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1.0 SUMMARY 

This program was an extension of the efforts initiated 

earlier under NASA Contracts N A S 3 - 2 0 8 2 4 ,  N A S 3 - 2 2 8 0 7  aimed at 

establishing a comprehensive computer program for the analy- 

sis of the performance o f  si)herical roller bearings in heli- 

copter planetary transmissions. The work reported here 

consists of the design of a planetary bearing test rig, i.e. 

a test rig to evaluate the performance o f  a spherical roller 

bearing with a geared outer ring operating under conditions 

similar to those of a planet bearing i n  a helicopter 

transmission. 

The program as initially structured -consisted of six tasks 

starting with the rig design, proceeding through rig fabri- 

cation, installation and checkout, parametric testing of a 

selected spherical roller bearing with a geared outer ring 

and the comparison o f  the collected data with computer pre- 

dictions generated under N A S A  Contract N A S 3 - 2 2 8 0 7 .  However, 

due to changing priorities and areas of concern with N A S A ,  

the program was terminated following the designing o f  the 

test rig. 

Starting with the previously developed test rig concept, 

a design with a complete set of detail and assembly drawings 

was formalized. The test rig configuration is an extension 

o f  the widely accepted four-square gearbox arrarigement used 
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e x t e n s i v e l y  f o r  t h e  t e s t i n g  o f  g e a r s .  The r i g  d e s i g n  con-  

s i s t s  of  s e p a r a t i n g  each s e t  of  mesh ing  g e a r s  i n  t h e  f o u r -  

s q u a r e  a r rangement  and i n s e r t i n g  a g e a r e d  o u t e r  r i n g  t e s t  

b e a r i n g  be tween each s e t  as i d l e r s ,  t h u s  r e c o n s t r u c t i n g  t h e  

f o u r - s q u a r e  a r rangement .  T h i s  c o n f i g u r a t i o n  s i m u l a t e s  a l l  

of t h e  p r i m a r y  p l a n e t  b e a r i n g  c o n d i t i c n s  e x c e p t  t h e  c e n t r i -  

f u g a l  e f f e c t s  o f  t h e  c a r r i e r  r o t a t i o n .  

The t e s t  r i g  d e s i g n  was t h e  j o i n t  e f f o r t  o f  S K F  I n d u s t r i e s  

and P h i l a d e l p h i a  Gear C o r p o r a t i o n .  S K F  h e l d  t h e  p r o j e c t  

r e s p o n s i b i l i t y  f o r  t h e  o v e r a l l  d e s i g n  a c t i v i t y  i n c l u d i n g  t h e  

e s t a b l i s h m e n t  o f  t h e  b a s i c  sys tems  c o n f i g u r a t i o n  and t h e  

i n t e r f a c i n g  of t h e  v a r i o u s  components,  and t h e  d e t a i l  d e s i g n  

of  t h e  t e s t  b e a r i n g  modules.  PGC c o n d u c t e d  t h e  d t s i g n  o f  

t h e  t w o  g e a r  boxes, d r i v e  g e a r  c o n f i g u r a t i o n s  and t h e  asso-  

c i  a t e d  components.  

The r i g  was d e s i g n e d  s p e c i f i c a l l y  f o r  t e s t i n g  a p l a n e t  

b e a r i n g  used i n  t h e  OH-58 h e l i c o p t e r  t r a n s m i s s i o n ,  S K F  

B e a r i n g  Number 462721, w i t h  a 31.75 mm (1.25 i n . )  b o r e .  

However, w i t h  m o d i f i c a t i o n  t o  t h e  r i g  g e a r s  a r d  t h e  s t u b  

s h a f t s ,  a t e s t  b e a r i n g  w i t h  a b o r e  up t o  50 mm can be  i n c o r -  

p o r a t e d .  Thz r i g  was d e s i g n e d  t o  r u n  o v e r  a t e s t  b e a r i n g  

o u t e r  r i n g  speed r a n g e  f r o m  0 . 1  t o  0.6 m i l l i o n  DN, 330 t o  

1980 r a d / s e c . ,  (3,150 t o  18,900 rpm) u n d e r  l o a d s  p r o d u c i n g  

2 
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C/P values down to 3 and bearing misalignment up to 0.048 

radians ( 2 . 7 O )  with under race lubrication applied to the 

test beari ng. 

Two copies o f  the test rig drawings were sent to the N A S A  

project leader while the original drawings are stored at SKF 

Industries and the Philadelphia Gear Company. 

.3 
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2 .o I N T R O D U C T I O N  

S t a n d a r d  and s p e c i a l l y  d e s i g n e d  s p h e r i c a l  r o l l e r  b e a r i n g s  

have  l o n g  been used i n  a l a r g e  number o f  i n d u s t r i a l  a p p l i c a -  

t i o n s  and a s i g n i f i c a n t  amount o f  know ledge  i s  a v a i l a b l e  

a b o u t  t h e  p e r f o r m a n c e  c h a r a c t e r i s t i c s  of t h e s e  b e a r i n g s .  As 

a r e s u l t ,  t h e  d e s i g n  p h i l o s o p h i e s  and m a n u f a c t u r i n g  r e q u i r e -  

ments  f o r  t h e s e  a p p l i c a t i o n s  a r e  w e l l  known and s o p h i s t i c a t e d  

c o m p u t e r i z e d  a n a l y s i s  t o o l s  e x i s t  t o  p r e d i c t  b e a r i n g  p e r f o r -  

mance i n  t h e s e  a p p l i c a t i o n s .  

S p h e r i c a l  r o l l e r  b e a r i n g s  a r e  now g a i n i n g  w i d e s p r e a d  use as 

t h e  p l a n e t  gea r  s u p p o r t  b e a r i n g  i n  p l a n e t a r y  t r a n s m i s s i o n s  

f o r  a number o f  ae rospace  a p p l i c a t i o n s  such  a z  b e l i c o p t e r s .  

I n  t h e s e  a p p l i c a t i o n s ,  t h e  b e a r i n g s  a r e  s u b j e c t e d  t o  

o p e r a t i n g  c o n d i t i o n s  w h i c h  a r e  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  

t h o s e  e x p e r i e n c e d  i n  s t a n d a r d  i n d u s t r i a l  e n v i r o n m e n t s  where  

s p h e r i c a l  r o l l e r  b e a r i n g s  have been a p p l i e d  so  s u c c e s s f u l l y  

i n  t h e  p a s t .  These s p e c i a l i z e d  c o n d i t i o n s  i n c l u d e  o u t e r  

r i n g  r o t a t i o n ,  t h e  a p p l i c a t i o n  o f  l o a d s  t h r o u g h  t h e  g e a r  

t e e t h  i n t e g r a l  w i t h  t h e  b e a r i n g  o u t e r  r i n g ,  c e n t r i f u g a l  f o r -  

ces g e n e r a t e d  b y  t h e  r o t a t i o n  of  t h e  g e a r  c a r r i e r ,  s u b s t a n -  

t i a l  m i s a l i g n m e n t ,  t h e  uses  o f  s y n t h e t i c  .I b r i c a n t s ,  h i g h e r  

speeds, and h i g h e r  t e m p e r a t u r e .  The r e l a t i v e l y  l a r g e  number 

o f  t h e s e  p l a n e t a r y  sys tems and t h e  c r i t i c a l  n a t u r e  o f  t h e s e  

components : r  a i r c r a f t  sys tems e s t a b l i s h  t h e  need t o  o b t a i n  

'4 
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r e a l i s t i c  i n f o r m a t i o n  r e g a r d i n g  t h e  p e r f o r m a n c e  o f  s p h e r i c a l  

r o l l e r  b e a r i n g s  under  t h e s e  u n i q u e  c o n d i t i o n s .  

