equations used are:

I -~~~~~~~~~~~1 i) m l n  K
= (2 5)

1 1 1 1 1

Pi) ml,,  = [ 
OOR 

+ k? ] [ i 
K 111 

1 (2 6)

OOR ORO[)n,ax — OROD m1n ( 2 7)

14



K 4, = K 4~ + K H

K 2, = K 25 + K ,

= c E~ ~~~ [ ~ ~~ : 1 (3 0 )

w here

c’ = 4.4809 two-point OOR
= 21,0 three-point OOR

k = 0 ti ght OR fit
= I loose OR fit
= 1 outer r in g
= 2 inner ring

1 4 ( 1 0, 2) [ 1 . 2D / E 1
K = 

rEL L ~i 
+ ~ 2 .15 ~~L(, + F,. 1 ( : 1 1)

= average \ o u n g s modulus of roller and i th  ring

and F, . = 0 for inner ring.

1’AHl~E 1. FORM OF fN F ’l J ENCE COEFFICIENT MAT RI CE S .\ . H . C . I )
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Not e t h a t  Eqci at ion (31) is for rollers w i t h  L/I) ra t io  equal  to  I only .  It should be em phasized
here again tha t  the analy sis being discussed in t h i s  section represents the  statc ’ -of - the -a r t  as of
l~ 75 and does not ref lec ’t improvements  made since t h a t  t ime  as a result  (If t he  new program
effort . Fhis work and the  related results accomp lished thus  f a r  wi l l  he discussed la ter  in t h i s
report.

6. Roller /Flange Contact Point and Roller Skew Angle DetermInation

The magnitude of the skew angle through which a given roller can tu rn  amid the  loca t ion  of
the  contact point between the  end of the roller and the  guide flange surface is d ic ta ted p r imar i ly
hy such factors as axial  end clearance , internal  radial c’learanc ’e of the  hearing, and the flange
la~’hack angle. A properl y designed roller is one for which th i s  comitact point is located away from
the corners of the  flange guiding surface so as to prevent t he  roller end from wearing due to
exc’essive stress concentration.

‘rhe magni tude  of the  maximum skew angle and the  loc’ation of the  roller/flange contac t
point are dependent upon a number of parameters.  The parameters  considered in the  exist ing
analys is  are as follows:

• End c’learance between roller and guide f lange , C,,
• Roller length , L
• Roller diameter , d
• Roller crown drop,
• Roller corner radius , r ,.
• Guide flange layhack angle , ~
• Guide flange height , H

It is assumed t h a t  cu iva ture  of the  inner ring is negl igible , and contac ’t occurs at point R on
t l ic ’ n l l l l er  and p ( l i f l t  F Ofl the flange. This c’ontac ’t p ( I in t  d(lt ’s n ( I t  nec essari l y o’c~ir  in the  x .y p lane
shown in figure 5a hut can oc cur at some distaiice z~ f rom t h a t  l) lan e . as seen in fIgure 51)

Assuming tha t  contac t  between the  roller am i d the  guide flange ( ( ( ‘curs at point  U (on t he rollc ’r
which  lies somewhere on the endface circle defined by the  intersec t ion (If t he  corner radius  and
the  r ofl c ’ r endface , t hen  the y coordinate of R , shown in f igure .‘~a is given by :

(‘((5 9 + (~ 2 Z R 2)” s in  (1 ( 32 )

‘.v fl(~ ne

ds 
~~~ 

r ,.

)n t h e  (I t her hand , t he  b eat ion ( If a p ( I int F’ o~n t hc’ f lange  g u i d i n g  surface,  sho wn iii f i gu re
- ( I I , is

- ( -4 z~ ) tan  ~j  - —!_~-_ (‘ a (3:q
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The location of the contact . F. is uniquely determined hy Equat ions  (32)  and (33) and the
f~Il bo wing matching conditions,

~‘I1 Yl .-

=

dz 10 dz E

7. BearIng Fatigue Life Model

Rolling element hearings are generally designed to operate w i t h  m a x i m u m  fatigue life . For
a given roller hearing design , Lundberg and Palmgren 3 related the  5( 1-called basic load ra t ing.  (~ ,
to r ( I l l in g contact fatigue which , in turn , is related to 1)0th the st ress level and its d i s t r i bu t i on  at
the contact .

According to the fundamenta l  Lundh erg-Palmgren theory , t he  composite hearing fo t ig i i e
l i f e  is:

~~ 
_‘~i-_ ] 

~ ( 3 5 )

where e is the Weibull slope which has a commonly accepted nominal  value of 9/8

L = [—
~~

— 1 (36)

[ 1 “ 1 I. b
Pc1 = L “

~~~

“ 

~~ 
ps j (37)

where

b = 4 if ring rotates with respect to load
= 4.5 if ring is stationary with respect to load

= f x  11 — 11 + ~~~~~ 4 ,, ) 9 ..,~,2 .9  d129 27 (38 )

= I outer ring
= 2 inner ring

C = ( — 1 ) ’ ’
= dx/d e

d~ = d — 2 ,

It has long been recognized that the fatigue life calculated by means of the Lundberg and
Palmgren model needs to be mod ified by a lubricant factor and a material factor in order to
properly reflect experience with modern lubricants , surface textures and materials.  These factors
are input  by the user in the existing desi gn system.
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8. Roller Bearing Optimizat ion

‘Fhe amia lvs e s  ident i f ied  in the  pre vious sec t iomis I t hrou gh 7 have been ( ‘(( In hiii ed i Ut ( I  an
in tegra ted  “Roller Hearing I) esigm i Opt i ln i z a t  ion Sy stem. ’’ The ( Ih t ect  iVe ( If t h e  svst e n l , w hl ( ’I i
assumes t h a t  the  hearing rings are r igid ,  is to determim ie  t he  o p t i m u m  roller hear ing genmn c ’t rv for

m a x i m u m  hear ing f a t i g u e  l i f e .  The pr ogram c ’a lc’u l ates opt ini ized values (If i n t e rna l  radia l
c(ea rance ( ER C) and out - ( I f—roundness  w i t h  respec ’t to inpu t  pr eload and rac e temn perot lire
c r i te r ia .  Also , all  hearing f i t s  are opt imized wi th  regard t o lit pressclr(’ requi rements  A f t e r
e s t a b l i sh ing  the  hearing in t e rna l  geometry in t h i s  manner , the  pr ( Igram then  calcula tes  va luc ’s  of
roller flat lengt h and crown radius for m a x i m u m  hearing life  at accepta i l le  levels of r ( I l l er  edge
stress .

In s u m m a ry , the  opt imizat  ion system permi ts  one to de te rmim i e  the  best c ’omnb inat  il 0 . f o r

m a x i m u m  fa t igue  l i fe . ui the  fo llowing parameters  at eac’h (Iperat im i g ( ‘undO ion:

• Preload
• OOR
• IRC
• Fit
• Roller flat length
• Roller crown radius ,

The computer program lists these parameters in the output  along wi th  the  f ( I l l ( I wing  addi t  i l l na l
i tems:

• Distribution of radial load from roller to roller around the perimeter  of t he
hearing

• Contact stress distr ibution along the  length of the most heavi ly  loaded roller

• Bearing life ,

C . REFINEMENTS

The following paragraphs describe fur ther  improvements in the  exis t ing design sy stem t h a t
have been generated as a result of this contractual  effort . The ent irely new analy sis  dea l im i g w i t h
the dynamics of the roller and the cage and their interact ion wi th  each ot her amid the  raceway s
will  he covered in the next major section of th is  report . The impr ( Ivem ents  made in the  e x i s t i n g
design systems are already proving usefu l in ongoing engine roller hearing design work.

1. Support and Ring Flexibility

The use of influence coefficients to represent the f lex ib i l i t y  of bearing rings and ot h er
s t ructura l  members in the  system is well established as part of the  exis t ing  roller hearing d esign
system as described in Section IV,B. The effects of both the  hearing support and rim ig f l ex i b i l i t  ies
have , however , been calculated separately in a program outside of the  exis t ing Opt i f l i i z a t i ( l f l
program. Provisions have been made to automate  the  computa t i on  of s t ruc tura l  t l ex i h i l i t  v
influence coefficients by permit t ing the user to t ie in his own program for such comp utat iomis wi t  Ii
the improved static analysis computer program, A computer module is current ly  being developed
to provide the user wi th  an option for generating the  influence coefficients m t  e rnall y w i t  hin t lie
program. These coefficients are to be generated on the basis of a s impl i f ied  analysis whic’h is
adequate for use in the early stages of bearing desi gn. Previously , the  influence co ef h c ie m i t s  were
determined separately and then supplied manual ly  as input  to the  main  program. This allows one
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to ob ta in  a more rea l is t ic  es t imate  of the extent and shape (If t he  roller /race load z(Ine whi t - h i
results in bet ter  roller edge stress and l i fe  ca lculat i omi s,  The user can alway s suppress these
computa t ions  if the  case of rigid ring/support is of interest .

2. Preload and Outer Ring Out -of-Roundness

Referring to Section IV .B.5, a roller L/D ratio equal to 1. w h i c h  is a typical  value for a r t - r a f t
engim ie h) earing design . has been assumed in deriving Equat ion  (3 1) .  This a ss umnpt i ( I n  has been
removed to allow for the  selection of any desirable l eng th - to -d i ame te r  ra t i o . Eqwt t i on  ( 1 l  ) now
hie ’t ’omes

1( 1 — ~~2) [ ~ 2 / dLE
m E L  + L ‘~i’~ \ I F,

.-\ more rigorous treat  ment of the  outer ring (lot -of-roundness has been m t  r flduc’e d im i f he
roller load distribution portion of the  analy sis.  The dist r i but  ion of outer  ring OOR is taken i i i t l (
ac ( ’I Ic in t  by the  use of radial raceway variations (RRV t ca lculated by using a s imple re la t ionshi p

~~ (- h Is as hIll ( Iws:

(‘0(0 = - 

K i(( + LH [ 
OOR 1 COS ~n(~ ,1 + ~

,) I (-1( t )

where n = number of OOR points (2 or 3)

= angular location of the first pinch point

As a result , Equat ion ( 1)  in Section IV.B, 1 becomes:

ô2 sin~~,, + (53 cos — P0/2 — — ( . 11

where .,
~~~ ~~~~ 

..
~~~ ~~ are the additional deflections due to s t r u c t u r a l  f l e x i b i l i t y  and outer race (lot -

o f - r ound , respectively.

Incorporation of these improvements has resulted in not only a bet ter  predicti on (If t he
preload . hut also of the  hearing life .

3. Roller /Flange Contact Point and Roller Skew Angle Determination

The location of the roller/flange contact point and roller skew angle are also a ffected by
several factors , in addition to those covered in Section IV .B. 6., as defined in figure 6, namely:

• Pitch diameter , d,,
• Radial-undercut height above raceway surface , h~
• tJ pper and lower crowned flange reference diameters . D H , DL
• Guide flange crown radius , R~
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With all of the above additional parameters included in the refined analysis , Equation (33)
now becomes:

= y,, -- ‘I R~
2 — (z F — z,,)1 (42

where

y,, = -‘v—’ + ,f!_~ + s.,,/j~~~~2 — 
~
l/2[DL — (de — d + 2h~) I  +

= I .)  (2h~ — d) + K , + ‘~ [D~ 
— (de — d + 2h~)j

K - ~~~~ K 1
- “~~~~~~~ — 

2 
— 

~ + (~~y/~~z)2

1(2 = ~[R F
2 - 

[(

~~~~~~~~~

) 2 (  ~v 5 2 1

= 
~/2 (DH — D1. )

with the remaining parameters defined as follows:

• Roller to guide flange end clearance , C,
• Roller lengt h , L
• Roller diameter , d
• Crowned guide flange layback length , .

~~~

• Intermediate parameters , K ,, K 2, ~
Equation (42) together with the matching conditions given by Equation (34) is solved

simultaneously for determination of the roller/flange contact point and the  max imum roller skew
angle,

4. BearIng Fatigue Lif e Mod el

An empirical equation to account for the effect of lubricant  and surface finish conditions on
bearing fatigu e life has been built  into the analysis. The equation used in the present analysis is
based upon the work of Skurka~ as given in Figure 7. Provision has also been made for inclusion
of a separate user-supplied life modification factor. Provision has also been made for a user-
supplied material  life factor. The overall hearing life is then equal t o t h e  product o f the  calcula ted
l.~ life , the lubricant factor LF, and the material factor , LM .
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5. BuIlt -in Basic Lubricant and Material Properties

a. Lubricant Properties

The following properties for MIL-L-7808 and MIL-L-23699 oils have been bu i l t  i l i t I l  t he
c ’omputer program as a function of temperature:

• Base viscosity
• 1)ensity
• Heat capacity
• Viscosity-pressure coefficient
• Viscosity-temperature coefficient
• Thermal conduct iv i t y .

These data are used in lubr ica t ion  and heat t r ans fer  analy ses  ami d are inpu t  i t em s  ii )  t lit ’
ex i s t i ng  program. Nevertheless , the  user may also elec t to  (Iverride t hese da ta  1w i n p u t t i n g
in i f l r m a t i on  for  any t ype of oil tha t  may he of interest .
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b. Material Properties

The following properties for the most commonly used s t ructura l  materials such as AMS
4928, 6260, 6304 and 6322, and bearing materials such as AMS 6444 (AISI 52100) and 64~~) (AI SI
M-50) have been built into the program as a function of temperature:

• Modulus of elasticity
• Poisson ’s ratio )
• Density
• Coefficient of thermal expansion ,

These data are used in elasticit y analyses and are user input items in the existing system.

6. External Moment

The improved program can take into) account the effects of an externa l ly applied monient .
which is a direct input i tem. The parent version of this program could handle misali gnment only .

7. Roller Bearing Fatigue Life Optimization

This new program features an improved roller bearing optimization system which is capable
of providing the roller bearing geometry for maximum fatigue life , The existing hearing
optimization system has been expanded to include an oil flow optimization scheme and a scheme
for the determination of a single roller flat lengt h/crown radius combination considering all
operating conditions. These are detailed in the following subsections,

a. Oil Flow Optimization

The optimum oil flow is defined as the minimum amount of oil that  must be supp lied to the
hearing so that neither the hearing ring temperatures nor the exit oil temperature ever exceed a
predetermined level. Values of each of the following criteria are defined by the user:

• Maximum allowable change in oil temperature
• Maximum allowable temperature difference across bearing rings
• Maximum allowable ring temperature above oil-in temperature
• Maximum allowable ring temperature.

The optimization system is app licable to both regulated and nonregulated oil supp ly
syste ms. The regu lated oil supp ly system is one in which the oil flowrate rises as the high rotor
speed increases , un til it reaches a predetermined cutoff level and it is maintained at that  level
t hereafter. For the nonregu lated oil supp ly system , the flowrate is dependent upon the high rd )tor
speed. and consequently the flowrate determination is more complicated than for the regulated
system. I)etermination of the required oil flow for each operating condition (0/C ) involves an
iterative process. After the required oii flow for each of the anticipated operating conditions has
been determined , t he largest value of these flows is then taken and rounded .up to the next hig her
0.25 ppm for proper selection of the oil pump. Ring temperatures for that  iteration are then
calculated for each operating condition and subsequently used as input into other routines of the
overa ll optimization program.

b. Roller Fiat Length/Crown Radius Optimization

The optimum roller geometry defined within  this analy sis is one which allows the hearing
to achieve a maximum theoretical B10 fat igue life without violating any design criteria. The two
rolier parameters which are varied in order to achieve the opt imum life are the  roller flat lengt h
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and the  roller ( -r I (w n radius .  The t w I (  design (‘riteria , e i ther  of which must  not be violated , a r e a
m a x i m u n i  allowab le normal stress level at the  intersect ion of the  (‘rown and corner radius am i d a
m a x i m u m  blend angle at the in terse ct  ion (If th e flat  lengt h and crown radius .

‘l’he use of these Iwo design criteria is i l lus t ra ted in figure 8. For a specific set ( If  operat ing
conditions and roller diameter , the largest roller flat length wi ll yield the highest fat igue life .
However , as the  total load on the roller due to  the  comhinat i on of external  and cent r i fuga l  loads
inc’reases . the contact area between the  roller and raceway surfaces extends i n t ( (  t he  imitersection
of the  crown and corner radius. Contact at this  location is undesirable since the  presence of a
~trt ’ss riser at this  point is possible. The addi t ion of misal ignment  acc’entuates t h i s  prohlem. In
a s imi lar  manner , a blend-angle criteriom i relating acceptahle flat lengt h/cr own radius
combinat ions avoids building another stress riser into the  roller contour at the i r  intersection.
Since contact at the crown/corner radius intersect ion might  occur on ly dur ing  a smal l  f r a c t ion  (If
the  ent i re  f l ight  cy c le , the program allows edge stress levels there up to a user-supplied l imi t  for
each I (p era t ing  condition. The loading condit ions for each 0/C , along wi th  i ts  par t i c u la r  edge
-
~~ ress l imi t . wil l  then de te rmine  the best flat length /c rown radius combination for longest f i fe .

BLEND A N G L E
V I O L A T E D

OP T I M U M
B L I F E/ 10

\

~~
. I

—
I N C R E A S E D  I
FLAT LE NGTH

I ‘
~~ O P T I M U M  R O L L E R

I FLAT L E N G T H

o

EDGESTRESS LIMIT
VIOLATED FOR GIVEN

I OP E R A T I N G CO N D I T I ON

BLEND ANGLE
C R I T E R IA
VI OL A T I O N

OPTIMUM ROLLER
CROWN RADIUS

CROWN RADIUS

Fi,..’ure 8. Roller Flat Length/Crown Radius Optimization
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SECTION V
DEVELOPMENT OF THE DYNAMIC SIMULATION AND PREDICTION SYSTEM

Previously established design systems used for aircraft  mnainshaft  engine roller hearings
have been primari ly based on the analysis and a cor-esponding computerized analytical design
sy stem developed by A. B. Jones. 2 The program was based on a quasi-static treatment of the
elasticity problem: that  is, the dynamic load due to orbiting of the rollers was added to other
static loads in the determination of the distr ibution of t he stress fie ld and deformation at the
contacts between the rollers and the raceways. The results are then used to determine hearing l i fe
in accordance wit h the fati gue life model correlated by Lundberg and Pa lmgren.~ This approach
has proven to) be adequate for designing bearings for operation in low to moderate DN ranges
where the basic failure mode has been identified as tha t  due to rolling contact fatigue. Hearing
life , according to t his model , is relatively insensitive to detai led variations in roller and raceway
geometry .

As gas turbine engine s~~ eds and shaft sizes increase , some (If the  “ secondary ’ factors —

such as roller unbalance due to manufactur ing imperfect ion — t ha t  have previously been
considered neglig ible in their influence on bearing performance have become a primary cause of
hearing failure. Data accumulated from both service engines and development testing indic’ate
that  roller end wear , caused by roller skewing and skidding ,  is the  major cause of the  roller
hearing failure. This condition will be fu rther aggravated in ad vanced engines because o f  higher
I )N levels. Currentl y , skidding is c(Insidered to he of secondary importance in comparison with
ro ller end wear since the bearing skidding problem has been under reasonable control throug h use

If the mul t ipo in t  preload sy stem pioneered by Pratt  & Whi tne y  Aircraft  in the earl y 1950’s. In
contrast , t he phenomenon of roller skewing has not been th or oughly investi gated. The c’urrent
th inking is tha t  roller skew is a dynamic phenomenon. It may he the result of transient or steady
dynamic motion in response to mass unbalance of the roller , instabi l i t ies  of rollers in the cage
pocket , or insta bilities of the cage itself.

After examining a long list of geometric , dimensional , tolerance , qua lity and operational
parameters which may influence and control roller skew , it was concluded that the existing quasi-
stat ic  analysis is not adequate and it is believed that  a relatively comprehensive dynamic anal ysis
is required. The objective of this work is therefore to develop an analytical s imulat i on and
prediction system to determine the transient and/or steady-state motion of the hearing
components , their interactions , and their effect on bearing performance. The work accomplished
t hus far is reported in this section .

A. BEARING SYSTEM DYNAMICS

The motion ot’ the rollers is due to the action of a complex force/moment system as shown
in figure 9. This system includes:

• Elastohyd?odynamic (EHD) traction force from the inner or outer race

• In ertia , or centrifugal force, due to orbiting of the roller mass center

• Inertial force due to rotation of an unbalance mass in the roller

• Rolling friction due to elastic hysteresis at the inner and/or outer race co)ntact

• Aerodynamic drag force due to motion of the roller in an oil-mist environment

• External loading transmitted throug h the roller/race contact
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• Gra v i t y  f~ rce due to roller s own weight

• Reaction forces from the  walls of the  cage pocket

• React ion hlrc ’es f rom the  roller guide flange

• Fluid shear drag.

O U T E R  R A C E

CA G E

~ 1~: ~

‘ ~~ - 

\ . CENTRI FU GAL/

~~~~~~~~~

~~~~~~~~~~~~~~~~~ 

F L U I D  DRA G
— CAGE

FLUID DRAG

- J GR A V I T Y  

:~

U N B A L~~~~ E 
F~~ C1]ON 

- - 
~~.