S p e c i f i c  e f f o r t s  t o  e l i m i n a t e  t h o s e  d e f i c i e n c i e s  i n  

know ledge  were i n i t i a t e d  i n  1978 u n d e r  U.S. Government  

C o n t r a c t  NAS3-20824, d i r e c t e d  b y  t h e  NASA L e w i s  Research  

C e n t e r .  The o b j e c t i v e  o f  t h i s  p r o g r a m  was t o  c r e a t e  a spe-  

c i f i c  computer  code f o r  t h e  e v a l u a t i o n  o f  s p h e r i c a l  r o l l e r  

b e a r i n g s  r u n n i n g  w i t h  i n n e r  r i n g  r o t a t i o n  o v e r  a b r o a d  r a n g e  

o f  o p e r a t i n g  c o n d i t i o n s .  The r e f e r e n c e d  p r o g r a m  a l s o  

i n c l u d e d  an e x p e r i m e n t a l  p o r t i o n  where  p a r a m e t r i c  t e s t s  were  

c o n d u c t e d  on a s p e c i a l l y  i n s t r u m e n t e d  h i g h  speed s p h e r i c a l  

r o l l e r  b e a r i n g  t e s t  r i g  t o  d e f i n e  t h e  p e r f o r m a n c e  c h a r a c -  

t e r i s t i c s  o f  t h e  b e a r i n g  d e s i g n  under  a v a r i e t y  of speed, 

l o a d ,  l u b r i c a t i o n  and t h e r m a l  c o n d i t i o n s  f o r  c o m p a r i s o n  w i t h  

t h e  a n a l y s i s  and d e f i n i t i o n  o f  f a c t o r s  c o n t a i n e d  i n  t h e  com- 

p u t e r  code. C 1 3 f  

The a c t i v i t y  was c o n t i n u e d  i n  1981  under  C o n t r a c t  

NAS3-22807. The o b j e c t i v e  o f  t h i s  l a t t e r  p rog ram was t o  

m o d i f y  t h e  s p h e r i c a l  b e a r i n g  a n a l y s i s  p rog ram t o  c o n s i d e r  

o u t e r  r i n g  r o t a t i o n  and i n c l u d e  t h e  e f f e c t s  o f  s i g n i f i c a n t  

amounts of m i s a l i g n m e n t .  A number o f  p a r a m e t r i c  s t u d i e s  

were t h e n  c o n d u c t e d  u s i n g  t h e  expanded code t o  p r e d i c t  t h e  

o p e r a t i n g  c h a r a c t e r i s t i c s  of  a s p e c i f i c  b e a r i n g  d e s i g n  under  

* Numbers i n  b r a c k e t s  d e n o t e  r e f e r e n c e s  a t  end o f  r e p o r t .  
* 
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p l a n e t a r y  sys tem o p e r a t i n g  c o n d i t i o n s .  However, t h e  

r e f e r e n c e d  p r o j e c t  d i d  n o t  i n c l u d e  e x p e r i m e n t a l  v e r i f i c a t i o n  

w h i c h  i s  r e q u i r e d  t o  i n s u r e  t h e  a c c u r a c y  o f  t h e  computed 

p r e d i c t i o n s .  

I n  a n t i c i p a t i o n  o f  t h i s  need, t h e  p r o g r a m  d i d  i n c l u d e  a t a s k  

t o  e s t a b l i s h  a c o n c e p t u a l  d e s i g n  f o r  a t e s t  r i g  w h i c h  wou ld  

s i m u l a t e  t h e  p r i m a r y  p l a n e t  b e a r i n g  e n v i r o n m e n t  m inus  t h e  

c e n t r i f u g a l  e f f e c t s  of  t h e  c a r r i e r  r o t a t i o n .  [ 2 ]  

I n  1983 a t h i r d  p r o g r a m  i n i t i a l e d  hy t h e  N A S A  L e w i s  Research  

C e n t e r  was s t r u c t u r e d  t o  f o r m a l i z e  t h e  r i g  d e s i g n , t o  manu- 

f a c t u r e  and check o u t  t h e  t e s t  r i g ,  and t o  p e r f o r m  p a r a -  

m e t r i c  t e s t i n g  t o  o b t a i n  e x p e r i m e n t a l  d a t a .  However, due t o  

c h a n g i n g  p r i o r i t i e s  and a r e a s  of c o n c e r n  w i t h i n  NASA o n l y  

t h e  d e s i g n  o f  t h e  t e s t  r i g  was c o m p l e t e d .  The t e s t  r i g  

d e s i g n  i s  t h e  s u b j e c t  of t h i s  r e p o r t .  

6 
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3.0 TEST R I G  D E S I G N  

The t e s t  r i g  d e s i g n  i s  t h e  r e s u l t  o f  t h e  j o i n t  e f f o r t  o f  SKF 

I n d u s t r i e s  and t h e  P h i l a d e l p h i a  Gear Company (PGC). SKF 

d i r e c t e d  t h e  o v e r a l l  d e s i g n  a c t i v i t y ,  s p e c i f i e d  t h e  g e n e r a l  

c o n f i g u r a t i o n  and i n t e r f a c e  c o n d i t i o n - ,  and d e s i g n e d  t h e  two  

t e s t  b e a r i n g  modu les .  P h i l a d e l p h i a  Gear c o n d u c t e d  t h e  

d e s i g n  of t h e  t w o  gearboxes  and a n a l y z e d  t h e  o v e r a l l  sys tem 

dynamics .  
I 

3 . 1  T e s t  R i g  C o n f i g u r a t i o n  

The t e s t  r i g  d e s i g n  was based on a p r e v i o u s l y  c o n c e i v e d  con- 

f i g u r a t i o n  w h i c h  p e r m i t t e d  t h e  s i m u l a t i o n  o f  t h e  m a j o r  con-  

d i t i o n s  imposed on a p l a n e t  gea r  s u p p o r t  b e a r i n g  i n  a 

h e l i c o p t e r  t r a n s m i s s i o n .  These c o n d i t i o n s  i n c l u d e  o u t e r  

r i n g  r o t a t i o n ,  l o a d i n g  p r o d u c e d  f rom t h e  t o r q u e  a p p l i e d  t o  

t h e  f l e x i b l e  g e a r e d  o u t e r  r i n g ,  m i s a l i g n m e n t ,  and under - race  

l u b r i c a t i o n .  I t  does , lo t  s i m u l a t e  t h e  c e n t r i f u g a l  l o a d i n g  

c r e a t e d  b y  t h e  r o t a t i o n  o f  t h e  b e a r i n g  c a r r i e r .  

T'he c o n c e i v e d  c o n f i g u r a t i o n  i s  a m o d i f i c a t i o n  o f  t h e  w i d e l y  

a c c e p t e d  f o u r - s q u a r e  gearbox  a r rangement  used e x t e n s i v e l y  

f o r  t h e  t e s t i n g  o f  g e a r s  and g e a r  l u b r i c a t i o n .  Each s e t  o f  

p r i m a r y  d r i v e  g e a r s  i n  t h e  f o u r - s q u a r e  d e s i g n  i s  s e p a r a t e d  

b y  t h e  i n s e r t i o n  o f  a g e a r e d  o u t e r  r i n g  s p h e r i c a l  r o l l e r  

? 
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b e a r i n g ,  mounted on a s t u b  s h a f t  w i t h  i t s  s u p p o r t  b e a r i n g s  

and h o u s i n g s  as an i d l e r .  Thus, t h e  f o u r - s q u a r e  a r rangement  

i s  m a i n t a i n e d  b u t  now i n c o r p o r a t e s  two  t e s t  b e a r i n g s  w i t h  

o u t e r  r i n g  r o t a t i o n ,  see F i g u r e  1. 

By u s i n g  a s p e c i a l  s h a f t  c o u p l i n g  d e s i g n ,  t h e  p r i m a r y  t e s t  

l o a d  ( t o r q u e )  can be l o c k e d  i n t o  t h e  c l o s e d  l o o p .  T h i s  

t o r q u e  p r o d u c e s  t h e  p l a n e t  b e a r i n g  l o a d  t h r o u g h  t h e  g e a r e d  

o u t e r  r i n g .  T h i s  a r rangement  r e s u l t s  i n  a l a r g e  r e d u c t i o n  

i n  r i g  p o k e r  c o n s u m p t i o n  s i n c e  t h e  d r i v e  m o t o r  o n l y  needs t o  

s u p p l y  s u f f i c i e n t  power t o  compensate f o r  l o s s e s  i n  t h e  

g e a r s ,  t e s t  b e a r i n g s  and g e a r  s u p p o r t  b e a r i n g s .  The t e s t  

b e a r i n g  m i s a l i g n m e n t  can be  a c h i e v e d  b y  t i l t i n g  t h e  s t u b  

s h a f t ,  on w h i c h  t h e  i n n e r  r i n g  o f  t h e  t e s t  b e a r i n g  i s  

mounted, a c o n t r o l l e d  amount and an a x i a l  h o l e  i n  t h e  s t u b  

s h a f t  can  be used  t o  s u p p l y  u n d e r  r a c e  l u b r i c a t i o n .  Thus 

a l l  t h e  m a j o r  c o n d i t i o n s  can be a p p l i e d  t o  t h e  t e s t  b e a r i n g s  

u s i n g  t h e  d e s c r i b e d  c o n f i g u r a t i o n .  

8 
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3.2 Specified O p e r a t i n g  C o n d i t i o n s  and Measured P r o p e r t i e s  

The c o n t r a c t  s p e c i f i e d  t h a t  t h e  t e s t  r i g  wou ld  be d e s i g n e d  

t o  t e s t  s p h e r i c a l  r o l l e r  b e a r i n g s  w i t h  b o r e  d i a m e t e r s  

r a n g i n g  f r o m  30 mm t o  50 mm. I n  t h e  a s s o c i a t e d  a n a l y t i c a l  

program, p r e v i o u s l y  pe r fo rmed ,  a 31.75 mm bo re ,  d o u b l e  row, 

s p h e r i c a l  r o l l e r  b e a r i n g  was s e l e c t e d  f o r  a n a l y s i s  and a 

d e t a i l e d  a n a l y t i c a l  s t u d y  p e r f o r m e d . [ 2 ]  S i n c e  i t  was t h e  

u l t i m a t e  g o a l  of t h i s  p rog ram t o  o b t a i n  t e s t  r e s u l t s  f o r  

compar i son  w i t h  a n a l y t i c a l  r e s u l t s ,  t h e  same b e a r i n g  was 

s e l e c t e d  and t h e  r i g  d e s i g n  t a i l o r e d  t o  i t s  c o n f i g u r a t i o n .  

However, t h e  gearbox  was s i z e d  t o  accommodate l a r g e r  t e s t  

b e a r i n g s  b y  v a r y i n g  t h e  p i t c h  d i a m e t e r  o f  t h e  r i g  g e a r s .  

The b e a r i n g  s e l e c t e d ,  SKF No. 462721 was a l o g i c a l  c h o i c e  

s i n c e  i t  i s  p r e s e n t l y  i n  p r o d u c t i o n  and has been used f o r  

s e v e r a l  y e a r s  i n  t h e  t r a n s m i s s i o n  of t h e  B e l l  OH-58 h e l i c o p t e r .  

The work s t a t e m e n t  s p e c i f i e d  t h a t  t h e  r i g  be d e s i g n e d  t o  

o p e r a t e  i n  a speed r a n g e  f rom 0.1 t o  0.6 m i l l i o n  DN and w i t h  

l o a d s  v a r y i n g  f r o m  C / P  v a l u e s  cif 20 t o  3. Where D i s  t h e  

b e a r i n g  b o r e  d i a m e t e r  i n  mm; N, t h e  a n g u l a r  v e l o c i t y  i n  rpm; 

C, t h e  dynamic  c a p a c i t y  o f  t h e  b e a r i n g ;  and P, t h e  e q u i v a -  

l e n t  r a d i a l  l o a d  a p p l i e d .  

The w c c k  s t a t e m e n t  a l s o  s p e c i f i e d  t h a t  t h e  r i g  be c a p a b l e  o f  

a p p l y i n g  a t e s t  b e a r i n g  m i s a l i g n m e n t  f r o m  00 t o  a maximum 

v a l u e  as l i m i t e d  b y  t h e  b e a r i n g  d e s i g n .  
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H a v i n g  s e l e c t e d  t h e  s p e c i f i c  t e s t  bea r ing ,  t h e s e  genera l  

expres s ions  f o r  speed,  load a n d  misalignment were converted 

i n t o  s p e c i f i c  va lues .  The t e s t  bear ing  o u t e r  r i n g  speeds i n  

rpm were c a l c u l a t e d  d i r e c t l y  u s i n g  t h e  equat ion  N = DN/D and 

a r e  l i s t e d  i n  Table 1. Also l i s t e d  i s  t h e  r i g  gear angular  

v e l o c i t y  e s t a b l i s h e d  a f t e r  i t s  p i t ch  diameter  had been 

determined.  

The loading experienced by a p l a n e t a r y  bear ing  i s  

i l l u s t r a t e d  i n  F igure  2 .  The t o t a l  c o n t a c t  f o r c e s  F ,  develop 

a t  d i a m e t r i c a l l y  opposed p o i n t s  on t h e  gear  p i t c h  c i r c l e ,  

due t o  t h e  p l a n e t - s u n  and p l a n e t - r i n g  meshes. The c o n t a c t  

fr,;-ces can be reso lved  i n t o  components a t  the  n e u t r a l  a x i s  

of  t h e  o u t e r  r i n g ,  a s  shown, r e s u l t i n g  i n  a r a d i a l  f o r c e  R ,  

a t angen ta l  f o r c e  T ,  and a moment M due t o  t h e  o f f s e t  of t h e  

t o o t h  con tac t  p o i n t  from t h e  neutral a x i s .  

The parameter C / P  i s  used t o  c a l c u l a t e  r o l l e r  b e a r i n g  l i f e  

according t o  AFBMA s t a n d a r d s  u s i n g  t h e  equat ion  L 1 o  = 16667/N 

(C/P)10/3 where L10 e q u a l s  t h e  bear ing t h e o r e t i c a l  L1o l i f e  

i n  hours.  

There i s  no s t r a i g h t f o r w a r d  way t o  cons ider  t h e  e f f e c t s  of 

R a n d  M i n  determining t h e  value of t h e  e q u i v a l e n t  app l i ed  

l o a d  P. However, t he  presence of  t h e s e  loads  obvious ly  a f f e c t  

t h e  r o l l e r  l o a d  d i s t r i b u t i o n  a n d ,  t h e r e f o r e ,  t h e  l i f e  o f  t h e  

bea r ing .  
11 
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TABLE 1 

TEST BEARING 
DN Value 
( ~ ~ ~ 1 0 - 6 1  

0.1 

0.2 

0.3 

0 .4  

0 . 5  

0.6 

SPECIFIED SPEEDS 

TEST BEARING 
Outer Ring Speed 

330 3,150 

( rad/sec 1 ( rprn 1 

660 6,300 

990 9,450 

1,320 12 , 600 
1,649 15,750 

1,980 18 , 900 

RIG GEAR 
Speed 

rad/sec ( r p m )  

98 5’34 

3.96 1,869 

294 2,803 

391 3,738 

48 9 4,672 

58 7 5,607 

1 2  
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To more a c c u r a t e l y  d e t e r m i n e  t h e  l o a d  c o r r e s p o n d i n g  t o  t h e  

d e s i r e d  C / P  Y a l u i s ,  an i t e r a t i v e  p r o c e d u r e  was emp loyed  u s i n g  

t h e  SKF S P H E R P E A Y  compu te r  p rogram.  F i r s t ,  a v a l u e  was 

s e l e c t e d  f u r  t b e  t o o t h  c o n t a c t  f o r c e  F. The components R, 

T, and M were th-?.n c a l c u l a t e d  based on geomet ry .  The 

S P H E R B E A N  p r o g r i r t  was e x e c u t e d  t o  o b t a i n  t h e  b e a r i n g  L1o l i f e .  

U s i n g  t h e  l i f e  e*;uat ion,  t h e  c o r r e s p o n d i n g  v a l u e  o f  C / P  was 

computed. The p r o c e d u r e  was r e p e a t e d ,  a d j u s t i n g  t h e  v a l u e  

o f  F u n t i l  t h e  d e s i r e d  v a l u e s  o f  C / P  were o b t a i n e d .  