F L A N GE ‘
~~~~~~~

INNER RACE

hgure 9. Roller h rc ’e and Moment  .Svstem

Similarly, a bearing cage is also) subjected to the combined effect of a force/moment sy stem.
as shown in figure 10, which consist-s of:

• Hydrod ynamic force from land riding surface of the raceway guide flange

• Inertia force due to whirling of the cage

• Inertia force due to the ro ltation of an unbalance mass in the cage

• Aerod ynamic drag due to motion of the cage in an oil-mist environment

• Reaction forces from the rollers

• Fluid shear drag. 
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It is apparent tha t  the motion of each of the rollers is affec ’ted by that  of the cage and vice
versa as a result of forces and moments t ransmit ted through various interfaces. In a loaded
hearing, an individual rolling element and the cage max’ take tu rns  driving each other.  This
motion may result in in termit tent  contact between the moving elements. Intui t ivel y,  the
contacting process may involve one or a combination of the  modes listed below and shown in
figure i i .

Hydrodynamic contact occurs when the rollers are far enough away from the  wall ~ the cage
pocket so that  a hydrodynamic oil film is mainta ined at the interface.

Elastohydrodynamic contact always exists when the contact ing surfac ’es are extremely close
and the pressure generated in the  interposed lubricant f i lm is su f f i c i en t  to ) cause s imul tane ous
elastic deformation of the surfaces.

Elastic contact is the contact mode when the approach velocity is such tha t  contact occurs
before the  lubricat ion f i lm has sufficient t ime  t o  develop or when the roller forces are large enough
to break through an existing oil f i lm .
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Fort hermore . t he mot i l Ir l  of the  rollers and the  cage also in terac ts  w i th  the  ambien t  f luids .
I ) e t e rmina t io n  of the  roller and cage motion thus  requires s imul taneous  s( I l ut  i I In  (If t he i r
respective equat ion S of motion -

B. GENERAL APPROACH

The approach used to aee ol in t  fo r  the  var iI~ii s i n t e r a c t  n~ I IPIWI I - I I  t he ra~a- . rollers and th e
sh a f t  are su rnm ar i -iecl hell IW .

1 111- in te ra cl  ion l~~t weemi t he c-age and the  inner  ring is m a i n l y  at the  j o t  erfa ce between I he
age 011( 1 t he  guide flange land r id ing  surface.  1 110’ I f l 0 I V ~.I5 give n in S~ & t  iou \ .( . l 5 1 .1-Il to

d e t e r m i n e  the force act  ng aI th i s  i n t e r f a c e .

‘th e rot lers in I crocI w it  11 t he ra( ’es a I t h rd Inc -a I i  I ( ii s in I li~ f ( I l l  IWi rig m an n  c’r:

• EH [) ( I I I I U I I I  at  th e  i n n e r  r;I ( - ( - u ~ I \  sor t a( -o ’

• E H I )  ( - on t a ( - I  a t  Ih o ’ ( ( l i t e r  r C I I e w a v  surf a( ’e

• A mn lr e (‘om 1dex I I  fl t in - I  m ode I wt weo n t ho ’ r It f o r  end a tid I he t a l l  t I ho ’ il l no r
r i n g  shoulder.
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h r  the  inner and outer  raceway s u r f a c e  c(I fltac ’ts . t he  c u n c u l v s i s  pr esented im i Sec ’t im ln \ . ( ‘ 1  I~
app licable.  hlr the  roller emid/guide-f lange c’ ( In t act , a I im i i t  e elemo ’nt h drodvna Ifl ic ni ( I ( l ( ’f
desc ribed in Section V .C.a and an elastic com ita ct  mlldel  descrih e(l in Sect ion \ .( ‘ .5 have been
(lev el(Iped. An EHI) cont act model for  th i s  in te r face  remains  to he deve l ( Iped.

\\ ‘hen the  roller mnot ion is rest ri ( ’ted by the  guide f lange . v a r l ( I I i s  m( Ides  (If c l l f l t ac t  c ’am i O(- c’ur
between the  rollers and the  sidewalls  of the  cage pocket - The forces in v ol v ed are ass~ime’d I l l
( I r iginate  p redominant ly  from ei ther  hy drodynamic  ( ‘( Intact , an a lv -ied in a manm i e r  s i m i l a r  1( 1 t h a t
of t he  f in i te  element model discussed in Sect inn \‘ .C .~~. or t a i re  c ’f a s t  ic cont  a c t  as I real ed ill

Section V .C .5. Intera ction bet ween the  roller and the  cage iii t h e  c i r c l imr i f e re n t  ial dir ec t n m )  i~.
determnine d b~ the models developed in Sect i( Ins \‘ .C .2 and \‘ . ( ‘ . 5 .

As mentioned earlier , de te rmina t ion  of the  contact  forces is n l l r m a l l v acc ’omp lishe (l  in
reference frame where the computa t iona l  processes are the  simples t . ( Il n s equ er it lv . t 11(” .( t ( l r I - 1 - ~
need to he transformed in t ( I  t he  reference  f ’ram i es where the  respec t ive  eql ia t  ions (If n l I (t  ion are t i c

he solved. This process is furt  her comp licate d h~- t he  fac t  t h a t , f o r  a g iven roller .  con ipu t  at inn of
the contact forces is h igh l y  depem dent upon the  re la t ive  posi t io n s an d veI l I c ’ i I  u- s l)etw ec ’m l t he
con t ac t i ng  surfaces.  These veloci t ies  amid p osit ,n s m iiti st  t hen  he t r ans f ormed  in t o  t h e  w ork ing
f rames  of reference .

There are about 30 rollers in a typ ical a i rc ra f t  engine  m - i n i n s h a t t  roller hearing. The comp le l e
(lvnami ( ’s problem is , therefore , described h 18(1 se con d-I l rdc ’r  d i i  f l - r en t  ial equat i I ( i lS  f o r  t h e
roller , together w i th  another  6 s imi la r  equa t ions  f I I r  thc ’ c-age. i’hese I ~t i d i f f e r e n t i a l  e qua t i ( ( n s  cure
reduc ed to 172 f i rs t  -ot-der non l inea i -  d i f f e ren t i a l  equat i ons  of I im e — d e p e n d e m i t  ( ‘(left i c - l e n t  5 and.
nat u ra l lv .  forc ing  funet  inns his set of coupled nonl inear  di f ter c ’nt  iaf  eqci a t i c  I l l s w i t h  I r c ~~-ri bed
i n i t i a l  condi t ions  is salved s imul taneous ly  at eac’h ins t am i t  in I ime in t h i s  program h~’ means of
modif ied  [-lammi rig ’s predictor-corrector met hod .~

Before one can solve the relevant  equat ions of mat ion for  1)11t h t he r (( Il ers and t h e  ccu g . it  Is

miec’essarv It th is  point t o  develop the  s-a ri ( I S an a lv t  ical models t i  110 ’ used in ( l e t e rm in in g  t h e
forc e /m nl )ment  sy stem act ing on these components .  F)ev elopmo ’nt  ci I he basic models is given in
t he  next two suh sect ion~, .

C. DEVELOPMENT CONTACT MODELS

In order to f u l f v  describe t h e  motuai  III  t h e  cage and ro lfe t - —. . i t  is ncl -c- .sarv t l (  de v e l l ( l u
cu n a lv l  ical models t h a t  ac count  for t ho ’ f r d l - s  and ni omc ’ui t  5 genei - c i t ed  at t h e  i n t e r f a c e - .  11( 1 ~~~ ( ( t 1

elast i c’ or f lu i d  f i lm ( ‘ I ) r i t i i o t  s u r f  cI ( (’s . I h e  f lu id  t u tu ( ‘ ( ( n t l l c t  n ) ( I d ( ’l s  c i l l s I ( I l - r d c l  t h i i s  t a r  iii t he ’
pr E sent  a n a t v s i s  are i l l u st r a t e d  in figure ’ 12. Tho’se muu od e l s are:

• H~ drodv n amic  c ’o mut i I ( t  a t  t he  -age/f lam u ge
• I lvdrod y na m ic  contac t at t h e  roller/o’age pocket lo t erf aces
• I lvdr ody n amuc  (‘( Int c u t  at t he  ro ll Icr end/gui de f lange  m t  c r 1  Iul ~~
• EH I )  ( ‘(Inta c t  at t ho’ roller ra d ( wa v im i t  e rfaces .

Fu r the r , i t is i n t e n d e d  in t h e  f t i t  t ire to  deve lop  E HE )  amid/ Or b ounda ry  I l u l l r m c a t i o n  iI i ( ( ( l c ’IS t l (

iuI c’ompanv t h e  h y d r o d v n a m n i c  model f m ( r  t h e  rol ler  e n d / g u i d e — f l a n g e  i n t e r f a c e .  ‘l ’h I- .  s lul ls e ct l u l l )

will  discuss t he  s - ar i I I I is  ;un ;u lvs e s  used (( I E s t a b l i s h  I hese models and ( l I l t  l i ne  I be m e t h o d s  hs wh ich
the  d i f fe rem i t  ia l  e m i u i a t ion s  have been derive d and M(llveo l -
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EHD

OUTER RACE -

HYDR ODYNAMIC 
~ 

U r
HYDHODYNAMIC

CAGE

? 

\ 
~

INNER RACE ‘
~~~~~— ~~~~~~~~~~~-- 7 \ T ”~~

E H D  H Y D R O D Y N A M I C & E H D

Figur e 12. Fl uid i ”ilm and El i!)  ( ‘an t a r ts

1. Cage/Flange Hydrodynamlc  Contact Model

( In tac t between the  inner  surface (If t h e  cage and the  ne uter  sur face  (If t h e  im u m ie r  r i uug .  i .e..
the ’  f i lm  r id ing  surface , is generall y hvd rn dym i an i ic  in n a t u r e  The c’age/flange load sv st ( ’mU shown
in f igure 13 is a two—dimens iona l  i l leu s t  rat ion ( I f  t h e  problem - The hvdrodvna ni  Ic pro hl emn can lIe
analy zed m ost read i l y  by assuming t h a t  the ’ t echn ique  developed for solving the ’ short journal
Ilec ur im u g problem applies . In this  c’ase. the  journal  ( i nm i er  r ing )  an d sleeve (cage) are bot h tree to
ro ta te  and t r ans l a t e  l inear l y , whereas the ’ shaft  has i t s  m o t i l l m i  presc ribed . The short  j o u r n a l
hearing ~I SSi  cm p1 ion is valid due In the  vI ry small  rat 1( 1 ( If  e’age land w i d t h  to i n n e r  r ing  land
d i a m e t e r .  For examp le.  th i s  ra t io )  is less  t h a n  0.03 for  t he  124. 1 mm te s t  bearings to he e\ -a lll at e ’d
under  t h i s  contract . Refer r ing  to f igure  13 again , t he  general go v ernim u g eo iuat iofl for the  le u h r i c ’ a uu t
f i l m  was first derived in t he  1( 1(01 reference f r ame  x y i .  I ‘s i ng  s t anda rd  n i l t a t  inn:

( ~~~ii~~) + ( ‘~t ,~2)  = ± ~~~~~ 1J u~ ) h + ( I I )cx l2~ Ix I 2p ‘7 2 cx
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whe ’re

h fluid f i lm thickness = Cf  I + ens 0) . i m u .

p = pressure . psi
v l s ( - I c s m t v , lb _sec/in. 2

= surface ’ ve loc i t y  at t h e  (‘age bore , in /sec
t ’ u u o - velocit y at the flange film r id ing  su r face . in /see’

C clearance , in.
= eccem it r i c i t y  ra t io

cum i ci w i t h  houndary  condi t ions  t h a t

at z p = P (4-4 )

H
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~>

CA G E~~~ L v ’

e

— z
F 

. . -
x

F 
_ _

l . A . F I L M
R I D I N G S U R F AC E

i”igm ir e 13. ( ‘( I l I r ( l i na to ’ ,~ \.S f ( 0 1  [or ( ‘ag e/Land Hvdr odvnarn ic (‘( I n t ac t  Model

hlr  the  present svst em:

I I l l
- ‘ ~1

In p m u f a r  (-( lord im i ates . wh ich  are mui ( l r o ’ convenie n t  f ( ir a na l v z i  ng I ho ’ presem it pr l I l I le n ) .
1’~o I ( i c u t  1 (10 ~.~: i i  redu c es to:

it...
( ~~~~~ ~~~~~t L t ,. I t t ~ 1 ) h 12 ( IhI

. 7 (1 7 R c f (
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At this  stage’ (If t he  development .  we f’urt  he’r assume t h a t :

• The f l u i d  Ii liii is i so the rmal
• The f i l m  th i ckness  is independent  (If z

It should be po in ted ( n u t  t h a t  an~ ( l e s -ma t ion  from I he ab ove c l s s t im l ) I m o n s  W ( ( Lu ld  re ’qI ui r e a
( - I l n s id erah f v  more sop his t ica ted  ana l y s i s  w h i c h  is hey u ln d t he  scope of t he’ prese ’nt work.

Eqc i c u t  ion (46 ) ca rl  he integrated am id , t oge ’t tier w i t h  the ’ h l l u lud ar v  e ’ond it u~mu , Equal  iou ) (4 .) I .
vie’lds:

~# (X (‘(15 ~ - - Y sin 0) ( . 2 
2 “~ —

P — P - h3 (R/ C2) “ 
‘- 

~~~ i ~~~~~‘

where

X — (1 + (‘OS 0) .4L 4. ( 2 -
~~~~~~ sin 0 — 2 ~~~

- —
~~

-
~

— ( . 4 8)

Y = dl  ~ ens 0) —
~~~ 

-~~~—- sin 0 + c -~~ (w  w111 ) ( 4 ~ )

The pressure profile given hy Equation (47)  has a suhamh ient  region in t he  c ’ir e ’umferentia l
direction.  The exact location and the extent of the  suhamhient  pressure reg ion depend s u~n the
relative velocities of the moving components. The common practice , which is adopted here, is to
ign ore the negative pressure region. This is consistent with  the  general observation t h a t  the
tensile s trength of lubr icat ing oil is negligibly small  and cavi ta t ion  wil l  occur before significant
suhambient  pressure can he generated.

Let O j and (
~2 rel)resent respectively the  angular  locations ( I f  the beginning and the  emid of the

nnn cavi ta ted reg ion. The force components result ing from hy drodynamic pressure can he
obtained by integrat ing Equa l ion (47) over the  positive pressure region , namel y.

F , \ ‘ X cos 0 -~ Y sin II sin 0 1 
do -

F1, I = 2C ( 1 4 c ens O)~ cos ~ 
( . 1 ( 1 )

The shearing stress at the (‘age bore is

U111 ~
- U,. h I i(~~

T~ — 
~~ h 

- - 

2 R ~o ~ 1)

and the  resul t ing force components are computed from

~~r l l  = I ~~~~ (w 11~~~~~~~~~~~ , ) R 2  
- 

(‘115 6 d6dz (52)
‘/2 ~ 

h 2 aO -- sin (I

The t o r q u e  induced by fluid f r i c t i o n  is given by

/ 2 H2

I , ,I• .1 
~ 

M - 
~~ , ) 

R2 

~~ 
Rd6dz (53)

‘/ 2
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2 .  Roller /Cage Hydrodynam lc Contact Model

‘F ’he r ( I l l er s  im i t e rac ’t  w i t h  t h e  cage at four places - -- cit I he w i  fore ’ uuu d a f t  ( ‘ross- bar s m u r bu - o ’ s
an d i t  t he  I WI I side pI c k e t  wal ls . Contac t bet ween the  r o ller  eu i ds  and t he’ sidewal Is ( I f  t he :~gc -
pocket wi l l  ht’ handled hy the  f i n i t e  e lement  ni (Idel f o r n u t u l a t e ’ u l  i i i  S, ut ion \ ( ‘ :l . .\s f i r  t h e  I l t I l I r
(-( In t a c t s . one may adol)t t he  i n f i n i t e l y  long beari n g a s s c n m l l t i ( I n  In  s i m p l i t v  t he’ gen er :u l i i e d
Re\ ’mu lIds equa t ion .  This approxi mat  inn is accept  ah le for  t he’ l rc’se’n I pr (IhIc ’nu si rice ’ t lie’ r o l l le r
lc ’ mm g t h is se ib s t a n t i ~u l l y  larger t h a n  the  c i r c u m f e r e m t i a l  ext o ’nt  of the hv d rod v m ia m n i c ’  f i l m  c ut  t Ia ’
rI ii le ’r cros s—h ar in terface .  This reduces the  prob lem to t h a t  of o l e ’ t e rnu i uu iu ig  t he ’ l l r o ’sst ir e and s h e a r
( l is t  r ihu t  i( In between a c ’vl imu der and a p lane. For t he  case at hand  it is de’si rcui l lc ’  t o t i t h e  i l i t ( I
a cc ’ ( Ie iu u t  the  t a n g e n t i a l  and the  n ormal  rela t i s- c ve ’lnc it ic’s be tween t he’ cage c u m d t h e  r o l ler .
I-IuI we s- er . the  51 (h ut  i ( I t )  for th is  P ar t i cu la r  l)rohle ’ m is not i v c u m  lahlc ’ f r (  mi t he  l i t  erat  t ur c ’  and is
developed herein to sat is fy  the  needs of th i s  progra m .

R e f e r r i m i g  to figure 14 , t he  s imp li f ied  Reynolds e c i t ua t iom u in th c ’  local c oo r ( l iu i a t (  Svsl ( ’Il ) is :

( [ h ~ ~~ ) 
( Ic  I U I  h i  = 1 2 (V r \‘, )  (Th

where

h r. hi ,. = velocit y components of the  roller and the  cage po l -k c t wa l l , respec t i s  ~
Iy ,  in the x direction

V r. V.  - velocity components nt the roller and the ’ cage’ poc ket w cil  I in the  v
direction

h h (x . z , t )  = film thickness

/ ~~ r
CAGE

)
/

-~~~ ROLLER

////////7/ ///77 /7/7
X R A C E

Figure 1.1. ( ‘oordinate .S’v.stem for  Roller/Cage l- !vdrodvnar nic Contact Model
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‘l’he’ boundary con di t i ons  are:

at x x ,. ( f i lm r tu I ) tu r& ’ ) ~ = (1

= P I I

x = () (e ’nt rance ) t P

so l u t i o n  ( If Equat ions  (54) and (55) is. in d i tule ’uus iului l c ’ ss  I i I rn i

}) _ ~~~ .1 ~ 2 1 1 + \_ I~~~~
2
~~~~~ l 

~ 
1 1( 2 V 4 1 7 ) ( 1 I ! I ) ( ’  

du 7 (5 6)
( 1  15) 2 1 ,, I 1 

( 1 ~~~~~~~~~ 
2 + ~ 

- 
(~~ ~2) ’ ~ 11 + 1 5  1~~15

where the  integration constant , C. is determined by the  boundar y Equat ion  (aid . The
(l imensio)n les s variables are defined as follows:

= 
— p,,~ h mc , ,

~ c~r Rr

x ’
= p

ml, ,

— 
2 (Ur + U,I

-

v — 
(V 1 —-

The net force components acting on the cage are obtained from the  followin g relat ionship:

F’5 = ~ wr Rr L j Pd~ 
(57)

The corresponding tangentia l  force due to shear can be evaluated approximate ly from

F = M W 1 R7 L j~ [ U . + \~~~~~~~~~~~~~~~ 
( 1+ 15)2  

( ~ 
— 

~~~~~~~~~ 
-p-!-- ] ~~ (58)

7 1 + 15 ‘ ( )_ ~~~2)~~ 215 1+ 15 dl?
1+15

In general , the pressure-induced term in Equation (58) is negligible as to the pure shear
term . Thus , considering the shear term o)nly simplifies this equation as follows:

M Ur R1 L ti, +
F 7 = 

+ 
—

~~~

- d~ (.1 9)

1+ 15
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When the  roller skews im i t he  (‘age P0(’ket . as shown in f i g u re ISa , the  f i lm th ickness  a long
the ’ roller face is on longer coui st ant  in the ’ local ax ia l  diro ’c’t i l I m u  - A nonparal lel  concl it  1(11) WI 1111( 1
resu l t  in a restorim u g mi unment being app lied to the  ro l l e r . in add i t  ion 1( 1 t he  f( I rce systemn . (t I le ’  to
a s l i t  t of the  center (If pressure in t he  oil f i lm.  This si t  uat  inn ca mu he t reated appr ( Ix i m at e ’l v  h
( l i v i d i u u g  t lie ro ller i mu t ( I  a number  ( If ax ia l  laminae . each  w i t h  ciii equ iva len t  fi l m t h ickness . as
shown in figure 15h amid app ly ing the  long hearing solut ion In eac h (If t hese l an u inae .  The’ I ot c u t
ske’wing  moment  is then

- ~~, FN r , ( 60)

~~~~~~~ L Lj .~5M’ FN
N O R M A L  F O R CE  & R E S T O R I N G  MO M E N T  

M

tA )  
(81

hguro ’ 15 . Treatment of Sken ’o ’d Roller

The total force is found by summing  the force contr ihut ion of each lamina , i.e..

{
~~

} = ( 6 1)

3. Roller/Flange Hydrodynam lc Contact Model

Roller t rack ing  control is critical for high speed appl ica t ions .  The roller guide flanges mei st
l i m i t  roller centerline skewing without causing excessive contac’t forc’es on the  roller end surfaces.
Experimental  studies conducted at Prat t  & Whi tney  Aircraf t  have identif ied eccentric’ roller end
wear as one of the primary fa i lure  modes of roller hearimigs (Ipera t ing at high DN levels .
Exp erimental  and analyt ica l  results recently obtained suggest tha t  th is  type of failure is most
probably a result of dynamic interaction among the contact ing hearing components. The steidies
also show tha t  mass unbalance in the  roller , due to m a n u f a c t u r i n g  imperfection , can promote
roller skewing, while a properly designed guide flange may generate sufficient fluid f i lm stiffnes s
and damping to l imit  the amp litude of the roller skewing m(It ion. This supports the  belief ’ t ha t  a
better understanding of the characteristics of the oil f i lm at th i s  interface is required.
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Intuitively , it seems possible that  the mclde of c’cintact at the r (Ille r / gumd e-( lange interfac e .
i l lustrated in figure 16. could he eit her hydrodynamic’ . e la st olh vdr n d n a mic . (ur purel y elastic imi

n a tu re .  H owever , an analysis  for  e i ther  of these problems is not c u r r e n t l y  available and
devel op ment of a repr c ’sentati ve . vet t ractable ,  analy t ica l  model is a major  u n d e r t a k i n g  because ’

of the  extreme comp lex i t y  of the  ass (( c- iated geomet ry and sur lac o ’ mot ion .  A f i n i t e  e lement model
has been developed to represc ’nt t Il e ’ hvdrody n amic contact problem as a firs t  step tnwards I he
goal of acquir ing some unders tand ing  (If the  luhr i ca t ion mechanism at th i s  in te r face .  This type

i f au~aly si s  is ideal for t lie pr e ’sc’mut sit n a t ion  because it can he developed in such a manm i er  as to
imu c lu de the  effect of sur f ~u’e motion in three dimensions , as well as pr I ls - iding the  capa b i l i ty  f I r

ha m u d l ing  the complex geometry and fluid film d i s t r ibut ion  caused hy the  guide flange layhack
angle ,  the  compound or higher order surface , and roller skew .

Neglecting the effect (If body forces , and assuming n(( surface  dif f us iol n  since the  subjec t
hearing is not permeable . the  generalized Reynolds equation can be reduced to the following
vector form :

~~ 
.( ii_V 1) = V . (hU ) + ~h (62 1

‘It

where

U’ = 
U xr -4~ U X I  -f 

•
~~ X 1  + \(~~ = U~ I f Ii~ ( 63)

and i , j are uni t  vectors in the  local coordinate system. The general boundar y condit i ons are

P = i on 
~~~1, 

(64 )

Q h ( ~ ~~~ I)) n on S~ 
(h~c )

in which 
~~I’ and Sq represent . respectivel y , where the pressure or , t he  fl iu w houndary  c’ oui dit ion

applies and ni is the uni t  normal vector of the  boundary surface.
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Accordim ig to the  var i a t i om al l) ri nc ’il ) le .  t he  s ( l l t i t i ( I n  of I-’~q i i c u t ion s (62 ) I h r ( ( u l g b  (h: ) i~ t i l l ’
f m i n c ’ t i , uni (I t ha t  sa t i s f i e s  the  pressure boundar y o ’ u l n d i t i ( I n  u i i d n l i u l im i z o ’ s  t h u  f u n c t i o u i a l :

1(p )  [( _
~f V p h t )  - V 

_
~--  

~~ d~i + I
( 

Ql’ds

w h ere ‘‘a ” defines t he  domain ( If t he  ss- st e’ni or t he  c ’lem emit as the ’ ( -as ( ’ nu av he - Eq l ic u l i l l m i  I I ccii i
Ia’ disc’retiz.e d by in t roduc ing  f i n i t e  e lements  of pol vg (ln al  shape in t h e  so lu t ion  ( i ( I n l c l i I ) .  I nc t h e
prc’se’mit an alysis , a most e lementary three-m i ode t r i a n g u l a r  ele m e ’nu t , as shown in f ig a r o ’  17 ha s
been selected. The discre t iza t i on pr o cess inv (Ilv eS t he  deve lopnue ’nt of ex p r e s s i l l n w  w i t  hi u i  ( - :1 ,- I l
e lement for the pressure and other  fo rc ing  fu m u c’ t  ions in Eqe iat  i l lu i  (6 6) iii I c ’rnu s I If I ho ’ m i t  e’rpl I lc i t  i (0

f u n c t i o n :

a , -f h , x c , V

2~ 
‘ i 1. 2. t t I 6 7 t

where the coefficients a ,, b 1 and (‘, are funct i o ns (If the nodal position and ,~~ is t h e  area (If the
tr iang le. One may now formulate the  variables such as p in Equation (66), in s tandard f in i te
element method notation , as:

p = IN I  Ip i  = N , p (68)

Subst i tu t ing Equation (67 ) into Ecj uat ion (68), and s imi lar  expre ssillnus for other var i a h ic .,
in Equat ion (66), and min imiz ing  the func’tiona l for one element , one ohta im i s . a l t e r  rearrang im u g
the terms , a set of element equat ions of the  form:

IK , , I lp l  = I q I  — IK Uj IU X I  
— I K U~ I U Y ( — IK ~ l U i) (69 )

The K ’s in Equation (69) are 3 ~ 3 matr ices  and the  varia b le ’s are 3 1 ( ‘ ( l lu umm i mat  ri ce ’s.
Furt hermore, the (‘c)eff i e ’ients in Equation (69) are of ten  qu i te  c oniplc ’x . c’ .g .:

h3 I c,N , ;cN N , ‘N 1 
“
\ —

K 1. , 
- - - . 1 1, — -I- ——) do 1 4 1 1 1

I 2M ‘~X “ X “

= .1 QN , ds ( 7 1 )

N
K ,, = h — N d a  ( ( 2 )

K ,,,4 — ,$ h —
~
—

~~~~
‘ N , da

K ,, , — N , N , da ( 74 )
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The f ini te  element model developed for t lie emit ire ’ f lu id  tu tu r e gi (In t hen requires (( tie ’ I l l
as semb le the prec’eding equat ions  for  a disc rete’ eleme’nt im i t o  a sy stem e’ciuat iu ln . This , t nge t he’r
w i t h  appropriate boundar y c ’ondi t i c , i i s . f u l l y  define ’s the  pressure at ( ‘j I l l) 11( 1( 101 point  - The’ uu ( ( rm uu a l
or t angen t i a l  forc es amid t he b eat ion (If t he  center of press uure are sy mbol ica l l y  givem i h~ :

F N = ,~ p (x , y ) dA ( 7 5 )
A

1~F’7 = ,~
, ~~ 

) u  , + v )j dA (7fo

and

X p (x.  y )  dA
i ~ 1 A 

-
= 

F’ 5

where A indicates the domain of the  system.

Equations (7 5) , (76) and (77 )  full y define the  force and momenit sy stem ac t ing  (10 the emid
(( f the roller and , locally, on the  flange.

4. Roller/Race Ela stohydrodynamic Contact Model

(‘ontact between the roller and the race is elastohy drod n amic ’  (EHI ))  in na ture , as re l) ( I rte d
liv numnerous authors , such as Dowson and Higginson 8. on th is  sul )ject .  In order to select a
su i t a b l e  model to Fice’ount for th is  effect , Prat t  & W h i t n e y  A i r c r a f t  Group ha s enl is ted  t h e
exper t i se  of Bat te l le  Columbus Laboratories (BCIi.

a. END Film Thickness Model

H at t e l l e  Columbus Laboratories reviewed the  EHD f i l m  thickness  models avai lable  from
the ’ l i t e ra ture  and recommended the  use of a model , correlated by Loewenthal , l’arker and
Zaret skv ’ u s  follows:

A K , 
(“n P m u 0 2 2  

~ ,, (78)

where

A normalized m i n i m u m  f i l m  th ickness  h , , , , , /R

R- equivalent  radius = ( -_j
~

-— —
~~~

-_) 
~

. in.

normalized m a x i m u m  Hert z stress , PH/E

-= reduced modulus of e las t i c i t y  S ( irE , irE 2~~~~~~

U normalized speed ~~, UI E H
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Ii = mean surface speed , inu. / sec

K , = emp irical luhri e ’ant constant

,;,~ stre ’ss fac tor  -- P0 ( 1St) - 275(1 P0) -
~ 0 . 806

~ o t c i a t i ( Inu  ( 7 8 i  was developed from experimental  data obta ined for  several f luids . h lr  ‘l’ v ta ’
II ester , the  cons tant . K ,. in the above equat ion has a value ( If l~~.2 according to IAl ewentha l . ci .
at . ’ F or  Type I l ub r i can t , the  value of K is not available from the  open l i t e r a t u r e  and therefore
is a us er-s tupp lj ed i t em.  In the  event t h a t  the  user does not have  ~I f lV  i n f o r m a t i o n  oin t h e  va lue  of
K , for Type I oil , t hen  the value of 1( 1 9 is recommended. Chen g~ and \\ ulson have developed amu
addit ional  t c t o - i r , defi mied as 

~~~ 
1(~ ac’count for large inle t  hea t i ng  e f f ec t s :  however , it was found

tha t  results c o m p u t e d  from Equat ion ( 78)  agree reason ah ly we ’ll w i t  l i t  e’st da ta  if , am id un Iv  if . the
thernual  re- d uct  ion factor was not imicluded in the  computat ion As a re su lt it was decir led at t h i s
j unc tu re  to exclude th is  factor from the  present model

b. END Traction Model

-\n indepth  review (I f e x i s t i n g  EHD t r a c t i on  models . a~ s u i m m n a r i i ’ d  by \ lcGrew . et - al. °.
was made liv P& WA and BCl~. It was observed t h a t  a l though  the  models proposed liv various
au thors  seemned to y ie ld  reasonable agreemem it  w i t h  exper iment  cil d c u t a . the  agree m ent is ,c s c i a l l y
l im i t ed  to a narrow operat ing range or to a specific hear ing design or t ol  a speci f ic  l u b r i c a n t  tv t ) e ’ .
Fen rt hermu lre , t he  models are genera l l y  complex and req u ire ’ n u merical  in tegra l  i o n  ac ross t he
c’nntc ict regi c (n.  ~ uc’h a numer ica l  in tegrat ion scheme’ WI old , c i i d o , i h i  c - ’ ( I v  increase ’ the  req u ired
c’ ( I m pi c t  at i on al  t ime  becau se of the  large numbers  (If EHI ) ( ( ( n t  a( ’t s in a roller  hear ing.  F or re’a~,,n s
(( f c o m p u t a t i o n a l  eff ic ienc y a closed—form s(( l ( i t  iO fl was so lu i g h t  - Hat id le’ Columbus I , c ih , , ra t u , r i o ’s
suggested tha t  the  following model developed by Kanne l  ( mud \\ a l , c w i t ’2 us p r ,ub ah l~ the  s implest
ava i l ab l e  t h a t  s t i l l  pr olvides an acc eptable solution:

p e “I ..~u sinh A
7 - — — — - - - - ~~~~ - ( , 9 )

h ,,, ,, -.,‘ I + A 2

whe re

- referemuce visco s i t y  at ambient  pressure. tb -sec/ in. 2

pressure-visc os ity coefficient , (ps i ) - ’

.~u i re la t ive  surf in  e ve l m ’e - i t v , in /sec

r = ( 
~~~~~~~~ 

) ~ u

15 = t empera tu re -v i sco s i ty  c’Ieff ie ’j ent . I F’ ) - ‘

K - lubr icant  thermal  conduc’ t iv i tv .  Bt tu/ sec-in -F

P mean I-I ert z i an pressure , psi
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‘l ’he t r ac t  iot c force p er  u n i t  c ’u ui t  c o t  Ie ’ ngt Ii us rc ’j cn-s ent e ’d  ( u ~

F’ T( IX (
~~f l )

where a I-len i i an  h c u l f - w i d t  Ii

Fc i r the ’ r e x c l n l i n a t i u o n  ‘f Eq o i c o t ioni s ( 7 9 )  and (80 )  d m1 0 1 ( u u c l ) a r u s o i l  o t  o c t I c - u c l u i t , - ’ )  r ,- s , c l t s  t r u th
t hese ’ e ’quat ions  ~V i t  I) pr evi olis  P &\V A i n — h l o u i s e  ( ‘x l len i l u e ’n t a l  ( l a I n  i u u d , , , t t t —  I l i : o t  t h o ’ . t i i , o de~ is

u l l lp l i c a i l l e  t o  t lie’ l o w — s i l l )  region ( InI\ ’ .

It was c o n c l u d e d ,  t h e r e f o re . t h a t  a I l rac’t ical  and rro ure ’ r e l i c t lo i e ’  me ’cuns for  ( l i l t  ( l u , O j ~ l’, I l I
t r a c ’ t i n n  f u rce’s l i ve r  a wider  ran u ge  i of h e a r i n g  desi gn cu ni c i  op erat  o u c ~ co c n u d i t  b u s  woou l d i e  ci ‘A
t h a t  would p e r m i t  direc’t imi te rp ola t  c o/ e x t  r ap o l c i t i uon  (If  l i c e ’  ava i lab le ’  c x l l e r i n l e i l t  ii da ta  ~ i u o c e
I he EU I )  t rac t  ion force. as pre ’sentc ’d in v a r h o u n s  a r t  t Ies °‘ °. u s  ba si c a l l y  a f o o a - t o o u c  ‘ ‘ I  ‘ ‘ ‘ i n
va r iab le ’s  I r o t a t i ona l  speed . s l ip v e ’ l: oc’itv.  contc i c t  pre -ss o l re -  and  t c ’u n p e r a l  u u r e ) . ci t l o o i r - o l i n u u e u l s o o ( n l c i l
it i t e ’r p ( I l a t  h luu sche ’nue was t h e r e f o r e  developed A l i nea r  i n c t e ’ r p o o l c i t i o o n  nu e ’t  h , d  i l : O s  he ’e’uc u n i o q i t e d

f I r  u cs e w i t h  t he  H( I , I ~&\ V ,’\ da t a  as t he’ ha soc iu ip u t  - The’ c - o m p u u t e r  p r o o g r u o n c  f l ex ib le ’  ‘ n o , c ~d,
I ’ ’  p e r n i o l  the  iuic’ lu sion o c t any  c i d d i l i o n i a l  u se r - supp l i ed  dc u t a  as desired.

5. Elast Ic Impact Model

It is assu med t h a t  impac t s  ile ’twe’e’n the ’ ro ll e ’r amid t h e  cage ’ . as we ’ll as h l e t w e ’ e u l  t lie ’ c - c n n -  and
lie ’ i nne r  r ing,  are purel y e las t ic  m u  n a t u r e  w i t h  no c((rr e s~) ( ( n id i n g loss in e ’t l ( ’r ~z\

‘l ’h e ’ force —def lec t ion  r e l a t i o u n s h i p is t h e n  ( I t I he’ fo l lowing for mi c :

I) o- ,, ”

The classical impac t theor y give ’s t h e  n i a x i n i t i i n  def l e c ’ t i oui  s ,, , auid the ’  d o i r c o t  ion I f  l u l o l I c l o t  I

~~~, [ ~~~~ ..~ t)  

~:~-1 n ’ l

dz
I - 

,, i - z ’ ‘ q ’~ 
—

Eq u a l  i u u n s  )
~~l ) and (82) are’ used i ol~uc s t  t li e’ I inc s t ep  of o u o t ( ’ g r c l t  u o u i wlue u c any  ( Ole ’  ‘ r a

number  of rollers are in contac t  w i t h  t ho ’ cage -
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D. DEVELOPMENT OF DYNAMIC MODELS

1. Cage Dynamics  Model

\~ t i o l t e ’d  e ’ : o r l c e ’ r , ( lie’ motion (If a hear ing  c-age is s u o i o j e -te d I I I  t h ~- i n f luie ’n o ’e ’  of ci ver y c I I t h u I l h ( ’ X

~~~ ‘.1 cnn.

‘l’he t ro t’s - ‘uis ide ’r e d in the I l u e s e n t  an i a h v s i s  are ’ i l l u n s t r a t e d  ni f i gu i ne’ l - ~ l ’hp ’.,- O 1 ( u i so ~~l ‘‘ I  -

• Fluid pr essure and shear t cu nc ’es gen e ’rat ed I t  t he ’  c ’age’/fl , u w o ’ i u c  t e r f co - e
• Fl uid and ‘in elast ic ’  (ti re -c ’ s at I he ’ cage ‘ro l ler  i n t e r f a c e
• ( ;~~~~ t a t  i t u n a l  fo rc e’
• r~ halan i c - , -  f - c r o e ’
• Ine r t i a  for c e- .

wC UNBALANCE

CA GE / F L A N G E  ~~~~~~~ <~\ _
~~\ CAGE/ROLLERf F L u I D  S HE A R  

i~
’ FLU tO PRESSURE

/
\ 

GR A V I T Y

,
,

~

CAG E/ F L A N G E
FL U I D  P R E S S U R E

F igur e 18 bor ee .S~- .stem f or  ( ‘ago ’ f ) y n a mi e -s ,‘tf od ’/

W it  h th e- s e f u or e ’ e ’ s supplied h~- various nuodels developed in the ’ preceding sco t ions , one’ una ~
l ) r o )(-( ’ I ’ ct  to  o l i ’r o vu ’  I he eq enat ion of motion for the c’ent en (If moss ( If I he ’ cage.

a. Coordinate Systems and Transformations

In the  analy sis  (I f p r ( l f ( i u - u n s  related to dy n a m i c  sy s tems , it us j n i l l , ( ( n t c i n l t  I i ’  select ci c o i lnd iu ia l ( ’

~~st em in whie ’h the ’ p h v sh -~u l problem o - , , u i s i , he ’nI ’ d  c-an he f o r m u l a t e d  mat h e u mic i t  ic’a lly w i t  ii I lie ’
11 :1st degree of ( - ( ( m u iput  c u t in It ial  comp l i c a t i o n .  Qui te  ( l t t e ’ui  t h i s  de ’p e ’unis e i t ~uum u t he ’ r ( ’ l at  ive
c’ u m p le x i t  v . in term ii s ( If  I lie’ n ium l i e r  ( If computa t ions . I)c ’twee ’n t he  ha rt m l  cuc’c’c ’ l e ’rati ’’ uc t enn is  and
the  h ur o - i r ug  f unc t ions  in (he e o - u l u a t i o u n  ( I f t h e  per t inen t  eq u uu t I c t i s  ( I f  m ) u uut  i uun ,
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For the  cage problem , t he’ couordinate  systems selec ’te’d are’ shoown i  in f i g u u r e  19 in w h i c h  th e ’
XV ’!, coordinate  sy stem is the ’ absolute ine ’rt m l  f r ame ’  of r efe ’ne ’mic - e ’ . t lie ’ X V -z c -olul rdim i at e ’
re ’pre ’se ’nut s a t nans l at ou ry frame ’ of reference wi th  i ts  origin f ixed at t he  center (If mass of the (‘age’ .
0 - ari d its axes are a lway s  parallel to the ’ ine r t i a l  f r ame .  The X , \‘, 7., f r a m e , however , is a hod~-
fran t ic  of reference w i t h  i ts  ori gin fixed at 0,. . This cOe lrdi na te sy s t e m  is c hosen such  tha t  the  axes
X . - ‘i’,.. Z , are also the p n inuci pa l  axes of the  (‘age and are r o t a t i n g  t og e the r  w i t h  t he  c’age at amu
angula r  velocit y .  ~~

- , , wi th  respec t te l the iner t ia l  frame. Vee’t, crs i . j .  k and I , .1. K are the  un i t
vectors in the  X , \‘, 7. , and X Y Z I X  V 7. frames respect iv e l v .

V
C

U N B A L A N CE
MAS S

Oc 
I C X’ NO. 1

0 POCKET
V k I’~~~ 

‘i
ii ,

z/ i
~~~~...,,. ,

z
c X C

-~~-
RC

-~~~ I
J I

0 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

/

fr K

I ’’, c.’, o rc - /P  ( ‘‘‘‘ i , / ~t u u t r  ~ \ s t ’no [or  ( ‘age I) v r m m u e s  ~1uo ~Io ’I

i’}ie I r an sformaf iu no f rom t h e  body f r ame  X , \‘, 7., to the ’ i ne r t i a l  frame ’ XV ’!. is def ined liv t lie’
Eu ler angles -

~~ . 1 , ~ as shown iou f igure  20 .

In m a t h e m a t h - a l  form , omie ’ has

NH ~~I Il l l I~ ,I 1 X I  Is))
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where the column vectors l x i  and IX ,.I represent , respe ctive ’lv . the  coordinates of a point in the’
X Y Z  and Z, Y C Z,. system , i.e.

f x ’ l f x , l
IX I  = “it, 

Y 
[

and ix ,.i = “I), 
V~ f ( 811
7, -

V

V

V C

.1

Figur e ’ 20. Eu lo ’ri an ( ‘oordi nat c ’ l’r ansf or mat  iocns

The t ransformat ion matrices 
~~~~~ 111 .1 and l~ l are given liv

r ~ 1) o 1
[ 0 cos~I ,- sm fl çb , j (85 )

( I -- sin ~ . c- I os~~,

0(150 , 0 — sin l l ,. 1
= 0 1 0 ( 8(i)

sinO ,- 0 c( 150 ~

[ cos~- sifl~- , . 0 1
= L ~~~~~~~~~~ 

( ( I S , ,1. ~ (87)
0 0 1 -j
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The relationship between the  angu la r  velocit ies (If t he  rota t i t ig  f r a m i u e  N , V . ‘I,. , a mid hemuce ’ t lie
cage , and the  s ta t ionary frame XV ’! or the  t ransla tor y f r ame  X V 7. is

= IT,.I { 
~ 

} (88)

The t ransformat ion mat r ix  IT -i cs

r 1 0 siti ~ .
= 0 e’os~ ,. ( ( I s O , sinØ, (Mi ))

L 0 —sin ~ ,. COS~ , - (‘0150, - ~J

and the inverse relati onship is

= [T,.L 1{  

~
} (~~ ) )

b. Equations of Motion

‘I ’he mot ion , o f the cage center of mass is governed by the  fol lowing equa t ioun

d2R
M. -

~~
--

~
— =  F,. + 1 ) 1 )

where R, is the  posit ion vector and the  forcing f u n d  ion F,. is giv eu i by

F F, ,, ,~
.,. • F~ ~~~ , , .  + F~ r , , O I , r + F, . F~ ,~ , ,,  ,~ (~ t 2 )

In t he  above equat ion . F~ ~~
, , , , . , .  represents the  hy drod ynamic’  nornua l  and shc ’an inu g for ces

gemu erated at t he  cage/flange in te r face  as indicated in figure 18 . This tor i- c ’ is e ’va lcuated m u  an
Il l  e ’rn u edu at r ’  n o t a t i n g  f rame wi t  ii one of its  axes passing through the  e - e ’u ut e n  ( If t l lci ss  ( If bot h I lie ’
igj ’ cund t he’ s h a f t  s ( ’(- t  ion in t h e  following sequence , e. g.

F , i~~ F11 + F .0 k1 Loca l
(‘oond incite  $vst (‘in

L F’, O,~,,g, — F’~ 0 1  i , + F ’10 . 2 j, . 4 FF a ~~~ j 
(~~i~ (’ 

- , 9 1 )
( ,ior d i m i at c ’  Sv~t c ii ,

F’, . , , , , , , ~ , — F’1,, , 1 +  F 1- ,, 2 .1 * FF ,,a I n e r t i a l  195)
( ‘ oore l ituate  ~ \ s t e t i o

‘[‘ hue ’ t o c r o ( -  F’, u , , I , , , u. - , , , , .- due’ t ( (  a e o c u l ( - - u l l  r i l e d  u u r u h a l cu nc - e ’  mass is given IIV

- ~ 
d2 H ,,,

F , u,,h,. u,,,,,- .- I’ m, 
d 

11th)
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where seuh script ‘1” denotes quant i t i es  associated w i t h  the  i°’ unbalance  nua ss. Sin( ’e the  posi t i on
vec ’tor r ,, (I f the  unbalance mass , rn . in the (‘age coordinate system is constant , t he  ac ( ’el er at i ( In
term c’auu he expressed as follows:

d2R ,.,, d2R ,. dtz . -

dt 2 
-

~ dt2 d 
x r , + w~ x I ~, , x r , ) ( 1) 7 )

Furt  herme lre . both ~i. and 
~~ 

which are normall y expressed in terms of’ ennit  vectors in the  loe’al
cage coordinate systems , need fol  he tran sformed in to  the iner t i a l  c(Iordinate system hefore
separating Equation (97) in to  component form,

‘I’he roller force Fr, ,bI , . r is t o) he determined s imultaneously wi th  the  roller dynamic  analy s i s
amud the  associated contac t  models , while the generalized force field F,. , , uo , , - r  is reserved f o u r  f u t u r e
development to account for other forces not included in the present analysis . The grav i t y  force
F’,. ,i r , , s ,  ‘v  is s imp ly

g r , ,v i l y  = M, g .1 (98)

This force is very small  as compared to other f’orc’es except when the cage is under i n i t i a l
t r ans ien t  operation.