The l o a d s  c a l . : u l a t e d  u s i n g  t h e  above i t e r a t i o n  p r o c e d u r e  

c o r r e s p o n d i n g  t o  t h e  C / P  s p e c i ' i e d  v a l u e s  a r e  summar ized i n  

T a b l e  2. A l s o  p r e s e n t e d  i n  t h e  t a b l e  a r e  t h e  c o r r e s p o n d i n g  

t o r q u e  v a l u e s  t h a t  must  be l o c k e d  i n t o  t h e  c l o s e d  l o o p  t o  

p r o d u c e  t h e  d e s i r e d  l o a d s .  The h o r s e p o w e r  v a l u e  l i s t e d  

r e p r e s e n t s  t h e  d r i v i n g  power t h a t  w o u l d  be needed when 

o p e r a t i n g  a t  t h e  maximum speed if an open l o o p  l o a d i n g  

s y s t e m  was used. 

The maximum p e r m i s s i b l e  m i s a l i g n m e n t  a n g l e  f o r  t h e  s e l e c t e d  

t e s t  b e a r i n g  was c , l c u l a t e d  t o  be 0.048 r a d  (2 .760 ) .  T h i s  

a n g l e  c o r r e s p o n r s  t o  t h e  r o t a t i o n  o f  t h e  i n n e r  r i n g  r e l a t i v e  

t o  t h e  o u t e r  , i n g  t h a t  w o u l f  cause t h e  edge of  t h e  r o l l e r  t o  

t o u c h  t h e  edge o f  t h e  q u t e r  raceway  s u r f a c e .  

The maximum v e 1 8 e s  t h u s  c a l c u l a t e d  f o r  l o a d ,  speed, and m i s -  

a l i g n m c q t  w;re u t i l i z e d  i n  e s t a b l i s h i n g  t h e  r i g  d e s i g n .  

1 4  
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I n  order t o  establish the operating performance charac- 

teristic of the test bearing under the various conditions, 

t h e  following measurements are required: 

1. Lubricant inlet temperature. 
2. Lubricant flow rate to test bearing. 
3. Inner ring temperature. 
4. Outer ring temperature. 
5. Oliter ring speed. 
6. Cage speed. 
7. Applied load. 
8. Bearing friction torque. 

The rig was designed to permit the sensing and monitoring o f  

these properties during operation. 

3 . 3  Gearbox Design 

The two gearbox assemblies are essentially the same. Each 

consists of a housing which is split in a horizontal plane 

at the center line of the connecting shafts; two shaft, gear 

and bearing sub-assemblies; and either labyrinth seals or 

b l i n d  caps to cover the shaft support bearings, see Figures 

3 and 4. 

The gears are press fit on the shaft prior to grinding to 

insure the desired concentricity between the two. Each gear 

is also keyed to its shaft to prevent relative motion under 

the heavy loads. Double slots and keys, 180' apart, are 

used to minimize the dynamic unbalance correction which 

would be required. The gears are located i n  the same ver- 

16 
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t i c a l  p l a n e  a t  a s p e c i f i e d  c e n t e r  d i s t a n c e  t o  a l l o w  t h e  

p r o p e r  i n s e r t i o n  o f  t h e  t e s t  b e a r i n g  be tween them. S p e c i a l  

o p e n i n g s  and m o u n t i n g  h o l e s  a r e  mach ined  i n t o  t h e  h o u s i n g  t o  

a c c e p t  t h e  s t u b  s h a f t  modu les .  

Each box has a f u l l  l e n g t h  d e t a c h a b l e  c o v e r ;  two  f l a n g e d  

l u b r i c a n t  d r a i n  p i p e s ,  one on each end; and a r e g e n e r a t i v e  

a i r  b r e a t h e r .  The c o v e r  p r o v i d e s  f o r  maximum access  t o  p e r -  

m i t  gea r  i n s p e c t i o n s  and a d j u s t m e n t s  t o  t h e  g e a r  l u b r i c a t i o n  

t u b e s .  Each s e a l  o r  cap i s  r a b b e t e d  i n t o  t h e  h o u s i n g  and 

c o n t a i n s  h o l e s  t o  d i r e c t  l u b r i c a n t  i n t o  t h e  g e a r  s u p p o r t  

b e a r i n g s .  The caps and s e a l s ,  w h i c h  r e t a i n  t h e  o u t e r  r i n g s  

o f  t h e  g e a r - s h a f t  s u p p o r t  b e a r i n g s ,  a r e  a x i a l l y  p o s i t i o n e d  

r e l a t i v e  t o  t h e  b e a r i n g s  t o  cccomnodate  t h e r m a l  g r o w t h  o f  

t h e  s h a f t s  d u r i n g  o p e r a t i o n  and p e r m i t  s e p a r a t i o n  o f  t h e  

s h a f t  c o u p l i n g s  d u r i n g  assembly,  d i s a s s e m b l y ,  and l o a d  

a p p l i c a t i o n .  

The c o n n e c t i n g  s h a f t s  on one si,e a r e  a t t a c h e d  b y  a s t a n d a r d  

c o u p l i n g ,  A m e r i g e a r  F R l O l  1 / 2 .  On t h e  o t h e r  s i d e  t h e y  a r e  

c o n n e c t e d  b y  a s p e c i a l - d e s i g n  t o r q u e  a d j u s t i n g  c o u p l e r .  As 

i l l u s t r a t e d  i n  F i g u r e  5, one s i d e  o f  t h e  t o r q u e  c o u p l i n g  i s  

h e l d  w i t h  a spanner  wrench w h i l e  t h e  t o r q u e ,  w h i c h  w i l l  p r o -  

duce t h e  d e s i r e d  p l a n e t  gea r  l o a d i n g ,  i s  a p p l i e d  t o  t h e  

o t h e r  s i d e .  The t o r q u e  i s  l o c k e d  i n  p l a c e  by  b o l t i n g  t h e  

19 
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c o u p l i n g  h a l v e s  t o g e t h e r .  T-headed b o l t s  a r e  used t o  p r e -  

v e n t  l o a d  s l i p p a g e .  S t r a i n  gages, a t t a c h e d  t o  one s h a f t ,  

w i t h  w i r e  r u n n i n g  down t h e  c e n t e r  of  t h e  s h a f t  t o  a s l i p  

r i n g  assemb ly  a r e  used t o  sense t h e  a p p l i e d  t o r q u e  l e v e l .  

Based on t h e  t e s t  b e a r i n g  g e a r  geomet ry  and t h e  l o e d  and 

speed s p e c i f i c a t i o n s ,  t h e  r i g  g e a r s  were  d e s i g n e d  t o  have 

t h e  f o l l o w i n g  v a l u e s :  

Number o f  T e e t h  118 

O p e r a t i n g  P i t c h  D i a m e t e r  336.93 mm (13.265" ) 

O u t s i d e  D i a m e t e r  343.33 mm (13.51711) 

R o o t  D i a m e t e r  330.35 mm (13.006") 

Addendum 5.16 mm ( 0.203") 

Base D i a m e t e r  3G7.67 mm (12.113") 

Face W i d t h  31.75 mm ( 1.2501') 

A r e p o r t  p r e p a r e d  b y  PGC on t h e  gearbox  a n a l y s i s  i s  p r e -  

s e n t e d  i n  Append ix  1. The r e p o r t  i n c l u u e s  t h e  g e a r  a n a l y s i s ,  

g e a r  mesh e f f i c i e n c y  and power l o s s ,  gea rbox  b e a r i n g  

a n a l y s i s ,  and t h e  t o r s i c i n a l  and l a t e r a l  n a t u r a l  f r e q u e n c y  

a n a l y s e s  o f  t h e  sys tem i n c l u d i n g  t h e  d r i v e  m o t o r ,  

The g e a r  a n a l y s i s  u s i n g  a v e l o c i t y  f a c t o r  o f  0.900 and a 

f a c e  d i s t r i b u t i o n  f a c t o r  of 1.089, w h i c h  r e f l e c t s  h i g h  q u a l i t y  

g e a r i n g ,  shows t h a t  t h e  c o n t a c t  s t r e s s  and b e n d i n g  s t r e s s  

21 
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r e s u l t i n g  f r o m  t h e  maximum l J a d  c o n d i t i o n  a r e  l e s s  t h a n  t h e  

a l l c w a b l e .  The D u d l e y  s c o r i n g  i n d e x  and t h e  f l a s h  t e m p e r a t u r e  

c a l c u l a t i o n s ,  assuming a 0.2 VD rms s u r f a c e  f i n i s h ,  i n d i c a t e  

t h a t  t o o t h  f a c e  s c o r i n g  wou ld  n o t  b e  e x p e c t e d .  