The equations of motiern for angular motion are desired in the  cage fixed f rame . X , V . 7.,,
w h i c h  is also ) the pr in c ipal  axes system of the  cage. The equations are therefore

+ ~~~ x h:,. = ~~~~~,, . (99 )
dt X ,. , V . . 7,

where the  subscript 
~
,. denotes quantit ies defined in the cage (‘name and

h, , . = angular momentum of the cage

M,,, . = net moment acting Ofl the cage

= NI ,. uo , , , o g , ’  -f -- M,. u,ch , ,O,, , oc ,’ ~
- M , . r , , co , - r  + M , . ,,,, ,, . , I 100)

In component form . Equation (99) reads

I , ,  
dt 

= M ,., 4- (L 3. I ,.~) w,-~ c.,.’ ,

( c~ .
M ,.~ ( I , ,  I , ~) c.~, ~ ( 1) 11 )

(lw,
I . ,  

It 
- NI .~ ‘ ( I . I . ~

) 
~
,. , 

~~
.

F A J I J a t i oIns ( i l l ) , +~ t 1I )  u i , h  the ’ ext nu ’mn e ’ lv  e ( I f l i l l h i c a t e ’d f o r c i n g  f o i u uc’ t io n s  are sculvec i s im uuuul tc i n e ’ —
u u u i s l v  w i t h  th e ap~ I i c a t i ~~~~~~h u ’ ’ ’ ’ ’ ’ d :t :c - d  Ha n u n u i mu g s  pne ’dic .Iu r —e ’orre ’e’ tu ln n i e t l u o c u l . No l l e  t h : i t  the ’
m uui n ie r i c ’a I  pr oc ’e ’oluu re s and f i n a l  t r e ~I - u o t i t ion r uf  the  da t a  ~i lso c  in v u , lv e ’  fne ’c iui ent  m u u un l t  ip le’
t r a m i s t ( u r m T u a t i o n s  of , t he  ~ar i a I o l u ’ ’ . am i d u o o e ’ t f u - i e m u l s  f r ( onu  u~ne e - I u o r d i n a t e  sys t e n i u  I l l  c i n l l t  he ’r.
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I)evelopment of a c ( (n lp u ter  program. CAI )YN . based on t h is  au u a l v s i s  is  bas h -al ly  e ’( Itii I ) lt ’t e .
‘I’ he’ pn gr cu m was deve’I ( I I ed f ( ~r ci ii a lvz i ng t he S I X  — de’gr ‘~~‘~~ ( ( -  I re ’ed( nit e c u  go’ in I ut ii m i  - ‘l’h e’ in - I l l  a ne
u u ) o t i u ) n  p ( Ir t ion  of t he  program uu hcis hee ’mi f o u l l y  debugged amid is o -omple ’Ie ’ly l u n e ’ t i o n c u l .  l ) e ’huu ggi u ig
(If t he  six -degre ’e-of-fre ’edu m y e ’r sm ( I mu has v e t  to he ( 1  ‘t r ip l e t  e’d.

( ‘Al )“i’N - as it sI amuds now . eami  ne ’ver l he ’h - ’.s lie ’ used to  est ahu i sh

• Basic ’ cage ge ’ ( c m u ietr v

• I ~en hr i c ant  req on ine ’m e ’nt s -

• Allo (wah l e  c-age ’ umuha l ane’e ’

• Re’quire ’d r a t i ng  o c t  the ’ l t uh n ic ’a t ion  s steni ( o i l  f i l t e r  Ilased on the  oil f i l m
th ickness .

e ’a iu he used to I)redi ( ’t t he  t r ans ien t  dy namic-s  and sue a ( Iv - s t a t e  n l ( u l i ( ( n u  (If t h e  c’age
s o c  t h at ~t c ih l e  operat ion c’an he m a i n t a i n e d  at the ’ c-age/land in u te nfa e ’e’ . and the ’ m i n i u n u u n i  oil f l In t
I hie -kne ss c-an l)e asc’ertained for  compa t ib i l i t y  w i t h  the  ra t ing  of I he oil f i l t e r  selected for
m i n i n i u i m n  wear. Thus the  development (If (‘AI)YN represents a s i g n i f I c a n u t  ae’ luievement , since
t n a d i t i u l n a l l y  hearing c-ages have l)een designed wi thout  any considerat hun of c-age dynamic
P erformance.

2. Roller Dynamics Model

The force sy s t em  act ing (In a roller is even more complex t h a n  t h a t  ac ’ t i ng  o~n a cage , as
- le ar l v  imidicated in figure 21. ‘I’he forces considered in the  work comp leted thus  fa r  are

• Hvdrodvnarnic  f luid  pressure and shear generated at the  roller /cage im u ter face

• Hy drodynamic ’ f luid  and/or elastic forces at t he  r olll en/f lange imu terfac’e

• EH[) fol rc es at the roller/inner race and/or rm lll er / outer rae -c interface

• Gravi ta t iona l  force

• I Jnhalanc’ e f orce

• Iner t ia  force ,

(‘omponents (If t h i s  p r imar y  force system are computed from various molde ls estah lished in
the ’  ( I t he ’r sec t ions (If t h i s  report .

a. Coordinate Systems and Transformations

The coordinate sy stems selected flIr analyzing the  roller dynamics problem are shown in
f igur e  22. ~ i n n u l c i r  to the  cage ( -u lordinate  sy stem , t he’ local coordinate xv z is a roller hody frame
of reference w i t h  its origi tu , 0,, fixed at the  center of mass of the  roller . Angular  m ( I t i ( I n  of the
roller  is to he amual vz ed in t h i s  reference f rame .  However , the ’ t rans latory motion of 0r ~S 1 (1  he
determined wi th  a cy l ind r i c a l  ( ‘oordinate sy stem , R r tj r Z r . whie ’h is r o ta t i , , g  w i t h  anu angular
v l ’ l o o c - i t y  ~K in the iner t i a l  reference f rame.  The position vector for °r ~

- R, f r I Z r K (102)
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Figur e 22. Rolle r ( ‘oordi na tv ,c, \ s (  cam

The Eulerian transformations (If the  X r \’r Z r frame into t he  XV ’!. amid t he  N V 7. f rames  are
s i m i l a r  to those given in Equat ions (85) through (87) . The r e l a t i o m u s h i p  between the  t i m e
derivat ive of’ the Eulerian ang les and the angular  velocities (If t he  roller . auud there ’fore ’ the  X r \’r Z r
f rame of ’ reference , expressed in te rms (If t h e  local c ’(ull rdi n ate syste ’ m , is s i m i l a r  1( 0 t h a t  given liv
Equal ion (9 (t ) - Expressions f o o r  th ese func t iona l  relationships are t heret lre u u m n i t t e d  he’re for
co nc iseness .

b. Equations of Motion

He’f e ’rrimug to f i gure 22 . I he t ran s la t or s -  motion oi f t he  center (if mass ‘o f
. 

t he roller . ( ) . - u s

d2 It ,
- 

011 2 — F -k ( 10:1)
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~Vit Ii the  aid of’ Equation ( 102) . the  lef t -hand side of the  ahoe -e e ’qciat ion heconues

d R , 
- ( R  H,0 g2 

‘rh + (Hr0 I! + 2 R,0 0)  I~~ 4 Z K ( 1 114 )

The forcing funct ion  in Equation (103) represents the  n e t  force ac ’ting o~n the  roller and is of
the fol lowing form:

F ,0 = F,0 
~~ag~’ ‘~ F~ fia  ,,g ,’ + Fric 0 ,,,,‘-r r — ’~ ’- -1- Fr0 ,,, ,u “r r ,’ ’ ( 105)

+ Fro, gr , ,s ’ , l v  4 Fr~ uo ,h o, u , , ,o , -, ’ + Fr0 ,tt , ,- r

Almost all the  forces she wn in the above equation are derived in some local coordinate
sy stem,  It is necessary to transform each of these forces , such as those presented by the first (‘our
terms and the last term in Equation (105) , from the  coordinate system in which they were ’
c’omuiputed in to  the  rotat ing cylindrical coordinate system ROZ. This may require , at t imes , several
s u - c.-essive t rans tou rma t i ( o n us  of the variables in question. The gravi ty  force is given by

F,0 ~r a v c m y  M 0 g (--cos  
~ik E ric + sin 6~, o ;k ) (105 )

i’he expression for the  unbalance force. Fri, u , ,h , , i , , , , , -  is s l ight l y  more comp licated. Let M ,~
d e n u iute  t he  j t h  unbalance mass in the kth roller and i~ ck and Rr k .  i ts  position vector in the roller
hoeI~’ and the c ’y l indn ica l f r ame  respec ’tively. Then

• 
~~~~
‘ d 2 R rji ,  -,F rk U~, (, ,oO , ‘ r - ’ - = ~~ m 10 dt2 

( 10o 1

since R , c. - R n0  ~ r 0 and both R r and r n are in the i r  respective r otating frames , the
absolute acceleration in Equatio oi ( 107) becomes ra ther  comp licated . i, e.

d2 R Ok d2 Rn, •

cI t2 dt 2 + (i r k  x r 1, + W rk x x n rc , )  ( 1(18)

The differential  equations governing the angular motion of the rollers are derived in ¶ h e
roller frame and are similar  to Equation (101),  namely:

d W nuc ,, 
= M r ki + (I n k y I rkz ) W rk y “~r kz

‘r O y  
d W ro~ = M rk y  f I I 0,~ 1, 10, ) 

~‘~rk7 W r k ,  109 )

1rk 2 
d W rk z — M r 07 + (I r k ,  - ‘ ‘ri,, I ~~~~~ (.& r k v
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‘I’he moment  ( ‘( Im ui p ul muen ls NI , 
~~
,. NI r k ’ + , and M r07 represent t he  ruet c’ont n ihut  ion f rom the

following:

• EHI ) f i lm at I he inine ’ r or outer race due to misa l ighment

• EHI) con hvdn odvn an i  Ic’ f i l m s  or dr ~- ( ‘(Intact react ion from the  (‘oiler/flange
shoulder interfac e

• EHD and/o r hy drodvnamic film , s imilar  to those above , from the fuller/cage
poe’ket i n t e r f a c e

• Mass unba lance

• Others .

Not e ’  tha t , again , these moments are ( ‘(imputed in the  lewal frame of reference and tha t  t he~’
have to be transformed into the roller body frame before one may proceed to integrate the ’se
equa t i ( unu s . The details  of these transformations are not presented here due to their  uneus t o a l
length.
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SECTION VI

COMPUTER PROGRAM DEVELOPMENT — TASK I

A. GENERAL DESCRIPTION

Development of the overall roller bearing design and s imulat ion system is progressing
smoothly , U pdating or development of the following computer progranus is pract ical l y complete:

• Quasi-static analysis computer programs
• Fluid-fi lm contact simulation computer programs
• Transient and steady-state cage dynamics prediction computer programs

These programs can now be used independently in hearing design,

The roller dynamics program , RODYN , and the systems dynamics program , SY SI)YN ,
have been developed in their basic forms and are currently being refined ,  The general philosop hy
adopted in the development of the programs is that  user convenience is considered to he (If the
utmost importance, Emp hasis is being placed on a number oif user convenience-related fact o rs as
described in the following paragraphs.

1. Modularized Program Structure

Motion of the  rolling elements and the cage is dictated by a c’oni l) l~’x force/momeru t sy stem
Accurate prediction of these forces and moments requires an in-depth  umiders tanding of
interdisc ipl ina ry engineering subjects such as e las t ic i ty , dynamics , heat tram u sf ’er ,
thermod yna m ic - s . f luid mechanic s and tribology . Many of t he  subjects  invo i lved could dei n amid
the work of one ’s lifetime as the technologies are not avai lable  at t he  present t i m e .

1. nu der these circumstances , P&WA conceived and elected to develop the  re , I ired c ’ u i mu u put  en
progams based upon a “ modular ” or “building block ” concept.  The ba sic t h i n u k i u g emplooved is
to break up the ent ire  program inte i  a number of interacting compute r  “ module ’s - ‘  Each nu l l d lu le
is t ( o provide inf e rmat ion obtained f r u m  one of th e analyt ica l  models whi ch , in t u r n  is develo ped
according to the latest s tate-of-the-art  in the related disciplines . I n scc me in ’— t a n o e ”  it wo o s f ound
necessary to develop an entirely new and original analysis not avai lable ’  el se ’whe ’re , The a olva nu t c i g e
c f  emp loy ing th is  type of modular concept is apparent . Above all , t h i s  i l l  p ermit  ( (t i e 1( 1 u p d a t e
the indiv idual  modules , as needed , to reflect technological ci dv couic es  and de vel u ipnne ’nts  in a
spec if i c  area wi thou t  having to change and sometimes dis tur b  the  eui l i r e ’  sys t em.

The ent i re  program , hereafter referred to as TR1E3O 1, con sist s of various levels c o t  co mpu ter
niodules as i l lustrated symbolical l y in fi gure 3, The main program. TRIB() I . is a c ’u ( m mci uu ( l
module w h i c h  controls the  flow of the en t i re  program and the gemuenal inp u t /out  pe l t .  There’ are t w o
major first-level management  pnui grams , STATIC and SY~~I)VN , c ouut ru l l l ing  i n p o c t  oc c I pu t  and
c ’omput ati ( (n related to the s ta t ic  and the  dynamic analyse ’s resp ect ively . Ec oc ’l i of these ’ pr oo grarns
is supported liv a certain number  of second-level managenuent  prougramu i s such as ROI )YN an d
( ‘AI )VN which are s imulat ing,  respectively, the roller and c-age dv u ia nni c s .  These progra uiis are ’
fu rt her fed by a cluster of lower-level managememut on working program s , amid so on .

2. Partial Computation

I)uring the  course of the  investigation , it became appare uu t  t h a t  because of the  I - o l u u ip l e x i t y
of the  sy stem , the  computer  t ime required to run the  emitire ~irogrc inu m i  i t s  f iuu a l  f~irm n u ay he Is
high o u s several hours per case , I t was decided , theref ore ’ , to st ructure  TRIHO I in such  a waY as
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1( 1 c i l l c o w p a r t i a l  ( ‘o u n u i p l u t a t i o n .  This wc is done in r e c oguuit i oi i  ( If  t h e  f a c t t ha t  su b s t a u u t  oi l  ( ‘( 1st

s ci vi ui gs cclu ld he’ realized o f Sofl ie’ ( If t he  imid iv idua l  module ’s could he’ used in depemid e ’uut  lv to
pr o o~ ide prel im m ary design of’ the  l lear in g (-onu potiemit 5-  ‘l’he’ larger  main  ( ‘(001 1) 111 e’n prougr a flu c’~ ( 0 1 1( 1
hen he used to z e r o  c in on the f i n a l  detai l ed design c’ ul n i f l g u rc i t  j o i n  c o t  I he’ h e a r i n g  s~ st cnn -

The (‘age dynamics  coniputer  pruogram,  CAl ) ‘o ”~. hon c ’xc o i uup lo ’ , 5 lone  uof I lie’ t u u ( I d u u l e s  t h a t  c a n
1(0’ eused to establish t he basic cage’ geounet Tv. lubr ic an t  r e qu i rem en t s . a l low oi ble cage oiu u bca  I ; o
and require d rat in ig of the  oil f i l t e r .

3. Interaction with User -Supplied Systems or Data

!‘r ( cv is iccns  hav e been muiade in the  computer progranu 1( 1 a l low th e  user to su cpp lv  cer ta in
i t e m s . For examp le. the  sI r mo c ’tura l  amid/ o r t he rma l  analy s is  of a h e a n i n u g  may require t he  m use ’ of
com ui plex . large-sc’ale computer  programs such as t h o s e  developed (In t h e  basis (If f i n i t e ’ -e le ’ u u c - t i t
m e thods The subject computer  cuna lvsis allows i u i t e r ac t i oon  w i th  such p nougra m s The muse ’r max ’
co lso ’ elec t to supp ly e x t e r n a l l y  generated data  for inc lus ion  in the  program

4. Internally Supplied Optional Programs

Because c o t  t he  colncern over the  computer t ime  required t o o  ruui sue-h a large  s(’ale p r c o g n a u i i .
it has been the in tent  of this  effort to devel op sub programs based upon si m p l i f i ed  ( In approximat e ’
so lutions for certain purposes suc’h as the  c-sf i m a t i o n  of s t r u c t u r a l  f l e x i b i l i t y  The’ uuse ’r una v e’l c’c’I
1( 1 use e i ther  th i s  option , or supp ly direct input  of exter n ua l l v generated d a t a , o o n  c’u l u i u u e e ’ t  I hi s
pru lgra m to another  external  program . Th s imp l i f i ed  analy ses are ’ ho und  t o ,  lie ’ q u i t e  adequate  f c c i

st appl icat ions , especially during the  early design stage of hearing ( l e ’v e ’ io ( l iment  -

5. Computat Ional Efficiency

It is a n t i c i p a t e d  t h a t  use ouf I he en t i re  ( ‘computer program wi l l  b e -  ne ’ lci t  i~ e’ lv I inn - - c c  c u i s c o u n i u u g
as a result out ’ t he  comp lexi ty  of the  phy si cal  problem - One oof I he ’ o b j e c t i v e ’~ is , I he - re ’f u ur e . to  -‘ c-c- k
a c c e p t a b l e  approx imate  e l c s e ’ c l - tc r uoc solutions to reduce ’ e - o m p m u t a t i o n c o l  t i o u c o  l ’ l i c s  qo l i t e ’  f t e ’ u m
demands a c ’olmpr clmi se , as a hal au i c’e’ is sought hetween i cu -cmn rac’v anud e- ( o m p o i I  cit i o u i a l  t inn-

6. AutomatIc Time-Step Adjustment and Cutoff

An algo n it  hm is bui l t  i mi t o (  t h e  program t o o  select the  best est in i c i t e  o f t  une ’ si 0 1 0 5  t o  r e c i l i .~c’ f o i s t

c ’omuverg e ’muc ’e when int c ’gna l ing t he  dy namic  equat ions of m o o t  h ot u f o r  the  sV~~t c-un or I t o  o c  ni l  f I ( u u u ( - o  I s

7. User-Oriented Output

‘[‘he user can also select pne ’se ’ntat i o on u (li t lie’ m i ut  l i m it  in c it  lien l in i u utc ’ d ( o r  l u l1o t  t e d  f o r n u o .  \ I~ c I ,
the ’ I i r imi ted  o o u u t  1)111 c a n  he c ibt aiui ed m u  a c ’o(mid ense ’d stu m u i ic i r \  l o l r n i  Ion I fl i t s  emi t ire -I cut  u lie ’
di so ’re ’t iouu uf t he  user.

B . PROBLEM SOLVING CAPABILITY

As ment  ierned previous l~ . seve ral cii ’ I lue suu l i s e c t  iou us w i t  hi  ii ‘F R I  HO I ci re’ o u t l en c u l  iou i ci l  and
o l r - a d v  can he used i n d i v i d u a l l y  in t h e  l u e a n i m o g  design Pr~~e’ss
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1. StatIc Program

S’I’ -\’rIC is the overall quas i - s t a t i c  roller hearing opt imiza t ion  pr ogram. The program n
capab i l i t y  has been elisc’ussed in the  analysis  section and is summarized here ’ t e l r  comp leteness .
‘rhe pr oi gr aun in i t s  exist ing form contains the  following features:

• Basic elasticit y analy sis
• Preload/out -of- roundness ca l cula t  ion
• Ring and s t ruc tura l  f lexi bi l i ty
• Misal ignment  anud- moment load
• Bui l t - i n  mater ia l  pr o)pert oes
• B u i l t - i n  Type I and IL oil properties
• -Stat ic  skew analysis
• Roller  ( Ip t i nc i ~ at i ou u
• Oil fl uw 0)pt im izat ion,

a result  cf t h i s  e f hu r t . STATIC has become the  meist advau iced and powerful  roller  hear ing
design tool ava i l a h i l e  to date .  S’l’A I l ( ’  was emp loyed to design the geometry of’ the  basic hearing

Os ( ’ ( b in the  exper imenta l  test portion (of t h i s  program.

2 . CADYN Program

The tran s iemut  d y n o o n u i c  and s t e a d y - s t a t e  motion (li t he beaning (‘age is predicted liv CAI ) ’o N
‘l’he i n — p l a n e  m ot i eun  p ( ort i o on  oof t h i s  program is fu l l ~ operat ional .  D u r i n g  t he  c’ourse co t  i t s
o l i - v e l o p u n e u c t  , the uncoupled cage motion was checke ’d against results  ava i lab le  t r c o m the
l i l e - r o i t o  cr ( ’  c i S sh ou wn in  f igu re  ~3 . The agreement is ext remel~’ good - The six -ck ’gr e ’c-of - t re e -doom
po ur l  ion of t he  pn o ugn ctn i  is st i l l  cinder development .  N eve -n1 h elu - ss , (‘Al )\ ‘~‘x . as i t St aunl s  rioow . can
I c e ocs Nl Ic ) esta b l ish

• Basic c age geometry
• I ~ouhr i -ant  requiremem it s
• Allowable  cage u n n h a l a n c e
• Required m ni c r  on r a t i ng  of the  c o il f i l t e r .

The c l cj ect  ive is to  ensure s table  uopenat ion  of the  c-age and m a i m i t a i n  an cie le ’ c i muc i t  e- oil f i l m  cit
t h e  cage/land interfa c ’e for m i n i m u m  wear. Unti l  rec’entf y . the hear ing c -age -s  have-  been designe ’d
liv ( o a r i n g  m a n u f a c t u r e r s  wi thou t  an~’ con sideration of’ the i r  dynamic’  perfo nucc am ic ’e .

Fwm) examp les are given here to i l l u s t r a t e  the  u- . c - t c u l n e s s  c o t  C.- \ l ) Y N  ‘l’he’ basic bear i n g
:issminied is a 12 I mm tu one c’v l ind n i c a l  n o ll l er  h ea n imug.  ‘T’bie ha se ’lnn e cou o dit  inmi s c is su um ed t on I lie”--
(-ase ’s a re:

Rat in oif R u l  le’r I ) ic im et  er t o I n u mu e ’r Race fiuame ’ t c-n 1/9
Cage I -b o o ne ’ I ) i a m e t e r  ‘ 5. I~ ’~ in .
Radial  Clearanc’e ( t I l t  19 in .
(‘ age Land Width  ( 1 . t I l l  in .
I n i t i a l  E ) ispl ac’em ent in t he N -direc t icon ( ( . 1)0(1 i m i -

m i t  i ci l  I ) isp lon -em ent imi t h e  \‘ -directic in 0 7 9 ~ iu u .
I n i t  i c ul  Ve lo city ito the ’ X— direc’t imin ot to ( t um u. Js e ’o
I n i t i c u l  \‘e loc i t v  mu t he  \‘-dire ’c ’t u o mi — 0,01)1) o n .
I ;u g ’ \ las s — 0.—I l ~o~l lb ,
Lubr ican t  \ u s ( ’ o ( s i t ’,’ - I 4 ~ ‘ 11) l h ’ .e c’ /i u u . 2
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a. Example 1: Effect of Cage Speed

Fou r these ( ‘xoomiu l i le ’ s .  t he  sh a f t  speed is ‘,‘c i r o ( ’d  f r u n n  :t , t slo t o  2-1 .00(1 rpm c i nud  t h o -  cage ’ is
perf’ee ’t lv ba lanced. The r e - s u i t s  o’ oo r r ( ’ s ~c co midi ng t o ,  t h o~ c ’a - ’e - hici ’, e’ l o o n  1ilc ut to -c l  m u I l g u nr e ’  2-I whic h
sh ows t h a t  the  c’age analy zed wi l l  t c ( ’ r o o t ( -  w i t h  a good su ed m n u n i n o o u t u o  c i i l  f u I m  oct  ~e-v - r ; c i m i l s  O i l )
too a p p r ( Ix i u n a t e l y  13, 51 (1 1 rpm u u A f o i r t her i n c ’reoi— ~- m i  — b u c u l t  s~l I ( c l i c I ’ i s ( ’ s t h e  m i n i m u m  ( ( i I  l i ln i  to
dr ( I p a b r u p t l y  ind ic ’a t i n g  the ’ ( u n l s ( - t  of hv dr eo d~ n an i i e  u c s t c t l l i l i t v  E \ l l e - r i e ’m m c e  I r on r o t o r  e h v n a m n i c s
t e c h n o l o g y  sugge sts tha t  cone shou ld a v o oc d opera t imig  n o o t a t  mu g c o c t u i j ( o u i c ’ I ) t s  o t nude r  suc h l 0 1 0 t e n i t i a l l y
hazard ous c o m u d i t i c o n s .

The resu i l t s  show tha t  the  m i n i m u m  oil f i lm t h i c k n e s s  dn u c jo s  down too appr o x uu i cc i t ( ’ lv  (( .1 to
0.1 ii rni l in t he  speed ranige of 16 ,50( 1 to 2 1.00(1 rpm - This ~b i ou u l d  p r o o u n l i t  ami asses smiiemit (If the
adequacy cof t he  svs temn oil f i l t e r .  ‘[‘he procedure to he u cs ( - ( l  is f c c  ( - 00 11 ) pare ’ t he ’ m i n i m u m o u  oil f i l m
thickness m u  th is  range wi th  the abso i lute ra t ing of t he  I o n o ) I 000 s c- ( b u u i l  f i l t e r .  E x a m i n a t  iomi oof f i gu re
2-1 makes it apparent tha t  a 2 1im absoolute f i l t e r  is pr ob ably nieedc’d t ( (  ensure t h a t  d i r t  or we -oc r
debris contained in the coil could pass through the coil f i l m  fr e -e ’lv w i t h o t u t  causing cage wear .

There is sonue un ucer ta in tv  about the  v a l i d i t y  of the  I henry in f l ue -se  ex t remel y  th in  fi l mu i
re’g i oor o s . e.g. whet hen or neot the  f i n i t e  whirl  orbit is indeed a l imi t  ‘~ cle . oor j us t  a n i o i t h e m a t i c ’ a l
s o lu t i con  which is not necessarily va l id  m u  real i ty .  It is adv i sab le  there-fore to redesign the  cage
widen these circumstances in cinder to min imize  the risk. If it is ruoot t o ~ ssihle to redesign the (‘age
oc r  p revent  it fro mi operat ing in th i s  reg ion , then  an oil l i l ter w o t h  the  f ines t  l oom ) i d e  size ra t ing
ay ai l ah l e  should he used. Furl hermcore , operation of this h earing should l)e m ( I n i tuor e d  very
closel y.

b. Example 2: Effect of Cage Clearance and Unbalance

The eff ’ects (( f both cage clearance and unbalance were ool suo  s tudied t b Provide the  design
engineer wi th  information needed for selecting the pr uu per cage clearance and e s t ah l i s h iu i g  t he
allowable u n b a l a n c e  level for stable operation of the cage soo as t o o  avoid und one wear damage. The
results p lotted in figure 25 show tha t  in general the cage m i u u i n i u m  oil  f ’i lu ii thi c ’kmies s decreases
with  increasing radial clearance. It is interesting to noote t h a t  the ’ ra te  o o f ’ reduc’t i on t o r  t h e  IO- gnu -
cm unbalanced cage is less than tha t  fdlr a perfectl y balanced cage. -\g ;c in , the da ta  ind ica te  t h o o t
a “super ’ f i l ter  is needed to exclude dirt and wear debris t h a t  co lu l d  bridge the  co i l  f i l m . o ’ cl uus ing
surface damage.

3. RODYN Progr am

Development of the roller transient dynamic and steady-state moit ion s imulat ion system is
essentially complete. The program has been checked out for the  case of an uncoup led single rco l ler
moving within concentric raceways. The geometry used for the test case was taken fr om a typical
124 mm cylindrical roller bearing. The roller was assumed too meove m c imentar i lv  from a set cif
arbitrary init ial  conditions under  the  influence of EHD tract icon foirces at the contact pcuints .  It
was anticipated that the motion of the roller would reach a steady state corresponding too the  no-
slip condition regardless of its i n i t i a l  conditions. Without going into excessive detai l , the results
are tabulated here for comparison.

Spin Veloci ty  Orbital Velocity
(rpm) (r l° ’n )

Case I nitia l Final Ini t ial  Final
1 100 ,000 126,500 8,000 10,950
2 150,000 126 ,500 8, 00(1 10,950
3 100,000 126,500 14 ,00(1 10,950
4 150,000 126 ,400 14 ,001) 10 .96()

No-slip — 126,600 — 10 , 960
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It is obvioous tha t  the  r o - s o o l t s  are consistent wi th  what o o ui e  expects froon u  such a physical
si tuaticon.  Further refinement eof the computat ional  svst em is c u r r e n t l y  underway.

4 . SYSDYN Program

This program integrates  the  CADYN and W ) l u \ ’N  ( ‘oornpu t en mc odules and permi ts  fu l l
inute n a c t  j oin am omug the relevant hearing cooml)onents . The pre o gram is 0I I) en ati ona l  ton the foi l l owing
e ’eom hi nec! modes of operation:

Shaft • (‘enter  fixed in spade
• Constant  r o o t a t i o n a l  speed

Cage • Sp inn ing  Motion
• Whir l ing  Motic in

Rollers • Spin n ing motion
• Orbi ta l  motion
• Skewing motioon

The results for a simple model test case , c’oo nsist hug c o t  t he’ rae -w ay s o age . am i d t o o c i r
hypothet ical  rollers . shcow tha t  the  program is woorking l ) noo I ) ( ’nly .  W oork ‘ om u t o i r t lu e ’r  re f i r u c ’nue u ut  l e o
t he  program is prc)gress ing as planned.
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SECTION VII
PARAMETRIC AND VE RIFICATION TESTING — TASK II

A. PARAMETER SELECTION

The main o)hstacle to advancing high speed roller bean ing  technco logy is related too rooller
element skewing and skidding and the resultant wear and surface damage. Those hearing
variables tha t  are considered as having an influence on roller skew and skid have been iden t i f i e d
in this  study. Quantif ication of the influence of these variab les is the ohjective io f the
experimental  port iofl of this  program, A total of 30 separate variables were identif i ed and are
sheown in table 2. Operational variables , such as hearing speed , external ly  applied load , c u r
lubricant temperature , were not counted in this total. The basic categco n ies c onsidered were
design geometries , including internal  lubrication arrangements , manufact  curing tc) lerances . and
qua l i ty  contreol variables.

It was apparent that  any experimental program of reas onable scope co uld noot address a
thorcuugh evaluation of all 3() variables. Therefore , so me judgement  had t o o  he made as t o  the
relative importance of these variables in order tco reduce the  list to  manageable prop e orti uo ns .
App ly ing certain criteria , the list of 30 variables was divided in to  three categco n ies , which are alsco
identified in the table.  Category I includes 14 variables tha t  are considered tcu have the  greatest
direct influence on the rc)hl er hearing wear phenomena normal l y  idem i t  i f ied as skidding damage
and roller end wear of ei ther  the uniform and concentric type (or of the ’ un ieven and eccentric ty pe.
Categ orv II is composed oof eig ht variables considered to have less d i n e d  impact  on wear , con ic !
Category III is composed of eight variables judged to have the ’ leasl d i rec t  effect .  The c -n i ter i c u
empleoved in making these assessments , a l though soomewhat ‘- ui l o ) e - e t u v e . were based , in a
measure , on experience avai lable from experimental test resul ts  and tn o o m field serv ice  reports . m o
add i t i con  to analyt ica l  studies , manufac tur ing  surveys and an u n d e r s t a n d i n g  oo t t he  phy sical
p he n om ena affect ing fundamen ta l  hearing behavior ,

‘Fw o gn coups (of hearings were selec ’ted for evaluation in ci s ta t  is t ic’a l lv  designed e ’xpe ’nime ni t -

Eac’h gr oup incorpeorated parameters f r o m  table 2 which co o u l c l be varied in a sensi t)le manner .  By
va r y in g  the  para meters  in a planned manner , it is possihle w i t h  s ta t  ist ic’al e x p e r i m e n t s  t o o  isolate
and ra n k the  u - f l e e t  produced by c on y oune parameter ton sur face  damage dcue t o  roo l len sk idd ing  and
skewing.

-“c sl u t i s !  oc - a l l c  dt ’signed l o s t  ~oro gram incorporating t he ’ fra c ’t ioonal  f’ac’t on ia l  n ieth cod wo os
st’ l, ’ t u - o f  ‘I ’ a ht o -  3 shoo w ’, t Im e m i unn f o o ’ r  oof main  el f eu -I s and the  n eumber  of in terac t  icons tha t  can lie ’
o le te r niooioo ’ d w i t h  pr ogrc irns c o  o u i s t s t  ing ( o f  5, 6, ~ and I t )  hear ing (lesiguis w i th  v con ia t  noons in t he
ni t  m oo lI. ’r of b o o  n u tog t n t  n d meters  t o  l o t  st en dued - For eac’h paramet  en t he  level ei f v c i r o o o t  icon w o os
m o i . u i r u t ; o u u i e ’ d  i t  t w o -  I h’’ c o o m h u n o i t u o n  of eught  test beaning dc-signs wo os choosem o for Gro oo i 1o- N whic h
u s to o- o ’ ’ c , o l u au ’o f - c i o o b o - r  I cis k II c o t  the  ( ‘c o n c t r r n ’ t . This cho ic -e ~o - co s d i c t a t e d  l a rge l y  los’ co ost

o o o n ’ , o d u ’ n a t u o ’ m i  - ~ o’~ e’1u w o o s  I l i t -  r o o i m n o f o o - r  c o t  paranu eters  u i o o o s c ’ u i  f o u r  imuves t iga t  uo omi s oo  t h a t  t h e
i-mi t 0 1 1 0 0 1  r i o mo t t o  , r ‘i rn ,u i m i c t  t o o - I s  c ’oou ld he evaluated. The se- c c-n t o o  nan iet  e’rs t o o  he St udied wi th
t he’ I r c o o u ; o - N  ) ‘ . ‘ ‘ar lng M ~ o ne s f 1  so . lo ’ o I e d  from ( ‘at egoorv I ( of t a b le- 2 . Thes e ’ o a n ia b o l c - s are the
t io l l t o w u n ~

• F4eci r i ro g t o r o l i o u o o t  I Inmuer race ’  t : o j o e ’ r

• ( ‘oin p lo ’o f  r o t i  i t - i -  end r a d o o o s  r u n u u 0 0 0 t  I R o olI e ’ r  f l a t  c en t  ra l i t c

• H i  b r  o - i u o l  o u r o - o u l a r  r u m r c c o o t  t o  r o c l l e ’ r  I t~o i c e ’ c o o o v  a m u g i u l a r  m o s a l i g uui uiemu t
o t l i o ’ r  o t n a n u e t e n

• Lub n ic ’ i t u o o m i  flow’
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TAHI E 2 . R E L A T I V E  R A N K I N G  OF 1-~OI~LER BEAI~~ lN (~~ \ ‘AR IA HL E S

I ‘o ssc 51,’
k / /o r Bo-ou r cn/ ,- 1 ‘ar ia b / c- k/ f o o l  of Varoat oo on R o oi co C oa Ic ’

( VI’E GOR\’ I:

Ro l ler  Le-io gi (i I I ) ooomet er  I oi o -v o -o i  ro o ll er end so.eccr A l u o ’r ’- r c o l t e r  o - f o - n ~~- ooO g \ - r oo ~ c
Rat  cc ocu l oo n r c l c o l o o l i i  v o c-t i j o ’ ’ , - o—d to ’,- 1./I )

root i o o co t  1( 57 .

R co I l e - r  t~ uu lcoilauo c ’e I 100 ’i 0 0 0  roo l lo ’ r  o-nd a-c-ar A I t o - r s  sk o-wioog t oc r c - c - - . os rc cl k’r’,
“, o uoh oo oaoog€ ’ne o o o is  m a t e r i a l , in ,po o ci g o o ide  i t ; o r i g c - —

roo f j o- c erool rot  n c ii i , - - rc a-n
r a d i o i - . r e in o c oi t (

l’retoacl g o o n i r o o l ,  s looc id ong and can I-b oIl er  o- lo o u c - oo i  s k i o l s  ocr ‘. l l ~o~reduce door oua ge on roo lle r  o ct go— c or ’ d u o -  0 ,  r i - . c c l t i c i en i
s o o rf  a te ’,  arud rooce wav surt ooc es Icc a c iloog.

( ago ’ I or l o o c l 0 0 0 0 c - o -  Lcccal cage lucre  wear t o o r  Ro t h c i 0 0 0 , o - s  l o , c ool  c o v c - r l i o- ; o i  c og . c io d
m iner  l and  guided cage— , end o l o ’ c - r o - o o s c - s  edI t -c- i ’, o ’ uu c - ~’. ol coo l

wear oodj ooc - e ’oi i roo t  cr 1 s I  a iod fi t  no -
rc k o d c looi g doo m co g e .

l i o c l l e r  l”l at  (‘ co o t r a l o i v  I uo e v o ’r o roc l l e ’ r  end wear A lu - r - . 0 r o oo - l ive  (co c ci -  t o r o o t i l o ’  c , ! roof  t o o  c c—
we ll os s i a t o i l  l i v  o t o c o o l i  ira uisv c - r~c - a s c~
dooe ’ i o c  o c u i c  iii ioo e ’u r io- cot r o c j lo - r uu ooo ,s  o l j c  -

o r i l o u i  b o o  -

Roc t l o — r Eoo,l Sopoa ren erts I ‘ o ie vc ’uu r o ol l e r end a-ear - \ I l o - o - o  roo l l o - r  s 0 0 0 l c i  l i v  a l o c o o o i  i r a oos vo- r - .o-
c xi,. nod rno o o t o i j c - s  roo t l e r  c-nc! lio c o ’ oco u i -

lo ici “c ros s .

Rocl f o ’r End Sh ape I ‘ro e s-o n and o -c cno-0-ooi  n c  roof I cr  A bu i r s  l o o t o r j c o o u  1 0000  ! i l u o u  o u o o l  r o ol lo- r
end a - o a r  o- nd t oni coo -i so

cv ‘I’ at oe r ( ‘oo oo ceu oi  c o o - ro cl l o - r  0-lid it o-o or  -‘t h o r ’ . d i s t  r i f o , o i  i i i  o,U r o o l t e r  i r oot - i  ivo’
f o oro - o ’ - . -

llc- l lo - r  End I t o- o cr ano ’ e  ( ‘ n ero -n  roof o r  on d  wear - ‘i b O o - i ’ .  0 0 0 ; c \ j o o o r , u r o  r c o b l o ’ r  — k o ’ a - bo o g ; cc oo3c -
( t o o l s  o - I u o o o u g 0 0 0 g  o ’uod ( 0 0 , 0 -  - o o u u t a o - 0 f c o r o o-

IbcoUe ’ r  I h o r i c o - O c r  \ aria t  b oon I uo o’ v e - io  r c c l le r  o-ooil ao - o or ,  Aluo ’ r ’ .  n , a x i i a o o o o o  r o o t b o ’ r  sko .w iuo g aricob o-
ro l l er  oko d da oooc o go ’ ~o l u  o r ’ .  r o o l b o - r  I r oo o -t h o ’  I , o r c - o ’ s

I , 0 0 ( o r bo - ool j ooio  l oot- ’, c- i ,  ar id ( oo 000-e1001- oo - rool l o ’ r  A l i ce — c - t l o ’ c t j c - o -  c o l t  ! i l o u o  i t u i c k o o o - ’ . ’ .
o ’ iu d w o - o o r . r co l b o ’ r  skid ol an iouge .
o co c o o-a r .

J’ l . o u i g o ’  Heo gh i  I out ’ s - cot trod coo ne ’c ’ou i ro t -  roo t bo- r  \ lce r s Coo t bo -T ‘- k o - c ’ , h r o g  o o i u g f o ’  o u o o l
o - o r o l a -ear  roc h l , - r  o-n o l o o ’ o u i ; o c  ‘.0 ic ’.’. ao o o l los - u  0000 0 ~

1/ 0 0 0  c i  \ o o g o u i o c r  d ’ o o o u oc ’uuo  ro t -  ro c l lo ’ r  ,‘nol s i c- ar  A l t o - c ’ . r o l l e r O r , o o - i  c o o -  ( o o r o o - s  010 0 ( 1
\ l o s a l o o o r o u o o o ’ o o i r o - o h u o , - o-ol  i c o l i g u i c -  d o -  o l i - .i r i l o o o l  ho ’ , ,  o h i o - — - o- o o l t o’r (o ’ooct i o r o o t i l o -

!‘e ’ro- o -nm F ’l c o o !.e-n gu to ‘‘1 F o o t  o g o o o ’  l o b - c o r u d  u o u o o t o c r m a  errol A I O o - r — . r o o h b o- r  - co o l  o r o t i k - . 0 coo, l o v e
It o h o r  a c - o c r  f oo ro- o- .. 0 0 0 0 ( 1 s k o - a - h o i g  o , 0 0 0 0 0 , o - o u t

- \ ‘l ’EIait b\ (I-

Ito ol ler I ‘ l .o ru o ~oo ng la o ot d ( ‘ i i ,  c - o u t  ru t -  r oo lle ’ r ,-oicl s i c - c oo  I~o -o t oo o - i 0 0 00 1 00 r o o h f o ’ r  o -ouo l  o - l eo o r0100 o - e’  ob oe-
t o o  g ooo t o -  t h ong, ’ o to-Iho ’ o-o u o o u c  c o t t o N  o al I o l u o o
o liii k i u o - — — ’— ~o i u o l cool  o r  o ’ u u o l  I’ ’ ‘ 0 0 0 0 0 0  0
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TABLE 2. RELATIVE R A N K I N G  OF ROLLER HEAR IN (;  V A R I A B L E S  ( ( ‘ O N ’ l ’ I N t T E I ) f

I °oo. ’o.’oo Sb ’
It’,, / / o r 11, -t ur ing I ‘orco cob b ’  K/f o ci cf Variat ion ka t oo o,oa  to’

l ” lomo o go ’  F’oo c e Roo uu  0 ) o i t  t r oev o -ro roo llo ’ r end wear Ab c-c s u , u o o x h u u u o o r u o  co o l l e r  ,kc ’st orog an glo ’
otr oo l o lvno o  io u ho t oo, ! c o o - , -  I c oo l ,

l bco l lo - r  (‘ r o a n R ;o d i , cs  Foi t b go o e l i fe  arid coon c-enl r h o -  ‘ tb  0-c ’ .  c , c l l o ’ c  b o o o o o l  oc t 10-  n o o c o l h i  do ’ s
rooller  end weclr 0 cco o - t  u s - , ’  I - o r ,  c-s c c o i o t  .kest-ong n o o o o o u o ’ o o t

t- ’,o c-oa k-oh  R o l l e r  F ’loo t (“ at gu t’ lobe  oond uo n ito or no end A l t e r s  c u o l l o ’ c  l o c u o o b  ocoo to l e ’ . i r O o t -I so ’
I .o ’oigi bu a-ear ( ‘ cc -c- ’. o cr oob  cko ’ ss -h o u g o r uo oo o oen i  -

l”b omngo ’ t” c oce ‘t’i , c \  0 1 0 0 . 0  I T nes-e n cool er end wear - ‘ t h o r ’. o uu o o x o c o o c o n o  c c o l h e r  - .k o -u t  or g oung b o-
oo ood o b v o r o o r o o o o  o’noot  I c c u - o ’  ho co o l s

l ” l o i o r g o -  I ,o ov b ouck - ‘ t r r g b c -  ( ‘ rot ’s- coo coo hb o r er od wi - c o d  Al to-cs  0 0 0 0 0 x i 0 0 0 u 0 0 0 0  r ol le r ‘ho- us i u o g  an gl o-
t - c or o o - eni  rho -  r , ’ l b c r c-m o d a-ear oil  t u b o u c  0 hb t -k ooo- s s  oo od l o o c o t h o o t o  co t  o ’ oo , l

t oo, -, ’ o n i  a o l  t ro d -

l b o o l h o - r — (  ‘age l~o o  h - i  I toe s-e r o roo l l e r  c -roo t  a - c -cur  -‘t i b o o  0 r c 0 0 0 ’ . u o o i - .s oo ‘ 00  0 ’ !  om n \  ,- c ogc -
( ‘ lo ’ o or c i uoc ’o’ i i i ’ u  c o l o o l o t  v o o h u o ’ r o o o g  c c o l h o ’ c — i o o — g o o i u l c -

icing , ’ c - o a t  coo -i h o c o o ! - , o o o , ol 0 c o o - l i t , -
tc ’ c o -o- ’.

l ” l , ou o o’ o ’ ( ‘o o n t o n u r  t r o c - s o - r r  coo b l e ’ c  ,-r ~ot 55- 0 - o c r  - .-\ l r  u -c . . n o . 0  \ i n 000 no  r c - l f o - c  .k o- u s - ouog 0 0 0 g b -
(- o o o r , - o - r i l r b , -  c ,o l le c  end a-ecoc ‘il i ot oro 0 h o ,  k r r o - ’ . ’ .. , c u o o b  coo lb , ’ c o ’u oob 0 - 0 - r u

o 0 , 0  :0 c o - c d  000 ( 0 b - u - c o O  i _ r d

o - - °o ’J’E( ;I )HY 111:

l 1 , o h b o - c  t o r r g o h  \‘o o c o c o u i o o o o  t ’ nevo - oi ro oh k’ c end w o - c o r  A l to -c ’ . o o u c c o . 0 0 0 1 0 0 0 0 u  cu - b lo c -‘h o - u s i n g  t o u g h , ’

( ‘ coge I ’  ‘o h i o  ( O t k o ’ l  ~“ i o  oo o 000 cen o i o n b o - s s  o ’ x I r o - r n u o - . A b c- i . - ro’ sco h o o o n o o  ‘oko- wi n g I ‘ ‘ co o-
caoo scng o onc ’v e-r o coo / ho-c  t r o d  co b l o c o ’ l o - o o i o - r o l
a c - d I r

F {oo llo ’c End S o o r f o c o -o’ F in i sh  I - n o - s  o n  and c0000 co ’n i  ci, ’ r o o l l , - c  c \b t  o r ’ . o i l t i b o u u  I to o , - kuoo ’ s ’ . c t ’ 0 0 0 0 0 c o ’
c-rod a -c -o c r r o o t - u r i s  at  ro ( h o - c  c o r d ’.

(“b on go’ ~ u u r t c o o  o- t ” h ooish  I uo ever i  and  c0011 co ’o ,t n c  roo l h , ’ c  ‘ tb c-i ’ .  c o i l  ( r l o o o  t h i c k n e s s  co ’ o l oou c o -
, ‘r o ob w o - c o c  r000’nt s  0 0 ro o b h o ’ r  , ‘oo o l ’ o .

11 c c - o tt ccv ~, or t c oo o- l ” i r u i sb o S k i d  o lo ono o o ge - A l i t - c s  c c o l b o ’ r  0 ro ot -i s o ’  t o or ,  c ’ .  c o o l  I ‘ o r b
t t o h o - k r , c - ’ . s  r e o ; i o c o - o o u o  c o O s  c o o  r o o l b o - r
c o o - o ut c o t  c o  ‘mci coo - n

( co g o ’  ‘‘ ‘ c- h o t  So i c c o r o - r o o - ’ . s  (‘o o u O c o - o O t r o u  r o l l e r o ’ncl a t -c oc  - \ b O c - r ’ .  r c - ’ . n u b i o oi t  sho ts - trig ‘cc-, ’ coo t r i g  ‘‘ 0 0
no ‘I j o -c  ,‘ ho-ou oo ’ o u i  -

11c r , -ut , ’, ‘t’c cc ’ ,  o r ’ —.’. Skr o l  i b c c r u o c o g c -  l r n i o , o ’ . o - ’. o lv oo o r ioo b o-  b o u t ” oon c ob b -c c i t , -
ag s - coc c o o i  b oor ’ . 0 0 0  t r a o -t  cue ’  t o - n o , - - , c o u c h  ‘ ‘ o h

t i lnu  to i o h o , , - -.. o- o-c o i l ce ’OuOo ’o i l  ‘. - or  0 - 0 0 0 0

o c o c i

R oollm ’ r lo oper ( r i o - ’. c o o  coolbec o’nob a’ear .-°,t t o ’e - .  0 ccoo r o t  0’  i o o ro- o ’  t o n o o l i l e ’  i r oo l t o ’ r s  -o s
ccc li  o s i- b l o c s t c o h i l i l s  . o ( o o ’ o o i  i r c o r r ’ . s c ’ c ’ . o -

o s o ’ .  o b o o o  T o o  u o , o ’ . s n n o , o o , ’ t r o , o c l  oa ts ’. h i ’ .-
I ru h o oo ‘on

The second grmou up oof bearings , which  wil l  be ev o o l  i uc u t  o’d iu u od t ’r  ‘l a s k  \‘ I - were’ desi gncit e’ol us
G ro mi p—AF.  The scoo l ot’ o c t  t h i s  pt ort ioon of tim e’ pn ci gnoumo i l i n o i t c ’ o l  ho’ siio’ of  t his  group In t’ivo ’

iu i ( l iv id lu a l  be an i tug d esigns . Four is the ’ noc o x i l luo um n en no l i t ’ n  c o t  l o c l n co u oo ( ’ Io-e - — f o r  wl oie ’h the’ t u i c i n u i
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o ’ f f o c ’ t s ( ifli he inve s t iga ted  c ’ uo m p l o o v i n g f i ~ o ’ l ’, e ’cu n iu o g deo.u i gno s . ’I ’ lot -s e ’ f o ur j i c i r co u omo- i  c i —  ~o ’ le~~t o i l  f r o  ‘ n o t
‘o t t o - g c o n y  II . cire: iuuuue ’ n r i ng  guio l e ’ f lange- lavloa ck , inu n c ’r r iu m g gu ide ’  f I c o n u g t -  t - c o n o l 0 0 1 n r . mi ner r i n g  gu ide

tlau ig e r oo m co o t ,  anud ext c-m od eo l roo l l e r  f la t  le- n ugt h.

‘I ’ ABI E 3. P AH AM E 1’R I (  
- S’l’I I)Y l’OS~~lHlI .l I’lE~

- - oof l , ’. t  - - of / ‘u o r i o n n i  - n , - r ’. o of  0? l, o 0 o f ’ .
- I ’ . . ,  m u  l o f t ,  ‘. / ‘  / 1’ / ,00 ,- oiu, o u i o ’d ________________________________
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B. DESIGN OF PARAMETRIC BEARINGS

‘I ’h o- b a s ic -  n to l l e r  b oea n in og  se lec t -d to m t h e  designu o of t he- ( o to name t n c ’  hearings is sho owtm on t igure
~t i . This bo e ’ an i nl g is eused in t he  \ t u . ;, m c uin m sh c o f t  (mo s i t io t u  of f lue ’ ( ‘ 1 :/ t b m o lt - I  ~o r c c d c i e ’ t i u o u m  e ’u ugi n e and
b o ot s ku o’cu cn oo il at ed m oian ~- f hoo ins ands t o t  ho oe crs  oct sou ’cesst oti  rig c om idi e ’nig ine olie n c ul i ocuo .  In a c l d i t io on u .
this dc-sign incLudes geoomet ne’ amid too lenanu o ’c -  co o nt roil t c ’at lure-s d i r e c t  col at u u o i n o i m i i i n g  reoller
s ko-s vi uog and skidding.