Gear mesh power l o s s  was c a l c u l a t e d  u s i n g  b o t h  t h e  EHD method 

and t h e  e m p i r i c a l  f o r m u l a  f rom D u d l e y ' s  Gear Handbook. The 

power l o s s e s  d e t e r m i n e d  b y  t h e  t w o  methods were  9090 and 

12,692 w a t t s  (12.19 and 17.02 h o r s e p o w e r )  pei- mesh r e s p e c t i v e l y .  

The c a l c u l a t e d  e f f i c i e n c i e s  were  0.9918 and 0.9884. 

The g e a r  s h a f t  s u p p o r t  b e a r i n g s  were  s e l e c t e d  b y  SKFI based 

on t h e  l o a d i n g  t h a t  w o u l d  r e s u l t  i f  a 50 mm b o r e  t e s t  

b e a r i n g  was i n c o r p o r a t e d  i n  t h e  r i g .  Under t h e s e  c o n d i t i o n s  

t h e  l o a d  b e a r i n g s  s e l e c t e d ,  a N312 c y l i n d r i c a l  r o l l e r  

b e a r i n g ,  have a t h e o r e t i c a l  L i b  l i f e  of  6000 h o u r s .  A 

t h e o r e t i c a l  L1o l i f e  Q f  37,000 h o u r s  r e s u l t s  when t h e  m a x i -  

mum l o a d s  a r e  a p p l i e d  t o  t h e  31.75 mrn b o r e  t e s t  b e a r i n g .  

The n a t u r a l  f r e q u e n c y  a n a l y s e s  show t h a t  o n l y  one t o r s i o n a l  

ana no l a t e r a l  n a t u r a l  f r e q u e n c i e s  f a l l  w i t h i n  t h e  o p e r a t i n g  

r a n g e .  S i n c e  no t o r s i o n a l  e x c i t a t i o n  f o r c e s  a r e  e x p e c t e d  t o  

e x i s t  i n  t h e  c l o s e d  l o o p ,  no v i b r a t i o n  p r o b l e m s  a r e  a n t i c i -  

p a t e d .  
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3.4 T e s t  B e a r i n g  Modu le  D e s i g n  

The t e s t  b e a r i n g  modu les  a r e  g e n e r a l l y  t h e  same b u t  d i f f e r  

i n  d e t a i l  s i n c e  some d i f f e r e n t  p e r f o r m a n c e  p r o p e r t i e s  a r e  

measured on each. The r i g h t  hand mod l i le  i s  i n s t r u m e n t e d  t o  

measure t h c  b e a r i n g  d r a g  t o r q u e  and t h e  l e f t  hand modu le  i s  

i n s t r u m e n t e d  t o  measure  t h e  r o t a t i n g  o u t e r  r i n g  t e m p e r a t b - e .  

B o t h  modu les  a r e  a d d i t i o n a l  : i n s t r u m e n t e d  t o  measure l u b r i c a n t  

i n l e t  t e m p e r a t u r e ,  i n n e r  r i n g  t e m p e r a t u r e ,  cage speed, and 

m i  s a l  i gnmen t .  

B o t h  Modu les  

The m a j o r  c o n s i d e r a t i o n  i n  d e s i g n i n g  t h e  modu les  WP t o  

i n c o r p o r a t e  a c o n f i g u r a t i o n  w h i c h  wou ld  p r o v i d e  for an 

a d j u s '  s b l e  m i  s a l  i g n m e n t .  The r e s u l t  i ng c o n f i g u r a t i o n s  of  

t h t t  r i g h t  and l e f t  modu les  a r e  shown i n  F i g u r e  6 and 7 

r e s p e c t i v e l y .  The l a y o u t  d r a w i n g  of ti . combined n o d u l e s  

and gearboxes  i s  shown i n  F i g u r e  4. 

I n  o r d e r  t o  p r o d u c e  a c o n t r o l l e d  m i s a l i g n m e n t ,  a s t u b  s h a f t ,  

w i t h  t h e  t e s t  b e a r i n g  mounted on t h e  end, i s  s u p p o r t e d  b y  

t w o  r i g  b e a r i n g s .  Each r i g  b e a r i n g  i s  mounted i n  s e p a r a t e  

y e t  r e l a t i v e l y  p o s i t i o n e d  h o u s i n g s .  The t w o  h o u s i n g s  a r e  

dowe led  t o g e t h e r  d u r i n g  m a c h i n i n g  so t h e  c o n c e n t r i c a l l y  

g r o u n d  b e a r i n g  s e a t  a r r a n c s  ' can be r e s t o r e d  b y  r e i n -  

s e r t i n g  t h e  dowel p i n .  TLk r e a r  h o u s i n g  i s  a t t a c h e d  t o  t h e  
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f r o n t  h o u s i n g  b y  s i x  s h o u l d e r  b o l t s  w h i c h  e x t e n d  t h r o u g h  

v e r t i c a l  s l o t s .  T h i s  s l o t  and s h o u l d e r  b o l t  c o m b i n a t i o n  

p e r m i t s  o n l y  p u r e  v e r t i c a l  m o t i o n  be tween t h e  t w o  h o u s i n g s .  

T h i s  r e l a t i v e  m o t i o n  i s  p r o d u c e d  b y  l o o s e n i n g  t h e  s h o u l u e r  

b o l t s  and t u r n i n g  t h e  a d j u s t i n g  sc rews  l o c a t e d  a t  b o t h  t h e  

t o p  and b o t t o m  o f  t h e  sub-assembly .  

The f r o n t  s u p p o r t  b e a r i n g  p o s i t i o n  i s  f i x e d  r e l a t i v e  t o  i t s  

h o u s i n g  and s h a f t  and f u n c t i o n s  as t h e  p i v o t  when t i l t i n g  

t h e  s t u b  s h a f t .  By c o r r e c t l y  f i t t i n g  t h e  s t u b - s h a f t  modu le  

i n t o  t h e  gearbox ,  t h e  p r o p e r  g e a r  mesh and p e r f e c t  a l i g n m e n t  

o f  t h e  t e s t  b e a r i n g  i s  o b t a i n e d .  

By r e m o v i n g  t h e  dowel p i n  and p r o d u c i n g  a v e r t i c a l  d i s -  

p lacemen t  be tween t h e  t w o  hous ings ,  t h e  s t u b  s h a f t  i s  t i l t e d  

i n  a v e r t i c a l  p l a n e .  T h i s  m o t i o n  causes  a m i s a l i g n m e n t  o f  

t h e  i n n e r  r i r g  o f  t h e  t e s t  b e a r i n g ,  w h i c h  f o l l o w s  t h e  t i l t  

o f  t h e  s h a f t ,  r e l a t i v e  t o  t h e  o u t e r  r i n g .  The o u t e r  r i n g  

w i l l  move v e r t i c a l l y  and a x i a l l y  w i t h  t h e  i n n e r  r i n g  b u t  i t s  

c e n t e r  l i n e  r e m a i n s  i n  a h o r i z o n t a l  p l a n e  due t o  t h e  

r e s t r a i n t  a p p l i e d  b y  t h e  m a t i n g  g e a r  t e e t h .  

The measurement o f  t h e  r e l a t i v e  d i s p l a c e m e n t  o f  t h e  t w o  

h o u s i n g s  f r o m  t h e  p i n n e d  p o s i t i o n  can  be  c o n v e r t e d  i n t o  t h e  

a n g u l a r  m i s a l i g n m e n t  o f  t h e  t e s t  b e a r i n g .  When t h i s  m i s a -  

l i g n m e n t  i s  b e i n g  s e t ,  one of t h e  i n n e r  l o o p  c o u p l i n g s  must 

be l o o s e  as t h e  v e r t i c a l  m o t i o n  o f  t h e  o u t e r  r i n g  causes  a 

w indup o f  t h e  c l o s e d  g e a r - t r a i n  l o o p .  
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The t i l t i n g  o f  t h e  s t u b  s h a f t  p r o d u c e s  a m i s a l i g n m e n t  n o t  

o n l y  i n  t h e  t e s t  b e a r i n g  b u t  a l s o  i n  t h e  t w o  s u p p o r t  

b e a r i n g s ,  t h u s  t h e  need f o r  s e l f - a l i g n i n g  s p h e r i c a l  b e a r i n g s  

i n  t h e s e  l o c a t i o n s .  The t i l t i n g  a l s o  p r o d u c e s  an a x i a l  

m o t i o n  of  t h e  r e a r  s u p p o r t  b e a r i n g ;  t h e r e f o r e ,  t h e  o u t e r  

r i n g  o f  t h i s  b e a r i n g  must  have a l o o s e  f i t  i n  t h e  h o u s i n g .  