‘siuig t he  i a r t i a l  f ’a u t c o n i c i b  s t o o l  st ic ’a l l v d e s i g n e d  exper imen t  a( o (o nooac ’ h ,  t ime-  e ight  lo e ’co n ing
do- s ig n s t h a t  are u i O ’ U c - s s c ir s  too im i o ’o r poor ate- t h e  sc ’s -e n s t u d y  p a r a m e t e r s  i s i f  ii I w o m  le ’ve ’ls o r t v o i r i a t i o n o
o - o o u h we ’re pre pare-o f .  ‘l ’he c oon i hin a t  0 0 0 0 5  t o t  t he  s - co n ia lo l e s  l oon  f lo e -se- eig lot ( noolu (0-\ l)e-aninmg s we re
o ’st cuhl i sh c - d Ii ~ I he- mat  nix sho twmi i mm t a b le-  -b - Here ’ I he I woo levels oct pa m mime-I e-r va n i a t  ionu are
r o - b u r o - s e m u t e d  b~- the ’ s vmiulo oo ls  H c t u o d L. for high au u d b o w , m u  i t  i c o l l y  t h i s  n c a t  nix w o o s  o r e - l oane d  w i t  Ii one’
b u c o inino g design clist r ib u ted  in t o t e - li ed l i me-  e- i gh t  se - r I  ic ’al c o o l t i m u u u l . m o  su i c ’h a n uann me- r  t h a t  t i m e-  no o a ino
o- f lo - u i r t  ott eac h va nic obol o ’ (‘00(11(1 he dete’rmima’d . F i oi w o- s t o . l i m i t c i t c c o o o s  in  n o c o n n o u f c t t t u o n i m o g  and
ifl ’.bit’( t iic nu capa bo ilit n-s mnade’ i t mn - t -t - ssar \ ’  t oo co l i c - n t lie- arrange—me’uo t o t t  t he- to’ ~I voonicobl e’ s whnc’h
re- sool t -d inn the  ma t r ix  it 5  shoown in t a b le 4. It is ant  ic’i~oooIe’ol t h a t  it will be possi ble to de ’t e ’rmim ue °
li m o’ mci i i  o t t o - o f s cof f ive ’  or six oof I he G e - t o p — N  v a n i a l o l o - s . cim i d wi t  ii in ot cl ditioc n al b o s h  c o o u i o l i i u u a t  m u .
t h e  m o uin n  e ’tfe o ’ts cot c oIl  the- vo o nic o l o le ’ s  u o i av bo o -  d c- f e r m i n e - c l .  ‘I ’ l oe ’ a c t  u n a l  levc’Is of t h e  l oa ram oo e l er
v o i r i c i t i m o n  h on c-coo - l i  ed t ime- G r c o c c ~ o - N desi gns . is wo-I l os t he’ bociso t - co n ’ l oase ’ l i u me he an iu ig .  are ’ pre-se ’ n ot ed

m m t o o h o o l a r  b e - n i  imu t o g u o r o -  27 . ‘I ’ loe - so- k-s c-Is we-no- e - s t c i l ibo s h e- d  ~om u I he- b a s i s  o u t  e - x l u e n i u m o e m n t a l ,
c u moc i lvt ne - a l , ma oo io lon ’ I  i n n i n g ,  o umuo l  ~i re: duct ouon o-x l a - r ie - nu c e- . i ’he ’ l i c o r o on ooe-Io ’ r s  o f t ime-  G r c o u i ~ o - N hearings
wh i c h  ss c-re ’ neil hic imig sI t n d i t ’ o l  ste- ne ’ n o a inu l a inueo l  at t h e  le’vc’ l oi sc ’d in  I Ia ’ lo ~o~ i~ l o e - o o n i n i g .  I” igurc- 27
also t’ la—cs i t  i t ’ ” t he  v a n o o o h k -  ( ia ranoc ’t c - r s  os c -u t  lo e ’r de ’s igno ton I o o l e ’ r om n mo - o ’ 0 - un i t rool led.  ‘I ’ ll’ de- si g i i
(io u na m i ie ’ t t - ns  Icc ’  t i o ’ c s o ’  w i i o , s t -  le°se ’ls o o t  v c o n i a t u o c n o  curt-  e ’ s t ahl i sbo e -cl  by f l i t ’  c b o - s o g n u  l ) n0 00 c-ss , w loen c ’cu s I lie-
v o o r t a t iou n levels tocr  f lo e ’ t ’ o le ’ ranm o o- Imran loete r s  00 no- c’stablisboed h~’ roo llc ’n boe ar im mg mm i a ooe u fa o ’ l  n u r im i g
c - a p a b i l i l  u t - s .
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E n um p leiving a proo e’edure ’ s im iu i l a r  l eo t h a t  ccondu cted for est ab l i sh ing  the  G r o u p - N  h ear imug
d esigns , the  G r o u ~o-A F lie ’o u ni ng designs we’re next prc ’pared feol b owing I lie- m a t r i x  shoownu iii t ab l e  i~.
This c oua l nix wi l l  permit  I he u m u t o i n e f f e c t s  o o f each of t h e  h our  p anamet  e n s  b o o  hoe st indied.  F igc n n e 2M
sh o cw s the  ac tua l  bevels ( of par ole -m eter s-an al oo om u s fou r each cof t h e  G roc u n p -A F  design os c o s wel l cos f’oo n t he
basic ’ or b ase-line be ’ an in m g .  A got i n .  as imi t he  case of t he  ( noon I I -  N l Io-an i n ig  ol e sigm i . time- p a r a m e t e r s  mucot
be ing s tudied were mu m ainu l a ine ’cl o t t  t h e  same- bevel used in t h e  basic ’ con b oa se ’l in ie beaning .

C, PROCUREMENT OF BEARING HARDWARE

‘l’he be c in imig m a m u t i f c o o - I core-n se-lected to f ’ahric ’at e the- 1 st -cc g ro t t o  os o tt j oara me-f n e ’  b oe c o n ino gs 5to i ~
th e  Spl i t  F3 a lb he an im ig (‘ci , (SUB). i)ivisioon of \1l°H (‘o o n p o o n a t i o c n .  SUB is ci j ) n 0 0 0 l o i c - o ’ i  if t I m e ’  bas ic -
No ,. ii m a i n s h o t f i  p c o s i t i u o n u  r o l l e n  hearing used in l ) n ( od cic ’ t i oon i  1 1 : / H  e ’ mogi om o-s . l i i  o o d d i t i t m n , SUB h o o ~
supplied o- xpe n i me - n u ta l  h oo nd w ar - of the  luo t ’ c i u -  12 - 1 .3 mm l o e -ar iom g ss’hi e’h l o ots  b c- c -n m e v c o b u i a t o - d  in
buoose line to-st  s too speeds o , t  3 ( )  \1 I )N  -

t o o t  a l o o f ’  1( 1 Group- N ( on na m et  n c  bearings were nian i u i t ’cie ’l ti red h on  I c - s t  m u g  hv SUB - ( ) ne- ‘‘ - ic - li
c ot t he- eight desi gm u s  shoown in f i g u r e  27 and t w c  0 d upb i c a f  o ’ b o o - c o m i n g s  foor no-pc-at I c - s l ing  st - c-no ’

~ir ou cti re ’d - ‘b ’he bear ings selected tour repeat Ic - s t i ng  st -o re ’ t ho ‘so ’ ic l ent  if  ic-c l is N ’ s  7 c o nucl -~ in f i gu re

Sp lit  l-~a lbhe a n in g  ( ‘ c o . ma uuu i t ’ao ’tuno-d a too ta l  oil ’ s ix Gnoo u i o - .-5i” b e a r i n g s  tour  bc - s t  - One ’ e a c h  oi l
the- live eie -signs s h t c w m m  in f i g u r e  2~ was pr odeu c ’ed amid a d u i pb i o ’oo l  o ’ i i f b o c -a n im u g N o . 22 svoi s
nu ia n i e u t a c t  cnre d loon repeal to -sb  ing.

Fi nn each o o f the ’ ( ;no o up— N amud ( l r o o t n p- AF be co n ings . del ailed d i memus i oona l  nue oo s io rem ne - n u l  s tof t he
beaning  t o m pomu en ls  sve -r e ’ mna (be ’ and rec’oord -d by SUB, This  was d one h o  en suore ’ I ho- t i g h t  o l e n a b i l v

0 tu o t  r u b  requir e d as dn ’tci  ie’d bt’ the demands of any  sf a b  ~.sl ui - abl y piamu uie - d pnoognc 001m amu ( l t o o  ot ~ s isb  m u
t he ’ J 0 0 0 s t  - l o s t  a m u i o l v s i s  cot ’ I h o -  e - x l o e - n im mm e mml c o l  resul ts . Some’ mo f ’ the ’ . spe ’o’if ’ic’ me ’as o oro-o n t-nts  t hat ssene ’
p roov io f o - ob  we ’re:

• I ) t n i en s i 000ls  i on c -o t t - h  noo l ler  I co i l  n mol l er s  being s c-n io o l i zec l  too  t a c ’ i b i t a t o ’  i c l e n u t i —
l i e - c o t  ioun I l e-ngt h. (l i o im e ’t c ’n . c’onmoe - r radiu s  n u o u u o u t o b  , crc owui r ad i u s , l en u g t h  uuf

c - o c l r c o l  c - v l m n d r i o  al so c- i  on to , f l c o t n o ’ s m c  t o t ’ ce-n u t n o o l  e - s - l inud n ic ’a l  se e - I j oin . ot t - s c - h  of

c’e mi l roi l c v l i u u d n i c ’ a I  se-c - l ion , roo l l o ’ r  e r o d  c ’ inc’ c n l c o r  r u u n m o o u i l  , co u id c-roust -ni dro op

• l ) i a m m i o - i o - n s  o t t  l im o-  iu imier o o u u d  ou te r  r ings

• bri e - en cuno l  0 0 1 0 1  o r  r c o c - t ’ s t I o s  e ’ t - o - °n t r i o ’ i t y  cond too ~o c ’ m

• R ooll e° r gui d e- ‘ -bu oo cul c l e r  t o c ona l l e - l i sno

• ( ‘ o t go - - p e u l ’ k v f  s u l u u a n em ic-s s  amid poor a l l c ’ l i smii

• Reo l o r  gi u i c le ’ . t icomog o - am i g lc ’

• t 1n nm u e u o nnt e ’ d iuu t c ’m n al  r ou o l oc o I c l ea mam uc - e -

• (‘ o u g u ’  l and cl o ’ ana umo -t-

• Siurfa e ’e’ f iu u i sh  ri t rol l e r ’— , race-s t ay m o d  g e i t o bo  s h o o t n l o b o - t ”

• (‘ ag o ’ o uno h a l comoo - t -

• R u o l  l e n — t o o  go i t i c -  f l ange ’  t ’b o ’ aran u’ o ’ .
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The in u sp ec’ t ium m ’ o data svhic ’h ac c ’u ompani ed each of ’ the-  G r o c u i t o -  N conm o l  (‘.r o nu p-A F h c ’an imi gs wero ’
rc -vi ewed an d mu o signif icant  dev iat  i o om m s were enn c ’oov er ed - Sin id ’e ’ t ip  t o o  ~-1 b~aC~’~ of inspec t i oomi r e -s t i l l s
we-re provided fcon each h e-aning.  the  in c ’ lcn s io on oof ii coomp le-te c ’ oo n ou p i l a t i oo n  of t h i s  da ta  in t h i s  r e pourt
ss- c u o o l d  he un orea l is t  ic. However , a s u m m a ry  cof these- inspec t i o o mo no- s c o i l s  has ho e - t i  p r oo v i obo ’c l ui t ab l e ’ s
G amid 7 w i t h  average mnea sure m ent s  shoown svhere t o , c s s c b u l e ,

TAI-3LF 5. ‘I’ES’b’ MA’I’RIX - -  ( ;ROUP-AF I m ABANII - : ’ i ’RI ( ’  U E A R I N (  ;S

5 RO L L E R  B EA R I N G  D E S I G N S
4 B E A R I N G V A R I A B L E S

2 L E V E L S OF V A R I A T I O N

• L -~ LOW
• H — H I G H

I —
Ui Ui
_i _J
am am
4 4

4 4
> >

0

2
4 4
LU LU

:~‘: ~~~~~~~~~~ ~ VARIABLE “J”

L 

~~ j H L H BEAR h NG V A R I A B L E  K

L

H 
-

— - ________ ________

L ~~~~~~~

H .  — ,A — ~
-
~
-‘-‘ -  -

F-I 12 3 22

NOTE: NUMBERS IN MATRIX INDI CATE BEARING IDENTIFICATION NUMBERS
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D. PRE-TEST PREPARATION AND INSPECTION OF TEST BEARINGS

l’ r e - p a n a t i o i i  cot  cul l  t i me— ( ‘en o o u o p - ~” io e- an iuogs l oon t o - st Sto o s  o o o u u u ; o l c - t e d . l-~ot c’ b b o e - o o n l t o c /  o o o u f e n  n imug woos
m u s t  r oon ue ’ nu t o ’ d  St 0 t h  10 ‘ - t r a i n  gouge ’ t o o  pe ’nnooi l mu m e ’ co sune m c ’u ut  ‘of mo u l le n  ~o co s s tre qooet u d ’v du r ing  l o s t  -

I ’ l o u i s , f o r  c o u c h  cml  I h I -  pro o g r o l i t i  m o s t  c ’ c u n o m l o i n u a l  io ouos in mp o o s -d it c ’coul d then he cl e -te- r momine ’d ss’lie-i bi er con
u m oo l  t im e- ne t h er c- Io ’ noo c ’m i t s  co re -  s k i d c l i m m g .  ,\ i s~ o , t lou ’  c -nd  c o c o s  tot c’s-c-nv n ot lie-n n n u l l e r  e ’ lc - nm o ’ t m t  st’e ro- c’oo p po -n-
f l o o s l i e - o l  t i e r  the-  r oou r l i oosc ’  tot b m o g h i i g h t i m t g  c— no b sv o ’ o i r  t h a t  m m m c i v  coc ’ e’uor  de o n iu o g  h o - s l i n g ,  ‘l i i i ’. ( orooc’e - o ’b c l n e
tc’o ts i m o c - oo r ( oeo na l o -ob  s j m u o - o ’  00 cbs m o c c u u u o c -  n m o - c t ’ - c i r e - n m e n t  ‘-s’sf c’m I o o  d e t e ’ n m m u i n u ’  t he- t i m o m e o t i n t  cot ’ roo ll c’ n s k e w
o c r  I lie ’ ,‘ o n m o c o m n n l  c f b o r c - ’ . ’ . i t r o -  g c ’mie ’r cnt e d liv l I m e -  ro obh- r  o - m m o l s  c om m I ho ’ j nne ’n mimig guide f f o ) t c c / o - s OIl 0 0  b O ( ’ c m n 1 0 0 7 0
b oo s  t Ou t b o o n  s c o e - o - e ’ s s f o o i l v  dc ’veloeped . I) nco _ t o ~sI ( o ne- t o o ’ina t  c o mm a l s o o u m mc - buu o l c ’ d  the ’ \vc-oo. h i u o 7 :  t o t  e’ac’h
n Ih -n .  Uo-po ’a t i ng  t h i s  s t - c - igh i no g pr 000 - c ’ss a f t e r  lest wi l l  ( o e ’ n m u o i t  d e ’ t c ’ m m n i u c o o t i o i m  of h oc- a m t o m o m o l  co f r o o lle ’ r
m l u oo ss b uss att n i bt uta b o bo’ I c c  w e a n .  F o r  t h i s  n oe — as ui r u ’ m umc -mif . a l a b i o ona i rv ( ‘h n i s t i a n  B e c k o n I ’OUft -\ ( ,
Ho ’ o t b o ’ . \ loed e l  E1\ I . stoos c i se ’ o l . Also , o ’ co t ’h out t he- r o l l e r s  woo s n m e ’as u ured f o r  s t c o t i o ’  skew c o m m / / I c -  o c t  t o u m m o
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ol loo se , ’ecl hv time- m o  toe-n rae - c-w o os’  gcu ide ’ h a  lo ge - s - The’ pret e’ st no c h Ic - n  w c ’m g im t  amid ‘- t a t  c ~k o w  a uo g l c ’
nmm e a su u r e- moo e ’nt s o o l o t a i o m e o l  tour  t h e  I ;roo c op - N heamioigs are f o u un m o l  in I cu b Ic -  9 . A ls oo shc osv ou are’ b ho ’ F i r -I c ’ s I

: ov € ’ r c o g e  nco l her wo . - i gh l  s f’co r t he -  baseline - bc-coring. ~ 0 lii j Ia n t o ’meas u o nc-mime-n Is arc ’ noos e,’ Ioe ’i m ig n m o o de - o ‘ m m t h e
1 ; rO0e l F ) -A ~ l) ean im ugs .

‘l ’AHLE 9 . PR E-TE 9 ’I ’  1,V EAR R E L A T E L )  \ I E A ~
I/ R E N 1 E N ’l ’~4 - ( ;R ot ’P-N HE , -\ R I N (  ;9

/Io ’ozrorc// - l o t ,’ Roil / c r  Ij ’o’iA’I)I ‘ ( , rc oro c  ‘ . 0  j O , ,,,’ .‘*h o ’oc 11 00 .0,’1, 0 t l i o t u l o - ’. 0

‘s o , .  I ‘oofht oh c -il I ”/a. ’ohi od  I m c / I o o ’ . b c o -o / I’ /o n,’Joc o/

Itoosc- h t n u e ’  ~— — 1 :1 .O57 . ’~
1:1 ,2 4/77 1 : 0 . 2 0 7 0  1 1 . 110 ISo 2 / c

2 101 2915 1: 1 .2/ Ic/ I I I  cl I I  7 / 0

O h 1:1 ,2 - l I T  k1 .22 77 1 0 . 1 / 0  1 1 . 1 10
0 //1 .27 ;’i /7 1: 1 . 27 : 10 1:1 .7 1  . 0 0 0

1:1 .2705 1: 1 27s5 1:1 .1:1 1 1 . 700

9 12 ,2-I ll I:( .2 I2 I 1 . 1. 005 I I 22
12 ,2 5100 1:1 . 257,:) II I  .s7 1 0 0 5 7
1 : 1 2 1 1 1 ;  1 : 1 2 0 5 0 ;  l I l T  1 . 1. 07) 0

t o 1:1 ,2999 1 :1 . 2/0:15 12 ./c l, 1:1 ST

I I I  1 :0 : 1 :0 to o 1:1 :1:01 7 070 . 1 0 1  l O T s

m u  addi t  icon too the lie-coring ma n ufac t e oner ’s p r etest ioo s 100 ’c ’T m o n  do i l  ci , m n—h o t o ise  im is l ) ect iouu i
uuuea sc oren ou ents  sve ’rc- made amud necoorded dur ing  ins t a l l a t ion  oct I lie- b u c ’ c o n c n g s  i n l e t  t h e  test r ig ,  These
mi u e a s c one u um e- n l s  included the  f l /s  oof t he  inner  r ing on the -  s h a f t  and f loe ( coo l e r  r ing  in the  s o o b opco n l
imouc osin g .  mime i ns ta l led  i n t e r n a l  radial  clea nam ice o ut ’ t he  test hea r ing  timid t he  axioo l n m i s a h ig n m mi e ’ mi l  o of

t ime  im ist omll ec i out en n imug.  The act ua l measurements  ne -coorded t ’o c r I lie ’ G no t o p - N  b o eo o n im igs I hal lmo ose ’
lie-c-mm test c-il tcu  date ~os st-elI as loon t h e  b aseline hear ing  test ed are - -h 55 00 in t ab le 9 . It is b olo t m u i uc ’ d
t o o  n m cike -  s i m m u i l a n  preb c-s b measurements  on the  remainder  o o f the-  Gro oc op-  N leanIngs as ss’ell cos oon I bu t
( ; no ) o u p -A F  i ) ea ni ru g s ,

‘I’ABI.E 9. i~UE -TE~ ’I’ RIG RELATEr) INSPECTION \IEASI ‘RE \IE\TS
(‘,It OI T P -N HEARINGS

- oo r o li~ ’ \ c o  ‘00 h o ,  t o

B/ 1~ 2 ci 7 9

h c c n m o - r  I t ong  F ” i t iou Sh o o l t , 1 m m . 1 ) 0 0 0 cc/c/ b ’ 00 . 1(0 9 iT ( 0 . 0 0 0 1 9 1 ’  10 0 0 ( 2 1 1 ’  l O 1 0 0 0 7 0 1 1’I’
Irnlo— r mmtul  Ftouolioe I ( ‘ be— ara n c ’e  I ns uou bho ’ oI , I n .  11 0 000 27 l 0 0 0 1 c I : I  0 0 0 1 , 1 : 1 0 ;  ( 0 0 ) 0 0 1 0 0
()oo uc ’r 1-lim u g Ho on F l ooo n sing , in .  (1 , 00000051 , 1 ) 1 0 0 0 0 1 5 1 .  O O , 000 000. 7 b ,  0 )  1 000 0 051 .  0 1 1 00 1107 b ,
000 ic ’r  F t i u c u  \ T i ’ o o o I o t ~mm nm me ni ,  ol o~g (I I I  0 0 11 . 1  0 0 . 1

‘I’ ‘t ’ig l o o F~it _ b .  I , oc, o se Fit  ___________________________

E. ROLLER BEARING TEST RIG AND INSTRUMENTATION

The test rig shown in f i gure 29 is t h a t  which is hei cug insed l oon  t h e  ex p e n mm e t u t a l  e ’ v o i b o o o o t h o m i

o f  the parametr ic  hearings . It was our iginal b y de sigmied and f’a iun icated sp eo’i fl ca lly t’oir deve ho ipm c ’m o f
tes t ing  eof 115 and 124.3 m nou bore d iameter  cy l indr i c a l  roller l ie-comings . Re ha l  ov o ’lv t r coe ,I b ) l e -l ne e ’
co l ienat i con has been experienced wi th  this  rig in the more t h a n  “91110 hours ott ’ testing ac - c omuu c u l a t c ’ o l
to  date . e f  which owen 2 Fo () hours were at speeds of 3.1) M1)N.

The test rig ce ins i sts oo f a cy l indr ical  housing ,  w i t h  a h v d r o o u o h i e -  load cy l inder  located c e u m t r o u l l v
on l o o p  cu t ’ the  housing to app I~’ a radial  I co a d to the fe-sI b eaning.  ‘ l ’hr - o ’  h e -aro mugs  are Iou ’ated on mu
o - o . mmoin shaft ;o s so -mhl y in the  rig. ‘l’hc- I won hearings neare st thc ’ emid s u f  the  shaf t  assembly arc -
rigidly m ount e -d to the  ho u u s ing .  The ( ‘enter c o n test hear ing  is m oc u on l e d  mo a carrier a t tached t o o  t ime-
load o -v l ind er  p05t ,  mm and is r o ’d i a l lv  guided b y  t ro i l  ks in he h c m u u s i u m g .
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R o ic l i a f  I e octd . o i l o l o l i c ’ ( i  t o o  t he- h o ’ ~ t I ue ’ oon’ inug  b y  1 ho’ ico ;od cyl i m m ob o - m , is tno ot m ’- mmm i l tool l m n 0 0 0 0 c / h  t ho’
sl m c o f l  : t ’ o s e ’ i cob t lv  I c c  l I m o -  e - nmo l  b u o - c o m - i m m g s  oom od t h e - m o  I b m n o o m o g h  l i m o ’  c -mod b o - o o n i m m g  e ’ c m r r l o ’ n ’ -. I c  I lie ’ l t o ’ o o - .i tcg

‘l I m o - s o ’  I ) e ’ o o r ium g ’ . co ne- t ’ cpuo o lI ~’ s t o c o o ’ c o l  I t ’ o u m m t he-  o - o - u t f c n  l c o ’ o o m ’ o n m g  ou n od o - ooo -bc o - o t r n i o ’’ -o b o c o l f  I he- bcc ao b  c o t u b o h i eci

b o o  t ime— o’ e—nmte ’ r  hc ’a minmg , ‘I’ b u is  :o r u’ : o t o ~ o -m m o c ’ nml n io ox immi i , e ’ s  t l i g u m u o o e n m t  o - c c m l l  roil c oo m m no m mg t io c ’ I c o’ol rciu // ’— ,.‘0,x i~u l

bocc’ o t t i o o u u  of t ime- shaf t  o m sse - m o o b dv  i5 e - o o n o t r o c i l e c l  liv time— b o c u l l  t h n t m s t  b o o o t n i m o g  o i o o u o m m u t o - o i  o ut  l imo ’  d n o s  c ’ o ’ m o o i .

L i o b i n ic ’a t i o o m o  o ouod c ’ o o oo l i mo g to i l  is scopp hic ° d t o o  t h e  1, - ’ - t  b oe- conim mg liv oI i r e - o ’ I i nog  c-f oo i i im m g m b ,  b o o t  Ii
s ic b c- - — not ’ t i me ’ hc ’a ni m ig c oos - i t s - , Oil is ~i I s oo st o pp h i e c i  s O ’ b I c O r o I ( o ’ l v  I t o  a x i a l  s l o o t s  l oocouf o d o tuo o b o ’ r the’ n o o tou f i t m g

i001 me-r n i l o g .  R oo d i r o l h co i o ’ s i m i t e r c ’ e p f i r m g  00 m mi o r r u b n - r  to t ’  c o x i o u l  s u c H ( I ir o ’ o ’ f  l o o b o r i o ’ c o l i o o m o  t o o  f i u o -  o u m m m o r n i uuo1
mool l e n  g oo ode - f ] o o  l O g o ’ s .

‘I ’I m e- l o s t  r ig  if se-If is so ns io ’e’ d by t h e  l c o h n i c a t i c o o m  svsbO ’iii  s h o o w u m  s o ’ t m e m n o o f i c a l l v  ium f ’ igo m re-  Il l .
l } c o— ‘ . v t o - m m o  I oroo t ’ id t - s I lie— t ’o o h l o o w i n u g  t ’cu u m e’ l  in mis :

• Scopp h ie o-o coil too time- m e-st i oe - c o m i l o g ’ .  os s t - o i l  os t i m e ’  r ig  s l o i v o -  i o o - c o r i o m g s  l o o n
I uh n ic c i t  comm o i mu d le ’ uuo l oc ’ n oi t  tore ’ e’o i n m f roil

• Soo l o l ohie s coil t o o  the ’ .  speed inc r e a s e - n  g e o o n b u t ’ x  h on l o m b o r h ’ o o f  icon oil ’ t ime- c~c ’ : or ho  ox

boeco n100 gs o imm cl go-cons

• Su pp lie s pn e- sscln iiit m// coil to o the hvdn 101lb m c l oocod e - v b u mmd en o c t  t ime ’ r ig toe roodiahl v

Ic c o’od t h e  fe-st boeoun o mug

• (oont roil -i oou u c i n o n u m i i b o o ns t lie I emuiperat cure’ , I oro-s ’— o ure cm ii Ilco se, ’ o i l ’ coil 5 10 t up lied too

ea(’ii pco rt o of t he  ss’ st enu ,

‘I ’ b o e- l c o b m n i c ’ o o l  i o on i -.vs teii i inc l t odes an coil nc’se-rs’ o , i r  sv bi o o ’h s oo; i i ohi t ’ s  co i l  I o n  t w o ,  pn e s s co mc -  ~~~~~~~
m i m ic ’ oof h igh  ( - co p a o ’ i tv  oo n md tunic-  oof boo t y  c a p a c i t y ,  “I’ ime ’ h i g h — c o o p o i e ’ i f v  m o o c r m i i u  s l q O l I I i ( ’ ’ - t o i l  l i l t e n e ” c i  t o o  00

l e -s -c ’ l o c f  l5~i co b s oo l c o l o ’  b o o  t h e  l e s t  r ig i m m t e r n o o l s  and t o o  f lue ’  g o ’ con hoo ~~ ’l ’ b it - I o o s v . o - c i b ooo c - i t v  P IOI’Om I ) s u u l o l o l n ’ ’ .

coil  I n n  t lie b ond e ’v h i n ode ’ r st’h ich ~n s i de’s t he  rad ia l  b oo to d too  I he’ I est b m e o o n i n m g ,  ‘I ’hc ’ I c ’ m o m l ie ’ n ot t  lore-  o c t  t ime
coil too t ime ’ t o - s b  rig is ( ‘o o n t n c i l l e d  l iv ci heat  e ’xc ’h c ’om o g c ’n tn t  i h i z i n g c - i t l o c ’ r  }ui gh - ~oro -ssu or e- s t e ’ c l r r m  f oor  h o ’ oo t i m ug
co n st- cole-n  fo u r  ceo c o l i rug .  ‘l ’hree delivc ’rv i onammche s  supp ly cub t o o  t ho -  l o s t  b u - c o n i n m g ,  ‘I’v,’ co oi l’ t he b u n c o t t o - to c - ’ —
s m o t o i o l v  the-  beaning  st - i t  h pn i momarv l t uh n i e ’a t  it on and l im o os -i de ’ c omuf  c-n no 0 mg I c - mmm T oe n oob cure e ’uum i t r o ob - ‘l ’i me ’
I b ind bt r o um oc ’h  ‘ .c o ç ujmIio ’~ coil t o n  the- test boe’aning four i nne r  m i n m g  I e n m m l o c ’ r t i t  come-  c’ oi mu l  noob o i m m c i lub o n i t ’oif i oe tu cot

t ime im u muer  r ing g m o i o lc -  f l aoogc ’ .s ,

I n st rc onme ’nt oo t ioutm is pn tmv i d e ’d too nu e ’a stm r e the  impoosed test ( ‘ c m i i i  i t  l oins , f lue ’  b c ’an imug n o pc ’ rco t  mug
e’oc uioii t  icons , cu nud t he’ oo ~o eroo t in og  c ’oondi t hu n s  c ot ’ t ime test  r ig ,  ‘F h I s i mmst  n t u n u e n t a t i o i m i  e ’ e m n m s i s l s  oc t

o ’ o t m s ’ c ’ i c t i c l t O o i l  ( l e s l I e - s wh i c h  core- m a i n t a i n e d  by time C u , m u t r : o o ’ t c o n .  ‘l’oo i o b c ’ 1( 1 l i s t s  the— mmme ’ co s o l nc ’ n mc - , o t s
c e h o t  ooi ned o o mm d i d e nu t  i t ies the  co orre spoonding type  oof  j u st n umn i e’mi l o u t icon e ’Imm p l t u v ed  - M co mo o o c i I r ee’ ocnd im o g s
o e f coil  mo t e - o i s co ne rne ’ mm l  s cu r e- made c-s -c-nv 1(1 minu te - s du r ing  I he cab i b roil  icon ~oo ort iconu o f  the ’ expen o n oi e mm l oil
r o rom g n a m u u , l ) t nn imi g  I he’ endoo r o o mi o ’ c - test p oint icon oil ’ t h e  pnoogr 0000 m ne -c-c o nol u mugs are nuade ’ ooum e ’e evens’ 2 ( 1
lo l o mmoob c’s .
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SPEED INCR EASER LUBE OIL

R E A R  R I G BAG L U B E  O I L

LOAD CYLINDER OIL
5

TEST BR G INNER RACE COOL ING OIL
TEST BAG L U B E  O I L

5 5 5
— F R T R I G BR G10 L U B E  O I L

— 8 8
5

DRIV E S P E E D
MOTOR INCFOEAS ER 

TE ST RIG 

~~ LI
c 8 8 8 8

05
CITY H 0 STEAM

8 8

7 — 4  1 1

OIL RESERVOIR D R A I N  D R A I N

9 1
8

CITY H2O D R A I N

1. HEAT EXCHAN GER 6. P R E S S U R E  D I F F E R E N T I A L  GA GE

2, FLOWMETER 7 , P R E S SU R E C O N T I R O L V A L V E

3. HIGH VOLUME PRESSURE PUMP 8. FLOW CONTR O L V A L V E

4 . LOW VOLUME PRESSURE PUMP 9. STATI C F I L T E R

5. PRESSURE GAGE 10, HYDRAULIC LOAD CYLINDER

i ”igooro ’ ‘19 . Lu hri o- cztic m -°‘c’u ’ ,xtvm f o r  7’o’ .s -t Rig

77



TABLE 10. TEST INSTRUMENTATION

,~ I c - o o ~o o r n - l o t ,  ‘P o t  In s t  ru an c’nl (0 m oon

In m uptosed ‘rest ( ‘oo o cclmt o nus:
R ig ‘ . I i t o t i  s loeeml Tarhc omeier g e om c -ra 000 r so gnab  room m u n l u o m i  m o o  7 :1 r 000  i to “1os ’ed c m m c -ro ’ c tso ’r . w i t  Ic

Oac’h oo me te r  re oo d no uo l -

A 1c 1eb ie d ro o diat Inta ct Pressunre map  am l’ov c l r o m o t b t m ’  b o o c o o b  e -v l io mt l e ’ r  s i0 1 0 l oh v  pnoru , w o i h  I t r o ’ ’.~c o r t ’  go c co c
reumdoou t -

( O i l  tl oon ,v m oo le st hearing ~c’lagn e-t ic i vjoc ’ coi l  fl t ov , ruo o ’i er s c t o t  Ii o b o r e o ’t ro - o ,c b o o c m t  - c ns loeh he o t  on ce i l  ‘ . c t p l t h \
li mo s ’s .
Pressure laps iou toil  ccupp b V bj u , ’s  wo O h cr o ’s~o c r e gage’ readootot s

t O i l  soo ppb v ie - m p er a to ore  ( ‘ h roum e b—ab c om e t  I her m ooc ’ oon op b o -o  o n c ’ . u  t I h o ’ o I  tom comb ‘ . c t I o l t I v  c o c o s , w i t  h c o o l  m m c l  cal
m s p e  readcu m ,ot -

l o s t  }-Oeoor i mug ()~uer oct in g C ondi t  icuns:
(‘ age’ S Imeed con s l i p S im m gage- c’e m - m m c-nted t oo  010 ‘‘ I  ‘ 0 0 0 1 c r  r io ug .  wot lu cI c o0 c i ~t I r , ’ ; oo b , o o o l

( O o i o c ’ r  r ing t empera ture  Ch r o o m e b - a l u m e b  i h e r m m o o o o - i o t i o , c lo ’ o i c c — c o l I c - m b  m m  t i o o i o s i i c g .  c ’ o o n m l c e o - o o n g  Ioo ’~cr o om g
0 , 000  er r ing ,  wi oh ponm en u tool i s -I 00 rc ’ o ocb o l o t  -

Inne r  r 0 0 0 g  t e ouc l o e r 000u re ( ‘hrc on o e ’l- a lo m eiu e l  t h e r n o o n c o o o o ; o I o - ~ i n smoo bho ’ c l  i o o  s b m o o b o  - o ’ no m m m a o u n m m g  I o o ’ c o r c o m g
inner ring. W I O  h 100 t o - o m l  i ah  t t o o ’  ro’~c o l o n n m t  s - i o o s b i l o - r c o m oc ,

I u o s c harge toi l  t o?m ioera 000 re  C h m u o o o c ’I — a b u n o c ’ b t h e r n 0 0 0 0 ’ t n n l o l o - o  in s ic o bbe ’ o l  i T o d isc harg e ’ mob r ig  001000ps , wi m h
I 0001e’ omt nab tv jo e  r e-oo d ooomi  -

Ft oor set oo ower and 0 onrq us- I i i  ro ’o-i reading o - o c l t n oe l  er a m m cl c -m t r re ’m u t  s o l o  - c O  ong  o ( o  g i l  of v o o 1  i 000 0 o’r.

Rig O per oo i m n g  (‘o c n d i t i n o n s :

Rig hearing te ccn lu era uoi re —s I’hro ,mo ’ l -abtome ’ .l 0 h e r n m c o o ’ t o o o t o l o ’ ’ .. o n s ic o l l c ’ o l  in hotu s in g ,  o o o o c t  1,0 - 0 to n g boo ’ in r uo m g
0 , 0 m m  er ro ngs , wi t  Fm I 0 0 0 t e n (  al 0 Yl ot ’ rc’a ct o toot  -

Oil bl ow m o ,  ri g h earings Magnet it ’ I ype  I l to wmet ems w i t h  dire ’o -u r e - c oot ‘ o i l ,  o mis t  abbe c l in n u b  000 I O b mlV bu m- ’ -

Press onre taps  in oil supp ly h ome s so i t  Fm o o r o ’ s s o  ore g ; o go -  r e o t d o o t m i s .

\‘il o r o c t i o o o m  Acc ’el eroome- t ers I F N I  oI ’V I  ‘0 . 22 :rIKl  nuoo o t i o o o ’ d  in s- c- r I ic -at co nuc l h o o r o z o o n i l c o l
_________________________ ____________________ lolane t on Ic’s t ri g, w i i h  v i b o r o o u i o o n  o l is i ob oo o - i i c o ’ o o m  m u t e - O c r  r e c od oooml

F. EXPERIMENTAL PROGRAM PLAN

A l t ) — h o o o i r  test program tcu he folloowed dur ing  the rig e-s c obc .oat icon o of each  ou f t h e  Gro n p -  \1 and
( ; m u c u l i - A V  b ucorametr i c  hearings was prepared. The’ pnogr ar co c u s sht own ir u t oohb e  l b  was designed b , o

ob t a i n  hoot h calibration and endmnnc once test data feon each cof t h e  hear ings , ‘i b m ’ c ’ a l ihnat i e omu sect o o o nm
ccons ist s oof  30 separate test  Cc omi ) ina t i t c ns  which were designed too oo i u b coimu b oe ’ o ln i n i g  ou i oera t i eo n al  , i o o t  ci
w i t h  va n ia t i c ons  mnf speed , oil fbn)W , r ad ia l  load , and o o i l  t em p er cm tuom e ,  The inmp o o s e d ( ‘lOl idit  ic omm s  o om e
m a i u m t a i n e d  oil each test c c o n n b i o u a t i o o n  f i n n  I I I  m i i c 0 0 1  i-s . F numm f he to l ) er o ot  i to mia l  I c -sf  d a t a  o ob ) Io i in e d . I ho ’
f ’eolh owing p e r fo m nm o on ce  pam mo -I o r ’ -  en ‘u t he ’mu he- d c l  ernm m e d  l oom c-o u c h Io e ’ani m u g:

• li e -co t  ge -ner ou tioo n
• E l m o r s o - I 0 0 0 W 0 ’ r  am id ( e orc l u oe
• I l o ollen sk i ( i
• l mmner  an (l c m t u te r  r ing  t hc ’rnuo ol  s t a h i h i l  V

• ( l o o t e r  to i r uner  n imug t hc-rm m mc ul  gm adi c -m i l
• ,- \x l o ~b and c i rc cn mfe r e nf i a l  t he -renal g rad ien ts .
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(.)nc’e the calibrat ion poort ie)n of the -  10-hour proog mar n is e ’monup b e ’ted.  e ’mm de on om nuc’e ’ test ing  w i l l  be
c’om n d t n e ’t ed too cosse-ss t he extended oop eo ::t ing p erformance o imo d n c o l l t r  we-c on d o u m a h i l i t v  c o f c -co t - h
beomn iuug design. The first 4 hcours cof endurance tes t ing wi l l  he- ccomidu c ted at the 30  M1)N s t e a d y-
state ’  cc onditi crn ne uted in table  11, Four a specific hear ing test w i t h i n  Gr oou i o-  N the  level o o f the- coil
fltow variable ou f e i ther  13 or 29 lb/m m will  be determined t ’r t onm Flue Grouup- N bc- c oning dc-sign e ’hoo r t
shoo wn in f igure 27, The toil ticow four  the Greoup-AF hearings wil l  be maimmta i u med  at t he  baseline be t e l
cof ~( O lb o m o imu since oil flow is neil one eof the vooniabl e pananmeters t ’oor thi s group. In the  t i tt Ii hoo oo r

o i t ’ t he  enduranc e tes t ing ,  t he  hearing speed will  he cy cled l)etween the twoo speed bevel s indi (’outed
in table 11. A total cof 30 ac ’ceberati omn -decele ma ti e on ‘ c - l e - s w i l l  be c o o m l ul e te d eon eae’h bc-coning ,
s i m m ic o l a l i u mg t he  type  euf t rans ient  eoperat ion f oo und in gas tu rb ine  engines where a( ’ce le-nate d boe c on ing
wear due too skidding and skewing may he enconontered due too  t h e  rap id ac celenat io mn s experienced
by the  roo ll er elements.

.\ t t h e  c o m p let ion c)f each  10-hour test on t h e  Group-N and Gre oup-A F bearings , t he
experimental  data will  he reduced t oo t ob ta in  the  i n d i v i d u a l  pen ho nman c ’e pan a umm e t  c r 5 . In o iddit  io on .
t he  t ove ra l l  c t ind i t i eo n of each hearing will he n coted and anu v distress eon unus coal we -con svi l l  be
photographed. Each r oller e lement  wi l l  he weighed and al soo ni casumed t , o n  t he  s t o o t i c ’ amu gle onf t t o rmi
thoot  is a l lo mwed w i t h i n  the inner ring guide flanges . L 1 s in mg the  lure-t e st  amid I) cu st - 0 ( 5 1

n oie o o smu remm i ent s . roller wear as determined hv weighi b oss , and nm o ll en  and gt oide  f lange we -our as
de i er mo uine ’ d by o’hange in sba t ic ’  skew angle will  be de te rmined ,  Each 1) e-ar ing sv i th im i  e i t he r  Groo el t o .
N o c r  G r u i u p -A F  wi l l  then he ranked eon the  basis of wear. Then t using s t a t i s lk - a l  re -gmess i cnt l oom io i l v s u s
t ec’bmt i i qt nes , t h e  hearing parameters w i t h i n  each gr - (I I ) wil l  be ranked toni t he- basis cot ’ wear ,
\ lmo di l ’ i e - c o t i o i n  too  t h e  ana ly t i c a l  moode l . based con t he  c -xp e r im e n ta l  penf cm rma u m c ’e arid weom n ne - s co l l s ,

wil l  the-ru hue moode ’ ,

G. BA SELINE TESTING

Baseline exper imen tab  data  is available con t ime ‘l ’i- ’3() e m m g i n e  No ,. 5 l 2- l , 3 m mii bcu c o n inug l oon
t - oo rm ip a n co b  is - c ’ uosc ’ when ana ly z ing  the  p arametr ic -  test  bc- coring re-st i l ls , The’ b c- co ring woos rig-
e - s-o i lmo a l ed  foo l l oowi r ug t he  test program oo u t l ined in t ab le- 1 1 ,  I° n i o on t o o t o.’s l i ng .  all  u of t h e  r cob l e - r o ’ omol ~
tve- ne’ o- i ob up en - t l a shed for the  purpose oil ’ h i g h l i g h t i n g  wecor . 1mm addof  m oou i .  t ) n c ’I e ’sb sv e - u g h t  omit-cm-
suinements oof each rm ol l e r  were eubtaim ied and the resu l fom nt  av en coge v col to e is I hoof sho o w oi  O h f o I b l e ’  -~~

‘l’hc- no ull en static’ skew inspecticon eqeoipment ensed bate -n in the ~inccgroo nii woo s n m o t  ~‘e t Iit’ o i l l c i b O l e  t m I

per mi t  this rneastomement too he made con t he- baseline becoming . ‘I’he 100- o n imi g woos u n s l  colIc-o h m mt e o I hue
to - s t  rig w i t h  z er om tou te r  rac ’ewav axial mi s c obignm uu emot  amid I he- m m m o o u m u t  ed m l  c- m oo t radial  c - l e- o orcum oc’ e ’
WOO S measured too be l) , 0()2F o inch ,

‘l’he basel ine bearing p e-r fom rmed snuoucot hbv I h n c n u g h o o o u l  t h e  tro t ire - I e - nu - b m c o t u n  1) 1m m m mm c l r io’
proograt o m - I’ e -rt ’o ormance was stable w i th  mumu i u md i c ’a t icon m of

, 
I loe numu c ol  i o u — b a b u i i t v .  n oo l l e - n  e -bc ’ nme-n o t 5k iii ,

o c r t - i l o r a t  i cona l  i n s t a b i l i t y , The t e-sI res snits  are shcuwn ir u t ig tur e s  31 I h r u o t o g h u  :13, Fi gu re’ I I  sheow s I he
h o o r so ’ ; imo w er  levels required t oo d r ive  the- r ig  sy s tem sv ct  h I he ’ bas e - l ino e -  i oc -o un momg i n s t  aI led t o o  ‘.po ’c-c ls oct

t o o  \ I l ) N  Al so c shoo wn l oom c eonmpara t n ’ e -  p c cr luoos c ’ s  is time ’ d a t a  oo bo ta i nc -o l  e ’ar l io ’n i m u o i i o ’ c i t t o o g  f l i t ’
cum i’o o a u mm t  o i l ’ h oursepc owc ’ m m ec i o oin e d I to  drive t he  same ri g s sle nm b i l l  s t ’oI  heo t u t  a b o c ’ o o n i o m g  m m n o o u i m m t e d  moo l imo’