An a x i a l  h o l e  down t h e  c e n t e r  of t h e  s t u b  s h a f t s  i n t e r s e c t s  

w i t h  r a d i a l  h o l e s  u n d e r n e a t h  t h e  t e s t  b e a r i n g  t o  p e r m i t  

u n d e r - r a c e  l u b r i c a t i o n .  The l u b r i c a n t  t e m p e r a t u r e  i s  

measured j u s t  p r i o r  t o  e n t e r i n g  t h e  s h a f t  u s i n g  J - t y p e  t h e r -  

mocoup les .  The two  s u p p o r t  b e a r i n g s  a r e  g r e a s e  l u b r i c a t e d  

t o  supp lemen t  t h e  o i l  m i s t  w h i c h  i s  g e n e r a t e d  i n s i d e  t h e  

gearbox .  O - r i n g s  a r e  used  a t  t h e  i n t e r f a c e s  be tween  h o u s i n g s ,  

be tween t h e  f r o n t  h o u s i n g  and gearbox ,  and be tween  t h e  c o v e r  

p l a t e  and g e a r  box t o  p r e v e n t  o i l  l e a k a g e .  An o i l  d r a i n  i s  

l o c a t e d  i n  t h e  r e a r  h o u s i n g  t o  m i n i m i z e  o i l  b u i l d - u p .  

A J - t y p e  t h e r m o c o u p l e ,  w i t h  t h e  c o n n e c t i n g  w i r e s  e x t e n d i n g  

down a , g r o o v e  i n  t h e  s t u b  s h a f t  i s  used t o  measure  t h e  i n n e r  

r i n g  t e m p e r a t u r e .  

P r o x i m i t y  p r o b e s  a r e  used t o  measure  cage and o u t e r  r i n g  

speeds,  and t o  m o n i t o r  t h e  m i s a l i g n m e n t  d u r i n g  o v e r a t i o n .  
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R i g h t  Module 

The t e s t  b e a r i n g  d r a g  t o r q u e  i s  measured i n  o l , ly  t h e  r i g h t  
module.  To accommodate t h i s  measurement, spherics: r o l l e r  
b e a r i n g s  a r e  used t o  s u p p o r t  t h e  s t u b  s h a f t  w h i c h  e x t e n d s  
t h r o u g h  a s e a l  i f i  t h e  end cap. The r o l l e r  b e a r i n g s  a r e  used 
t o  m i n i m i z e  t h e  r e s i s t a n c e  o f  t h e  s h a f t  t o  r o t a t i o n  due t o  
f r i c t i o n  i n  t h e  t e s t  b e a r i n g .  A s t r a i n  gaged beam a t t a c h e d  
t o  t h e  e x t e n d e d  end of  t h e  s t u b  s h a f t  p r o v i d e s  a good 
measurement o f  t h e  t e s t  b e a r i n g  d r a g  t o r q u e .  

I n  t h i s  modu le  t h e  p r o x i m i t y  p r o b e  used t o  measure t h e  cage 
speed i s  mounted on t h e  s h a f t  end p l a t e  and e x t e n d s  i n t o  t h e  
b e a r i n g  where i t  senses t h e  r o l l e r  pass  f r e q u e n c y .  T h i s  
v a l u e  i s  r e a d i l y  c o n v e r t e d  i n t o  cage r o t a t i o n a l  speed. S i n c e  
t h e  p r o b e  moves w i t h  t h e  s h a f t ,  t h e  m i s a l i g n m e n t  o f  t h e  b e a r i n g  
has  no e f f e c t  on t h e  p o s i t i o n  o f  t h e  prchc! t i p  r e l a t i v e  t o  

t h e  r o l l e r s .  

Two p r o x i m i t y  p r o b e s  a r e  used t o  m o n ' t o r  t h e  m i s a l i g n m e n t  o f  
t h e  b e a r i n g  d u r i n g  o p e r a t i o n .  They a r e  mounted on a s t a t i o n a r y  
p l a t e  a t t a c h e d  t o  t h e  g e a r b o x  and sense t h e  s h a f t  end p l a t e .  
The p r o b e s  a r e  l o c a t e d  i n  a v e r t i c a l  p l a n e  e q u i - d i s t a n t  f r o m  
t h e  end p l a t e  and a r e  e q u a l l y  spaced above and b e l o w  t h e  
c e n t e r  l i n e  o f  t h e  s t u b  s h a f t  when i t  i s  n o t  t i l t e d .  Thus, t h e y  
can be used t o  d i r e c t l y  measure t h e  m i s a l i g n m e n t  a d j u s t m e n t  o r  

sense any change t h a t  may o c c u r  d u r i n g  o p e r a t i o n .  
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L e f t  Modu le  

The t e s t  b e a r i n g  o u t e r  r i n g  t e m p e r a t u r e  i s  measured i n  t h e  

l e f t  modu le  v i a  t h e  use  of  a s l i p  r i n g  assembly .  The s l i p  

r i n g  i s  l o c a t e d  i n  l i n e  w i t h  t h e  s t u b  s h a f t  b u t  on t h e  oppo- 

s i t e  s i d e  o f  t h e  gearbox .  I t  i s  a t t a c h e d  t o  an a d j u s t a b l e  

f a c e  p l a t e  w h i c h  can  b e  moved v e r t i c a l l y  t o  i n s u r e  a l i g n m e n t  

w i t h  t h e  o u t e r  r i n g  u n d e r  a l l  t e s t  b e a r i n g  p o s i t i o n s .  

Whenever t h e  t e s t  b e a r i n g  a l i g n m e n t  i s  changed t h e  s l i p  r i n g  

p o s i t i o n  must  a l s o  be changed s i n c e  an e x t e n s i o n  o f  t h e  

o u t e r  r i n g  i s  a t t a c h e d  t o  and d r i v e s  t h e  s l i p  r i n g  s h a f t  

t h r o u g h  a f l e x i b l e  c o u p l i n g .  

The e x t e n s i o n  i s  cone shaped w i t h  a l l  b u t  t w o  s t r i p s  c u t  o u t  

o f  t h e  s i d e .  The c u t o u t  a r e a  a l l o w s  t h e  l u b r i c a t i n g  o i l  t o  

escape  f r o m  t h e  o u t e r  r a c e .  The s t r i p s ,  m e c h a n i c a l l y  

a t t a c h e d  t o  t h e  f a c e  o f  t h e  o u t e r  r i n g ,  c a r r y  t h e  T / C  w i r e s  

down t o  t h e  apex where t h e y  pass  t h r o u g h  t h e  c o u p l i n g  t o  t h e  

s l i p  r i n g .  

The p r o x i m i t y  p r o b e s  used t o  sense a l i g n m e n t  and s h a f t  speed 

a r e  mounted on t h e  s u p p o r t  b e a r i n g  h o u s i n g .  The a l i g n m e n t  

s e n s i n g  p r o b e  i s  l o c a t e d  d i r e c t l y  above t h e  s h a f t ,  t w e l v e  

o t c l o c k  p o s i t i o n ,  so  i t  w i l l  d e t e c t  p o s i t i o n  changes i n  t h e  

v e r t i c a l  d i r e c t i o n .  The cage speed s e n s o r  i s  l o c a t e d  a t  t h e  

t h r e e  o ' c l o c k  p o s i t i o n  t o  m i n i m i z e  changes i n  i t s  r e l a t i v e  
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p o s i t i o n  t o  t h e  r o l l e r s  due t o  d i f f e r e n t  d e g r e e s  o f  

m i s a l i g n m e n t .  

S i n c e  t h e  t e s t  b e a r i n g  d r a g  t o r q u e  i s  n o t  measured on  t h e  

l e f t  module,  t h e  s t u b  s h a f t  i s  s u p p o r t e d  on p l a i n  s p h e r i c a l  

b e a r i n g s  w h i c h  p e r m i t  t h e  r e q u i r e d  m i s a l i g n m e n t  b u t  have a 

g r e a t e r  l o a d  c a p a c i t y .  The s t u b  s h a f t  i s  k e p t  f rom r o t a t i n g  

b y  a r e s t r a i n i n g  p i n  l o c a t e d  i n  t h e  end o f  t h e  s h a f t  and 

e x t e n d i n g  t h r o u g h  a h o l e  i n  t h e  h o u s i n g  end c o v e r .  

Power l o s s  c a l c u l a t i o n  made f o r  t h e  maximum speed, l o a d  and 

m i s a l i g n e m n t  c o n d i t i o n  show t h e  f o l l o w i n g  e x p e c t e d  power 

l o s s e s .  

- h  W a t t s  

Gear S u p p o r t  B e a r i n g  - 477 w a t t s  x 8 3,818 5 

Gear Machi  ne - 12677 w a t t s  x 4 50,798 68 

22 T e s t  B e a r i n g  - 8202 x 2 16,404 - 

T o t a l  70,930 95 

T h e r e f o r e ,  a d r i v e  m o t o r  w i t h  no l e s s  t h a n  100 hp wou ld  be 

needed t o  d r i v e  t h e  t e s t  r i g .  
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4 .0  R E C O M M E N D A T I O N S  

As s t a t e d  i n  t h e  I n t r o d u c t i o n  s e c t i o n ,  compu te r  code S P H E R B E A N  
was w r i t t e n  under  C o n t r a c t  NAS3-20824 t o  a n a l y z e  t h e  p e r f o r m a n c e  
c h a r a c t e r i s t i c s  of s p h e r i c a l  r o l l e r  b e a r i n g s .  Under C o n t r a c t  
N A S 3 - 2 2 8 0 7 ,  t h e  code was m o d i f i e d  t o  i n c u d e  a n a l y s i s  o f  a p l a n e t  
b e a r i n g  o p e r a t i n g  i n  a h e l i c o p t e r  t r a n s m i s s i o n  and s p e c i f i c a l l y  
i n c l u d e d  o p e r a t i o n  w i t h  b e a r i n g  m i s a l i g n m e n t  and o u t e r  r i n g  
r o t a t i o n .  The code was t h e n  used t o  e v a l u a t e  t h e  p e r f o r m a n c e  o f  
a s p e c i f i c  b e a r i n g  unde- a g i v e n  s e t  o f  c o n d i t i o n s .  However,  no 
e x p e r i m e n t a l  d a t a  f r o m  m i s a l i g c e d  and o u t e r  r i n g  r o t a t i n g  b e a r i n g s  
c u r r e n t l y  e x i s t s  t h a t  can  be used t c  compare w i t h  t h e  p r e d i c t i o n s  
of  t h e  code; t h u s  m o d i f i c a t i o n s  t o  t h e  code have n o t  y e t  been 
v e r i f i e d .  

B e f o r e  t h e  government  can i n c o r p o r a t e  t h e  m o d i f i e d  code i n t o  i t s  
a r s e n a l  o f  a n a l y t i c a l  t o o l s  f o r  e v a l u a t i n g  and s e l e c t i n g  b e a r i n g s  
f o r  ae rospace  a p p l i c a t i o n s ,  t h e  p r e d i c t i o n s  of  t h e  compu te r  code 
mus t  be v e r i f i e d .  The d e s i g n  of  t h e  t e s t  r i g  h e r e  r e p o r t e d  i s  
t h e  f i r s t  s t e p  i n  o b t a i n i n g  t h e  r e q u i r e d  e x p e r i m e n t a l  v e r i f i c a t i o n .  

I t  i s ,  t h e r e f o r e ,  recommended t h a t  t h e  d e s i g n e d  t e s t  r i g  be  
m a n u f a c t u r e d  and e x p e r i m e n t a l  d a t a  a c c u m u l a t e d  as soon as  
p r a c t i c a l l y  f e a s i b l e .  
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INTRODUCTION 

This report cciitains the results of a comprehensive 
analysis of the SKF T--t Gearbox, including gearing, gear 
txsepower loss,  be .ng analysis, torsicnal natural fre- 
quency analysis, lateral natural frequency analysis, and 
mass elastic data. The analyses were done at the maxFmum 
loading conditim established by SKF. 
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SKF TEST GEARBOX 
P,G,C. ORDER !I% 424833 

GEAR DESIGN 



1 

The gearing designed for the SKF T e s t  Stand i s  rated 
by AGMA Standard 218.01 at maximum torque and speed and 100 
hours design l i f e .  A gear analysis summary, produced by the 
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PHILAMLPHU GEAR CORmRATK)N 

m 
GEAR HORSEPOWER LOSS Aop#dbY m - D.L, . 

Horsepower loss in the gears has been analyzed by thermal- 
elastohydrodynamic methods, taking into accotw+, sliding action of 
the gear teeth and oil film thickness. 
developed a computer program based on this method, and the results 
support the horsepower loss as calculated by the P.G.C. GEAR 

Program. 

Philadelphia Gear has 

Powez loss as calculated by the EHD method is 12.19 horsc- 
p o w e r ,  and by the GEAR Program, based on an empirical formula from 
Dudley's Gear €?andbook, is 17.02 horsepower. 

1-9  



OQDER NUMBER 
NUMBER OF TEETH OF THE PINION 
NUMBER OF TEETH OF THE GEFIR 
OUTSIDE DIFIMETERS 

OVERSIZE FFlCTURS 

FQCE WIDTH 
DIFIMETRFIL PITCH-NORMRL 
PRESSURE RNGLE-NORMRL 
HELIX WGLE 
TEETH CROWNINGS 

TEETH CROWNINGS STFIRT F)T 
LUBRICFINT VISCOSITY ON 100 DEG F 

210 DEO F 
INLET OIL TEMPERCITURE 
BULK TCVPERRTU3E RISE QCROSS 1% MESH 
BLQNK TEMPERfiTURE 
T419NSMITTED HORSEPOWER 
INPUT RPM 
TFINGENTIFIL FORCE 

RESULTS 

MINIMUM OIL FILM THICKNESS 
EHD POWER LOSS 
EFFICIENCY 
FRICTIUN FFICTOR 

. 
1-10 

NORD- 4134833 
Z l f  35. 
22rl10. 
DKl- 4 0 1 3 4  
DKe= 1 3 0 S l f  
XPl= 01220 
XPE= .2038 
BF= 1.25- 
D-P.N* 9.888 
RLFCIN-2:. 50 
BETRQh .e0 
DELTCI-MnX-1- .8009@ 
DELTn-MCIX-et 00898 
YCRO- .S13 

EfR21@= .10@Q8-886 
TBr120.00 
DT= 93.02 
TB-l-. 00 
POWER= 1466.22 

ETFI100- oB6008-886 

RPMI= i egea  000 
FTRW 0 24868+084 

H M I W  .08801267 
PLOSS- 1 2 . 1 9  
ETQ= .9918 
FRF= .e083 
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hafwbn 
BEARING ANALYSIS 

In accordance with correspondence from SKF dated July 2 8 ,  
1983, the test gearbox has been designed using N312 cyl indrical  
roller bearings. The bearings have been analyzed using the max- 
imum loading supplied by SXF,  and the Ll0 rating has been deter- 
mined t o  be 37000 hours. 

1 - 1 2  
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PHILADELPHIA GEAR CORPORATION 
m d k u d r . P A 1 -  0 @ l S ) ~ T r l a E 8 4 6 3 2 1  

TORSIGNAL FREQUENCIES OF TEST STAND 
~ ~~ ~ 

A t o r s i o n a l  ana lys i s  of the SKF Drive w a s  done i n  order t o  
determine the t o r s i o n a l  na tu ra l  frequencies of the system. Two 
computer programs have been used i n  t h i s  analysis :  
i n  determining mass moment of i n e r t i a  and S t i f fnes s  of t h e  system 
components, and VIBT u t i l i z e d  these r e s u l t s  i n  a lumped mass aoael 
t o  determine t o r s i o n a l  na tu ra l  frequencies.  