cc- r o t o r  te st  1 0 0 0 s i I  i on .  SI udving f ’igc onc  31 , it c ’aru be sc — c-nm I hat  t h e -  ous t  a b b o t  iooru of I he ’ b ooo s e - l iumc ’  I w a r c t u c ~
inu c rc -oe - c ’ s  I h o - rig st-stem power requ i remen t s  by an coverage ‘ o f  7J ’i imp imo t ime  s f o ee i l  r 00001z o ’  oo f  ~h , I O  I c e
1( 1 \ l l )N  - I t  is i motem u d e— d t h o u t  t he  rig h i o n 5 o ’ p  ot to-n dat ci he oc s e -o b Ico r o om m k time ’ re’lool I t o ’  I ie rt ’o t n i o o c u m o c m ’  o f
t in - v cori 0000 s hear ing c b e ’ s igmo s  This doo l a s ho ,~ ld flout he o - t o nu s idem e o l  as diro ’c ’ t  mooc -ou s t onc - m o m e ’ n mt  co t  b m o - o o n i l u g

~~~~~ b usse s si m ic - o ’ t he  ba se- lo on t h i s  da ta  ss’cos oo bi t a inuc—d s s - m th c c uo t  app lic ’ d r oo c h ia l  b ond ing m d  st-il  h o m u o t
r o co nm o o o u l  i t uh r i o ’a t  icon , R oobber  hearing heal gene-rat imon o unm e i  e ’ Io ge —I co - io e ’ co r im o g  s l oe-c-el moot i t ,  ous  cm f’ eo n e ’t i c c m m

o of speed can he ‘ - c -c-cm in f igure ’s  12 m m d  13. Fmg o or o - :12 i m i o l ie - o ml o ’ - — I h at  0 t’oonio o l  I t o h  u i cI~)p bie ’d r o o o i i c o l
b ead 01 Iboc-  range o of 2.~o O l  too 10(X) lb has a moe ’g l ig i i o b e ’  t ’ t f o ’ o - b  con be oon imog heat  ge’muc-nal icomu , ,-\lso o . It coon

he- s e - c - m o  tm I boo - same f i g u r e  tha t  t ime c - ou go - - t ‘u-h e-co r ing  5 101 - c ob rout  l e o , ss l i io ’ l u  b ) n to t i c he ’ s  ci t m ) , - ; o ’ - l o r o ’  o el ’

s k m c b o h o i m g  j t e ’ r l o o n n i u a n c ’ o - . is ne il  s i g n o h o c o i m l  lv c o f f e e - b e d  by m ao b ioo l b o c o u d , bum t i g o o r e  13, b oc ’ o o miumg c c c l  l o o t t
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nato ’ is slmoow mi t e l  have o u ( l ine -c - I e l ’tee’t eon be om n in g heal ge-ni t-moot  0 0 0 n u ,  As e - x i u e ’ c - te ’ o l . i m o o - t - e - c m - . u i o g I hoc- c oi l

ti ow nes c olts m u  irut’re ’ased heat ge-ume-noot ioc r m , ‘b ’~te d oo tom in f igure-  33 f o u n t  he-n n u d i t - o t t e s  I h oot t o l n u c o t  imoru m o
co i l  t l n ow route ’  boos a t-erv sm i mo ol l  impact eon I lie- c ’oige - — I o c - i oe ’ o mr mm t g  s loe-c-cl n o i t i o c ,

-\b b o o s t_ lest i n m s l u e - c l i c o n u . t he  t ia sht-d ro , lb e ’ms f ’ r tcn i o I lie- b m o o s o - l i n m e -  b o o ’ c m n i m i g  we ’r e- t m o o o m i o b  I c c  boo- f ’re o-
n d :o ui y ec ’c’enut n c ’  c-mud st - c -con. Se-venal oof  t ime- n o cb le r s we ’re ’ t o  , o o o o c i  t o o  l ions - c ’ so me ’ c c  ch ic - c - h i t  r io -  e mi cb tv c ’co r ,
p roc s’md in g con i zuc i c - c of ioc n  I boi l I h€ -s e- mo oll ers h ood o’~ b o e no c -ooo - e ’ d the -  g t o ’ o o l  ~ l a m o i c u o u o o t  ccl ’  st’ c - ig i ut  b oss

d e o n i m o g  t e s t ,  It sv cms de le ’ mmm u inme - c h I h o o t I lie’ om s e r o o g i -  w e- ig h i f  lmoss woos  1)00 ( 1-I g moomm o b oo-n  roo hl e-m ,
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H, GROUP-N BEARING T ESTS

\ i  l I o n  m I n c e ’  ot h u e s  r e - b e e n  t~~’’—b ~~ - c l  0 - c - n c o o o u b o l o - i e ’ o l  c m ,  f o c c o r c o f  t i m e  I t -nm b 0 0 0 r a m ’ r m e l n i e ’  b u c ’ o o r m u m g — .
c o t ’ G r o o o o 1 o . \  b l u e ’  ioe- .l r t m c ~~ ‘ c - — c o o l  ~C e  re hi ce m. , o b e - u m t i f  m e d  i i i  f o g u o n c  27 m s \ o o ’s , 7 , 1 ) , oo tud 2. S o oh mk-
o o b o c - r o l t i o o m m  w,i~ o o b o i , o , o t o ’ c l  c o o l fu ‘ t o  hi m u c - , o n 0 0 0 g  e ’\ o  o-pI N w h i c h  I c i c l e - t b  ( l o m n o m o g  t h e  c - a l i iomaf  icomu j o l m o m — -
cot he 1( 1 - ho n or  pr o c~~r c i m m u  -\ ~s c o b ’  r o u n c ~c -  ‘ - I  s t e - o r  n o el  I u er lo n u m m o o m o c o -  sc,’ o o ~ c , b o ~o ’r v eol d , i r i n m g  the— t e s t i n g
ot t ’ tho se l o r s l  f o o m o r  b ec - o l  i t o_c’-

1. EvaluatIon of Bearing No. 7

Heari mug N 7 s s c o —  t o n s  —o- lc ’c ’ Ie ’ d  l o o n  l 0 ’ sI s i c u c - o ’ a de o p l i c a t e  uf t h i s  b c - o o n i u m g ,  i d o - o u l  t i ed  as N o , ,

9, st cis ava i lable  t oor  rc-p e00 0 t o - s t i n g .  Thu s, bi o~c k — l c o - i uomck les t  out ’ a sc n m i l a r  desi gn i - c o u ld hue ’ r o c n  cot
he hegi iun ing cof t he  pr ognani s o o  t h a t  le ’sb tog r e p e o o t c o h i b i f  v co’ u u l d  be ct sse ’s so ’d - Rear ing  No , 7 oo s

irudica t ed in f igure 27 c’o mu l a im ie d ebe ’men l preloading whi ch is i r i t r todu c - e- d by a I w c o - p n o m m t  ( OCi - o c t

reo t ond c o o l e r  n immg.  The ouute r  nat -c axia l  mi sa l ignment  to,’ cms cod jo _ ou s ted  too  0 , -I o le - i _ c r c -o s arid t he  ‘‘ ii  f ’ l oc sv

four  t h i s  he om ring design was main ta im i ed  at i :t tb -Th in d r o n i n g  t he  s t e a d y - s t a t e  and cyc lic spee’cl
er id o ora n ce pe rt i oonu s oo f the exp en i r r menta l  program . The p er f monr u iance  cml ’ hearing N o  7 st-as s tab le
thn o ough c c i ,o t the test w i t h  noo t h e rm a l  ins l ah i l i l  es o ur signi t ’ic ’ar o t raceway a x i a l  g rad ien ts  ro ooted ,

F igure  34 shoows the ouu t e r - l oo - inne r  race tempera ture  gra o h ienmt  as a fu n c t i o n  ‘ o f  speed svc l h
v o o n i a t i c u n s  in radial load and oil floow , The temper co tune gradoents  were m m o ut si gn i f i can t l y  a f fec ted
bo y va r i a t i ons  m u  radial load up to ) 2. 5 MD N. H uwevem , ahoo ve 2 , 5 MDN , h igher  te mperco ture
gradients were experienced as a result cif increased radia l  loadi n g. Oil ti nuw v a n i a t i o r n  woos shoown
b o o  have a moore pr cut io unced effec t com m hearing tempera ture  gradient  tha n  b onding as s l u o c w l m  in fi gure
:34 , At the  highest oil flow level (of 29 tb/m m . the  be ooring t e m b o e r a f u n e  gradient  bet -comes n e -c t r l y
t - m m ns t oon t  at speeds above 2.5 M o N .

P oos t  -te s l  inspe e’ti eun o cf hearing N o) , 7 revealed all oof t he  hearing c com p ounents  1cm i)e in goocod
cc o mid i t ioon w i t h  no distress indicated.  All  cof the  rollers were found t oo  i)e f ree  c ut any eccentr ic  we-con:
honv ever , the- v did exhibi t  rn o o l e ’ r c o t e  levels of concem utric sve ’omr rum booth  ends. This wean woos rm uo ost
l i k e - b y  due to the applied outer ring misa l ignment .  Ro ller  weight  n m easur eme nmfs  imu d i cat e d an
coverage leoss for t he  ccoppe r-f lashed ro u l l ens of 0.0005 gram, This compares I o o  the average wei g ht
bliss c ibtained earl ier  eon the ro u ters of ’ t he  baseline hearing c)f 0 .0004 groom. Peost-test s ta t ic’  skew
a n g l o ’  measurements con six rollers indica ted  an average increase o , t ’() degree . l .2~ m i n u t e s , (H
these six rollers , three were c ’c opper -fl ashed and three  were f l ou t ,

2. Evaluat Ion of Bearing No. 9

The t c ’s l  rig was reassembled wi th  a dupl ica te  ouf b ) eco ni ng No 7 for repeat t e s t i n g .  This
hearing is identif ied as hearing N e c , 9 in fi gure 27 and was tested under  the  same c und i t io o mos  t h a t
were imposed c n  hearing No t , 7. For this  test , the sli p ring.  w boo c -h is req eomred t oo obtain innuer  r ing
temperature  measurements was n mot  installed. In the I ) re v i u000s f e st ing  of h ean im ig N o ’ . 7 a high
frec ieoencv cuf sli p r ing failures was experienced cml hig h speed . I)se c o t  the su p rin g was re st nmimc- d
af ter  the  re lic-at test ing was cconduc le d. ‘I’he p erf oorman ce c cl b ecoming N o o  9 was stah le th ro oug h m u mut
the  l t ) -ho e or test and the da ta  cobtained was s imi lar  t oo tha t  ouhtaine d f’eon lu eooring Not , 7. Figmono ’s  :15

oo o’i d l0i indicate the  s i m i l a m i f y  cof the  test data feor b oot h bearimogs . Figure 35 presents cm ute ’r  rung
t e- m perature minus coil- in t emperature  vs. hearing I IN whi le  f igure to~ sheows  b e-aronug heuo f
ge 100- rc ot  ioon vs hearing I )N.  Post -test inspection oof hearing Nc , , 9 imidi c’ oat e d a s i m oi i bom r  o s  o ’ r o o l  I
ippearcun c e to tha t  cobserved con hearing No, 7 at po st - test  in sp e cticon. All  cut  the rom ile rs o t t  b eomn ing

N o c , 0 were found t oo he free ouf any eccentric end wear: however , they  did exh ib i t  moodena l o -  b ev e- Is
to t  e - e i mm c ’ e ntr i c  wear on both ends , Reo ller weight m eas inremu m emuts  indicated an average boss f o u r  t h e
e ’oo l o p o ’ r - f lashe d roob l ers om f 0,0010 gram and 0,00(14 grano f~er t h e  o on lla u s he-d r o ubler s , l’h is c ’o onu pc ur e s l e o

a n d y e-rouge weight b oss of 0 .(XX)5 gram for the  cop p er -tl om she -d r oeb be -n - ’c c o mo d a max inu u nm Icoss of 0, 0(00 02

gram l o o m  th c ’ u onf la shed roo l lers oof becoming Ncu , 7, A snua l l  i l u c r e - o m s e -  too  s t c o t i c  skc ’sv oomug l e st’as cob os erved
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t t ’ i th all rooblen elements , Feor the  flashed rollers the average imucrease was 0 degree , 2.1) nuo imuutes

ts ’hile feor the umit la siued r e o ll ers l ime average ini c-nea se was 1) degree , 1, 5 m i n u t e s , This coompanes b o o

comm av emage sk ew amigle imi c ’neas e out ’ 0 degree . 1.26 m i n u t e s f~om si x moti l e -ms mecosumed in b e a m i n g  N o o ,
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Figure 35. Experimental Evaluation , Gro up-N Repeat Testing, Outer Race Minus Oil
In let Temperature us Bearing Speed
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Figure 36. Experimental Era/n at ion , Group-N Repeat Testing, Hearing Heat Gener .
ation rs Bear ing Speed

3. EvaluatIon of BearIng No . 6

With adequate test program repeatabil i t y having been demoiw t rat ed by the  exper imenta l
results obtained from tests of hearings No .’s 7 and 9, test ing of the  ( roup -N hearings was
resumed. The next bearing desi gn tested was No . 6. As shown in hgure 27 , t h i s  design (lid not
provide for roller element preloading and as shown in table 8, the m a x i m u m  coup led roller end
radius runout was determined to be approximately 0.00335 inch on all  rollers . Test j ug was
i n i t i a t e d  following the program in table 11. From the  onset , ro ller pass Ire quency measurem ents
indicated that  roller skid was occurring. Skid magni tude was the  greatest at the lower applied
loads and decreased somewhat as the  load was increased. After  complet ing the  first six points  of
the  calibration section , the test was interrupted and the  hearing was visual l y inspected while  it
was s t i l l  mounted on the  rig shaft . At t h i s  point the  total  test t ime  was 1.0 hour. Each roller was
found to exhib i t  heavy eccentric wear on both ends. However , no skid damage to ( lie l) eflri flg
components was visible. The shaft was then  reinstal led in the  rig and the  program was resumed.
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Testing was completed at points No. 7 through 9 with roller skidding still indicated. At test point
No. 10, however , bearing performance was stable with no roller skidding apparent. Figure 37
contains test data for both cage speed and shaft speed vs bearing DN. After 5 minutes of
operation at this condition , the bearing failed without warning. Total test time at failure was 1.58
hours. During removal of the bearing from the test rig, it was noted that three of the rollers had
turned 90 degrees within their respective cage pockets. The cage was found to be broken into
severa l pieces and all of the rollers were severely worn as shown in figure 38. It was determined
that the average weight loss of all rollers was 1.68 grams. As a result of this detailed study, the
failure of bearing No. 6 was judged to be that of the classic eccentric roller end wear type .

4. Evaluat Ion of Bearing No. 2

After critical rig hardware items had been dimensionall y inspected , it was determined that
the failure of bearing No. 6 had not created any significant distress to the rig. The next Group-
N bearing tested was No. 2. As shown in figure 27, this design includes roller preloading and a
high level of inner raceway axial taper. Bearing No. 2 was installed with zero outer race
misa lignment and it completed the 10-hour program with stable operation noted throughout.
During the endurance testing portion of the program the total oil flow to the bearing was
measured at 29.2 tb/mm . Performance data was similar to that obtained earlier for bearings No .
7 an d 9. Post-test inspection revealed all of the bearing components to he in good condition as
shown in fi gure 39. No significant distress or unusual wear of the components was noted. All of
t he rollers were found to be free of eccentric wear; however , they did exhibit light concentric
rubbing patterns on both faces. Roller weight measurements indicated a weight loss of only 0.0001
gram for both the flashed and unflashed groups of rollers. It was determined that the static skew
ang le increased an average of 0 degree , 1.09 minutes for the flashed rollers and an average of 0
degree, 1.32 minutes for the unflashed rollers.

BEARING INSPECTED AFTER COMPLETING
TEST POINT NO.4. ECCENTRIC END WEAR

— 
OBSERVED ON ALL ROLLERS

THEORETICAL CAGE SPEED /
.7 _____e : ~~~~~~~~~~~~~~~~~~~~~ 

~
/

~~~
“B EA R I N G

— ~~~~~~~~~~~~~~~~~~~~ PT~~~~,~~~/’ 
#7

~~ 

PT. 

_ _ _ _ _ _

OIL TEMPERATURE: 225°F

25 —1,,~ ~

BEARING DN X io 6

Figure 37. Experimental Evaluation , Group-N Bearing No. 6, Cage Speed/Bearing Speed Ratio
vs Bearing Speed
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I . SUMMARY OF GROUP .N TESTING

Composite curves representing operational data for the Group-N hearings tested to date as
we ll as for the baseline bearing are found in figures 40 and 41. In general , similar  thermal  and
horsepower results were indicated for each bearin g. Although hearing No. 6 failed after only 1.58
hours of testing and exhibited heavy eccentric roller end wear , examination of the curves in these
fig ures reveals no unusual thermal  behavior. Only in the skid curve , shown as the ratio of (‘age
speed to hearing .4peed vs. hearing DN , in figure 41 is t here a signif icant  difference in hearing
operation indicated. Bearing No. 6, which is the only unpreloaded hearing tested thus far , shows
continuous roller skidding for the conditions indicated , whereas , no significant element skidding
is apparent for all of the other bearings tested.

A summary of the wear results obtained is shown in tah le 12. Average values of roller weight
loss during test for 1)0th the flashed and unfla shed rollers are presented. Also shown as a wear
parameter is t he average static skew ang le change for the flashed as well as f~ r t he unf lashed
rol lers of each bearing.

TABLE 12. GROUP-N BEARING TESTS — ROLLER WEI(;HT AND
SKEW ANGLE WEAR DATA

Aterage Roller Weight Loss, Grams Average Skew Angle Increa se, Minut es
Bearing No. Fla shed tinflashed All Roller s Flashed ( / nf l a .shed All Rollers

Baseline 0.0004 — 0.0004 —

7 0 000.5 0 0.0003 0.98 1. 53 1.20
9 0.0010 0.0004 0.0007 2.04 1f’~ 1.79
6 1.6145 1.7532 1. 6838
2 0 (55) 1 0.(X~~1 0.000 1 1 .( (9 1 .32 1 .20

J . PLANNED EXPERIMENTAL PROGRAM

Parametric evaluation will continue on the remainder of the Group-N roller hearings. At the
comp letion of testing, t he wear data will he reduced and analyzed through statistical techniques.
The seven roller hearing parameters will then he ranked in order , as to t heir effe(’t on wear , and
t he results incorporated into the analytical model. The performance results obtained on each
hearing design will also be correlated with the roller hearing analy sis.

The wear and performance results from the Group-N hearing tests will be used along with
t he available roller bearing analysis and other test data to design a 1.() MDN prot otype hearing.
In a subsequent task , t his bearing design will be experimentall y rig-evaluated to  assess i ts
durabi l i ty  for a period of 60 hours. Testing will he conducted over a speed range of 2.2 to 3.()
MI)N , with a goal being to obtain at least 30 hours of operation at 3.() MDN.

Future testing will also be conducted on the available Group -AF paramet ric hearings. The
procedure used in the evaluation of the Group-N bearings will again be followed. The wear and
p erformance results will  he separately analyzed and then correlated with the analyt ical design
sys( em.
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Figure 40. Experimental Evaluation, Group- N Bearings , Heat Generation
and Outer Race Minus Oil Inlet Temperature vs Bearing Speed
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APPENDICES

LIST OF SYMBOLS

Nomenclature

A,1 B,, ,  C0 .  D~1 in fluence coefficient matrices for the outer ring and housing

A ,, ,, B , , .  C ,,. D 0 in fluence coefficient matrices for the inner ring and shaft

AA ari thmetic  average , ~ in.

a sma ller ring ID , in; coefficient domain of t he f i n i t e  element
system or t he element ; Hertzian half -width , in.

h sma ller ring Of) , in.;  coefficient

C clearance , in.; constant

C , ro ller axial clearance , in.

crown radius , in.

c larger r ing OD , in.; DOR constant

constant defined in Equation (38)

I) ring diameter , in.

I) ,, crowned f lange reference diameter , in.

d ID of a hollow roller

d 0 OD of a hollow roller

d roller diameter , in.

de pitc h diameter , in.

d, effect ive roller diameter , in.

E Young ’s mod ulus , psi

e Weibu l l slope

F f~rces , lb

force vector , lb 1

F. roller centrifugal load , lb

fat igue constant

- 1
h
L .~._ _ _  .~~~~~~~~~~~~~~~~~~



LIST OF SYMBOLS (ContInued)

Nomenc lature

f dia metra l fit at outer ring OD , in.

g gravi ta t ional  constant

H , A dimensionless var iahles

h inner ring shoulder height , in.;  oil f i lm thickness , in . ;  angular
momentum

h~ un dercut heig ht , in.

principa l moment of inertia of cage , Ib m -in . 2 ; j = x , V . or z

I r , ,  principal moment of inertia of the j ’~’ roller in t h e  j t~ direction ,
tbm-in . 2 , coeffici ent defined by Equations (69 ) throug h (74 )

i , j ,  k; 1, .J , K unit  vectors

K spring rate , tb r/ in , ; matrix;  lubricant thermal  condu t i v i t y ,
Btu/sec-in .-F

K ,, n-point spring rate of outer structure from OROD outward .
tb,j in.

K , spr ing rate defined by Equation (31)

K , empirica l lubricant constant

n-point spr ing rate of inner structure from IRID inward , tb,/in.

K ,H , K 2,, spr ing rate defined by Equation (30)

K ,.,. K SM spring rate defined by Equations (28) and (29)

L roller length , in.

90~ survival life , hr

1. composite bearing fatigue life , hr

lubricant factor

L ring life , hr

materia l factor

L,. preload , lb1

cage land width , in.

I .. effective roller length , in.
96 
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LIST OF SYMBOLS (Continued)

Nomenclature
I F roller flat lengt h , in.

M moment , in-tb 1; mass, Ib m

m ,, m2 masses, ibm

N interpolation function , speed , rpm

n number of rollers; number of OOR points

OOR out-of-round , in.

P dimensionless variable; load , lb ,

P,, diametral play, in.

P,., equiva lent ring load of the i” component . lb ,

PH norma lized Flertzian presst re

q th rol ler load . lb

P pressure , lb / m Y

mean Herzian pressure , psi

Q volumetric flowrate , in . 3/sec

dynamic capacity of t he i” component . lb

R position vector , in .

R . r radi us , in; position , in.

H. Rockwell hardness — C scale

radius of curvature of crowned guide flange , in.

skewing moment , in , -tb , : boundary of solut ion domain ;  a
variab le defined by Equation (32)

‘I. torque , in . -tb, ; t r ans format ion  mat r ix

t i m e , sec

I T surface ve locity. in./sec

C dimensionless variable: normalized speed

surface ve locity vector . in /s ec
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LIST OF SYMBOLS (ContInued)

Nomenclature
V surface ve l oc i t y . in /sec

appr ~ach ~e, ’ I in .

V dimension l~ -.~ ‘~ ar ia hle

“N line load , th. n roller weight . t b :  lubr icant  flowrate , ppm

w wid th , in.

x ,y ,z; 1, y ,z ;  X , Y , Z coordinates

coordinates of center of pressure , in.

x ,,, x , contact length extremit ies , in.

angular deflection , rad; angular  acceleration , rad/sec2

ring coning, rad

constant defined in Equation (38)

.~~ linear contact deflection , in . ;  fit , in .; incremental  change of a
variable; area in~

ôk deflection along k” hearing axis , in.  or rad.

hearing misalignment about the k” axis , rad.

o dimensionless variable ;  l ub r i can t  t empera tu re -v i scos i t y  coeffi-
cient; displacement , in.

gradient vector , in.

roller crown drop, in.:  eccent r ic i t y  ra t io

d i m ensionless variable

angle , deg

normalized fi lm thicknes s  
h ,, ,, 

I I  parameter

A , life reduct ion fac tor

lubricant vi~eosit v . tb -sec/in •
2

coeff ic i en t  of s l iding fri ct ion
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LIST OF SYMBOLS (ContInued)

Nom t ’nclature

Poisson ’s ratio

~~~~ ~~2 surface finish or roller , raceway , g in .

shearing stress lb,/in~

angle . deg

q ib roller az imuth  location

stress tutor

anguiar  location of the  fi rst p inch I)~ 1nt . dt ’g

ang le . deg

angular  velocity, rad/sec

angular velocity , rad/sec

I I I I matrices

Subscri pts
A . a ambient ; axial

assembly assembi condition

a~’ average

ci cage , in the  i” direct ion

c crown; cage; cavitation

E rol l ing element

e f f e c t i v e :  external

F. f flange

fl ex mhin ed  s t ruc tu r a l  f l e x i b i l i t y

II hor izonta l  4~~ fl1 i)~~n(’11t housing

lI~ inn e r  r ing

I i ,  ~ ‘ l en i ent  or node: i - I , ou ter  r a t , ’ ;  2 . inner  r~ t ( ’ ;
I III IIIII I ;  lii

ii H t t he ‘h rat due to t he i n f l i i e n e t  of t he i ’’ roll er

I/O I I )  ‘ t  I h, nuter ring
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LIST OF SYMBOLS (ContInued)

Nomenc lature
iq the ith  race at the q” roller location; i = I , outer race; i = 2 inner

race

shaft or j Ilt element or node: the  j Ilt location

jE externally applied load at the j ” race; j I , outer race; j = 2
inner race

k the k” element or node

m maximum

mm m i n i m u m

N oormal

o reference condition; center of mass

0 01)

0/i 01) of the inner ring

0/0 OD of the outer ring

OOR out -of-roundness

operating operating condition

OR outer ring

P pitch; pressure ; pressure boundar

q the qt° roller location; flow boundary

R race

req required

r roller; radial

rk the kt~ roller

rk j  the ktt ’ roller in the  j t~ direction

st ructural ;  shaft

T tangent ia l  direction

U unbalance; u-component

V vertical component
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LIST OF SYMBOLS (Continued)

Nom en cla tur t ’

v v-component

x x-component

V y-component

z z-component

II tangential

r shear

1 outer ring; inner member of a compound cy l inder :  ID of a
cyclinder

2 inner ring; outer member of a compound cylinder :  0!) of a
cylinder

Superscri pts

(~ ) first t ime  derivative

I )  second t ime derivative

vector quant i t ies

outer race; equivalent

( I’ n th power

4 4” m th power

constant defined in Equation (37)
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LIST OF ABBREV IATIONS

Avg Average

BCL Batte lle Columbus Laboratories

B/L Baseline

E)N Diameter (Mill imeters )  Times Speed (RPM )

EHI) Elastohydrodynamic

Gm- cm Gram-Centimeter

If) Inside Diameter (Inches )

in. Inches

ER Inner Race , Inner Ring

ERC Interna l Radial Clearance (Inches )

L Loose (Inches)

lb Pounds

L/D Roller Length to Diameter Ratio

MDN Million DN

Max Maximum

Mm Minimum/Minutes or Arc/1/60 of Hour

mm Millimeters

0/C Operating Conditions

OD Outside Diameter (Inches)

OOR Outer Ring OD Out-of-Roundness

OR Outer Race , Outer Ring

PPM Pounds per Minute

psi Pounds per Square Inch

Bad Radians

RO Run-Out

RPM Revolutions per Minute

T Tight (Inches)
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