UMEDAT w a s  used 

Figure 1 shows a model of t h e  system components. The i n e r t i a  
and s t i f f n e s s  of the  components are summarized i n  T a b l e  1. 

The model for  the torsional frequencies is shown i n  Figure 2. 
The system c o n s i s t s  p r inc ipa l ly  of three l a rge  masses, t h e  motor 
and two gearsets. S ince  t h e  remaining components a r e  small i n  
comparison ( the  largest being j u s t  10% of the s i z e  of one gearset), 
they are lumped w i t h  the masses of the  major components, w i t h  min- 
imal effect on the  n a t u r a l  frequency ca lcu la t ion .  The dashed l i n e s  
i n  Figure 1 ind iza t e  the component groupings for t h e  1r;ppped mass 
model. 

The lumped masses are connected by two s t i f f n e s s e s ,  modeled by 
combining component s t i f f n e s s e s  as follows: (1) t h e  s t i f fnes s  
between t h e  motor and first gearbox is t h e  series combination of 
the motor, coupling, and shaf t  s t i f f n e s s e s ;  ( 2 )  the s t i f f n e s s  of 
each shaft  p a i r  and coupling between gearboxes i s  combined i n  
series, and these t w o  stiffnesses a r e  then combined i n  p a r a l l e l ,  

The r e s u l t s  of t h e  to r s iona l  na tu ra l  frequency ana lys i s  may be 
found i n  Table 3, and t h e  operat ing frequencies a r e  l is ted i n  T a b l e  
2. 

1-15 



SYSTEM MODEL IkocwrdbY kt, 

Sha: 
Motor 
I 1 Drive 

Coup 1 ing 
I 

I 

- 
Gearl 

- 
Pinionl Adjustor 

I I Torque 

S h a f t j  
Rifid 

Shaft  
Coup ing 

I - 
FIG. 1 ACTUAL SYSTEM 

FIG. 2 SYSTEM MODF' 

- 
Gear2 

- 
Pinion 

Gearj 
m 

= Motor + 1 / 2  Drive Coupling + 1 / 2  Input Shaf t  & Motor Shaft 

= 1 / 2  Drive Coupling + Gearl + Gearq + Pinionl + Shaft l  + Shaft4 

+ 1 / 2  Torque Adjustor + 1 / 2  Rigid Coupling + 1 / 2  Input Shaf t  

= 1 / 2  Torque Adjustor + Shaft2 + &ft3  + Gear2 + 

+ Pinion2 + Gearf + 1/2 Rigid Coupling c Slip Ring 

= Motor S t i f f n e s s  8 Drive Coupling S t i f f n e s s  8 Input Shaft S t i f f n e s s  
and Motor Shaft Stiffness 
Shafts l e t ,  3, 4 Stiffness h Torque Adjustor Stiffness & rigid 
coupling stiffness. 
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STIFFNESS AND MOMENT OF INERTI.4 
, OF S Y S m  COHPONWTS 

Moment of 
Inertia Ref. 
3i.S.S. (lb-in 1 

TABLE 1 

St i f fness  
( in. lb/rad) Item 

Gears 1-4 

R e s t  of Shaft  1 

583  (ea . )  I QD 

1 1 . 0  I 1195442 

Motor & Motor Shaft* 2906.5 I 7621572 I 
Drive Cplg.* 5 .8  

8.0 1 34i3554 

Torque Adjustor* I 287.5 I 750000 

16 ( ea . )  1195442 

79.0 (ea.)  

Shafts 3 6 4 

Pinions 1 6 2 

Rigid Cplg.* I 68 .2  I 750000 

Shaft 2 I 1 9  I 1194313 
~ ~ ~ 

Mise. Manents o f  
fnert ia 

I 1.3 Slip Ring I 

*SUPPLIED BY CUSTOMER 
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STIFFNESS AND MOMENT OF 0.1, 

INERTIA OF SYSTEM clruyocr m 
I 

I1 

I 2  

I 3  

1 - 

x1 

x2 

I 2913 =-IN2 

= 1 / 2  ( 5  9 )  + J.;2 ( 8 )  + 2 (583)  

= -  - ' 1458 .  LB-IN2 

+ 1 . 3  

= 1459  L B - d  

1 + -  r 1 ,  1 
7621572 420030.  3479554 

= 357200 M-LB/RAD 

+ 1 = 

+ 79  + 11 + 16  

= 1 / 2  ( 2 8 7 . 5 )  + 1 9  + 1k + 2 ( 5 8 3 )  + 7 9  + 1 / 2  

l +  l +  1 
1195442 1194313 750000 

(68 .2 )  

1 1 .  1 -- + 1195442 1195442 750000 

= $65170 IN-LB/RAD 

1-18 



PHIIADELPHIA GEAR CORPORATION 
l G n g d R s r l C P A l ~ O ( 2 1 S ) ~ T J u : M 6 3 8 1  

SYSTEM OPERATING AND SYSTEM TORSIONAL 
kralotbn 

-- 
N#TURAL FREQUENC I ES S lirpllARY FlrvlJa\ m 

wNo. 18d 4 4  
OlrYlNo. 

Rrorndby m 
-bY omta 

DESCRIPTION 

I All Shafts 

OPERATING FREQUENCY (HZ) 

93.43 

Helical Mesh 

Pinion Frequency 

11025 

315 

TABLE 2 

I ~~i- 

DESCRIPTION NATURAL FREQUENCY (HZ) 

1ST 45 .2  

2ND 102 .4  

TABLE 3 

i-19 - 
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UTERAL NATURAL FREQUENCY 
ANALYSIS 
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The Philadelphia Gear Rotor Dynamics (ROTDYN) program has 
been used to analyze lateral vibration characteristics of the 
Test Stand shafting. An eigenvalue problem is formulated by 
assuming small excursions from the equilibrim configuration of 
the rotor/bearing systc:n. 
Prohl critical speed m e t h o d ,  mdified to account for elastic 
rotor mountings and for the influence of distributed shaft mass, 
and was run neglecting damping consideration. 
all the natural frequencies of the system and their mode shapes. 

ROTDYN employs an extension of the 

The program yields 



ROTDYN INPUT DATA EXPLANATION 

Shaft  Efeaent 

Element S t a t  ions 

Element Type 

Material  Type 

Length ( in)  

O.D. (in) 

1.D. [in.] 

O.D.' (in.) 

Sh8f: is divided i n t o  elements, 
which are numbered i n  8rceading 
order, s t a r t i n g  from one end 
of the  rh8ft .  

S t a t ion  number of t h e  two ends 
of  a s h a f t  element. 

Describer t h e  shaft element type 
8s  8 s o l i d  o r  hollow, tapered or 
uniformed. 

Material typeno.of  t h e  element. 
In t h i s  program, each s h a f t  d e -  
ment is assumed t o  be made of 8 

s ing le  mater ia l .  The p rope r t i e s  
f o r  each mater ia l  are spec i f i ed  
in ra ter ia l  cards, which include 
raterial  type number, Young's 
Modulus (PSI), Shear Modulus 
(PSI), m d  Density ( l b d )  

Length o f  element 

Outside diameter of the shaft 
element end. 

Inside diameter of t h e  same s h 8 f t  
element end. 

Outside diameter of the  o ther  
shrf t  element end. 

i - 2 4  
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SKF TEST GEARBOX 
P.6,Ca Ol?DER HO. 424833 

MASS ELASTIC DATA 

1 - 3 7  



DRIVE COUPLING: 

SBAPT COUPLING: 

TORQUE ADJUSTOR: 

I = .627 Lb-Pt - SW 2 

R - 635000 Lh=Pt/Rad. 
f = .0012S Lb-Pt - S ~ C  2 

It - 35000 tb-Ft/Rad. 
2 I = .0147 Lb-Pt - S ~ C  

A - 62500 Lb-Pt/Rad. . 
I = -062 Lb-Ft - SCC 2 

K = 62SOO Lb-Ft/Rad. 
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